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Abstract 

During their lifetime, over half the world’s population will experience chronic 

viral infection or cancer, both of which involve evasion of host immunity. We have 

within us immune cells called natural killer (NK) cells that constantly survey our 

tissues to detect and eliminate transformed and infected cells. Thus, they have a 

critical role in preventing cancer and containing virus infection. Although most 

viruses only disrupt our lives transiently, if at all, some viruses establish life-long 

persistent infection. Human cytomegalovirus (HCMV) is a common herpesvirus 

infecting most of the adult population and although relatively innocuous in healthy 

individuals, HCMV infection or reactivation has an enormous impact on the human 

immune system, poses serious health risks to the immunocompromised, and is an 

important cofactor driving ongoing immune activation in people living with HIV 

(PLWH). One outcome of HCMV infection is emergence of a stable differentiated 

population of phenotypically and functionally adapted NK cells exhibiting a form of 

memory. While mechanisms that create adapted NK cells in vivo remain enigmatic, 

exposure to HCMV is the one common factor underlying their presence. Exploring 

basic molecular mechanisms governing NK cell-mediated immunity can inform cell-

based treatment strategies against virus infection or cancer. As chronic HIV-ͻ 

infection amplifies HCMV-driven accumulation of adaptive NK cells, we studied 

whether NK cell adaptation to HCMV infection functionally impacts their natural 
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and antibody-dependent cytotoxic functions in this setting. Although factors 

present during HCMV infection augmented NK cell activity, we found no evidence 

that NK cells acquire superior cytotoxic function or capacity for interferon-γ 

secretion in response to target cells following adaptation to HCMV infection. 

However, HCMV-driven NK cell adaptation in HIV-ͻ infection paralleled increased 

expression of TIGIT, an inhibitory immune checkpoint receptor, on NK cells. As 

chronic virus infection contributes to effector cell dysfunction, punctuated by 

increased expression of inhibitory immune checkpoint receptors, it is important to 

unravel the mechanisms by which viruses affect regular NK cell functions to either 

prevent dysfunction or introduce disease-appropriate mediators to invigorate NK 

cell responses. Understanding basic molecular mechanisms governing NK cell-

mediated immunity will inform new strategies to optimize our immune system 

capacities.  
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General Summary 

Over the course of our lifetime, we are exposed to many different types of 

virus infections, and our own healthy cells can transform into cancer cells. Although 

many viruses only cause transient, readily resolved infection, some viruses, such as 

human cytomegalovirus (HCMV) and human immunodeficiency virus (HIV)-ͻ, 

establish life-long persistent infection, promote inflammation and impose great 

medical and socioeconomic hardship. 

Natural killer (NK) cells identify and destroy cancer cells and fight virus 

infection. Exposure to HCMV causes NK cells to adapt towards specialization for 

recognizing infected cells coated with antibodies. This thesis explores how the 

pressures of HCMV and HCMV/HIV-ͻ co-infection affect adaptive NK cell 

formation and function, and whether we can harness these adapted NK cells against 

HIV-ͻ infection in combination with checkpoint inhibitors commonly used for 

cancer therapy. Greater insights into the basic mechanisms and biology that drives 

NK cell adaptation will facilitate development of new strategies for therapeutic 

targets to control a broad range of infections and malignancies.  
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ͻ Introduction and Overview 

ͻ.ͻ Innate Immunity 

Archetypical classification of immunity divides our immune system into 

distinct innate and adaptive arms. Innate immunity encompasses all tissues, 

particularly barrier surfaces, providing rapid responses to pathogen exposure. To 

provide protection, both hematopoietic and non-hematopoietic cells can be 

activated after sensing host damage through germline-encoded receptors [ͻ]. The 

generic response mounted by the innate immune arm juxtaposes the highly specific 

and exquisitely diverse collection of antigen-specific adaptive immune cells that 

retain lasting memory to previous infection [ͻ, ͼ]. 

ͻ.ͻ.ͻ An Innate Effector, Natural Killer 

Hematopoietic-derived innate immunity is diverse and encompasses both 

myeloid cells and innate lymphoid cells (ILCs) [ͽ]. The positioning of ILCs in 

peripheral tissue and at barrier surfaces gives strategic advantage for innate defenses 

against pathogen exposure. Arising from common precursor bone marrow-derived 

leukocytes, ILCs are further divided into three defined subsets, categorized based on 

their expression of key transcription factors, cytokines and functional profiles [;]. 

Classified as interferon (IFN)-γ-producing group ͻ ILCs (ILCͻ), natural killer (NK) 

cells express transcription factors eomesodermin (EOMES) and T-box transcription 
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factor (T-bet), orchestrate immune responses using regulatory cytokines and 

chemokines, and bear cytolytic capabilities [Ϳ]. 

Human NK cells typically constitute about Ϳ – ͼͺ% of peripheral blood 

mononuclear cells (PBMC) and are abundant in the bone marrow, liver, uterus, 

spleen, kidney, lung and secondary lymphoid tissues [΀-΂]. These potent effector 

lymphocytes use multiple mechanisms to swiftly respond to foreign or otherwise 

anomalous stimuli and are fundamental to our protection against bacteria, fungi and 

viruses [΃-ͻ΁]. Notably, their contribution to control of virus infection is highlighted 

by severe and often recurrent herpes simplex virus, varicella virus and 

papillomavirus infections in individuals deficient in NK cell numbers [ͻͻ, ͻͽ, ͻ΂, 

ͻ΃]. 

ͻ.ͼ Dynamics of Natural Killer cell Reactivity 

ͻ.ͼ.ͻ ‘Missing Self’ Recognition 

The ability of NK cells to recognize infected cells and distinguish healthy ‘self’ 

from anomalous or ‘missing-self’ is enabled by integrating composite signals 

received from a diverse collection of stimulatory and inhibitory receptors and 

adhesion molecules [ͼͺ, ͼͻ]. Rather than being dominated by a single antigen-

specific receptor, NK cell activation is decided by the constellation of both 

stimulatory and inhibitory receptors recognizing cognate ligands expressed by the 

target cell. The meticulous regulation of NK cell recognition provides highly specific 
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responses using otherwise generalized pattern receptors to effectively discriminate 

differentially expressed cell surface ligands arising from infection or transformation. 

NK cells have multiple detection systems to sense aberrant stimuli that offer 

flexibility and variety in their responses. NK cell functions are controlled by 

inhibitory receptors that recognize and bind major histocompatibility complex class 

I (MHC-I), expressed abundantly on normal cells and tissues to serve as markers of 

self. In humans, the three types of receptors that recognize human MHC or human 

leukocyte antigen (HLA), are receptors containing killer immunoglobulin (Ig)-like 

receptor (KIR) domains, leukocyte Ig-like receptor (LILR) and receptors with C-type 

lectin heterodimeric domains [ͼͼ, ͼͽ]. By gauging minor alterations in MHC-I 

expression levels, NK cells can differentiate healthy self (abundant MHC-I) from 

missing-self (lowered/missing MHC-I) and dispatch unhealthy cells [ͼͺ, ͼ;]. These 

interactions, however, are also key requirements for the development of fully 

functional mature NK cells [ͼͿ-ͼ΂]. During maturation, NK cells are ‘educated’ to 

ensure they are tolerant to healthy peripheral cells and tissues, thereby preventing 

NK cell autoreactivity [ͼ΃]. 

ͻ.ͼ.ͼ Self-Educated 

NK cell education, often referred to as ‘licensing’ or ‘arming’, is a process 

whereby functionally immature NK cells mature predominantly through cis and 

trans interactions between HLA-I and NK cell-expressed receptors encoded within 
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the human KIR gene cluster on chromosome ͻ΃ [ͽͺ-ͽͼ]. This gene cluster encodes 

ͻ; polymorphic KIR genes (and two pseudogenes) to transduce signals through 

receptors with short (S) or long (L) cytoplasmic domains that activate (ͼDSͻ-Ϳ and 

ͽDSͻ) or inhibit (ͼDLͻ-ͽ, ͼDLͿ and ͽDLͻ-ͽ) NK cell functions (Figure ͻ.ͻ) [ͽͽ-ͽͿ]. 

With a long cytoplasmic domain, KIRͼDL; is the exception having the capacity to 

inhibit functions through an immunoreceptor tyrosine-based inhibitory motif 

(ITIM) or activate NK cells via signal relay through Fc-receptor common gamma 

chain (FcεRIγ or FcRγ) adaptor molecule which interacts with a charged asparagine 

residue in the same transmembrane domain (Figure ͻ.ͻ) [ͽ΀-;ͺ].  
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Figure ͻ.ͻ| Differences between the KIR family members of receptors 

The nomenclature for KIR receptors is based on the number of extracellular Ig domains (ͼD or ͽD) 
and the length of the intracellular signaling domain. Generally, receptors with long (L) cytoplasmic 
domains contain at least one ITIM motif (sallow) and inhibit NK cell functions. Short (S) domains 
contain a basic amino acid residue (asparagine [R] or lysine [K]) that interacts with acidic residues in 
stimulatory FcRγ (mustard) and DAPͻͼ (teal) adaptor subunits containing intracellular 
immunoreceptor tyrosine-based activator motif sequences (ITAMs). KIRͼDL; has a long cytoplasmic 
domain that contains an ITIM and a charged amino acid residue that can attract activating adaptor 
subunits. 

 
 
As with HLA, KIR expression patterns are highly diverse. The extremely 

variable interindividual expression of KIR is determined by gene number, type, 

polymorphism and epigenetic regulation of its transcription [;ͻ, ;ͼ]. Stable NK cell 

inhibitory KIR (iKIR) expression depends on interactions between cognate HLA 

class I (HLA-I) complexes. These two loci are not genetically linked, thus, NK cells 
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may ‘audition’ the iKIR candidates for their HLA-I counterpart, expressing various 

iKIRs until an interaction with sufficient affinity to HLA-I occurs [;ͽ-;΁]. The 

combinatorial diversity of KIR and its dependence on instruction from ligands for 

its expression contribute to the broad pool of NK cells exhibiting varying degrees of 

functional specificities within each individual [;΂]. This diverse collection of NK cell 

clones expressing variegated combinations of inhibitory receptors is vital for rapid 

identification of differentially expressed class I HLA. 

Typical NK cell education requires at least one self-recognizing inhibitory 

receptor and can include either KIR or the C-type lectin-like receptor (CLR) NKGͼA 

[ͼͽ, ͼ΂, ;΃]. NK cells that do not express at least one educating inhibitory receptor 

that binds HLA has the potential for auto-aggression. These NK cells have a very 

high threshold for reactivity due to the absence or downregulation of stimulatory 

pathways and circulate hyporesponsive under steady-state conditions [ͼͿ, ͼ΁, ͼ΂]. 

Although seemingly paradoxical, the expression of educating inhibitory receptors 

recognizing self HLA is fundamental for generating highly cytotoxic NK cells. Strong 

inhibitory signals lower the threshold of NK cell reactivity, producing more robust 

effector NK cells [Ϳͺ, Ϳͻ]. 

Educating NK cells to recognize and tolerate self is a quantitative process. NK 

cell function is not simply binary ‘on’ or ‘off’ but is tuned for reactivity. This rheostat 

model of NK cell education adjusts NK cell responses up or down quantitatively 

depending on frequency and strength of inhibitory receptor engagement with HLA 
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[Ϳͺ-Ϳͼ]. Although NK cells may stop auditioning inhibitory receptors once sufficient 

interaction with self HLA-I is found, NK cells can express two or more types of 

educating inhibitory receptors and respond more frequently and stronger to 

contextual stimuli compared with those expressing only one type of educating 

receptor [;;, Ϳͽ, Ϳ;]. While primary education gives NK cells license to actively 

survey tissues and organs, their education is not fixed. NK cells can receive further 

education as their environment dictates in order to fine tune their functional 

responses against broad ranges of malignant or pathogen-infected cells [Ϳͺ, ͿͿ]. 

Expression of self-inhibitory ligands educate NK cells to recognize missing self and 

tightly regulate their responses, however, co-expression of ligands that engage 

stimulatory receptors is imperative for effector responses. 

ͻ.ͼ.ͽ Activating Receptors 

NK cell stimulation occurs when interactions between distinct cellular and/or 

foreign ligands and germline-encoded activating receptors exceed inhibitory 

thresholds. Ligands can include self, altered and induced self (peptide-bound HLA 

complexes and stress ligands), virus-encoded proteins and cell-bound IgG 

antibodies [ͼͻ, Ϳ΀, Ϳ΁]. Receptors recognizing these ligands include activating KIRs 

(aKIRs), CDͻ΀ (FcγRIIIa), activating receptors from the signaling lymphocytic 

activation molecule (SLAM) family, natural cytotoxicity receptors (NCRs), which 

include NKp;΀ (NCRͻ or CDͽͽͿ), NKp;; (NCRͼ or CDͽͽ΀) and NKpͽͺ (NCRͽ or 
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CDͽͽ΁), CLRs (NKGͼD and heterodimeric CD΃;:NKGͼC/E/H), and nectin/nectin-

like binding family of receptors (DNAM-ͻ or CDͼͼ΀) [Ϳ΂-΀ͺ]. Unlike B cells and T 

cells, NK cells express not one dominant stimulating receptor, but a diverse 

collection. Lacking signaling motifs, activating receptors with short cytoplasmic 

stalk domains necessitate the recruitment and association with signaling adaptor 

proteins, further adding to the regulatory layers controlling NK cell functions. 

CDͻ΀ and NCRs utilize adaptor proteins that are constitutively expressed by 

mature NK cells. These include: (i) FcRγ; (ii) CDͽζ disulfide-bonded hetero- or 

homodimers; and (iii) DAPͻͼ disulfide-bonded homodimers [΀ͻ]. Each adaptor 

molecule contains ITAMs with FcRγ and DAPͻͼ containing a single ITAM per chain 

and CDͽζ possessing three tyrosine-containing residues that upon phosphorylation, 

provide binding sites for Syk and/or Zap΁ͺ tyrosine kinases to trigger downstream 

signaling cascades [΀ͻ]. Other activating receptors interact with alternative 

signaling adaptor proteins initiating downstream signaling cascades through 

tyrosine kinases. For instance, NKGͼD homodimers interact with two DAPͻͺ 

homodimers to form a hexamer and recruit phosphatidylinositol-ͽ kinase (PIͽK) to 

the phosphorylated tyrosine in its conserved signaling motif (YINM) [΀ͼ, ΀ͽ]. The 

SLAM member, ͼB; (CDͼ;;), recruits tyrosine kinase Fyn to its SLAM-associated 

protein (SAP) adaptor molecules [΀ͻ], whereas DNAX accessory molecule-ͻ 

(DNAM-ͻ) signals via Grbͼ coupling with its immunoreceptor tyrosine tail (ITT)-

like motif [΀;]. Common convergent pathways from signals received from divergent 
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activating receptors provide complementary phosphorylation and synergistic NK 

cell activation [΀Ϳ, ΀΀]. 

ͻ.ͼ.; Receptor Pairs 

NK cells use an integrated model of signaling, transmitting net signals to 

decide the fate of target cells. Together with soluble factors, a wide array of 

inhibitory receptors and activating/costimulatory receptors regulate NK cell 

function. Adding to their functional complexity, NK cells express paired receptors. 

These are groups of receptors that recognize the same ligands but can have diverse 

affinities and opposing functional consequences [΀΁]. This includes the CLRs 

CD΃;:NKGͼA and CD΃;:NKGͼC (recognizing nonclassical HLA-E), discussed in 

more detail in Section ͻ.ͽ.; in the context of human cytomegalovirus (HCMV) 

infection, the KIR family (recognizing HLA-I), discussed above, and the family of 

nectin and nectin-like receptors, which are introduced here and expanded upon 

further in the context of human immunodeficiency virus type ͻ (HIV-ͻ) infection in 

Section ͻ.Ϳ. 

While some receptor pairs have evolved together, other groups include 

receptors that are not genetically linked. DNAM-ͻ belongs to a larger family of 

nectin and nectin-like receptors that all recognize the same group of ligands yet are 

genetically distal [΀΂, ΀΃]. Its main counter-receptor, T cell immunoreceptor with Ig 

and ITIM domains (TIGIT), is expressed on NK cells and multiple T cell subsets [΁ͺ-
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΁Ϳ]. After interaction with either of its shared ligands, poliovirus receptor (PVR or 

CDͻͿͿ or Necl-Ϳ) or PVRLͼ (CDͻͻͼ or nectin-ͼ), TIGIT inhibits activation of T cell 

or NK cell effector functions [΁ͻ, ΁ͼ, ΁΀]. Like TIGIT, TACTILE (CD΃΀) and PVR-

related Ig domain (PVRIG or CDͻͻͼR) bind PVR and PVRLͼ, respectively, whereas 

the costimulatory DNAM-ͻ (CDͼͼ΀) competes with both TIGIT and TACTILE for 

PVR engagement and with PVRIG for PVRLͼ binding (Figure ͻ.ͼ) [΁΁-΂ͻ]. 
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Figure ͻ.ͼ| The TIGIT/DNAM-ͻ immune checkpoint axis 

Interactions between inhibiting ( ) and activating ( ) T cell or NK cell receptors belonging to the 
nectin or nectin-like family of receptors and their corresponding family of ligands are depicted. 
Strong interactions such as those between TIGIT and PVR or DNAM-ͻ in cis or PVRIG and PVRLͼ 
are illustrated with heavy arrows. There is no clear consensus regarding whether TIGIT binds PVRLͽ 
(dotted arrow) and it is unclear whether TIGIT/PVRLͼ interactions are physiologically relevant in 
vivo [΁ͻ, ΁ͼ, ΂ͼ]. DNAM-ͻ interacts with both PVR and PVRLͼ to counter inhibition, yet does so with 
lower affinity than either TIGIT or PVRIG. TACTILE preferentially interacts with PVRLͻ over PVR 
[΂ͽ]. The affinity of KIRͼDLͿ for PVR binding is currently unknown, as is whether any other nectin 
or nectin-like ligand or receptor can serve as its binding partner.  
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The inhibitory PVRIG receptor is expressed on activated NK cells (Figure ͻ.ͼ), 

however, there is a lack of conclusive evidence in human NK cell studies as to 

whether TACTILE negatively or positively regulates activation [΂ͼ, ΂;, ΂Ϳ]. Although 

PVR is a common ligand for TIGIT, TACTILE and DNAM-ͻ, the binding affinities 

vastly differ, with TIGIT having a greater affinity for PVR than either DNAM-ͻ or 

TACTILE (Figure ͻ.ͼ) [΁ͻ]. This domination TIGIT has over DNAM-ͻ for ligand 

binding favours effector cell inhibition over effector cell costimulation, thereby 

dampening immune responses. Another means by which TIGIT controls NK cell 

activation is by interfering with DNAM-ͻ homodimerization by forming a 

heterodimer with DNAM-ͻ in cis (Figure ͻ.ͼ) [΂΀]. The intracellular TIGIT:DNAM-

ͻ complex prevents effective intercellular DNAM-ͻ/ligand interactions to reduce 

effector cell costimulation. 

In ͼͺͻ΃, the inhibitory KIRͼDLͿ receptor expressed on NK cells and CD΂ T 

cells, was identified as a binding partner for PVR, adding another facet to this already 

complex regulatory pathway [΂΁, ΂΂]. The genes encoding KIRͼDLͿ (KIR΀DL΃A and 

KIR΀DL΃) are highly polymorphic [΂΃, ΃ͺ]. Less than ͻͺ% of CDͿ΀dim NK cells and 

a very small fraction of the CD΂pos T cells of carriers express the most common allele, 

ͼDLͿA*ͺͺͻ, which is detectable by monoclonal antibody (mAb) UP-Rͻ [΂΁, ΃ͻ]. An 

accurate measure of KIRͼDLͿ prevalence in the wider population is currently 

unavailable as it is unknown whether this is the only allele expressed or whether 

polymorphisms arising in other alleles alter epitopes recognized by UP-Rͻ [΃ͻ, ΃ͼ]. 
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ͻ.ͼ.Ϳ Effector Functions 

Endowed with a finely tuned arsenal of inhibiting and activating receptors, 

NK cells are trained to provide protective immunity. There are two ways by which 

NK cells carry out their effector functions. NK cells are predominantly cytotoxic 

mediators and lyse irregular or infected cells by either directed release of secretory 

lysosomes containing perforin and granzyme or by death receptor recognition and 

induction of programmed cell death in the target cell [΃ͽ, ΃;]. Both methods result 

in caspase cleavage and ordered cell death and are highly regulated to prevent 

bystander cell death. Secondly, NK cells can produce a wide array of immune 

modulating cytokines, including proinflammatory cytokines, in response to either 

receptor-ligand based activation or cytokine-induced activation [΃Ϳ-΃΂]. This 

response regulates NK cell functions in cis and the functions of other innate and 

adaptive immune cells in trans. The NK cell response to cytokine stimulation is 

discussed in the context of HCMV infection in Sections ͻ.ͽ.ͻ and ͻ.ͽ.ͼ. 

NK cell activation is determined by the stimuli encountered, with each 

unique agonist having the potential to create a slightly different response. Multiple 

detection systems for sensing pathogens and tuned responses by use of overlapping 

intracellular signaling proteins and pathways give NK cells advantage with flexibility 

in the way they recognize and respond to ever-evolving strategies that viruses, 

bacteria and cancer employ to escape their recognition. 
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NK cells are endowed with a vast array of receptors, undergo an education 

process to ensure tolerance to self-tissue and give rise to heightened effector 

functions, and elicit robust responses through receptor- or cytokine-mediated 

stimulation. Given their plastic nature and propensity to hone their effector 

functions based on the ligands and cytokines to which they are exposed, the 

question arises as to whether our immune system can improve upon its natural 

killers. In the ideal environment, would an innate immune cell be receptive to 

further ‘training’ for better host immunity, unleashing their full breadth of immune 

cell functions. In short, can and do NK cells adapt? 

ͻ.ͽ Natural Killer cells Share Adaptive Immune Features 

Our perception of NK cells has transformed dramatically since their 

identification in the ͻ΃΁ͺs [΃΃-ͻͺͽ]. In the mid-ͼͺͺͺs, new research upended 

conventional understanding of NK cell biology when they were identified as being a 

highly diverse lymphocyte population with a capacity for immunological memory, a 

feature predominately associated with adaptive immunity [ͻͺ;]. Similar to the 

responses of B and T lymphocytes, the NK cell response to CMV and engagement in 

an immune response reshapes the baseline repertoire, giving rise to an adapted 

population with distinct phenotypic and functional features [ͻͺͿ-ͻͺ΁]. Although 

they share characteristics similar to memory B cells and T cells, NK cells adapt 

independent of antigen recognition and recombination events but rather through 
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somatically generated clonotypic receptors [ͼ, ͼͻ]. However, selection mechanisms 

underlying dynamic remodeling of NK cell repertoires and NK cell maturation into 

memory cells remain mostly obscure. This section will address accumulating 

evidence for antigen-independent and -dependent NK cell maturation and memory 

formation including cytokine-induced memory, the NK cell response to murine 

(M)CMV and a description of human memory-like NK cell development in response 

to HCMV. 

ͻ.ͽ.ͻ Cytokines are Essential for Adaptation 

Factors fundamental for generating adapted NK cells arise during early CMV 

infection and likely precede physical interactions between receptor-ligand pairs. 

During this time, NK cells are primed by pro-inflammatory cytokines such as type I 

IFNs (IFN-α/β) and interleukin (IL)-ͻͼ. These cytokines, initially produced by 

myeloid cells in response to CMV infection, stimulate NK cell antiviral cytokine 

production, induce their activation and initiate non-specific NK cell proliferation 

[ͻͺ΂-ͻͻͺ]. Interferon-α/β-induced IL-ͻͿ is also thought to contribute to non-

specific NK cell proliferation during the early stages of CMV infection, providing 

stimulation critical to NK cell survival [΃Ϳ, ͻͻͻ]. Interactions between cytokines and 

their receptors encourage NK cell adaptation to CMV by transmitting signals 

through signal transducer and activator of transcription (STAT) mediators. 
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Engaging IFN-α and IL-ͻͼ receptors stimulates STATͻ and STAT;, crucial regulators 

of NK cell IFN-γ expression and cytolytic activity [ͻͻͼ-ͻͻ΀]. 

Murine models have provided detailed information on the role of cytokine-

priming, accessory interactions and signaling pathways underlying formation of 

antigen-specific NK cell memory populations (Section ͻ.ͽ.ͽ). The Yokoyama lab 

initially described the prolonged effects of IL-ͻͼ on NK cell activation, however, the 

central role for IL-ͻͼ and NK cell memory was definitively illustrated by the inability 

of NK cells from IL-ͻͼRk/o mice to expand and provide protection against MCMV 

challenge [ͻͻ΁-ͻͻ΃]. IL-ͻͼ modulates NK cell adaptation, enhances NK cell 

responsiveness and causes inheritable modifications in NK cell progeny [ͻͻ΃, ͻͼͺ]. 

Exposure to IFN-α/β and IL-ͻͼ during the later stages of NK cell adaptation also 

enables the proliferative burst observed after MCMV challenge, which is incited by 

a cytokine-specific increase in the expression of a zinc finger transcription factor 

(Zbtbͽͼ) [ͻͼͻ, ͻͼͼ]. This early generic NK cell response to cytokines may be critical 

for priming NK cells to respond more effectively to virus-specific interactions during 

subsequent stages of CMV infection. 

ͻ.ͽ.ͼ Cytokine-Dependent NK cell Memory 

Cytokines provide useful stimulation for NK cell priming during CMV 

infection and subsequent proliferation and survival. However, NK cells have the 

ability to manifest a form of immunological memory simply from exposure to pro-
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inflammatory cytokines in the absence of virus, hapten or other specific 

receptor/ligand engagement. The first indication that cytokines invoke NK cell 

adaptation followed an adoptive transfer study of murine splenic NK cells that were 

briefly activated in vitro with IL-ͻͼ, IL-ͻͿ and IL-ͻ΂ before administration to naïve 

recipients [ͻͻ΃]. Cytokine-primed NK cells proliferated in their new host and 

generated a stable population with augmented IFN-γ responses upon re-exposure to 

IL-ͻͼ, IL-ͻͿ and IL-ͻ΂, or upon activating receptor engagement [ͻͻ΃]. Heightened 

IFN-γ responses were maintained up to ͻͼ weeks, and cytokine-induced NK cell 

memory was demonstrable as a heritable property, passed to daughter populations 

with no previous exposure to cytokines in vitro [ͻͻ΃, ͻͼͺ]. Similar effects were noted 

with human NK cells, where ex vivo IL-ͻͼ, IL-ͻͿ and IL-ͻ΂ restimulation induced 

robust IFN-γ production in NK cells previously exposed to the same cytokine milieu 

in vitro [ͻͼͽ]. 

It remains to be established whether the cytokine-induced alterations to NK 

cell functions are as durable as in HCMV-driven NK cell adaptation. Another 

intriguing question is whether immunomodulatory cytokines produced during viral 

infection contribute to in vivo NK cell adaptation. Commonly produced cytokines, 

such as IFN-α/β, or in the case of HCMV, a viral homologue to IL-ͻͺ, could act in 

concert with signaling through various NK cell receptors to promote adaptation. 
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ͻ.ͽ.ͽ NK cell Adaptation to Murine Cytomegalovirus 

The response against MCMV is the first and best characterized example of 

antigen-driven activation and maturation of NK cells into memory cells [ͻͼ;]. The 

MCMV model clearly illustrates the two key aspects of immunological memory 

previously attributed exclusively to lymphocytes bearing clonotypic receptors: 

selective expansion of NK cells bearing antigen-specific receptors, and more efficient 

secondary responses against the same antigen. This model draws parallels to T cell 

memory development, extending from the need for costimulatory receptor 

engagement and cytokine stimulation to the critical contraction phase following 

antigen-driven NK cell expansion. 

Classical genetics mapped MCMV resistance to the Ly;΃H activating receptor 

on murine NK cells [ͻͼͿ]. This receptor interacts with MCMV-encoded mͻͿ΁ 

glycoprotein to stimulate expansion of Ly;΃H-bearing NK cells that help control 

primary infection and provide enhanced protection against subsequent challenge 

(Figure ͻ.ͽ) [ͻͼͿ-ͻͼ΁]. The key feature in murine NK cell memory responses to 

MCMV infection is a specific physical interaction between the MCMV mͻͿ΁ 

glycoprotein and Ly;΃H activating receptors that triggers selective proliferation and 

differentiation into a long-lived memory cell population with enhanced protective 

capacity [ͻͼ΀-ͻͼ΃]. Mouse NK cells lacking Ly;΃H fail to proliferate in response to 

MCMV during later stages of infection [ͻͽͺ]. The interaction between Ly;΃H and 

mͻͿ΁ induces a ͼ-ͽ-fold increase in NK cell numbers during the first week after 
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MCMV infection and this expansion remains detectable at least ΁ͺ days post 

infection [ͻͼ;, ͻͽͺ]. NK cell responses against MCMV display the key defining 

features of adaptive immune memory exhibited by B and T lymphocytes. 

Antigen-specific NK cell expansion initiated by mͻͿ΁:Ly;΃H interactions 

relies on directed signaling through adaptor proteins (Figure ͻ.ͽ) [ͻͽͻ]. Although 

Ly;΃H receptors transmit signals through either DAPͻͺ or DAPͻͼ, Orr et al. showed 

that signaling through both adaptor proteins is necessary for optimal NK cell 

adaptation [ͻͽͻ]. In the absence of either DAPͻͺ or DAPͻͼ expression, NK cells still 

mediate resistance to MCMV infection, however, deleting either of these two 

proteins reduces surface Ly;΃H expression, NK cell proliferation and IFN-γ 

production in response to MCMV [ͻͽͻ]. Signal transmission through either of these 

adaptor proteins after mͻͿ΁:Ly;΃H interactions may represent a redundancy 

mechanism whereby adequate memory-like NK cell responses are maintained in the 

absence of either DAPͻͺ or DAPͻͼ expression. However, if both DAPͻͺ and DAPͻͼ 

are absent, Ly;΃H expression is completely suppressed and mice are susceptible to 

MCMV challenge [ͻͽͻ]. 

Analogous to the activation of naive B and T cells, costimulatory receptor 

engagement is a necessary component of NK cell adaptation. Upon infection, MCMV 

induces PVR and/or CDͻͻͼ expression on monocytes or DCs (Figure ͻ.ͽ) [ͻͽͼ]. 

Engagement of NK cell-expressed DNAM-ͻ by CDͻͻͼ and/or PVR drives signal 

transduction and promotes NK cell differentiation after initial and subsequent 



  ͲͰ  

  

MCMV challenge [ͻͽͽ]. This process generates a pool of memory NK cells 

expressing high levels of maturation markers (CDͻͻb, Ly΀C, and KLRGͻ) and of 

Ly;΃H [ͻͽͽ]. It is unknown whether other costimulatory molecules are involved in 

the activation, proliferation, or persistence of MCMV-specific memory NK cells. 

During the first week of MCMV infection, NK cells are exposed to non-

specific cytokines, viral proteins or virus-induced host ligands that support NK cell 

proliferation and expansion. Following activation and differentiation towards 

enhanced effector function, the next phase of memory NK cell generation begins as 

the NK cell pool contracts into an elite collection of highly functional mature NK 

cells [ͻͽ;]. The cells that survive persist as the long-lived memory NK cells that 

proliferate, expand and contract in response to repeated MCMV challenge and 

provide greater protection against successive MCMV infection than their naïve 

counterparts [ͻͼ;]. This model has provided detailed information on the role of 

cytokine-priming, accessory interactions and signaling pathways underlying 

formation of antigen-specific NK cell memory populations, ultimately broadening 

our perspective on immunological memory to include cells restricted to recognition 

of antigens with germline receptors. 
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Figure ͻ.ͽ| Adaptation of NK cells in response to CMV infection 

NK cell memory for MCMV (bottom panel) is generated in response to interactions between MCMV-
encoded mͻͿ΁ protein and the activating Ly;΃H NK cell receptor. The ‘secondary signal’ transmitted 
by DNAM-ͻ interactions with cognate ligands (PVR depicted here) and also cytokine (IL-ͻͼ and type 
I IFN) signaling are critical requirements for NK cell differentiation and proliferation. Individuals 
seropositive for HCMV (top panel) have increased fractions of circulating NK cells expressing CDͿ΁ 
and NKGͼC with reduced levels of natural cytotoxicity receptors (not shown). Increased NKGͼC 
expression on adapted NK cells is paired with the loss of NKGͼA. The leader sequence of HCMV-
encoded UL;ͺ stabilizes HLA-E to favour NKGͼC interactions. NK cells adapted to HCMV can be 
further identified by the loss of promyelocytic leukemia zinc finger protein (PLZF) transcription 
factor and the FcRγ signaling adaptor subunit (replaced with CDͽζ). 
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ͻ.ͽ.; NK cell Adaptation to Human Cytomegalovirus 

Diversity within NK cells is thought to have arisen in part by pressure from 

what has been described as an evolving ‘arms race’ between pathogens and the host 

immune system [ͻͽͿ]. Despite evidence that NK cells control multiple types of 

herpesvirus infections, only HCMV infection is known to have a dramatic effect on 

the composition of the NK cell repertoire [ͻͽ]. This is true in the case of both MCMV 

and HCMV, but despite superficial similarities, the operative mechanism for NK cell 

adaptation to murine and human CMV appears mostly unrelated. 

In ͼͺͺ;, Guma et al. first reported that infection with HCMV leaves a durable 

imprint on the human NK cell repertoire [ͻͺ΀]. This imprint is reflected in an 

increased frequency of NK cells expressing CDͿ΁ and activating receptor NKGͼC, 

together with high levels of CDͻ΀ (Figure ͻ.ͽ). Expression of activating and self-

specific KIRs is higher on these NK cells, while levels of NCRs and NKGͼA are 

reduced [ͻͺ΀, ͻͽ΀-ͻ;ͼ]. There is substantial overlap between the population of NK 

cells co-expressing CDͿ΁ and NKGͼC with NK cells that have reduced expression of 

the FcRγ signaling protein, Syk kinase, PLZF transcription factor and Ewing’s 

sarcoma’s/FLI-ͻ activated transcript-ͼ (EAT-ͼ) [ͻ;ͽ, ͻ;;]. While accumulation of 

these cells was initially associated with several other viral infections, it later became 

clear that HCMV infection is the one constant required for marked expansion of 

CDͿ΁pos NK cells expressing NKGͼC [ͻͺ΁, ͻ;ͺ, ͻ;ͻ]. This association between 

selective expansion of NK cells bearing the activating receptor NKGͼC and HCMV 
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infection inspired consideration that NKGͼC might be analogous to Ly;΃H with its 

specific recognition of an HCMV protein or peptide driving expansion of NKGͼCpos 

NK cells (Figure ͻ.ͽ). Lending credence to this idea, in some in vitro HCMV 

infection/NK cell co-culture systems, CDͿ΁posNKGͼCpos NK cell expansion is 

blocked by antibodies against either HLA-E or NKGͼC [ͻ;Ϳ]. Both NKGͼC and its 

inhibitory counterpart, NKGͼA, bind to HLA-E, which in turn is modulated by 

HCMV infection [ͻ;΀]. Expression of HLA-E is generally stabilized by peptides 

derived from class I molecules and its function as an inhibitory or activating ligand 

for NKGͼA or NKGͼC receptors, respectively, is critically dependent on the peptide 

presented (Figure ͻ.ͽ) [ͻ;΁-ͻͿͺ]. Although peptides derived from HCMV UL;ͺ 

protein (i.e., VMAPRTLIL) bind and stabilize HLA-E, expression of HCMV UL;ͺ is 

dispensable for NKGͼCpos NK cell expansion in vitro (Figure ͻ.ͽ) [ͻͽ΀, ͻͿͻ, ͻͿͼ]. In 

contrast, the USͼ-USͻͻ genes crucially contribute to in vitro NKGͼC-driven NK cell 

expansion, indicating a role for class I HLA molecules [ͻͽ΀, ͻͿͽ]. 

The largely NKGͼCpos phenotype of adapted NK cells in HCMV infection 

supports the possibility that NKGͼC plays a direct role. However, in co-culture 

systems without exogenous cytokines, NK cells from HCMV-infected individuals 

selectively proliferate and release IFN-γ in response to HCMV-infected fibroblasts 

with little apparent role for NKGͼC [ͻͿ;]. In addition, NK cells from individuals 

lacking the NKGͼC gene respond similarly to HCMV infection with accelerated 

maturation, and co-express aKIRs (KIRͼDSͻ, KIRͼDSͼ, KIRͼDS; and KIRͽDSͻ) to 
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a similar extent as NK cells from NKGͼCpos donors [ͻͿͿ]. Therefore, at the very least, 

NKGͼC-mediated interactions are not the only driving force behind the impact of 

HCMV on the NK cell repertoire [ͻͿ΀]. An extensive study of adaptive NK cell 

responses in NKGͼC-bearing and NKGͼCnull individuals suggests CDͼ costimulation 

may be a critical component in effector potency, irrespective of NKGͼC expression 

[ͻͿ΀]. Paralleling the ‘second signal’ or DNAM-ͻ co-activation of adaptive murine 

NK cells, human CDͼ on NK cells interacts with CDͿ΂ on target cells (Figure ͻ.ͽ) 

[ͻͿ΁]. Increased CDͼ expression on in vitro-expanded adaptive NK cells favours 

increased IFN-γ and TNF-α production and is critical for robust antibody-dependent 

responses [ͻͿ΀, ͻͿ΁]. However, the extent to which CDͼ engagement contributes to 

adaptive NK cell formation in vivo, or whether other ligands for CDͼ provoke the 

same response, remains unresolved. 

ͻ.ͽ.Ϳ Functional Implications of Adapted NK cells 

Intracellular mechanisms accompanying NK cell adaptation to HCMV 

infection became clearer with the identification of NK cells deficient for FcRγ, as 

emergence of adaptive NK cells in HCMV-infected individuals is closely associated 

with loss of this transmembrane signaling adaptor protein (Figure ͻ.ͽ) [ͻͿ΂, ͻͿ΃]. 

While CDͿ΁ and NKGͼC are mostly co-expressed on adapted NK cells, some FcRγneg 

NK cells lack NKGͼC and retain low levels of NKGͼA [ͻ;;, ͻͿ΃]. The FcRγ adaptor 

protein associates with NKpͽͺ, NKp;΀ and/or CDͻ΀ receptors as a homodimer or 
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heterodimer with CDͽζ to signal through ITAMs [΀ͻ, ͻ΀ͺ]. Loss of NK cell FcRγ 

expression in response to HCMV parallels development of adaptive NK cells with 

low levels of NKpͽͺ and NKp;΀ and impaired cytokine and cytotoxic responses 

through NCRs [ͻͿ΂, ͻͿ΃]. In contrast, the loss of FcRγ has limited impact on CDͻ΀ 

expression and some data associate this loss with broadly enhanced antibody-

dependent cytokine production and cytotoxic potential [ͻͿ΃]. Lee et al. and Schlums 

et al. independently showed that HCMV-dependent loss of NK cell FcRγ relates to 

decreased expression of the PLZF transcription factor and DABͼ [ͻ;ͽ, ͻ;;]. Loss of 

PLZF, in concert with epigenetic hypermethylation of the FcRγ, Syk and EAT-ͼ 

promoter regions to which PLZF binds, reduces FcRγ, and in some instances Syk and 

EAT-ͼ transcription, producing a pattern that reliably identifies adaptive NK cells 

(Figure ͻ.ͽ) [ͻ;ͽ, ͻ;;]. The differential methylation pattern observed in adaptive 

NK cells represents a shift from the epigenetic profile of conventional NK cells 

towards that of CD΂pos cytotoxic T cells [ͻ;ͽ]. 

Ancillary to the epigenetic modifications that create a population of NK cells 

purportedly more capable for ADCC, partial demethylation of the IFNG locus gives 

rise to daughter cells with heritable DNA modifications and an enhanced capacity 

for IFN-γ production [ͻ΀ͻ, ͻ΀ͼ]. Epigenetic modifications of both the IFNG 

promoter and conserved non-coding sequence (CNS)-ͻ, located ; kbp upstream of 

the human IFNG promoter, fixes NKGͼChi NK cells with strong and stable IFN-γ 

responses [ͻ΀ͻ-ͻ΀;]. During NK cell differentiation, hypomethylated CNS-ͻ 
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encourages binding of T-bet, STAT;, NF-κB and NFAT to enhance downstream 

IFNG transcription after stimulation through activating NK cell receptors, 

particularly NKGͼC [ͻ΀ͼ-ͻ΀Ϳ]. The epigenetic imprint that HCMV leaves on the NK 

cell repertoire contributes to a highly specialized collective readily able to produce 

IFN-γ in response to appropriate stimuli. 

While NKGͼC is an effective surrogate marker for NK cell adaptation to 

HCMV infection, its role in either in vivo selection or protection against HCMV has 

not been confirmed. In fact, there is only one reported example of a T cell-deficient 

child where HCMV replication was reduced in vivo coincident with the emergence 

of a predominantly NKGͼCpos NK cell subset with high CDͻ΀ expression [ͻ΀΀]. The 

most notable functional feature attributed to the NK cells responding to HCMV 

infection is an enhanced capacity for antibody-dependent activation [ͻͿ΃]. 

However, effective suppression of HCMV by the adapted NK cell population through 

antibody-dependent or other mechanisms has not yet been proven. Many 

individuals infected with HCMV do not have large CDͿ΁posNKGͼCpos NK cell 

populations and low numbers of these cells is not associated with reduced 

containment [ͻͺ΀, ͻ;;, ͻͿͿ, ͻͿ΀, ͻ΀΁]. Expression of NK cell receptors, adaptor 

subunits and transcription factors vary considerably in HCMV-seropositive 

individuals with high frequency of CDͿ΁posNKGͼCpos NK cells, suggesting that 

shaping the NK cell response to HCMV involves many factors. Whether CDͻ΀, 

NKGͼC, activating or inhibiting KIR, the absence of inhibitory receptors such as 
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NKGͼA, epigenetic remodeling, or all the above endow NK cells with a selective 

advantage for expansion and persistence in HCMV-infected individuals remains to 

be clarified. 

In the absence of demonstrable specific interactions between activating NK 

cell receptors and HCMV proteins, the question remains as to why HCMV has such 

a dramatic effect on the NK cell repertoire. The consistency and robustness of the 

NK cell response to HCMV suggests either a strong adaptive advantage to the host 

or that HCMV has evolved to shape the NK cell repertoire to its own advantage. 

ͻ.ͽ.΀ An Eternal Experience with HCMV 

Codivergence of herpesviruses and our ancient ancestors for millennia 

influences both host and virus evolution [ͻ΀΂-ͻ΁ͺ]. The HCMV β-herpesvirus is one 

of the world’s most ubiquitous viral infections with seroprevalence (circulating IgG 

antibodies) ranging from ;Ϳ – ͻͺͺ% depending on age, geographic location, and 

socioeconomic status [ͻ΀΃, ͻ΁ͻ]. Its vast genome makes HCMV one of the largest 

and most complex viruses to infect humans, with more than ΂ͺ% of its gene 

products being dispensable for replication [ͻ΁ͼ]. 

Latency and reactivation are common features of all herpesviruses. Through 

the nature of its latent reservoir and mode of reactivation, HCMV may disseminate 

more broadly than other herpesviruses and adopt a wider cellular host range, greater 

variety of infection states and clinical manifestation [ͻ΁ͽ-ͻ΁΁]. Inflammation and 
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persistent antigen stimulation promote HCMV reactivation, thus, it has evolved 

many strategies to support the chronic cycling of immune activation and 

inflammation in favour of its replication. HCMV modulates immune inflammation 

by inducing host cytokines and chemokines (e.g. IL-ͻβ, IL-΀, IL-΂, IFN-α/β, CCLͿ 

and CXCLͻ;) and expressing virus-encoded cytokine and chemokine homologues 

(e.g. cmvIL-ͻͺ, cmvCXC-ͻ and cmvCXC-ͼ) and virus-encoded receptors (e.g. USͼ΂) 

that act to ‘sponge up’ chemokines integral to host defense [ͻ΁΂-ͻ΂΁]. In its 

orchestration, however, HCMV may also be establishing conditions to support NK 

cell adaptation in response to the overt pressure our immune system faces 

counteracting this virus. 

HCMV infection is largely asymptomatic with infrequent subclinical 

reactivation events having an inconsequential impact in immunocompetent hosts. 

Considering the striking influence HCMV exerts on the NK cell compartment alone, 

HCMV infection in younger healthy people may provide heterologous immunity 

against infection with other viruses and lends an explanation for our historical 

tolerance of its high prevalence [ͻ΂΂-ͻ΃ͻ]. Unfortunately, acute or persistent HCMV 

infection in individuals with immature, weakened or deficient immune systems 

causes complications and contributes to age-related morbidities and mortality [ͻ΃ͼ-

ͻ΃΁]. Thus, although perhaps considered to enhance immune fitness in youth, the 

once ‘beneficial’ biological features associated with HCMV diminish with age, 
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becoming more detrimental to human health and follows the theory of antagonistic 

pleiotropy [ͻ΃΂]. 

ͻ.; An Inflammatory Duet: HCMV and HIV Accentuate Immune Activation 

HCMV infection proves particularly disadvantageous in people living with 

HIV (PLWH). Combination antiretroviral therapy (cART) has dramatically reduced 

HIV-ͻ disease progression, acquired immunodeficiency syndrome (AIDS)-related 

events and end-stage organ failure, however, despite HIV-ͻ suppression, coinfection 

with HCMV increases the incidence of systemic inflammation, cardiovascular 

disease, immune senescence, morbidity and mortality in PLWH [ͻ΃΃-ͼͺͽ]. The NK 

cell response to HCMV infection, discussed in Section ͻ.ͽ, is markedly accentuated 

in conditions of immune deficiency, immune suppression or ongoing immune 

reconstitution, including cART suppression of HIV-ͻ [ͻ;ͺ, ͻ;ͼ, ͻ΀΀, ͼͺ;]. With a 

seroprevalence of ΂ͺ – ͻͺͺ%, HCMV is concentrated in PLWH and it is common for 

coinfected individuals to have large NK cell fractions expressing CDͿ΁ and NKGͼC 

[ͼͺ;-ͼͺ΁]. 

Smoldering subclinical HCMV replication in PLWH, in combination with 

HCMV reactivation events promote inflammatory environments contributing to NK 

cell adaption [ͻͻ΂, ͼͺ΂, ͼͺ΃]. The same setting of chronic inflammation and 

immune activation that supports HCMV replication also favours HIV-ͻ persistence 

[ͼͻͺ-ͼͻͼ]. HIV-ͻ alone is associated with generalized immune activation and, 
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although cART markedly diminishes it, inflammation in PLWH remains abnormally 

elevated [ͼͻͽ, ͼͻ;]. As distinct viruses, HCMV and HIV-ͻ each potentiate 

inflammation to create environments favourable for their replication. This 

phenomenon presents a doubly detrimental scenario in PLWH coinfected with 

HCMV. Sustained inflammation and immune activation from both HCMV and HIV-

ͻ create a symbiosis whereby HCMV not only drives inflammation to ensure its own 

survival and reservoir seeding, but also stimulates low levels of HIV-ͻ replication, 

enabling maintenance or inflation of HIV-ͻ reservoirs. In turn, HIV-ͻ-mediated 

immune activation will promote the inverse effect, fueling an unwelcome negative 

feedback loop. Subclinical HCMV infection is implicated in contributing to HIV-ͻ 

reservoir seeding as both cART-naïve and treated individuals have increased HIV-ͻ 

DNA levels compared to PLWH who are HCMV seronegative [ͼͺ΃-ͼͻͻ]. This 

constant cycling drives immune exhaustion, accelerates aging and gives rise to a 

higher incidence of morbidity and mortality in HCMV seropositive PLWH [ͻ΃΃-

ͼͺͽ]. 

ͻ.Ϳ The Obstinate HIV-ͻ Proviral Reservoir 

Current cART reduces HIV-ͻ replication to levels where the amount of viral 

ribonucleic acid (RNA) in the bloodstream falls below current limits of detection. In 

most cases, maintenance of undetectable viral loads requires strict adherence to 

therapy [ͼͻͿ-ͼͻ΁]. Despite their efficacy, complete eradication of HIV-ͻ is 
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unattainable with current cART regimes. During early infection, HIV-ͻ establishes 

proviral reservoirs, concealing itself within various cell types in different anatomical 

niches [ͼͻ΂, ͼͻ΃]. In this largely dormant state, the HIV-ͻ reservoir is invisible to 

the immune system and insensitive to cART [ͼͼͺ]. As a consequence of this 

widespread thorough concealment, if cART is interrupted, HIV-ͻ reactivates and 

produces replication-competent viruses capable of nascent infection [ͼͻ΁, ͼͼͻ]. 

Organs and tissues such as the gut and lymph nodes are key sites enriched for cells 

harbouring HIV-ͻ provirus [ͼͻ΃]. Although various types of cells including 

macrophages, monocytes and astrocytes can serve as HIV-ͻ reservoirs, the 

predominant cell type containing HIV-ͻ provirus and, thus, the predominant source 

of viral replication with withdrawal of cART, are CD;pos T cells [ͼͻ΁, ͼͼͼ]. Seeding 

itself in long-lived memory CD;pos T cells during acute and ongoing infection allows 

HIV-ͻ to persist indefinitely, despite consistent and effective cART suppression. 

ͻ.Ϳ.ͻ HIV-ͻ Treatment Strategies Target the Reservoir 

In the absence of cART, activation of the resting CD;pos T cells harbouring 

HIV-ͻ proviruses drives HIV-ͻ out from latency, replenishes the reservoir and 

promotes disease progression. Cure of the “Berlin patient” in ͼͺͺ΂ and the “London 

patient” in ͼͺͻ΃ with HIV-ͻ-resistant bone marrow transplants provides conceptual 

proof that HIV-ͻ can be eradicated in those already living with the virus [ͼͼͽ, ͼͼ;]. 

Although application of this approach is not feasible for most PLWH, other 
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elimination strategies are under investigation. These can include ‘block and lock’ or 

gene editing, both of which aim to fix latent proviral HIV-ͻ in a permanent inactive 

state with either drug therapy or in situ HIV-ͻ genome editing. Conversely, a 

‘kick/shock and kill’ approach focuses on purging the latent HIV-ͻ reservoir by 

forced HIV-ͻ activation from reservoir cells, thereby exposing it to the immune 

system and/or cART [ͼͼͿ-ͼͽͼ]. 

To completely cure HIV-ͻ infection by the ‘kick/shock and kill’ approach, two 

currently unattainable objectives must be met. Firstly, viral reactivation needs to 

occur in all latently infected cells bearing replication competent viral genomes. 

Secondly, those cells in which HIV-ͻ reactivates must be eliminated efficiently 

enough to prevent spread to uninfected cells. The second goal requires enhanced 

antiviral immune function, likely combined with novel pharmacologic strategies. 

Direct reservoir cytolysis by T cell and specific antibody-dependent NK cell 

mechanisms is a key element of this goal. Incomplete purging of the latent HIV-ͻ 

reservoir, although not an absolute cure, may be sufficient to reduce or even remove 

dependence upon cART for suppression of HIV-ͻ replication and yield a functional 

cure for HIV-ͻ infection. 

ͻ.Ϳ.ͼ Checkpoint Inhibitors Enhance Effector Responses 

Considering the role that the immune system will play, similarities between 

cancer and chronic viral infection imply that administration of checkpoint inhibitors 
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can benefit immune-based HIV-ͻ treatment strategies. Like cancer, chronic viral 

infection often progresses to a stage where effector cell functions fundamental for 

its control are severely impaired [ͼͽͽ, ͼͽ;]. Following activation, T cells upregulate 

inhibitory receptors such as CTLA-; and PD-ͻ to limit T cell responses and prevent 

immune pathology arising from unregulated responses [ͼͽͽ]. In settings of chronic 

infection with persistent microbial replication, T cell function is dysregulated by 

sustained high expression of these inhibitory checkpoint receptors [ͼͽͿ, ͼͽ΀]. 

Checkpoint inhibitors targeting different inhibitory receptors on immune cells or 

their corresponding ligands are transforming cancer therapy and many are relevant 

to immunotherapy for HIV-ͻ infection. 

One hallmark of chronic HIV-ͻ infection is disruption of normal lymphocyte 

functions, leading to signs and symptoms of immune dysfunction. This 

dysfunctional profile is illustrated by increased expression of multiple inhibitory 

immune checkpoint molecules including PD-ͻ, CTLA-;, TIGIT, Tim-ͽ and LAG-ͽ 

on CD΂pos T cells and in some instances, on NK cells [΁ͻ, ΂ͻ, ͼͽ΁]. There is 

convincing evidence of a central role for TIGIT in control of CD΂pos T cell maturation 

and exhaustion [΂΀]. However, considering its parallel regulation of NK cell 

functions, targeting TIGIT with checkpoint inhibitors may have even greater 

implications for bolstering antiviral immunity than targeting PD-ͻ, CTLA-; or Tim-

ͽ. Of all lymphocyte subsets, NK cells have the highest fraction of cells constitutively 

expressing TIGIT [΁ͺ]. Between ͼͺ – ΃ͺ% of resting NK cells express TIGIT and levels 
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are increased by acute and chronic viral infections or cancers [΁ͺ, ΂΀, ͼͽ΂, ͼͽ΃]. 

Targeting TIGIT is an especially attractive approach to incorporate into HIV-ͻ cure 

strategies as it impacts multiple functions of multiple types of effector cells. 

ͻ.Ϳ.ͽ TIGIT Regulates Effector cells in HIV-ͻ Infection 

Expression of TIGIT is broadly dysregulated on both CD΂pos T cells and NK 

cells in HIV-ͻ infection. An increased fraction of CD΂pos T cells expressing TIGIT 

arises despite early initiation of effective cART [ͼ;ͺ, ͼ;ͻ]. The high potential impact 

of targeting TIGIT as a therapeutic strategy to invigorate effector cell responses 

against HIV-ͻ is emphasized by TIGIT expression on a large fraction of CD΂pos T 

cells and almost all HIV-ͻ-specific CD΂pos T cells in PLWH [ͼ;ͺ, ͼ;ͻ]. Cells 

expressing TIGIT proliferated less and mounted weaker antiviral cytokine responses 

compared with their TIGITneg CD΂pos T cell counterparts, indicating a prominent 

role for TIGIT as a negative regulator of HIV-ͻ-specific CD΂pos T cell immunity [ͼ;ͺ]. 

Interrupting TIGIT signaling using therapeutic mAb blockade rescued CD΂pos T cell 

IFN-γ responses and increased cytotoxicity [΂΀, ͼ;ͺ]. In parallel with increased 

TIGIT on CD΂pos T cells, its costimulatory counterpart, DNAM-ͻ, is often 

downregulated, further contributing to T cell exhaustion [ͼ;ͻ, ͼ;ͼ]. This ‘one-two 

punch’ increases inhibitory intercellular TIGIT/PVR interactions and cis 

TIGIT/DNAM-ͻ heterodimers further restrict the potential for productive 

costimulation mediated by DNAM-ͻ/PVR interactions (Figure ͻ.ͼ). 
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Similar to the relationship seen with CD΂pos T cells, higher levels of TIGIT on 

NK cells correlate with HIV-ͻ disease progression [ͼ;ͽ]. Although TIGIT blockade 

can rescue NK cell function against cancer, further evidence illustrating the potential 

benefits of targeting the TIGIT axis in the context of HIV-ͻ infection is needed [ͼͽ΃]. 

While TIGIT expression is increased on NK cells from cART-naïve PLWH, cART may 

return TIGIT expression to similar levels as that of healthy controls [ͼ;ͽ, ͼ;;]. In 

untreated PLWH, NK cells expressing higher amounts of TIGIT were less likely to 

degranulate and produce IFN-γ in response to cytokine stimuli than those that did 

not express TIGIT. In this case, baseline NK cell function was rescued by mAb 

against TIGIT [ͼ;ͽ]. In another study in which NK cells were activated for ͽ days 

with IL-ͼ, blockade of TIGIT provided no benefits to NK cells responding against in 

vitro HIV-ͻ infected autologous primary CD;pos T cells [ͼ;;]. In the setting of active 

HIV-ͻ infection, TIGIT expression is increased on subsets of NK cells co-expressing 

DNAM-ͻ [ͼ;ͽ, ͼ;;]. Combining viral reactivation strategies with effector cell 

reinvigoration by preventing TIGIT interactions with either its ligand or DNAM-ͻ 

should promote cytolysis of infected cells (Figure ͻ.;). More evidence is needed to 

delineate the cytotoxic potential of these cells. Expression of TIGIT on CD΂pos T cells 

and NK cells suggests that TIGIT-specific mAb therapy could synergistically unleash 

both types of antiviral effector cells to target active HIV-ͻ infection more robustly. 
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Figure ͻ.;| Hypothetical outcome of using TIGIT blockade to target HIV-ͻ reservoirs 

Increased PVR expression on CD;pos T cells [e.g., lymph node follicular helper T (TFH) cells] can 
contribute to NK cell dysregulation by engaging TIGIT and inhibiting effector functions (‘no mAb’, 
left panel). Combined CD;pos T cell reservoir activation and TIGIT mAb (right panel) could create a 
scenario where previously latent HIV-ͻ actively replicates, introducing targets for NK cell 
recognition. Reservoir cytolysis is promoted in this scenario by preventing inhibitory TIGIT 
interactions and allowing DNAM-ͻ (co)stimulation. 
 
 

ͻ.Ϳ.; A Ligand for TIGIT is Enriched on HIV-ͻ Reservoir cells 

Although expression levels of many inhibitory checkpoint molecules increase 

on multiple types of effector cells during HIV-ͻ infection, inhibition relies on the 

interactions between these receptors and their cognate ligands. The predominant 

ligand for TIGIT and DNAM-ͻ is PVR (Figure ͻ.ͼ), which is expressed on monocytes, 

dendritic cells, T cells and other cell types including tumor cells and HIV-ͻ-infected 

cells [ͻͽͼ, ͼ;ͺ, ͼ;Ϳ, ͼ;΀]. Originally identified in ͻ΃΂΃ as a receptor for poliovirus, 

PVR belongs to a larger family of adhesion molecules that facilitate cell adhesion 

and migration, while over-expression of PVR in transformed cells promotes 

proliferation [ͼ;Ϳ, ͼ;΁]. Stimulated T cells have increased total PVR protein and cell 
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surface expression levels, with preferential PVR expression on proliferating T cells 

in the S or Gͼ/M cell cycle phase [ͼ;΂]. Increased cellular PVR expression occurs 

after the DNA damage response (DDR) pathway is induced [ͼ;΂]. Although 

activated primary CD;pos T cells express PVR, whether or not HIV-ͻ influences PVR 

expression on circulating primary CD;+ T cells remains controversial [ͼ;΃]. 

During infection, expression of HIV-ͻ-encoded Vpr helps promote cell cycle 

arrest in Gͼ via the DDR pathway [ͼͿͺ]. Through this same Vpr-dependent 

mechanism, PVR was reported to be upregulated on the surface of HIV-ͻ-infected 

Jurkat T cells, yet expression of Nef and/or Vpu reduced surface-expressed PVR on 

both Jurkat and primary CD;pos T cells [ͼͿͻ-ͼͿͽ]. Another study reported no role 

for HIV-ͻ-specific modulation of PVR expression on primary CD;pos T cells [ͼ;΃]. 

These studies used various in vitro systems with CD;pos T cell lines or ex vivo CD;pos 

T cells from healthy controls infected with different laboratory passaged HIV-ͻ 

strains. In all cases, PVR expression was assessed on all infected T cells, yet in vitro-

infected CD;pos T cells can be subsequently distinctly grouped into either CD;pos or 

CD;neg cells [ͼͿ;]. In so doing, Tremblay-McLean et al. found that surface PVR 

expression is reduced on infected CD;neg T cells compared with infected CD;pos T 

cells [ͼͿ;]. This could indicate that if HIV-ͻ does regulate PVR expression in vivo, 

productively infected or reservoir TFH cells that maintain their expression of CD; 

may have a different PVR expression profile than their CD;neg T cell counterparts. 
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Investigation of ex vivo PVR expression on CD;pos T cells from PLWH has 

been limited. Very low levels of PVR expression on circulating CD;pos T cells 

combined with the relative inaccessibility of lymph node sections from PLWH make 

informed assessment of PVR expression problematic [ͼ;ͽ, ͼ;;]. Upregulation of 

PVR can occur on CD;pos T cells in HIV-ͻ infection, especially on lymph node TFH 

CD;pos T cells, which are the major site of HIV-ͻ reservoir concentration [ͼ;ͻ, ͼͿͿ, 

ͼͿ΀]. Further, within the lymph nodes from PLWH, PVR is expressed on both 

germinal center CDͽpos cells and interdigitating follicular DCs [ͼ;ͼ]. This compact 

compartment comprised of cells expressing PVR in proximity to CD;pos T cells 

enriched in HIV-ͻ provirus could exploit higher localized TIGIT expression on 

CD΂pos T cells and NK cells to limit effector cell functions as they transit through 

lymph nodes. As NK cell and CD΂pos T cell expression of TIGIT increases with acute 

HIV-ͻ infection, introducing mAb therapy to overcome the higher affinity 

TIGIT/PVR inhibitory interaction in favour of DNAM-ͻ/PVR-mediated activation is 

a rational strategy to address lingering HIV-ͻ infection [ͼ;ͽ]. In this event, PVR 

expressed on reservoir CD;pos T cells would render them more susceptible targets 

for DNAM-ͻ-expressing NK cells (Figure ͻ.;). 

ͻ.΀ The Potential to Harness NK cells 

HCMV has a broad impact on human immunity. This introduction has 

extensively discussed the influence of HCMV infection on the NK cell repertoire and 
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has highlighted an important interface between NK cells and their control of virus 

infection. Many questions remain regarding what factors force NK cell adaptation in 

the face of HCMV infection and whether we can harness their inherent and adaptive 

functional capacity against a wide range of cancer and infection. Understanding 

basic molecular mechanisms governing NK cell-mediated immunity informs new 

treatment strategies to harness these powerful killers for our benefit and future 

health. 

Given the impact HCMV infection has on NK cells, we examined NK cell 

function along the continuum of NK cell adaptation progressing from (i) short term 

effects of virokines and cytokines and (ii) long term effects reflected in HCMV 

adaptation, including altered inhibitory receptor expression with longer term 

changes. My research identified soluble factors present during HCMV infection that 

rapidly increase NK cells killing activity: an HCMV-encoded human IL-ͻͺ 

homologue (cmvIL-ͻͺ) and host-derived type I IFN. Although sustained exposure 

to these cytokines, in combination with other (un)known factors, may skew NK 

differentiation in HCMV infection, this question was outside our scope and was not 

assessed as part of this project. Adaptation to HCMV infection has long been 

believed to enhance NK cell antibody-dependent IFN-γ production [ͻͿ΃], however, 

studies assessing direct NK cell cytotoxicity of adapted NK cells are lacking. 

Considering the exaggerated impact of HCMV infection on the NK cell 

repertoire in PLWH, we focused on this cohort to measure the potential for NK cells 
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from PLWH to respond to and mount antiviral responses in the presence of 

cytokines that would be more abundantly present in the setting of chronic 

inflammation. As the NKGͼC-expressing NK cell compartment is amplified in 

chronic HIV-ͻ infection, we evaluated the functional and phenotypic impact of 

HCMV-driven NK cell adaptation in HIV-ͻ infection by comparing three groups of 

subjects distinguished by either HCMV-seronegative status or by high versus low 

percentages of NKGͼC-expressing NK cells. Despite a clear hierarchy of adaptation 

to HCMV in our study groups, CDͻ΀-mediated NK cell degranulation, IFN-γ 

production or ADCC did not differ significantly between groups. Further, TIGIT was 

present on a large fraction of NK and CD΂pos T cells and its level was associated with 

HCMV status. Engaging TIGIT inhibited HIV-ͻ-specific ADCC, suggesting TIGIT is 

an appropriate target for invigorating ADCC against CD;pos T cells expressing PVR 

induced by HIV-ͻ infection. 

Investigating how basic NK cell biology is altered in the setting of chronic 

infection informs how we can exploit their innate functions to control infection. This 

research demonstrated that cytokines or mAbs can release the brakes on NK cells to 

counter inhibition and favour virus control or eradication.  
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ͼ Human Cytomegalovirus IL-ͻͺ Augments NK cell Cytotoxicity 

ͼ.ͻ Abstract 

Human cytomegalovirus (HCMV) persistently infects most of the adult 

population with periods of productive and latent infection differentially 

orchestrated by multiple HCMV-encoded gene products. One HCMV gene 

(ULͻͻͻa) encodes cmvIL-ͻͺ, a virokine homologous to human IL (hIL)-ͻͺ. 

Although the effects of cmvIL-ͻͺ on most human lymphocyte subsets have been 

extensively studied, its impact on NK cell function was unreported prior to this 

study. We investigated effects of short-term cmvIL-ͻͺ exposure on human NK cells 

and found it substantially enhanced NK cell cytotoxicity through natural 

cytotoxicity receptors NKpͽͺ and NKp;΀ as well as through C-type lectin-like 

receptors NKGͼC and NKGͼD. Antibody-dependent cell-mediated cytotoxicity 

triggered through CDͻ΀ also increased significantly with short-term cmvIL-ͻͺ 

exposure. These effects of cmvIL-ͻͺ on NK cell cytotoxicity were rapid, dose 

dependent, neutralized by polyclonal anti-cmvIL-ͻͺ or monoclonal anti-IL-ͻͺ 

receptor (IL-ͻͺR) antibodies and independent of increased perforin synthesis or up-

regulation of activating receptors. A low percentage (ͺ.Ϳ – Ϳ.;%; n = ͻͼ) of NK cells 

expressed IL-ͻͺR and the impact of cmvIL-ͻͺ on NK cell degranulation following 

CDͻ΀ stimulation directly correlated with this percentage (P = ͺ.ͺͼͻ΂). Short-term 

exposure of human NK cells to cmvIL-ͻͺ did not introduce phenotypic changes 
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reminiscent of NK adaptation to HCMV infection in vivo. Determining how 

expression of a viral protein that activates NK cells contributes to their function in 

vivo will increase understanding of HCMV infection and NK cell biology. 
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ͼ.ͼ Introduction 

Human cytomegalovirus (HCMV) is a common β-herpesvirus that infects 

most of the adult population, remains predominantly dormant after primary 

infection and is relatively innocuous in healthy adults [ͻ΃΀]. Although initially 

defined by innate anti-tumour activity, natural killer (NK) cells have since been 

implicated in immunity against viruses, especially herpesviruses [ͻͻ, ͻͽ, ͼ;]. 

Infection with HCMV drives development of a discrete natural killer (NK) cell 

population exhibiting phenotypic and functional adaptations [ͻͺ΀, ͻ;ͺ, ͻ;ͻ]. The 

NK cells adapted to HCMV infection selectively display receptor constellations and 

intracellular signaling pathways reconfigured to enhance antibody-dependent 

activation [ͼͿ΁]. 

Cytokines, such as interleukin (IL)-ͻͼ are produced early during infection 

[ͻ;Ϳ]. Exposure to cytokine cocktails of IL-ͻͼ, IL-ͻͿ and IL-ͻ΂ demonstrated that 

combinations of priming stimuli, independent of activating/inhibitory receptor 

engagement, induce NK cell memory-like responses [ͻͼͽ]. Both human- and virus-

encoded cytokines are produced during HCMV infection. The HCMV ULͿͿͿa gene 

encodes a homologue of human (h)IL-ͻͺ, cmvIL-ͻͺ, expressed during active 

infection as a full length variant and during viral latency as a truncated, latency-

associated (LA) splice variant [ͻ΂ͻ, ͻ΂ͼ, ͼͿ΂, ͼͿ΃]. With only ͼ΁% sequence identity 

to hIL-ͻͺ, cmvIL-ͻͺ is more divergent than Epstein-Barr virus and Orf parapoxvirus 

homologues, but retains specificity for the hIL-ͻͺ receptor (hIL-ͻͺR) [ͻ΂ͻ, ͻ΂ͼ, 
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ͼ΀ͺ-ͼ΀ͽ]. The influence of cmvIL-ͻͺ on human monocytes, macrophages, B cells, 

dendritic cells and on T cell priming has been extensively studied, but its impact on 

NK cell function was previously unreported [ͼ΀;-ͼ΁ͺ]. Therefore, we investigated 

whether short-term exposure to cmvIL-ͻͺ affects NK cell functions and whether any 

functional changes that occur are reflected in phenotypic changes. 

In response to HCMV infection, the human NK cell repertoire redistributes 

into an adapted population of cells displaying the CDͿ΁ maturation marker, C-type 

lectin-like activating NKGͼC receptor, high levels of the CDͻ΀ low affinity IgG 

receptor (FcγRIIIa), and low to non-detectable levels of inhibitory NKGͼA receptors 

[ͼͿ΁]. Adapted NK cells downregulate NKpͽͺ and NKp;΀ natural cytotoxicity 

receptors (NCR), but readily undergo antibody-dependent activation [ͻͿ΂, ͻͿ΃]. 

Altered expression of intracellular signaling moieties and transcription factors 

complements these changes to surface receptor repertoires. This generalized 

reconfiguration of cell surface receptors and emergence of NK cells with features 

classically associated with adaptive immunity demonstrates that formative 

interactions between NK cells and HCMV occur over the course of chronic infection 

[ͼͿ΁]. 

Despite the clear phenotypic and functional differences between HCMV-

adapted and non-adapted NK cells, mechanisms underlying memory-like NK cell 

generation remain obscure. Using peripheral blood mononuclear cells (PBMC) as a 

source of NK cells, we found that exposure to recombinant full-length cmvIL-ͻͺ in 
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Ϳ h assays significantly enhanced NK cell cytotoxicity through multiple activating 

receptors, independent of previous exposure to HCMV. A small percentage of 

peripheral blood NK cells expressed IL-ͻͺR and the cmvIL-ͻͺ-induced increase in 

magnitude of NK cell degranulation in response to CDͻ΀ stimulation correlated 

directly with this percentage. Adding soluble IL-ͻͺRα partially inhibited the effect 

of cmvIL-ͻͺ on NK cells, while adding anti-cmvIL-ͻͺ antibodies or blocking IL-ͻͺR 

with monoclonal antibody (mAb) neutralized the effect. Enhancement of NK cell 

cytotoxicity occurred in the absence of any significant increase in activation 

markers, perforin synthesis, or NCR, NKGͼC/D or CDͻ΀ surface expression levels. 

Taken together, these data indicate that short-term exposure to a low concentration 

of cmvIL-ͻͺ enhances NK cell cytotoxicity mediated through multiple receptors 

without concurrent changes in expression levels.  
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ͼ.ͽ Materials and Methods 

ͼ.ͽ.ͻ Sample Collection and PBMC Isolation 

This study was carried out in accordance with recommendations of the 

Canadian Tri-Council Policy Statement: Ethical Conduct for Research Involving 

Humans. The protocol was approved by the Health Research Ethics Authority of 

Newfoundland and Labrador, Canada. All subjects gave written informed consent in 

accordance with the Declaration of Helsinki. Whole blood was collected from 

healthy donors and PBMC isolated as described [ͼ΁ͻ]. Where indicated, NK cells 

were enriched by negative selection using EasySep Human NK Cell Enrichment 

Cocktail (STEMCELL Technologies, Vancouver, BC, Canada) as per manufacturer’s 

instructions. 

ͼ.ͽ.ͼ Cell Culture 

KͿ΀ͼ (ATCC CCL ͼ;ͽ), P΂ͻͿ (ATCC TIB-΀;), and HLA-Bͼ΁-transfected CͻR 

(CͻR-Bͼ΁; Dr. Kelly McDonald, University of Manitoba, Winnipeg, MB, Canada) cell 

lines were propagated in lymphocyte medium consisting of RPMI-ͻ΀;ͺ with ͻͺ% 

FCS, ͼͺͺ IU/mL penicillin/streptomycin, ͺ.ͺͻ M HEPES, ͻ% L-glutamine (all from 

Invitrogen, Carlsbad, CA, USA) and ͼ.ͺ × ͻͺ−Ϳ M ͼ-mercaptoethanol (Sigma-Aldrich, 

St. Louis, MO, USA) at ͽ΁◦C with Ϳ% COͼ. Cells were maintained in log phase for 

ͿͻCr labeling and cytotoxicity assays. 
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ͼ.ͽ.ͽ NK cell Cytotoxicity 

Recombinant hIL-ͻͺ, recombinant cmvIL-ͻͺ and polyclonal anticmvIL-ͻͺ 

(AFͻͻ΁; all R&D Systems, Minneapolis, MN, USA) were used in Ϳ h ͿͻCr release 

assays. KͿ΀ͼ or CͻR-Bͼ΁ cells were labeled for ΃ͺ min with ͻͺͺ μCi Naͼ
ͿͻCrO; 

(PerkinElmer, Akron, OH, USA) then washed ; times in PBS with ͻ% FCS. CͻR-Bͼ΁ 

cells were incubated ͽͺ min with ͻ μg/mL anti-HLA-I mAb (W΀/ͽͼ, ATCC #HB-΃Ϳ) 

to sensitize cells to ADCC. Effector cells were incubated for Ϳ h with ͿͻCr labeled 

KͿ΀ͼ or CͻR-Bͼ΁ target cells at various effector to target (E:T) ratios and ͿͻCr release 

in supernatants measured on a Wallac ͻ;΂ͺ Wizard gamma counter. Percent 

specific lysis was calculated by (experimental ͿͻCr release – spontaneous ͿͻCr 

release)/(maximum ͿͻCr release – spontaneous ͿͻCr release) × ͻͺͺ. 

ͼ.ͽ.; Flow Cytometry and NK cell Activation Assay 

PBMC or enriched NK cells were stained with directly conjugated mAb 

(clones in parentheses) against human CDͽ (BWͼ΀;/Ϳ΀), CDͿ΀ (REAͻ΃΀), or hIL-

ͻͺR (REAͼͽ΃) from Miltenyi Biotec (San Diego, CA, USA). To detect functional 

activity of NK cells by flow cytometry, PBMC were stimulated with ͺ.Ϳ μg anti-CDͻ΀ 

mAb (LEAF™ ͽG΂; BioLegend) per Ϳ × ͻͺͿ PBMC in the presence of vehicle or ͻͺ 

ng/mL cmvIL-ͻͺ and labeled with ͺ.ͼͿ μg/ͻͺ΀ PBMC of anti-CDͻͺ΁a (H;Aͽ; 

BioLegend) for Ϳ h (Vf = Ϳͺͺ μL) to detect NK cell degranulation. Cytokine secretion 

was inhibited by adding brefeldin A (Sigma-Aldrich) ͻ h after the start of incubation 
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to a final concentration of ͻͺ μg/mL (Vf = Ϳͺͺ μL). Cells were fixed and 

permeabilized using the Inside Stain Kit (Miltenyi Biotec) as per manufacturer’s 

instructions and stained with directly conjugated mAb against human IFN-γ (;S.Bͽ) 

from eBioscience (San Diego, CA, USA). Data were acquired using either CytoFLEX 

or MoFlo Astrios EQ flow cytometers and analyses and illustration performed using 

Kaluza software (all Beckman Coulter, Brea, CA, USA). 

ͼ.ͽ.Ϳ Redirected NK cell Cytotoxicity 

NK cell receptor-mediated cytotoxicity was measured over Ϳ h using ͿͻCr 

labeled P΂ͻͿ cells and ͽ μg/mL soluble IgG isotype control (Ag΂) or mAb against 

human NKpͽͺ (ͼͻͺ΂;Ϳ), NKGͼC (ͻͽ;Ϳ΃ͻ), NKGͼD (ͻ;΃΂ͻͺ) from R&D Systems, 

NKp;; (΃Eͼ), or NKp;΀ (P;;-΂) from BioLegend in the presence of ͻͺ ng/mL 

cmvIL-ͻͺ or vehicle control (Vf = ͽͺͺ μL). Percent specific lysis was calculated as 

above. 

ͼ.ͽ.΀ Functional hIL-ͻͺR Blocking Assays 

Carrier-free recombinant hIL-ͻͺRα protein (R&D Systems) was serially 

diluted and its ability to block the effect of cmvIL-ͻͺ on NK cell cytotoxicity against 

KͿ΀ͼ cells measured as above with the following additions: Increasing 

concentrations of hIL-ͻͺRα were pre-incubated ͽͺ min on ice with cmvIL-ͻͺ before 

transferring an amount corresponding to a final cmvIL-ͻͺ concentration of ͻͺ 

ng/mL to wells of a microtiter plate containing freshly-isolated PBMC and ͿͻCr 
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labeled KͿ΀ͼ cells at E:T ͽͺ:ͻ (Vf = ͽͺͺ μL) for Ϳ h. In other experiments, PBMC 

were pretreated for ͽͺ min with serial dilutions of purified mAb against hIL-ͻͺRα 

(LEAF™ ͽF΃; BioLegend) after which ͻͺ ng/mL of either cmvIL-ͻͺ or hIL-ͻͺ and 

ͿͻCr labeled KͿ΀ͼ cells were added at E:T ͽͺ:ͻ and cytotoxic activity measured over 

Ϳ h. Percent specific lysis was calculated as above. 

ͼ.ͽ.΁ Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version Ϳ with ͼ-

sided P-values < ͺ.ͺͿ considered significant. Normality of data distributions were 

assessed with Shapiro-Wilk and D’Agostino and Pearson tests. Differences in means 

or medians between groups were compared by Student’s t-tests or Mann-Whitney 

U-test as appropriate. For paired analyses, Student’s paired t-test was used when 

data were normally distributed, and nonparametric Wilcoxon signed rank test 

otherwise.  
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ͼ.; Results and Discussion 

ͼ.;.ͻ cmvIL-ͻͺ and hIL-ͻͺ Increase NK cell Cytotoxicity 

Detectable amounts of cmvIL-ͻͺ arise in culture within ͽ d of infection with 

ADͻ΀΃ or Toledo HCMV strains [ͼ΀;]. To test the immunomodulatory properties of 

this virokine on NK cells, we measured NK cell cytotoxicity against classical targets 

in the presence of recombinant cmvIL-ͻͺ. Over the course of Ϳ h, the presence of 

cmvIL-ͻͺ increased NK cell lysis of KͿ΀ͼ cells by up to ͿͿ% (Figure ͼ.ͻ A, solid line). 

Titration of cmvIL-ͻͺ from Ϳͺ ng/mL to Ϳͺͺ pg/mL indicated that ͻͺ ng/mL 

stimulated maximal increases in NK cell killing, therefore, we chose this 

concentration for subsequent experiments. This concentration is comparable to 

cmvIL-ͻͺ concentrations reported in HCMV ADͻ΀΃-conditioned cell culture 

medium (ͺ.΂–; ng/mL) [ͼ΀;]. Circulating concentrations of ͽͻ–Ϳ;΁ pg/mL cmvIL-

ͻͺ have been detected in human serum, implying considerably higher localized 

cmvIL-ͻͺ concentrations at sites of active HCMV replication [ͼ΁ͼ]. To confirm this 

effect on cytotoxicity was specifically mediated by cmvIL-ͻͺ, NK cell killing of KͿ΀ͼ 

cells with ͻͺ ng/mL cmvIL-ͻͺ was measured in the presence of increasing 

concentrations of neutralizing antibody against cmvIL-ͻͺ. At ͼ μg/mL, polyclonal 

anti-cmvIL-ͻͺ antibodies abrogated the cmvIL-ͻͺ-dependent increase in NK cell 

lysis of KͿ΀ͼ cells (Figure ͼ.ͻ B). These results demonstrate dose-dependent 
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enhancement of NK cytotoxicity by cmvIL-ͻͺ that is neutralized by cmvIL-ͻͺ-

specific antibodies. 

 
 

Figure ͼ.ͻ| Effect of cmvIL-ͻͺ on NK cell cytotoxicity 

Freshly isolated PBMC from an HCMV-seronegative donor were incubated for Ϳ h with ͿͻCr-labeled 
KͿ΀ͼ cells in the presence of (A) increasing concentrations of recombinant cmvIL-ͻͺ (dark circles, 
solid line), hIL-ͻͺ (open circles, dashed line), or (B) ͻͺ ng/mL cmvIL-ͻͺ with increasing 
concentrations of neutralizing antibodies against cmvIL-ͻͺ. Percent increase in specific lysis of KͿ΀ͼ 
target cells was calculated as ([% specific lysis with cmvIL-ͻͺ − % specific lysis control]/ % specific 
lysis control) × ͻͺͺ. Assays in (A, B) were performed in duplicate; n = ͼ. (C) Representative flow 
cytometry plot of hIL-ͻͺRα expression on CDͽneg PBMC (left panel) with summary graph (right 
panel) depicting hIL-ͻͺRα expression on CDͿ΀posCDͽneg PBMC for ͻͼ donors with mean and SD 
shown. Subjects seropositive for HCMV are represented with filled black diamonds. 
 
 

As cmvIL-ͻͺ binds the hIL-ͻͺR, we compared the NK cell response to hIL-ͻͺ 

under identical conditions. Previous studies examining NK cell responses to hIL-ͻͺ 

used combinations of hIL-ͻͺ and other exogenous cytokines, such as IL-ͻͿ, with 

overnight exposure prior to cytotoxicity assays [ͼ΁ͽ]. We observed a comparable 

dose-dependent increase in NK cell cytotoxicity with exposure to increasing 

concentrations of hIL-ͻͺ alone over Ϳ h cytotoxicity assays (Figure ͼ.ͻ A, dashed 

line). In short-term culture with no other exogenous cytokines, NK cell cytotoxicity 

rose ͽͿ% in response to hIL-ͻͺ, closely mirroring the effect of cmvIL-ͻͺ. Despite 
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robust increases in NK cell cytotoxicity from human and cmvIL-ͻͺ, we found that 

only a small fraction (ͼ.΂΃ ± ͻ.΃ͼ% mean ± SD; n = ͻͼ) of the total resting NK cell 

population expressed hIL-ͻͺR detectable by flow cytometry (Figure ͼ.ͻ C, D). As 

hIL-ͻͺR expression level on individual NK cells was also low, it was not feasible to 

assess its distribution on distinct NK cell subsets. 

ͼ.;.ͼ Recombinant cmvIL-ͻͺ Enhances Cytotoxicity of Enriched NK cells 

As most hematopoietic cells can express the hIL-ͻͺR and the frequency of 

NK cells expressing this receptor is low [ͼ΁;], we enriched NK cells to ∼΃ͺ% purity 

(Figure ͼ.ͼ A) to address whether cmvIL-ͻͺ acted directly on NK cells or through 

other PBMC expressing hIL-ͻͺR. After treatment with recombinant cmvIL-ͻͺ, 

purified NK cell cytotoxicity against KͿ΀ͼ cells increased to a similar extent as with 

PBMC treatment at all E:T ratios tested (Figure ͼ.ͼ B). At the Ϳ:ͻ E:T ratio, cmvIL-

ͻͺ had the greatest relative impact, causing an ΂ͼ ± ͽ΂% increase (mean ± SD; n = 

΀; P = ͺ.ͺͽͻͽ, Wilcoxon signed rank test) in NK cell cytotoxicity against KͿ΀ͼ 

targets. This demonstrates that cmvIL-ͻͺ stimulates NK cells independent of 

immune accessory cells present in PBMC. Neutralizing antibodies against cmvIL-ͻͺ 

abolished the cmvIL-ͻͺ treatment-induced increase in purified NK cell cytotoxicity 

(Figure ͼ.ͼ C), confirming our initial observation with PBMC (Figure ͼ.ͻ B). These 

data illustrate that recombinant cmvIL-ͻͺ rapidly and specifically increases NK cell 

cytotoxicity, independent of any other major PBMC subset. 
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After establishing the rapid and specific effect of cmvIL-ͻͺ on NK cell 

cytotoxicity with ΀ purified NK cell samples, the generalizability of this result was 

tested with PBMC from ΃ additional donors. On average, cmvIL-ͻͺ caused a ͼͿ ± 

ͻͿ% (mean ± SD; n = ͻͺ; P ˂ ͺ.ͺͺͺͻ, Student’s paired t-test) increase in NK cell lysis 

of KͿ΀ͼ cells (Figure ͼ.ͼ D). To determine whether augmentation of NK cell 

cytotoxicity by cmvIL-ͻͺ extended to other forms of cytotoxicity, we tested its effect 

on ADCC using a previously described anti-HLA-I-opsonized CͻR-Bͼ΁ assay [ͼ΁ͻ, 

ͼ΁Ϳ]. Over Ϳ h incubation, exposure to cmvIL-ͻͺ stimulated a ͽ΀.Ϳ ± ͻͿ.Ϳ% (mean 

± SD; n = ΂; P = ͺ.ͺͺͽͽ Student’s paired t-test) increase in ADCC (Figure ͼ.ͼ E). 

These data illustrate that, in addition to enhancing natural cytotoxicity, short-term 

exposure to recombinant cmvIL-ͻͺ robustly increases levels of NK cell ADCC. 
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Figure ͼ.ͼ| Generalized effect of cmvIL-ͻͺ on NK cell natural cytotoxicity and ADCC 

(A) Representative flow cytometry plots showing PBMC scatter (left plot), NK cell percentage in 
starting PBMC population (middle plot) and NK cell percentage in enriched population (right plot). 
(B) NK cells enriched from fresh PBMC by negative selection were incubated for Ϳ h at the indicated 
E:T ratios with ͿͻCr-labeled KͿ΀ͼ cells with and without ͻͺ ng/mL cmvIL-ͻͺ and (C) with ͻͺ ng/mL 
cmvIL-ͻͺ and ͼ μg/mL of neutralizing anti-cmvIL-ͻͺ antibody (nAb) for a representative HCMV 
seropositive donor. Assays were performed in duplicate; n = ΀. Cytotoxicity by freshly isolated PBMC 
incubated with or without ͻͺ ng/mL cmvIL-ͻͺ against (D) KͿ΀ͼ cells (n = ͻͺ) or (E) anti-HLA-I-
coated CIR-Bͼ΁ cells (n = ΂) was measured over Ϳ h at an E:T ratio of ΀ͺ:ͻ. In (B), HCMV status is 
indicated below the x-axis for each individual donor, with “+” and “-” denoting HCMVpos and 
HCMVneg individuals, respectively. Those seropositive for HCMV are represented with filled black 
circles or colored squares half-shaded black in (D, E). Assays were performed in triplicate and error 
bars represent mean with SD. Student’s paired t-test was performed to test the probability of a 
difference between conditions. **p = ͺ.ͺͺͽͽ, ***p ˂ ͺ.ͺͺͺͻ.  



  ͵͵  

  

ͼ.;.ͽ cmvIL-ͻͺ-Induced Increase in NK cell Degranulation Correlates with 

the Percentage of NK cells Expressing hIL-ͻͺR 

To assess the impact of cmvIL-ͻͺ on NK cell function at the effector cell level, 

we tested whether cmvIL-ͻͺ increased the number of degranulating NK cells 

following stimulation. The representative flow plot in Figure ͼ.ͽ A illustrates the 

gating strategy used to assess CDͻͺ΁apos or IFN-γpos NK cells within the entire NK 

cell population after stimulation through CDͻ΀. By measuring CDͻͺ΁a expression 

following anti-CDͻ΀ stimulation with and without cmvIL-ͻͺ, we sought to assess 

whether cmvIL-ͻͺ exposure inflated the number of killer cells triggered or increased 

the efficiency of cells poised to degranulate. Despite no statistically significant 

change in either CDͻͺ΁a expression or IFN-γ production after cmvIL-ͻͺ exposure 

(Figure ͼ.ͽ B, C), we noted a modest increase in CDͻͺ΁a expression for a number of 

donors. The absolute increase in percentage of NK cells expressing CDͻͺ΁a after 

cmvIL-ͻͺ exposure significantly correlated (p = ͺ.ͺͼͻ΂) with the percentage of NK 

cells expressing hIL-ͻͺR (Figure ͼ.ͽ D). This direct and significant correlation 

between the increase in fraction of NK cells expressing CDͻͺ΁a and fraction of NK 

cells expressing hIL-ͻͺR suggests that cmvIL-ͻͺ enhances NK cell cytotoxicity 

through binding the hIL-ͻͺR.  
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Figure ͼ.ͽ| CDͻ΀-dependent NK cell degranulation, IFN-γ production with cmv-IL-ͻͺ 

The gating strategy used to measure percentages of NK cells expressing CDͻͺ΁a and/or IFN-γ with 
either control or cmvIL-ͻͺ conditions for an HCMV-seronegative donor is shown in (A). The effect 
of cmvIL-ͻͺ on percentage of the total NK cell population (B) degranulating (CDͻͺ΁apos) or (C) 
producing IFN-γ was measured (n = ΂). Figure (D) shows the correlation between the percentage of 
NK cells expressing hIL-ͻͺR and absolute increase in percentage of NK cells expressing CDͻͺ΁a after 
CDͻ΀ stimulation and exposure to cmvIL-ͻͺ compared to CDͻ΀ stimulation in the absence of cmvIL-
ͻͺ (n = ΂). The correlation coefficient (r) and probability of a significant correlation are shown on the 
graph. Subjects seropositive for HCMV are represented in with filled black circles or coloured 
diamonds half-shaded black. Error bars in (B) represent median with IQR and comparison between 
conditions carried out with Wilcoxon signed-rank test. Bars in (C) represent mean ± SD and Student’s 
paired t-test was performed. 
 
 

ͼ.;.; Blocking hIL-ͻͺR Prevents cmvIL-ͻͺ-Mediated Increases in NK 

Cytotoxicity 

Using cmvIL-ͻͺ-specific antibodies, we showed that the increased NK cell 

cytotoxicity observed in previous experiments was due to cmvIL-ͻͺ. We also showed 

that the hIL-ͻͺR is expressed in low amounts on only a small fraction of the total 
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NK cell population. Despite binding to the hIL-ͻͺR, cmvIL-ͻͺ has relatively low 

homology to hIL-ͻͺ, therefore, we carried out a series of experiments to confirm 

that cmvIL-ͻͺ acts on NK cells through the hIL-ͻͺR [ͻ΂ͻ]. We first added increasing 

concentrations of exogenous soluble rhIL-ͻͺRα protein (the ligand-specific subunit 

of the hIL-ͻͺR complex) to cytotoxicity assays to compete with cell surface hIL-ͻͺR 

for binding to cmvIL-ͻͺ. A representative plot in Figure ͼ.; A shows the effect of ͻͺ 

ng/mL cmvIL-ͻͺ on NK cell cytotoxicity was only partially neutralized at up to very 

high relative concentrations (΂ μg/mL) of the rhIL-ͻͺRα protein. We next 

introduced a mAb against hIL-ͻͺRα to directly block hIL-ͻͺRs. Anti-hIL-ͻͺRα 

dampened cmvIL-ͻͺ-induced enhancement of NK cell responses against KͿ΀ͼ cells 

in a dose dependent fashion, neutralizing the effect at or above Ϳ μg/mL (Figure ͼ.; 

B). As higher concentrations of anti-hIL-ͻͺRα or the IgGͻ isotype control can affect 

NK cell cytotoxicity in the absence of cmvIL-ͻͺ, we chose Ϳ μg/mL to test its 

neutralization capacity with more subjects. At this concentration, anti-hIL-ͻͺRα 

completely prevented the action of cmvIL-ͻͺ for most individuals tested, and 

neutralized cmvIL-ͻͺ activity by at least ΀ͺ% in all cases (Figure ͼ.; C). This 

demonstrates that cmvIL-ͻͺ increases NK cell cytotoxicity through binding to the 

hIL-ͻͺR. In similar experiments, anti-hIL-ͻͺRα blocked the effect of hIL-ͻͺ on NK 

cell cytotoxicity, albeit at lower concentrations than needed to block the effect of 

cmvIL-ͻͺ (Figure ͼ.; D).  
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Figure ͼ.;| Role of hIL-ͻͺR in cmvIL-ͻͺ-enhanced NK cell cytotoxicity 

The interaction between cmvIL-ͻͺ and the hIL-ͻͺR was explored by introducing increasing 
concentrations of either (A) soluble hIL-ͻͺRα protein to compete with cell surface hIL-ͻͺR for 
binding cmvIL-ͻͺ or (B) mAb against hIL-ͻͺRα to block the hIL-ͻͺR under control conditions (white 
bars) or with ͻͺ ng/mL cmvIL-ͻͺ (black bars). The extent to which Ϳ μg/mL anti-hIL-ͻͺRα prevented 
cmvIL-ͻͺ-specific increases in NK cell lysis of KͿ΀ͼ cells is summarized for nine individual donors 
(performed in triplicate) in (C) with those seropositive for HCMV represented with filled black 
diamonds. Neutralization of ͻͺ ng/mL hIL-ͻͺ by anti-hIL-ͻͺRα is shown for comparison in (D). Bars 
in plots (A, B, and D) represent mean ± SEM of three replicates for an HCMV-seropositive donor. 
Percent neutralization of specific KͿ΀ͼ cell lysis was calculated as [(% increase in specific lysis with 
IC − % increase in specific lysis with anti-hIL-ͻͺRα) / % increase in specific lysis with IC] × ͻͺͺ from 
paired data for each donor.  
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ͼ.;.Ϳ Recombinant cmvIL-ͻͺ Enhances NK cell Activation Through Multiple 

Receptors 

Considering that cmvIL-ͻͺ increased general and antibody-dependent 

cytotoxicity through NCRs and CDͻ΀, respectively, we assessed the impact on NK 

cytotoxicity triggered by various individual activating receptors. To do this, we used 

a redirected lysis assay in which murine FcR-expressing P΂ͻͿ cells orient mAb 

specific for activating receptors to enable NK cell activation selectively through that 

receptor. Activating receptors probed in this manner were NKGͼC, NKGͼD, NKpͽͺ, 

NKp;;, and NKp;΀. A representative summary of target lysis by natural cytotoxicity, 

ADCC, and redirected killing through individual activating receptors is shown in 

Figure ͼ.Ϳ A. Using an IgG isotype control antibody, there was little P΂ͻͿ cell lysis 

and no significant difference from control conditions when cmvIL-ͻͺ was present at 

ͻͺ ng/mL (Figure ͼ.Ϳ B). By introducing mAb against individual NK cell activating 

receptors, we observed that cmvIL-ͻͺ significantly increased P΂ͻͿ cell lysis through 

NKGͼC (Figure ͼ.Ϳ C), NKGͼD (Figure ͼ.Ϳ D), and the NCRs, NKpͽͺ and NKp;΀, 

but not NKp;; (Figure ͼ.Ϳ E-G).  



  ͶͰ  

  

 

Figure ͼ.Ϳ| Effects of 
cmvIL-ͻͺ on cytotoxicity 
mediated through major 
NK cell activating 
receptors 

(A) Levels of natural 
cytotoxicity, ADCC and 
redirected lysis of P΂ͻͿ cells 
in the presence of NK 
receptor-specific mAb are 
shown for a representative 
donor with or without ͻͺ 
ng/mL cmvIL-ͻͺ present 
during Ϳ h assays. 
Redirected P΂ͻͿ cell lysis 
was measured with ͽ μg/mL 
(B) isotype control, (C) anti-
NKGͼC, (D) anti-NKGͼD, 
(E) anti-NKpͽͺ, (F) anti-
NKp;; or (G) anti-NKp;΀ 
mAbs. Bars in summary plot 
(A) represent mean ± 
standard error of the mean 
(SEM) of three replicates. 
Assays represented in plots 
B-G were performed in 
triplicate for ΀–΂ individual 
donors. Subjects 
seropositive for HCMV are 
represented with filled black 
circles or colored diamonds 
half-shaded black. Error bars 
for anti-NKpͽͺ (p = ͺ.ͺͼͽ΀) 
and anti-NKp;; plots 
represent mean ± SD and the 
probability of a difference 
between conditions was 
assessed by Student’s paired 
t-test. All other bars 
represent median with 
interquartile range (IQR) 
with the probability of a 
difference between 
conditions assessed by 
Wilcoxon signed rank test. 
*p = ͺ.ͺͽͻͽ (NKGͼD); *p = 
ͺ.ͺͻͿ΀ (NKGͼC and 
NKp;΀). 
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Whereas the effect of cmvIL-ͻͺ on natural cytotoxicity and ADCC against 

optimally sensitized targets was robust, the impact on cytotoxicity mediated 

through individual receptors in mAb-redirected lysis assays was relatively modest. 

This reflects low intrinsic levels of cytotoxicity mediated by most donors’ NK cells 

through individual NKpͽͺ, NKp;΀, NKGͼC, and NKGͼD receptors as well as 

differential receptor expression levels across the population. Expression of NKp;; is 

restricted to activated NK cells, therefore, without additional stimulation, cmvIL-ͻͺ 

should not and did not enhance killing triggered through NKp;; [ͼ΁΀]. cmvIL-ͻͺ 

rapidly sensitizes NK cell cytotoxicity through most NCRs and activating CLRs, 

suggesting cmvIL-ͻͺ has a general effect of lowering the threshold for NK cell 

activation. 

Expression of extracellular receptors investigated in redirected cytotoxicity 

experiments was assessed after Ϳ h in the presence or absence of ͻͺ ng/mL cmvIL-

ͻͺ. Although cmvIL-ͻͺ had a robust and consistent influence on NK cell 

cytotoxicity, short-term exposure caused no phenotypic alterations in NKGͼC, 

NKGͼD, NKpͽͺ, NKp;΀, or CDͻ΀ levels, perforin synthesis or in the degree of CD΀΃ 

or TNF-α up-regulation with any of six HCMV-seronegative donors tested (data not 

shown). Previous studies demonstrated PLZF downmodulation arises from 

adaptation to HCMV infection, however, short-term treatment with cmvIL-ͻͺ did 

not alter PLZF expression in these same donors (data not shown) [ͻ;ͽ, ͻ;;]. 

Consistent levels of perforin expression indicate that cmvIL-ͻͺ does not stimulate 



  ͶͲ  

  

NK cell perforin synthesis or release in the absence of appropriate physical stimuli 

during short-term exposure (data not shown). As various other cytokines are 

produced during HCMV infection, examining the collective impact of cmvIL-ͻͺ and 

other cytokines on NK cell function, phenotype and adaptation over short- and 

longer-term culture periods in combination with physical stimuli should follow. 

Here we showed that cmvIL-ͻͺ acts through the hIL-ͻͺR to rapidly 

potentiate NK cell cytotoxicity against different targets through multiple NK cell 

activating receptors. A small fraction of peripheral blood NK cells express hIL-ͻͺR 

at low levels, yet NK cell enrichment did not reduce the effect of cmvIL-ͻͺ. Further, 

the percentage of NK cells expressing hIL-ͻͺR correlated with the modest increase 

in NK cells degranulating (measured by cell surface CDͻͺ΁a expression) after 

stimulation with CDͻ΀ and cmvIL-ͻͺ. We cannot definitively exclude the possibility 

that cmvIL-ͻͺ acts through an innate lymphoid cell subset or other cells not reduced 

in prevalence by the NK cell enrichment procedure, but the simplest explanation for 

our results is that cmvIL-ͻͺ acts directly on human NK cells. 

There are no previous reports of cmvIL-ͻͺ augmenting NK cell cytotoxicity, 

however, hIL-ͻͺ-mediated NK cell stimulation has been documented [ͼ΁΁-ͼ΁΃]. 

During long-term culture, or in combination with IL-ͻͿ or IL-ͻ΂, hIL-ͻͺ modestly 

augmented NK cell cytotoxicity [ͼ΁ͽ, ͼ΁΃, ͼ΂ͺ]. Consistent with this functional 

enhancement, Mocellin et al. also showed that hIL-ͻͺ increased transcription of 

genes involved in NK cell activation, cytotoxicity, and migration, again consistent 
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with a direct effect of hIL-ͻͺR engagement on NK cells [ͼ΂ͻ]. Here, we further 

demonstrated that NK cells are sensitive to hIL-ͻͺ stimulation alone over short-term 

assays in the absence of other exogenous cytokines. While full-length cmvIL-ͻͺ 

stimulated NK cell cytotoxicity in this study, additional experiments investigating 

the effects of truncated LAcmvIL-ͻͺ are warranted as cmvIL-ͻͺ and LAcmvIL-ͻͺ 

can have biologically different effects and roles [ͼ΀΀]. 

NK cells provide rapid defense against viruses, particularly herpesviruses. The 

relevance of their interactions is highlighted by evolution of numerous viral ligands 

for NK cell inhibitory receptors and by emergence of a distinct memory-like NK cell 

population following HCMV infection. In this study, we report a contrasting 

instance in which a viral product, cmvIL-ͻͺ, rapidly and independently augments 

NK cell cytotoxicity through most activating receptors. Determining if and how this 

activity benefits HCMV persistence or contributes to NK cell function in vivo could 

inform strategies to more effectively engage NK cells against viral infections and 

cancer.  
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ͼ.Ϳ Conclusions 

Before this study, there were no previous reports of cmvIL-ͻͺ augmenting 

NK cell cytotoxicity. As various other cytokines are produced during HCMV 

infection, examining the collective impact of cmvIL-ͻͺ and other cytokines on NK 

cell function, phenotype and adaptation over short- and longer-term culture periods 

in combination with physical stimuli should follow. 

 

 
Figure ͼ.΀| cmvIL-ͻͺ interacts with NK cell IL-ͻͺR and augments cytotoxicity 

NK cells expressing hIL-ͻͺR exhibit modest increases in degranulation (measured by cell surface 
CDͻͺ΁a expression) after exposure to cmvIL-ͻͺ and CDͻ΀ stimulation.  
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ͽ Natural Killer Cells Adapt to HCMV Along a Functionally Static 

Phenotypic Spectrum in HIV-ͻ Infection 

ͽ.ͻ Abstract 

Events related to HCMV infection drive accumulation of functionally 

enhanced CDͿ΁posNKGͼCpos adapted NK cells. We investigated NK cell adaptation 

to HCMV along a proposed continuum progressing from acute activation through 

maturation and memory formation towards functional exhaustion. Acute exposure 

to conditioned medium collected ͼ; h after HCMV infection (HCMVsn) increased 

NK cell cytotoxicity for all HCMV-seronegative and seropositive donors tested, with 

mean ͽ΂ and ͼ΃% boosts in natural and antibody-dependent cell-mediated 

cytotoxicity (ADCC), respectively. Increases in NK cell cytotoxicity were completely 

abrogated by blocking type I interferon (IFN) receptors and equivalent responses 

occurred with exposure to IFN-αͼ alone at the same concentration present in 

HCMVsn. To study longer term effects of HCMV infection, we focused on three 

groups of people living with HIV (PLWH) distinguished as HCMV-seronegative or 

HCMV-seropositive with either high (> ͼͺ%) or low (< ΀%) fractions of their NK 

cells expressing NKGͼC. The NK cells of all three PLWH groups responded to 

HCMVsn and IFN-αͼ in a manner similar to the NK cells of either HCMV-

seronegative or seropositive controls. Neither HCMV status, nor the extent of 
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phenotypic evidence of adaptation to HCMV infection significantly affected mean 

levels of ADCC or CDͻ΀-mediated NK cell degranulation and IFN-γ production 

compared between the PLWH groups. Levels of IFN-γ production correlated 

significantly with the fraction of NK cells lacking FcεRIγ (FcRγ), but not with the 

fraction of NK cells expressing NKGͼC. There was negligible expression of 

exhaustion markers LAG-ͽ and PD-ͻ on NK cells in any of the groups and no 

significant difference between groups in the fraction of NK cells expressing Tim-ͽ. 

The fraction of NK cells expressing Tim-ͽ was unaffected by CDͻ΀ stimulation. 

Relative to the total NK cell population, responses of Tim-ͽ-expressing cells to CDͻ΀ 

stimulation were variably compromised in HCMV seronegative and seropositive 

groups. In general, NK cell function in response to signaling through CDͻ΀ was well 

preserved in HIV-ͻ infection and although HCMV had a clear effect on NK cell FcRγ 

and NKGͼC expression, there was little evidence that the level of adaptation to 

HCMV infection affected CDͻ΀-dependent NK cell signaling in HIV-ͻ infection. 
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ͽ.ͼ Introduction 

Natural killer (NK) cells provide defense against malignancy and infection by 

recognizing certain alterations in affected cells and responding accordingly. 

Activation of NK cells against altered host cells is regulated by integration of positive 

and negative signals received through members of a relatively small set of germline 

encoded receptors. While NK cells recognize altered host cells and mediate effector 

functions without prior exposure to the altered cells, NK cell functional competence 

depends upon previous selective engagement of an inhibitory NK cell receptor with 

a class I human histocompatibility-linked antigen (HLA) [ͼͿ]. This developmental 

education process enables NK cells to mediate cytotoxicity and/or produce 

cytokines when encountering altered host cells, while ensuring appropriate levels of 

self-tolerance [Ϳͼ, ͼ΂ͼ-ͼ΂;]. It also illustrates that NK cell function is not 

constitutive upon lineage determination, but dependent upon subsequent relay of 

specific signals. Selective NK cell education at this stage raises the possibility of 

further maturation within select subsets under conditions associated with infections 

or malignancy. Such NK cell maturation clearly takes place in murine 

cytomegalovirus (MCMV) infection. In this setting, cytokine production and specific 

receptor ligand interactions between Ly;΃H and MCMV mͻͿ΁ drive a subset of NK 

cells expressing the Ly;΃H activating receptor to selectively expand, persist at 

elevated levels and provide protection against subsequent MCMV infection [ͻͼ;-

ͻͼ΁, ͼ΂Ϳ, ͼ΂΀]. 
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The NK cell response to MCMV infection is the prototype system within 

which elements required to generate memory NK cells were first identified [ͻͻ΂, 

ͻͻ΃, ͻͼ΂, ͻͼ΃, ͼ΂΁, ͼ΂΂]. Infection with human (H)CMV drives selective expansion 

of NK cells expressing the C-type lectin-like activating receptor NKGͼC, prompting 

speculation that NKGͼC on human NK cells functions in an analogous way to Ly;΃H 

on murine NK cells [ͻͺ΀, ͻ;ͻ, ͼ΂΃, ͼ΃ͺ]. In several HCMV-infected cell culture 

systems, selective expansion of NKGͼC-expressing NK cells depends upon the 

presence of certain cytokines and interaction between NKGͼC and HLA-E 

complexed with particular peptides [ͻ΁, ͻ;Ϳ]. Peptides derived from the HCMV 

UL;ͺ protein enable selective proliferation of NKGͼC-expressing NK cells, including 

those from HCMV seronegative individuals [ͻͿͼ]. The NKGͼC-expressing NK cells 

expanded in vivo or in vitro by exposure to HCMV acquire phenotypic changes that 

impact their capacity for effector function [ͻͿ΂, ͻͿ΃, ͼ΃ͻ]. This differentiation 

produces CDͿ΁pos NK cells with increased CDͻ΀ expression, lower levels of the 

associated FcεRIγ (FcRγ) adaptor protein, reduced natural cytotoxicity receptor 

(NCR) expression, and epigenetic changes in cytokine promoter regions [ͻ;ͽ, ͻ;;, 

ͻͿ΂, ͻͿ΃, ͼͿ΁]. The CDͿ΁/NKGͼC-expressing NK cells are reportedly more 

responsive to stimulation through CDͻ΀, at least in terms of antibody-dependent 

cytokine production [ͻͿ΂, ͻͿ΃, ͼ΃ͻ]. 

Aging, and various forms of immunological stress, including congenital, 

iatrogenic and HIV-ͻ infection, exacerbate HCMV-driven expansion of NKGͼC-
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expressing NK cells [ͻ;ͺ, ͻ΀΀, ͼͺ;, ͼ΃ͺ, ͼ΃ͼ, ͼ΃ͽ]. It is common for HIV/HCMV 

coinfected individuals to have large NK cell fractions expressing CDͿ΁ and NKGͼC, 

within which limitations to NK cell adaptation imposed by terminal differentiation 

or exhaustion might be evident [ͼͺ;]. Therefore, to assess NK cell function along a 

phenotypic spectrum of adaptation to HCMV infection, we studied healthy controls 

and PLWH displaying varying degrees of NK cell adaptation. This included a PLWH 

HCMV-seronegative group, an HIV/HCMV coinfected group with small fractions of 

NKGͼCpos NK cells and an HIV/HCMV coinfected group with large fractions of 

NKGͼCpos NK cells. Functional assessment began with exposure of NK cells from 

HCMV-seronegative controls to HCMV-related cytokines and extended across a 

wide range of NK cell adaption to HCMV infection as indicated by the accumulated 

fractions of phenotypically adapted NK cells.  
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ͽ.ͽ Materials and Methods 

ͽ.ͽ.ͻ Study Subjects and Sample Collection 

This study was carried out in accordance with the recommendations of the 

Canadian Tri-Council Policy Statement: Ethical Conduct for Research Involving 

Humans. The protocol was approved by the Health Research Ethics Authority of 

Newfoundland and Labrador, Canada. All subjects gave written informed consent in 

accordance with the Declaration of Helsinki. Whole blood was collected with 

informed consent from healthy donors and peripheral blood mononuclear cells 

(PBMC) isolated by Ficoll-Paque (VWR, Mississauga, ON, Canada) density gradient 

centrifugation were suspended in lymphocyte medium consisting of RPMI-ͻ΀;ͺ 

supplemented with ͻͺ% fetal calf serum (FCS), ͼͺͺ IU/mL penicillin/streptomycin 

(P/S), ͺ.ͺͻ M HEPES, ͻ% L-glutamine (all from Invitrogen, Carlsbad, CA, USA) and 

ͼ.ͺ × ͻͺ−Ϳ M ͼ-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). PLWH 

recruited through the Newfoundland and Labrador Provincial HIV Clinic provided 

informed consent for whole blood collection, immunological studies, and researcher 

access to medical laboratory records. Freshly isolated PBMC were resuspended in 

freezing medium composed of lymphocyte medium supplemented to ͼͺ% FCS with 

ͻͺ% dimethyl sulfoxide and cooled at ͻ°C/min overnight to −΂ͺ°C. Frozen PBMC 

were then maintained in liquid nitrogen until analysis. Cryopreserved PBMC were 

recovered overnight in lymphocyte medium at ͽ΁°C, Ϳ% COͼ. Humoral and CD΂pos 
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T cell responses against HCMV were measured previously as described and data 

included with general characteristics of the PLWH study subjects [ͼͺ;, ͼ΃;]. 

ͽ.ͽ.ͼ Generation of HCMVsn 

MRC-Ϳ cells (from Dr. Jules Doré, Memorial University of Newfoundland, St. 

John's, NL, Canada) were seeded at ͻ.ͼͿ × ͻͺͿ cells per well in a ͼ;-well plate and 

grown in DMEM supplemented with ͻͺ% FCS, ͻ% L-glutamine, ͻ% P/S, and ͻ mM 

sodium pyruvate (Invitrogen) at ͽ΁°C with Ϳ% COͼ. Forty-eight hours after seeding, 

MRC-Ϳ cells were infected with either HCMV ADͻ΀΃ (Dr. Karen Biron, NIH HIV 

Reagent Program, Division of AIDS, NIAID, NIH) at multiplicity of infection (MOI) 

ͺ.ͺͼͿ for ͻ h or a recombinant vaccinia virus expressing β-galactosidase (vSC΂) at 

MOI ͺ.ͼ (Dr. Bernie Moss, NIH HIV Reagent Program, Division of AIDS, NIAID, 

NIH) or left untreated [ͼ΃Ϳ]. Conditioned medium from uninfected (CONsn) and 

ADͻ΀΃-infected (HCMVsn) MRC-Ϳ cells was harvested and medium replaced in ͼ; 

h increments post infection for a total of ͻͼͺ h. Conditioned medium from vSC΂-

infected MRC-Ϳ cells (vSC΂sn) was harvested and medium replaced in ͼ; h 

increments post infection for a total of ΁ͼ h. Supernatants were clarified for ͻͺ min 

at ;ͺͺ g to remove cell debris, frozen at −΂ͺ°C in single-use aliquots and recovered 

on ice. Inactivated HCMVsn was generated by collecting conditioned medium from 

MRC-Ϳ cells that were exposed to the same amount of ultraviolet (UV)-irradiated 

ADͻ΀΃ (;ͻ watts for ͻ h at ͽͺ cm). 
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ͽ.ͽ.ͽ Cytotoxicity and Redirected Lysis Assays 

KͿ΀ͼ (ATCC® CCL ͼ;ͽ™), P΂ͻͿ (ATCC® TIB-΀;™), and HLA-Bͼ΁-transfected 

CͻR (CͻR-Bͼ΁; Dr. Kelly McDonald, University of Manitoba, Winnipeg, MB, 

Canada) cell lines were propagated in lymphocyte medium at ͽ΁°C with Ϳ% COͼ and 

maintained in log phase for ͿͻCr labeling and cytotoxicity assays. KͿ΀ͼ, CͻR-Bͼ΁, or 

P΂ͻͿ cells were labeled for ΃ͺ min with ͻͺͺ μCi Naͼ
ͿͻCrO; (PerkinElmer, Akron, 

OH, USA). CͻR-Bͼ΁ cells were incubated ͽͺ min with ͻ μg/mL monoclonal antibody 

(mAb) against pan HLA-I (W΀/ͽͼ, ATCC® HB-΃Ϳ™) to sensitize cells to antibody-

dependent cellular cytotoxicity (ADCC). For interferon (IFN)-α/β receptor blocking 

experiments, PBMC were pretreated ͽͺ min with Ϳ μg/mL of mAb (clone MMHAR-

ͼ) against the IFN-α/β receptor chain ͼ (IFNAR) prior to their addition in a 

cytotoxicity assay as described [ͼ΃΀]. When indicated, purified active recombinant 

human IFN-αͼ (US Biological, Salem, MA, USA) was used at a final concentration of 

ͼͺ pg/mL. Receptor-triggered cytotoxicity was measured by adding ͽ μg/mL soluble 

IgG isotype control (Ag΂) or mAb (clones in parentheses) against human NKpͽͺ 

(ͼͻͺ΂;Ϳ), NKGͼC (ͻͽ;Ϳ΃ͻ), or NKGͼD (ͻ;΃΂ͻͺ) from R&D Systems (Minneapolis, 

MN, USA) and NKp;; (΃Eͼ) or NKp;΀ (P;;-΂) from BioLegend (San Diego, CA, 

USA). PBMC were incubated in microtiter plates in a final volume of ͽͺͺ μL for Ϳ h 

with Ϳ × ͻͺͽ ͿͻCr-labeled KͿ΀ͼ, CͻR-Bͼ΁, or P΂ͻͿ target cells/well at various effector 

to target (E:T) ratios with either CONsn, vSC΂sn or HCMVsn at a final dilution of ͻ 

in Ϳ. ͿͻCr release was measured in ͻͼͿ μL supernatants collected from each well on 
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a Wallac ͻ;΂ͺ Wizard gamma counter. Control wells for spontaneous lysis 

contained target cells in medium alone while target cells in maximum lysis wells 

were treated with ͻ N HCl. Percent specific lysis was calculated by (experimental 

ͿͻCr release – spontaneous ͿͻCr release)/(maximum ͿͻCr release – spontaneous ͿͻCr 

release) × ͻͺͺ. 

ͽ.ͽ.; Macromolecular Clearance of Conditioned Media 

Intact HCMV particles were cleared from conditioned media by treating 

CONsn or HCMVsn with ͅ .ͺ΀ μg/mL monoclonal anti-gB (Dr. Lucy Rasmussen, NIH 

AIDS Reagent Program) for ͼ h at ;°C in a tube rotator followed by ͽͺ min 

incubation with ; × ͻͺ΀ sheep anti-mouse IgG Dynabeads® (ThermoFisher) per 

milliliter of conditioned media. Beads and virus particles were pelleted for ͻ min at 

ͻ,ͺͺͺ g after which time supernatants were decanted and stored at −΁ͺ°C for 

functional experiments. To remove insoluble materials from conditioned media, 

samples were ultracentrifuged using a Sorvall TH-΀;ͻ rotor at ͻͺͺ,ͺͺͺ g for ͻ΀ h at 

;°C. 

ͽ.ͽ.Ϳ Multiplex Array 

Concentrations of cytokines and chemokines within culture medium 

collected from MRC-Ϳ cells untreated or infected with ADͻ΀΃ or vSC΂ (see above) 

were measured by Milliplex (Millipore, Merck KGaA, Darmstadt, Germany) 

according to the manufacturer instructions and analyzed on the BioPlex-ͼͺͺ (Bio-
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Rad, Mississauga, ON, Canada). Samples were run in duplicate and incubated 

overnight to improve the sensitivity of detection as previously described [ͼ΃΁]. 

ͽ.ͽ.΀ Flow Cytometry 

Human PBMC were stained using directly conjugated mAb against human 

CDͽ (BWͼ΀;/Ϳ΀), CDͿ΀ (REAͻ΃΀), CDͿ΁ (TBͺͽ), from Miltenyi Biotec (San Diego, 

CA, USA), Tim-ͽ (Fͽ΂-ͼEͼ) from BioLegend and NKGͼC (ͻͽ;Ϳ΃ͻ) from R&D 

Systems. Cells were stimulated with ͻ μg anti-CDͻ΀ mAb (ͽG΂; BioLegend) per ͻͺ΀ 

PBMC and prepared for intracellular staining by adding brefeldin A (Sigma-Aldrich) 

ͻ h after the start of incubation to a final concentration of ͻͺ μg/mL and continuing 

the incubation for an additional ; h. NK cell degranulation was detected by 

introducing directly conjugated anti-CDͻͺ΁a mAb (H;Aͽ; BioLegend) at ͺ.ͼͿ μg 

per ͻͺ΀ PBMC at the time of brefeldin A addition. Cells were fixed and permeabilized 

after Ϳ h incubation using the Inside Stain Kit (Miltenyi Biotec) as per 

manufacturer's instructions and then stained with directly conjugated polyclonal Ab 

against human FcRγ from MilliporeSigma (Burlington, MA, USA) and anti-human 

IFN-γ mAb (;S.Bͽ) from eBioscience (San Diego, CA, USA). Non-viable cells were 

excluded by fixable live/dead stain (Invitrogen) as per manufacturer's instructions. 

Data were acquired using a MoFlo Astrios EQ flow cytometer and data analyses and 

illustration performed using Kaluza software (both Beckman Coulter, Brea, CA, 

USA). 
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ͽ.ͽ.΁ Statistical Analysis 

Statistical analyses were performed using GraphPad Prism software version Ϳ 

with two-sided P-values < ͺ.ͺͿ considered significant. Normality of data 

distributions were assessed with Kolmogorov–Smirnov, Shapiro–Wilk and 

D'Agostino and Pearson tests. Student's paired or unpaired t-tests were used for 

group comparisons when data were normally distributed and non-parametric 

Wilcoxon paired signed-rank test or Mann–Whitney U-tests used otherwise as 

appropriate.  
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ͽ.; Results 

ͽ.;.ͻ Soluble Factors Released Early in HCMV Infection Augment NK Cell 

Cytotoxicity 

Natural killer cells are considered important effectors during herpesvirus 

infections. To examine how NK cells respond to factors released early in HCMV 

infection, we collected supernatant from uninfected (CONsn) and ADͻ΀΃-infected 

(HCMVsn) MRC-Ϳ fibroblasts over ͼ; h intervals up to ͻͼͺ h post infection. 

Supernatant was collected from vSC΂-infected (vSC΂sn) MRC-Ϳ fibroblasts over ͼ; 

h intervals up to ΁ͼ h post infection. We then exposed NK cells to these supernatants 

in the presence of KͿ΀ͼ target cells in Ϳ h ͿͻCr release assays to assess the effects of 

acute exposure on NK cell cytotoxicity. The vSC΂sn collected from any of the three 

time points had no effect on NK cell cytotoxicity against KͿ΀ͼ cells (data not shown, 

n = ͽ) compared to CONsn. In contrast, HCMVsn collected within the first ͼ; h after 

infection increased NK cell target killing by Ϳͺ% relative to cytotoxicity in the 

presence of CONsn (Figure ͽ.ͻ A). While this property of HCMVsn persisted up to 

;΂ h post infection with conditioned media collected over a cumulative ;΂ h (data 

not shown), its production peaked during the first ͼ; h of infection as exposure to 

HCMVsn collected between ͼ; and ;΂ h post infection had little effect on NK cell 

activity (Figure ͽ.ͻ A). Increased NK cell cytotoxicity following exposure to HCMVsn 

collected at ͼ; h occurred for all ͻͼ donors tested, with a mean ͽ΂% boost in natural 
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cytotoxicity (Figure ͽ.ͻ B) and ͼ΃% increase in NK cell ADCC (Figure ͽ.ͻ C). An 

equal number of HCMV-seropositive and seronegative donors, differentiated by 

symbol shading, are shown in Figure ͽ.ͻ, with no apparent differences in 

responsiveness to stimulation with HCMVsn related to previous HCMV exposure. 

Factor(s) present in HCMVsn and primarily produced the first ͼ; h after infection 

cause a rapid significant increase in NK cell natural cytotoxicity and ADCC. 

 
 

 

Figure ͽ.ͻ| Effect of HCMVsn on NK cell cytotoxic responses of healthy controls 

(A) CONsn or HCMVsn was collected at ͼ; h intervals up to ͻͼͺ h post infection, diluted ͻ:Ϳ and 
effects on NK cytotoxicity tested using fresh PBMC from healthy controls in Ϳ h ͿͻCr release assays. 
NK cell cytotoxicity with either CONsn or HCMVsn against (B) KͿ΀ͼ cells (n = ͻͼ) or (C) anti-HLA-
I-coated CͻR-Bͼ΁ cells (n = ͻͺ) was measured over Ϳ h at E:T ΀ͺ:ͻ. Subjects seropositive for HCMV 
are represented with filled black circles or yellow squares half-shaded black. Error bars in (A) 
represent mean ± standard deviation (SD) of two replicates, (B) mean ± SD with Student's paired t-
test used for comparisons between conditions and (C) median with interquartile range (IQR) with 
Wilcoxon signed-rank test used to estimate the probability of a difference between conditions. 
Percent cytotoxicity increase in (A) was calculated as [(% specific lysis with HCMVsn – % specific 
lysis with CONsn) / % specific lysis with CONsn] × ͻͺͺ from paired data performed in duplicate. 

p < 0.0001 p = 0.0020
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ͽ.;.ͼ HCMVsn Augments Cytotoxicity Triggered Through Multiple NK Cell 

Activating Receptors 

As HCMVsn increased both NK cell natural cytotoxicity and CDͻ΀-

dependent responses, we investigated the effect of HCMVsn on cytotoxicity through 

other common NK cell activating receptors. We probed NKGͼC, NKGͼD, NKpͽͺ, 

NKp;;, and NKp;΀ using a redirected lysis assay in which murine FcR-expressing 

P΂ͻͿ cells orient mAb specific for particular activating receptors to enable selective 

NK cell activation. A representative summary of target cell lysis by natural 

cytotoxicity, ADCC and redirected killing through individual activating receptors is 

shown in Figure ͽ.ͼ A. Using an IgG isotype control antibody, there was little P΂ͻͿ 

cell lysis and no significant difference from control conditions when HCMVsn was 

present during the Ϳ h assay (Figure ͽ.ͼ B). By introducing mAb against individual 

NK cell activating receptors, we observed that HCMVsn significantly increased P΂ͻͿ 

cell lysis through NKGͼC (Figure ͽ.ͼ C), NKGͼD (Figure ͽ.ͼ D), and the NCRs 

NKpͽͺ and NKp;΀, but not NKp;; (Figures ͽ.ͼ E–G). These data demonstrate that 

HCMVsn sensitizes NK cells for cytotoxicity triggered through CDͻ΀, most NCRs 

and through activating CLRs. As with the increased killing of KͿ΀ͼ and ADCC, there 

was no apparent difference in the responses of NK cells from HCMV-seropositive 

and seronegative subjects discriminated on the graphs by different symbols. 
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Figure ͽ.ͼ| Effect of HCMVsn on NK cell cytotoxicity directed through different receptors 

(A) Natural cytotoxicity (KͿ΀ͼ cells), and redirected lysis of P΂ͻͿ cells in the presence of NK receptor-
specific mAb for a representative subject with or without HCMVsn was measured over Ϳ h. Error bars 
represent mean ± standard error of the mean with three replicates. Redirected P΂ͻͿ cell lysis was 
measured at E:T ͽͺ:ͻ with ͽ μg/mL (B) isotype control (IC), (C) anti-NKGͼC, (D) anti-NKGͼD, (E) 
anti-NKpͽͺ, (F) anti-NKp;;, or (G) anti-NKp;΀ mAbs. Assays represented in plots (B–G) were 
performed in triplicate for ΁–΃ individuals. Subjects seropositive for HCMV are represented with 
filled black circles or yellow squares half-shaded black. Error bars for isotype control and anti-NKp;΀ 
plots represent median with IQR and the probability of a difference between conditions was assessed 
by Wilcoxon signed-rank test. All other bars represent mean ± SD with comparison between 
conditions by Student's paired t-test.  
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ͽ.;.ͽ IFN-α Produced During HCMV Infection Enhances NK Cytotoxicity 

While a cell-free component of HCMVsn increased NK cell pan cytotoxic 

function, it was unclear whether this effect was mediated through macromolecular 

interactions with different NK cell activating receptors or by cytokines. Augmented 

NK cell cytotoxicity was sustained following clearance of macromolecular material 

by HCMVsn ultracentrifugation (Figure ͽ.ͽ A) or following selective removal of 

HCMV particles by magnetic beads and a mAb against HCMV glycoprotein gB 

(Figure ͽ.ͽ B). Inactivating HCMV before its addition to MRC-Ϳ cells (UV HCMVsn) 

prevented the increase in NK cell cytotoxicity observed with replication competent 

HCMVsn (Figure ͽ.ͽ C), indicating that a soluble product from HCMV-infected cells 

increases NK cell cytotoxicity through multiple activating receptors. 

To identify potential factors present in HCMVsn that increase NK cell 

cytotoxicity, we measured analytes using a bead-based multiplex assay. Luminex 

analysis of HCMVsn revealed increased concentrations of monocyte 

chemoattractant protein and macrophage colony stimulating factor (data not 

shown), IL-΀, IL-΂, IL-ͻͿ, IFN-αͼ, and IFN-β compared to CONsn (Figure ͽ.ͽ D left 

panel). Modest concentrations of biologically active IL-ͻͿ (ͻͺ pg/mL; data not 

shown) were also detected. Analysis of vSC΂sn revealed increased concentrations of 

IL-΀, IL-΂, and IL-ͻͿ with a marginal increase in IFN-β at the ;΂ h time point (Figure 

ͽ.ͽ D right panel). Blocking stimulation through IFNAR alone with a specific mAb 

fully prevented any increase in NK cell activity in response to HCMVsn (Figure ͽ.ͽ 
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E). This blocking effect was specific for type I IFNs as increased NK cell activity in 

response to IL-ͼ was maintained in the presence of the same amount of mAb against 

IFNAR (data not shown). HCMV-infected fibroblasts produced both IFN-αͼ and 

IFN-β ΂ͺ and ;Ϳͺ pg/mL, respectively, data not shown) during the first ͼ; h of 

infection. To determine whether the amount of IFN-αͼ detected in HCMVsn during 

the first ͼ; h of infection could alone mediate the same increases in NK cell 

cytotoxicity as HCMVsn, we compared NK cell natural and antibody-dependent 

cytotoxic activity in response to HCMVsn or purified recombinant IFN-αͼ. Exposure 

to similar concentrations of IFN-αͼ (ͼͺ pg/mL) as added with HCMVsn diluted ͻ in 

Ϳ in ͿͻCr release assays increased NK cell natural cytotoxicity (Figure ͽ.ͽ F) and 

ADCC (Figure ͽ.ͽ G) to an extent indistinguishable from the increases mediated by 

HCMVsn. Thus, stimulation through the type I IFN receptor alone rapidly sensitized 

NK cells to natural and antibody-dependent cytotoxicity and the acute increase in 

natural cytotoxicity and ADCC for NK cells from healthy controls mediated by 

soluble factors in HCMVsn is replicated with IFN-αͼ alone at levels present in 

HCMVsn. 

The increase in NK cell cytotoxicity following exposure to HCMVsn occurred 

with both HCMVpos and HCMVneg healthy donors indicating that the NK cell 

response to cytokines produced by HCMV-infected cells is independent of previous 

sensitization from in vivo HCMV infection (Figures ͽ.ͻ, ͽ.ͼ). To investigate such 

responses along a continuum of NK cell adaptation to HCMV infection, we tested 
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effects of HCMVsn and IFN-αͼ with PLWH whose NK cells spanned a broad range 

of adaptation in response to HCMV infection. 

 
 

 

Figure ͽ.ͽ| Identification of cytokines produced by HCMV-infected MRC-Ϳ cells 

The effect of HCMVsn on NK cell cytotoxicity was assessed by ͿͻCr release using KͿ΀ͼ target cells at 
E:T ͽͺ:ͻ after removal (A) of insoluble materials by ultracentrifugation (HCMVsn UCF) or (B) HCMV 
particles with monoclonal anti-gB and goat anti-mouse IgG Dynabeads. (C) Ultraviolet-light 
inactivated virus was used to generate UV HCMVsn and its effect on NK cell cytotoxicity was 
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measured as above (n = ΀). Subjects seropositive for HCMV are represented with filled black circles 
or triangles and yellow squares half-shaded black. Error bars in (A, C) represent mean ± SD with 
conditions compared using Student's paired t-test and (B) median with IQR and conditions compared 
by Wilcoxon signed-rank test. (D) Luminex analysis of HCMVsn collected at ͼ; h intervals over ͻͼͺ 
h (left panel) or vSC΂sn collected at ͼ; h intervals over ΁ͼ h (right panel) compared IL-΀, IL-΂, IL-ͻͿ, 
IL-ͻͼp΁ͺ, IFN-αͼ, and IFN-β concentrations. Data shown represents fold change in the amount of 
cytokine detected in HCMVsn or vSC΂sn/CONsn performed in duplicate ± SD. (E) PBMC (n = Ϳ) were 
pretreated with Ϳ μg/ml of IgG control or anti-IFNAR before incubation with CONsn or HCMVsn in 
a Ϳ h ͿͻCr release assay. Bars represent mean ± SD performed in duplicate with conditions compared 
using Student's paired t-test. The effect of ͼͺ pg/mL recombinant IFN-αͼ was compared to that of 
HCMVsn on NK cell (F) natural cytotoxicity and (G) ADCC (n = ΂). Bars represent mean ± SD, 
performed in triplicate with conditions compared using Student's paired t-test. Data in (A–C, E–G) 
represent percent cytotoxicity increase or percent specific lysis, respectively, calculated as described 
in the legend for Figure ;.ͽ.ͻ. 

 
 

ͽ.;.; HCMVsn and IFN-αͼ Enhance NK Cell ADCC in PLWH 

After establishing that NK cells from healthy donors respond rapidly, robustly 

and independent of HCMV serostatus to IFN-αͼ produced by HCMV-infected 

fibroblasts, we next studied NK cell responses from HCMVneg and HCMVpos 

individuals within a study cohort of PLWH. Since adapted NK cells exhibit enhanced 

CDͻ΀-mediated effector responses, we measured the impact of HCMVsn and IFN-

αͼ on NK cell ADCC in HIV-ͻ infection and compared baseline levels of ADCC 

between three groups reflecting a broad range of NK cell adaptation to HCMV 

infection. General characteristics of the individuals and comparisons between 

HCMV-seronegative and seropositive groups are shown in Table ͽ.ͻ. We selected 

three groups of PLWH, two distinguished by high (> ͼͺ%) versus low (< ΀%) 

fractions of NK cells expressing NKGͼC and a third distinguished by seronegative 

HCMV status (Table ͽ.ͻ). Nine of the ͼ΂ age- and sex-matched PLWH selected for 

this study were HCMV-seronegative. The efficacy of antiretroviral therapy was 
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roughly equivalent between groups as indicated by undetectable HIV-ͻ viral loads 

(< Ϳͺ copies HIV-ͻ RNA/mL plasma). Neither nadir, nor current CD;pos T cell 

counts, indicative of past disease progression and present immunological status, 

respectively, differed significantly between groups. All donors had a robust fraction 

of mature (CDͿ΁pos) NK cells, independent of HCMV status or fraction of their NK 

cells expressing NKGͼC. However, the percentage of NK cells expressing CDͿ΁ was 

significantly lower in the NKGͼClo group than in the NKGͼChi group (p = ͺ.ͺͻͽͽ, 

Mann–Whitney U-test), suggesting lesser overall NK cell maturation in the NKGͼClo 

group (Table ͽ.ͻ). There were no significant differences in either humoral (anti-

CMV IgG levels) or cellular (% CD΂pos T cells specific for HCMV pp΀Ϳ and IE-ͻ) 

immune responses against HCMV between the HCMVpos groups with high or low 

fractions of NK cells expressing NKGͼC.  
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Table ͽ.ͻ| PLWH Study Subject Characteristics  
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The HCMVneg individuals and those with high or low fractions of NKGͼC-

expressing NK cells were grouped to assess responsiveness of NK cells from HCMVneg 

and HCMVpos PLWH to HCMV-related cytokines. The mean increase in ADCC 

mediated by HCMV-related cytokines (ͼ;%) was similar to that seen in the HIV-ͻ-

naïve group and was not significantly different from the mean ͻ;% increase elicited 

by recombinant IFN-αͼ alone (Figure ͽ.; A). Neither HIV-ͻ-infection nor 

adaptation to HCMV infection appeared to affect NK cell responsiveness with acute 

exposure to IFN-αͼ. Median levels of NK cell ADCC measured from PLWH were also 

unrelated to either HCMV serostatus or NK cell adaptation to HCMV infection 

(Figure ͽ.; B). Adaptation to HCMV infection had little effect on the capacity of NK 

cells from PLWH to respond to acute IFN-αͼ exposure or to mediate ADCC. 
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Figure ͽ.;| Effects of HCMVsn and IFN-αͼ on ADCC of NK cells from PLWH 

(A) ADCC within the PLWH group was measured using PBMC and W΀/ͽͼ opsonized CͻR-Bͼ΁ target 
cells (E:T ͽͺ:ͻ) in Ϳ h ͿͻCr release assays in the presence of a ͻ:Ϳ dilution of HCMVsn or ͼͺ pg/mL 
recombinant human IFN-αͼ and compared to untreated conditions (n = ͼͻ). (B) Baseline ADCC 
levels were compared between the three groups of PLWH distinguished by HCMV serostatus and 
fraction of NK cells expressing NKGͼC. Error bars represent median with IQR, performed in duplicate 
with conditions compared using Wilcoxon signed-rank test. 

 
 

ͽ.;.Ϳ Long-Term Adaptation of NK Cells from PLWH to HCMV Infection 

To study longer-term effects of HCMV infection, including the possibility of 

progression to exhaustion, we compared features of the three groups of PLWH 

distinguished by high versus low NK cell fractions expressing NKGͼC or by 

seronegative HCMV status (Table ͽ.ͻ). The flow cytometry gating strategy for a 

representative HIV/HCMV coinfected donor is shown in Figure ͽ.Ϳ A. Median 

NKGͼC expression levels were similar between the HCMVneg and NKGͼClo groups 

(Figure ͽ.Ϳ B), however, the influence of adaptation to HCMV within the NKGͼClo 

group was evident from the lower mean fraction of NK cells expressing FcRγ (Figure 

ͽ.Ϳ C) and strong correlation between loss of FcRγ expression and level of HCMV-
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specific antibodies (Spearman r = ͺ.ͿͿͽ΃, P = ͺ.ͺͺͼͼ Table ͽ.ͻ). Loss of the FcRγ 

signaling adaptor subunit in parallel with expansion of NK cells expressing NKGͼC 

is apparent from the progressive increase in percentage of FcRγneg NK cells across 

the three groups and by the significant correlation between fractions of NK cells 

expressing NKGͼC and fractions lacking FcRγ (Figures ͽ.Ϳ C, D). Despite this general 

progression and significant correlation, three individuals living with HIV-ͻ within 

the NKGͼClo group with < ΀% of their NK cells expressing NKGͼC and > Ϳͺ% lacking 

FcRγ illustrate that loss of FcRγ by NK cells is not inexorably linked to NKGͼC 

expression (Figure ͽ.Ϳ C, Table ͽ.ͻ). 
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Figure ͽ.Ϳ| Phenotypic characterization of NK cells from PLWH with different levels of 
adaptation to HCMV infection 

To identify the NK cell population, (A) PBMC were selected and dead cells excluded. NK cells were 
identified by expression of CDͿ΀ in the absence of CDͽ and further characterized for percentage 
expressing NKGͼC, CDͿ΁, Tim-ͽ, and FcRγ in a representative plot. Summary plots depict the 
percentage of total NK cells that are positive for (B) NKGͼC or (C) FcRγ. Individual donors were 
grouped based on HCMV serostatus (HCMVneg) and fraction of NK cells expressing NKGͼC within 
the HCMVpos donors (NKGͼClo or NKGͼChi). Correlation between NK cell NKGͼC and FcRγ 
expression was assessed in (D) with Spearman correlation coefficient (r) calculated and the 
probability of a significant correlation shown on the graph. Error bars in (B) for the HCMVneg group 
represent median with IQR, while all others represent mean ± SD. Groups were compared using 
Mann–Whitney U-tests.  
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ͽ.;.΀ Preservation of NK Cell Antibody-Dependent Effector Functions in 

PLWH 

An association between NK cell adaptation to HCMV infection and increased 

capacity for antibody-dependent IFN-γ production was previously reported [ͻ΀ͻ, 

ͻ΀ͼ]. Since ADCC responses against antibody-coated CͻR-Bͼ΁ cells by PLWH 

measured by ͿͻCr release assays were similar, irrespective of HCMV status and 

NKGͼC expression levels, we next measured and compared IFN-γ production and 

CDͻͺ΁a expression of NK cells in the three groups in response to CDͻ΀ stimulation. 

Activation through CDͻ΀ induced robust NK cell IFN-γ responses 

(representative plots in Figure ͽ.΀ A), the magnitude of which directly correlated 

with the percentage of NK cells lacking FcRγ (Figure ͽ.΀ B). This is exemplified by 

one subject with over ΂ͺ% NK cells lacking FcRγ and over ;ͺ% producing IFN-γ in 

response to stimulation through CDͻ΀ (Figure ͽ.΀ B). In contrast, we found no 

significant correlation between the fraction of FcRγneg NK cells and fraction of NK 

cells expressing NKGͼC or between NK cell FcRγ expression and degranulation, as 

measured by CDͻͺ΁a expression following CDͻ΀ stimulation. When we compared 

CDͻ΀-stimulated degranulation and IFN-γ production between HCMVneg, NKGͼClo, 

and NKGͼChi groups, there were no significant differences in percentages of 

CDͻͺ΁apos NK cells (Figure ͽ.΀ C), IFN-γpos NK cells (Figure ͽ.΀ D) or polyfunctional 

NK cells doubly positive for CDͻͺ΁a and IFN-γ (Figure ͽ.΀ E). All groups' NK cells 

responded robustly to CDͻ΀ stimulation, irrespective of NKGͼC expression levels or 
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HCMV serostatus, illustrating HCMV-independent preservation of antibody-

dependent NK cell responses in chronic HIV-ͻ infection. 

To assess NK cell progression toward an exhausted phenotype, expression of 

PD-ͻ, LAG-ͽ, and Tim-ͽ was assessed on NK cells within the three defined groups. 

Levels of PD-ͻ and LAG-ͽ were low to undetectable on NK cells (data not shown), 

but substantial fractions of NK cells within each group expressed Tim-ͽ (Figure ͽ.Ϳ 

A and Table ͽ.ͻ)  
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Figure ͽ.΀| Effects of NK adaptation to HCMV infection on CDͻ΀-dependent degranulation 
and IFN-γ production in HIV-ͻ infection 

NK cells were untreated or stimulated for Ϳ h with anti-CDͻ΀ (ͽG΂) after which time IFN-γ 
production and CDͻͺ΁a expression was assessed by flow cytometry. Representative plots with gating 
on total NK cells as in Figure ͽ.Ϳ show (A) IFN-γ and CDͻͺ΁a expression on resting (left panel) and 
CDͻ΀-stimulated NK cells (right panel). For each donor, percent NK cells positive for (B) IFN-γ was 
plotted versus percent FcRγneg cells and correlation between the magnitude of NK cell IFN-γ 
responses and fraction of NK cells lacking FcRγ was assessed using Pearson correlation coefficient (r) 
with the probability (p) of a significant correlation shown on the graph. The percentage of NK cells 
positive for (C) CDͻͺ΁a, (D) IFN-γ, or (E) doubly positive for CDͻͺ΁a and IFN-γ was measured for 
each donor (n = ΁–ͻͺ) and grouped as in Figure ͽ.Ϳ. Error bars represent mean ± SD where data was 
normally distributed and median with IQR in all other cases.  
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ͽ.;.΁ Antibody-Dependent Effector Functions of Tim-ͽpos NK Cells From 

PLWH 

As Tim-ͽ receptors were expressed at levels readily measurable by flow 

cytometry, we compared the extent of Tim-ͽ expression on NK cells within the three 

groups and the functional capacity of the Tim-ͽpos subset. The percentage of NK cells 

expressing Tim-ͽ ranged from ͺ – ͻͺ%, did not differ significantly between groups 

(Table ͽ.ͻ) and CDͻ΀-stimulation did not induce NK cell Tim-ͽ expression (data 

not shown). The percentage of Tim-ͽpos NK cells responding to CDͻ΀ stimulation 

with IFN-γ expression, CDͻͺ΁a expression, or both, was compared with the 

percentage of total NK cells responding likewise. Tim-ͽ-expressing NK cells from 

HCMVneg PLWH degranulated to a lesser extent than the general NK cell population 

but showed no apparent deficit in IFN-γ production (Figure ͽ.΁ A). 

In contrast, Tim-ͽpos NK cells from HIV/HCMV coinfected donors responded 

similarly to the general NK cell population in terms of CDͻͺ΁a expression but were 

less likely to produce IFN-γ in response to stimulation through CDͻ΀ (Figure ͽ.΁ B). 

The significance of Tim-ͽ expression on NK cells may vary with respect to the 

function studied and extent of adaptation to HCMV infection. There were no 

significant differences between HCMVneg, NKGͼClo, and NKGͼChi groups in 

percentage of Tim-ͽpos NK cells expressing CDͻͺ΁a or IFN-γ in response to 

stimulation through CDͻ΀ Figure ͽ.΁ C. 
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Figure ͽ.΁| CDͻ΀-dependent degranulation and IFN-γ production by Tim-ͽpos NK cells in HIV-
ͻ infection 

The percentage of cells expressing CDͻͺ΁a (left panels) or IFN-γ (right panels) within either the total 
or Tim-ͽpos NK cell populations after CDͻ΀ stimulation was measured based on the gating strategy 
shown in Figure ͽ.Ϳ and contrasted between (A) HCMVneg (n = ΃) and (B) HCMVpos (n = ͻͿ–ͻ΃) and 
between the (C) HCMVneg, NKGͼClo, and NKGͼChi PLWH study groups. Error bars in (A) represent 
mean ± SD and comparison between conditions carried out with Student's paired t-test. Bars in (B) 
represent mean ± SD and Student's paired t-test performed (left panel) or median with IQR with 
significance calculated by Wilcoxon signed-rank test (right panel). Error bars in (C) represent mean 
± SD where data was normally distributed and median with IQR in all other cases.  
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ͽ.Ϳ Discussion 

Expansion of NKGͼC-expressing NK cells was initially reported in the context 

of multiple viral infections, including hepatitis C virus, HIV-ͻ, chikungunya, and 

hantavirus, but subsequent investigation identified HCMV infection as the critical 

common denominator [ͻͺ΁, ͼ΃΂]. While only a small fraction of NK cells in healthy 

HCMV-seronegative individuals usually express NKGͼC, HCMV infection triggers 

various levels of adaptation, resulting in more than ΂ͺ% NKGͼCpos NK cells in 

extreme cases [ͼͺ;]. Therefore, we envision a continuum of NK cell adaptation to 

HCMV infection through which naïve NK cells respond to initial HCMV exposure, 

differentiate into mature effector cells and, under the influence of time, repeated 

exposure and other factors, progress toward terminal differentiation. In this study, 

we investigated NK cell function along this proposed continuum, beginning with 

exposure of naïve NK cells to cytokines present during acute HCMV infection and 

encompassing responses of NK cell populations reflecting broadly different degrees 

of adaptation to HCMV. To compare the quality of NK cell responses across the 

spectrum of adaptation to HCMV, we selected subjects from a well characterized 

cohort of PLWH within which there are HCMV-seronegative subjects, HCMV-

seropositive subjects with small fractions of NKGͼCpos NK cells and HCMV-

seropositive subjects with large fractions of NKGͼCpos NK cells [ͼͺ;]. This chosen 

study group allowed comparison of CDͻ΀-dependent NK cell functions over a broad 
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range of phenotypic adaptation to HCMV infection in the context of coinfection with 

HIV-ͻ. 

Acute exposure to conditioned media collected from HCMV-infected 

fibroblasts elevated NK cell cytotoxicity through NCRs, CLRs and CDͻ΀, irrespective 

of NK cell donor HIV-ͻ or HCMV status. While enhanced antibody-dependent 

effector function through CDͻ΀ is a characteristic of the NKGͼCpos NK cells adapted 

to HCMV infection, these adapted NK cells are also reported to downregulate NCRs 

[ͻͺ΀]. Downregulation of NCRs is a common consequence of chronic viral infection, 

likely involving physical interactions and chronic cytokine stimulation. In 

combination with additional stimulation, pan increases in NCR-mediated 

cytotoxicity stimulated by HCMV-related cytokines may lead toward phenotypic 

alterations over periods of prolonged cytokine exposure. While IL-΀, IL-΂, and IL-ͻͿ 

were present in HCMVsn together with type I IFNs, these same cytokines were also 

elevated in vSC΂sn, which did not increase NK cell cytotoxicity, indicating that at 

most, they may play some ancillary role in acute activation of NK cell cytotoxicity. 

Our data indicate that IFN-αͼ is sufficient to effect the same increases in NK cell 

cytotoxicity as mediated by conditioned media from HCMV-infected fibroblasts. 

There were no significant differences between NK cell responses to purified 

recombinant IFN-αͼ versus HCMVsn in either the healthy control cohort or the 

PLWH group. As type I IFNs are produced in a variety of viral infections that do not 

lead to expansion of NKGͼCpos NK cells, it is unlikely that acute exposure to IFN-αͼ 
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alone contributes significantly to the NK cell adaptation specific to HCMV infection. 

Infection with HCMV in vivo may result in different patterns of type I IFN production 

and cellular responses dependent upon the local environment, they type of cell 

infected and virus characteristics. 

By selecting three groups of individuals with comparable features of HIV-ͻ 

infection, we were able to focus on the impact that different levels of adaptation to 

HCMV infection have on NK cell phenotype and function in this setting. Two 

HCMV-infected groups were selected for high versus low levels of NKGͼC 

expression, with the low NKGͼC expression group indistinguishable from the 

HCMVneg group in this respect. Although one donor within the NKGͼClo category 

had a CDͿ΁pos NK cell fraction comparable to those in the NKGͼChi group, the rest 

had low to moderate (ͻͺ – ͼ΁%) CDͿ΁pos NK cell fractions. The influence of HCMV 

infection on FcRγ downregulation was the most apparent phenotypic aspect, 

displaying a clear hierarchy; the HCMVneg group had the lowest fraction of FcRγneg 

NK cells followed sequentially by the NKGͼClo and NKGͼChi groups. A disconnect 

between NKGͼC expression and loss of FcRγ was notable in three individuals with < 

΀% NKGͼCpos and more than Ϳͺ% FcRγneg NK cells. Although it involves only three 

individuals in this case, the disconnect has also been noted in studies of NKGͼCnull 

cohorts, where lack of NKGͼC had little effect on HCMV-driven NK cell maturation 

[ͻͿ΀, ͼ΃΃, ͽͺͺ]. Despite these three outliers, there was a strong overall correlation 

between the fraction of NK cells expressing NKGͼC and fraction of FcRγneg NK cells. 
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Thus, NK cells from these outliers may express features similar to those from 

NKGͼCnull subjects [ͻͿ΀]. Evidently, loss of FcRγ is a more consistent indicator of 

NK cell differentiation and adaptation in response to HCMV infection than NKGͼC 

expression. 

Adaptation to HCMV infection through NKGͼCpos NK cell expansion and loss 

of FcRγ reportedly produces an NK cell population with superior CDͻ΀-mediated 

effector functions [ͻͿ΂, ͻͿ΃, ͼ΃ͻ]. In the context of our PLWH study cohort, there 

was no evidence of this in cytotoxicity assays against antibody-coated target cells. 

Although we saw significant correlation between the size of the IFN-γ response and 

fraction of NK cells lacking FcRγ, there was also no significant difference between 

the groups in terms of the mean fraction of NK cells producing IFN-γ in response to 

CDͻ΀ signaling. Despite low levels of NKGͼCposFcRγneg NK cells, the HCMVneg group 

had CDͻ΀-mediated responses equally as robust as the other groups and the 

HCMVposNKGͼClo group displayed no functional deficits relative to either of the 

other groups. This finding is somewhat unexpected in light of epigenetic remodeling 

of the NK cell IFNG locus following HCMV infection, with the adapted NK cell 

population reportedly exhibiting enhanced IFN-γ responses [ͻ΀ͻ, ͻ΀ͼ]. Whether 

this apparent discrepancy reflects the impact of HIV-ͻ infection, different 

experimental methodology or peculiarities of the limited number of subjects tested 

in this study remains to be determined. 
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The extent of NK cell degranulation following CDͻ΀-stimulation was also not 

significantly different between groups and in contrast to IFN-γ production, we noted 

no significant correlation between the magnitude of CDͻͺ΁a responses and fraction 

of NK cells lacking FcRγ. Polyfunctional NK cell responses, indicated by dual 

expression of IFN-γ and CDͻͺ΁a also did not differ between groups. Thus, our data 

suggest that in the context of HIV-ͻ infection, phenotypic evidence of NK cell 

adaptation to HCMV infection does not equate with superior CDͻ΀-mediated 

effector functions. The finding here most consistent with previous studies using 

donors not infected with HIV-ͻ was the correlation between CDͻ΀-triggered IFN-γ 

production and loss of FcRγ adaptor subunits [ͻͿ΂, ͻͿ΃]. Whether loss of FcRγ is a 

marker for other alterations or its absence plays a direct role in enhanced signaling 

through CDͻ΀, this aspect of NK cell adaptation to HCMV infection appears to be 

maintained in HIV-ͻ infection. We saw no relationship between FcRγ expression 

and either ADCC measured by ͿͻCr release or CDͻ΀-triggered degranulation, 

lending credence to speculation that NK cell adaptation to HCMV affects CDͻ΀-

mediated cytokine production more so than it affects cytotoxicity. 

To investigate NK cell progression toward terminal differentiation, we 

assessed PD-ͻ, LAG-ͽ and Tim-ͽ expression. We detected little to no PD-ͻ or LAG-

ͽ in any of the three groups, yet a significant fraction of NK cells expressed Tim-ͽ. 

Tim-ͽ expression levels did not differ between groups and were unaffected by CDͻ΀ 

stimulation. Although recent reports suggest enhanced function of Tim-ͽpos NK 



  ͱͰͰ  

  

cells, we observed functional deficits in degranulation and IFN-γ production in the 

HCMVneg and HCMVpos groups, respectively, relative to the general NK cell 

population [ͽͺͻ]. Although significant, these deficits were relatively slight and 

based on the responses of a small group of PLWH. Further study of the role Tim-ͽ 

has on NK cell functions in different settings is warranted. 

In summary, type I IFNs produced during in vitro HCMV infection of 

fibroblasts increased NK cell cytotoxicity through multiple receptors. This increase 

in NK cytotoxicity occurred with NK cells from HCMV-seronegative and seropositive 

healthy controls. In the PLWH group, we saw a similar increase in ADCC that was 

unrelated to HCMV status or extent of NK cell adaptation to HCMV infection. 

Cytokine and degranulation responses mediated through CDͻ΀ were well preserved 

in the PLWH we studied, again unrelated to their HCMV status. Despite an inverse 

correlation overall between NK cell CDͻ΀-triggered IFN-γ production and FcRγ 

expression, the HCMVneg PLWH group did not have a significantly lesser IFN-γ 

response than either of the groups with higher fractions of FcRγneg NK cells. There 

was no evidence that NK cell adaptation to HCMV affects degranulation responses 

or cytotoxicity triggered through CDͻ΀ in HIV-ͻ infection. While these findings 

suggest that HCMV-related NK cell adaptation has different or lesser functional 

consequence in HIV-ͻ infection, the clear effect of HCMV on FcRγ expression and 

the extreme levels of adaptation observed in terms of NKGͼC expression illustrate 

the same selectivity operating with increased pressure. Immunological pressures 
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associated with HIV-ͻ infection may preserve or enhance NK cell function through 

compensatory pathways distinct from HCMV-driven adaptation.  
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ͽ.΀ Conclusions 

Acute exposure to HCMVsn (IFN-αͼ) elevated NK cell cytotoxicity through 

NCRs, CLRs and CDͻ΀, irrespective of NK cell donor HCMV status. Compared with 

HCMVneg participants, HCMVpos individuals demonstrated no evidence of superior 

ADCC in cytotoxicity assays against antibody-coated target cells or CDͻ΀-mediated 

IFN-γ production. Although reports suggest enhanced function of Tim-ͽpos NK cells, 

we observed functional deficits in Tim-ͽ-expressing NK cells from PLWH. Adapted 

NK cells did not display a classical exhausted phenotype as there was little to low 

LAG-ͽ, PD-ͻ, and Tim-ͽ inhibitory immune checkpoint receptor expression, 

however, further study is needed to determine the relevance of the more recently 

discovered inhibitory immune checkpoint receptors.  
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; TIGIT Blockade Enhances NK cell Cytotoxicity Against 

Autologous HIV-ͻ-infected CD;pos T cells 

;.ͻ Abstract 

During chronic human immunodeficiency virus type ͻ (HIV-ͻ) infection, 

inhibitory molecules upregulated on lymphocytes contribute to effector cell 

dysfunction and immune exhaustion. People living with HIV (PLWH) suffer greater 

risk for age-related morbidities, an issue magnified by human cytomegalovirus 

(HCMV) coinfection. As HCMV infection modifies natural killer (NK) cell properties 

and NK cells contribute to protection against HIV-ͻ infection, we considered the 

role of T cell immunoreceptor with immunoglobulin and intracellular tyrosine 

inhibitory motif domains (TIGIT) in NK cell-based HIV-ͻ immunotherapy and 

elimination strategies. We measured TIGIT expression on immune cell subsets of ΃Ϳ 

PLWH and assessed its impact on NK cell function, including elimination of 

autologous CD;pos T cells infected through reactivation of endogenous HIV-ͻ. TIGIT 

was expressed on CD;pos T cells, CD΂pos T cells and NK cells from PLWH. Although 

TIGIT levels on T cells correlated with HIV-ͻ disease progression, the extent of 

TIGIT expression on NK cells more closely paralleled adaptation to CMV. TIGIT 

interaction with its predominant ligand, poliovirus receptor (PVR), inhibits effector 

cell functions. Circulating CD;pos T cells from PLWH more frequently express PVR 

compared with HIV-seronegative controls and PVR expression was enriched on 
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CD;pos T cells replicating HIV-ͻ ex vivo. Treatment with anti-TIGIT monoclonal 

antibodies increased NK cell HIV-ͻ-specific antibody dependent cytotoxicity in vitro 

and ex vivo. Blocking TIGIT may be an effective strategy to invigorate antibody-

dependent NK cell activity against HIV-ͻ activated in cellular reservoirs for cure or 

treatment strategies.  
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;.ͼ Introduction 

Chronic viral infection imposes a persistent burden on human health. Human 

immunodeficiency virus type ͻ (HIV-ͻ) remains pandemic despite tremendous 

improvements to combination antiretroviral therapies (cART) that have extended 

the health and lifespan of people living with HIV (PLWH). Active HIV-ͻ infection 

drives immune dysfunction with generalized T cell and natural killer (NK) cell 

exhaustion in untreated PLWH. This dysfunctional immune phenotype is 

punctuated by increased expression of inhibitory immune checkpoint receptors, 

including PD-ͻ, CTLA-;, Tim-ͽ and LAG-ͽ [ͼͽͽ-ͼͽͿ]. Early intervention with cART 

attenuates this expression, but levels remain elevated compared to people not living 

with HIV [ͼͽͿ]. 

In this context, some checkpoint inhibitors currently used in cancer therapy 

have potential relevance in controlling viral infections, reducing viral load and 

revitalizing host immunity. T cell immunoreceptor with immunoglobulin (Ig) and 

intracellular tyrosine inhibitory motif domains (TIGIT) is differentially expressed on 

T cells and NK cells and negatively regulates effector function when engaged by its 

ligands, PVR (CDͻͻͿ) or PVRLͼ (CDͻͻͼ) [΁ͻ-΁ͽ]. These ligands can also be 

recognized by killer cell Ig-like receptor (KIR)ͼDLͿ and members of the nectin and 

nectin-like family of receptors that include DNAM-ͻ (CDͼͼ΀), TACTILE (CD΃΀) and 

PVR-related Ig domain (PVRIG) [΀;, ΁΁, ΁΂, ΂΂]. Broad dysregulation of TIGIT 

expression on CD;pos and CD΂pos T cells in HIV-ͻ infection has been extensively 
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noted, however, a role for TIGIT in modulating NK cell function in HIV-ͻ infection 

remains controversial [ͼ;ͺ, ͼ;ͻ, ͼ;ͽ, ͼ;;, ͽͺͼ]. 

NK cells are among the first cells to respond to virus infection and as such, 

can contribute to control of HIV-ͻ [ͽͺͽ-ͽͺͿ]. NK cell function is scrupulously 

regulated through aggregate signals transmitted from interactions between distinct 

cellular and/or foreign ligands and activating and/or inhibitory receptors. Ligands 

can include self, altered and induced self, virus-encoded proteins and  IgG antibodies 

bound to cells [Ϳ΀, Ϳ΁, ͽͺ΀]. NK cells recognize cell-bound IgG antibodies 

specifically and independently through interactions with CDͻ΀ (FcγRIIIa) receptors 

and transmit signals through FcRγ and CDͽζ to perform antibody-dependent cell-

mediated cytotoxicity (ADCC) [΀ͻ]. In contrast, natural cytotoxicity is mediated by 

a wide array of activating receptors including receptors directly interacting with PVR 

(e.g. DNAM-ͻ) or altered self (e.g. NKGͼD) [Ϳ΂, ͼ;΃, ͽͺ΁, ͽͺ΂]. Restraint over these 

mechanisms is imposed through inhibitory receptors, including inhibitory KIR, 

NKGͼA and TIGIT [ͼͿ-ͼ΂, ͽͺ΃]. 

Previous reports outlined a role for HIV-ͻ-based modulation of TIGIT 

expression on both CD΂pos T cells and NK cells with NK cell TIGIT levels increasing 

with HIV-ͻ disease progression, as measured by CD;pos T cell nadir [ͼ;ͻ, ͼ;ͽ, ͼ;;]. 

Dysregulated NK cell TIGIT expression in the context of chronic infection suggests 

targeting TIGIT could be an attractive option for HIV-ͻ immunotherapy and cure 

strategies, however, whether monoclonal antibodies (mAb) can improve effector 
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function for TIGIT-expressing NK cells and enhance antiviral responses in vivo 

remains unclear [ͼ;ͽ, ͼ;;, ͽͻͺ]. Moreover, inflammation, immune dysfunction and 

immune senescence in PLWH is further accentuated in relation to inflated immune 

responses against human cytomegalovirus (HCMV) [ͼͺ΃]. The high worldwide 

prevalence of HCMV (;ͺ – ͻͺͺ% seroprevalence) increases with aging and is 

especially high in PLWH (΂ͺ – ͻͺͺ% seroprevalence), with the immune deficit 

caused by HIV-ͻ infection allowing a higher frequency of HCMV reactivation in 

PLWH [ͼͺ΀, ͽͻͻ-ͽͻͽ]. 

Our conventional baseline NK cell receptor repertoire is distorted by HCMV 

infection and the subsequent immune response, generating a collection of NK cells 

with distinct phenotypic features [ͻͺ΀]. Large fractions of the NK cell repertoire of 

PLWH coinfected with HCMV commonly express CDͿ΁ and NKGͼC together with 

CDͻ΀ receptors that have lost the signaling adaptor subunit FcRγ [ͻͽ΀, ͻͿ΂]. Given 

the association of HCMV with increased inflammation, skewed T cell responses, 

immune senescence and exaggerated NK cell adaptation, HCMV coinfection must 

be considered as a key factor modulating the immune compartment in HIV-ͻ 

infection [ͻͺ΀, ͻͽ΀, ͼͺ;, ͽͻ;]. 

Therefore, we addressed whether alterations in NK cell TIGIT expression 

impact HIV-ͻ-specific functions. We measured natural and antibody-dependent 

cytotoxicity of NK cells from PLWH against an in vitro HIV-ͻ-infected CD;pos T cell 

line in the presence and absence of a blocking anti-TIGIT mAb and observed that 
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TIGIT blockade consistently potentiated HIV-ͻ-specific NK cell responses. Although 

activated CD;pos T cells upregulate PVR expression, the extent of its modulation in 

active HIV-ͻ infection remains unresolved [ͼ;΃, ͼͿͻ-ͼͿ;, ͽͺͼ]. Here, we 

demonstrated that PVR is inducible and enriched on endogenous HIV-ͻ antigen-

positive CD;pos T cells expanded from PLWH. When HIV-ͻ replication was activated 

in autologous CD;pos T cells ex vivo, NK cell effector responses against the infected 

cells increased with inclusion of anti-TIGIT blocking mAb. These data indicate that 

therapeutic antibodies preventing TIGIT:PVR interactions can benefit HIV-ͻ 

treatment strategies and increase cell-mediated effector responses against HIV-ͻ-

infected cells.  
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;.ͽ Materials and Methods 

;.ͽ.ͻ Study Subjects 

This study was carried out in accordance with recommendations of the 

Canadian Tri-Council Policy Statement: Ethical Conduct for Research Involving 

Humans. Protocols to obtain anonymized umbilical cord blood and peripheral blood 

from HIV-seronegative donors and from PLWH recruited through the 

Newfoundland and Labrador Provincial HIV Clinic were approved by the Health 

Research Ethics Authority of Newfoundland and Labrador, Canada. Peripheral blood 

was collected from study subjects after written informed consent in accordance with 

the Declaration of Helsinki. 

;.ͽ.ͼ Blood Sample Processing 

Whole blood was collected by venipuncture in acid citrate dextrose 

vacutainers, after which plasma was collected following ͻͺ min centrifugation at 

Ϳͺͺg and stored at -΂ͺ°C. Cord blood mononuclear cells (CBMC) and peripheral 

blood mononuclear cells (PBMC) were isolated using the Canadian Autoimmunity 

Standardization Core consensus standard operating procedure (version: March ͼͻ, 

ͼͺͻ΃). Freshly isolated PBMC were resuspended in freezing medium consisting of 

fetal calf serum (FCS) supplemented to ͻͺ% dimethyl sulfoxide (Sigma-Aldrich, St. 

Louis MO, USA) and cooled at ͻ°C per minute overnight to −΂ͺ°C. Frozen PBMC 

were then maintained in liquid nitrogen until use. 
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;.ͽ.ͽ PBMC Phenotyping 

Isolated PBMC (ͻͺ΀) were phenotyped using directly conjugated mAb 

(conjugate, clone in parentheses) against human CDͻ΀ (VioBlue, REA;ͼͽ), CDͽ 

(VioGreen, BWͼ΀;/Ϳ΀), CD; (PE-Vio΁΁ͺ, REA΀ͼͽ), NKGͼC (PE-Vio΁΁ͺ, REAͼͺͿ), 

CDͿ΀ (APC-Vio΁΁ͺ, REAͻ΃΀) from Miltenyi Biotec (San Diego CA, USA), CDͿ΁ 

(FITC, TBͺͻ), PVR (PE, ͼH΁CDͻͿͿ), TIGIT (AlexaFluor ΀;΁, MBSA;ͽ) from 

Thermo Fisher Scientific (San Diego CA, USA) and CD΂ (PerCP, HIT΂a) from 

Biolegend (San Diego, CA, USA) and fixed with ͼ% paraformaldehyde (Sigma-

Aldrich) prior to data acquisition. Participants selected for functional assays were 

also phenotyped with anti-KIRͼDLͿ (PE, UP-Rͻ) from Biolegend or polyclonal anti-

Fc-receptor common gamma chain (FcRγ)-FITC from Millipore Sigma (Oakville ON, 

Canada) using Inside Stain Kit (Miltenyi Biotec) as per manufacturer’s instructions. 

Data were acquired using the CytoFLEX flow cytometer and analyzed and illustrated 

using Kaluza software (both Beckman Coulter, Brea CA, USA) and GraphPad Prism 

Version ΂.;.ͽ. 

;.ͽ.; Cell Culture 

KͿ΀ͼ (ATCC® CCL ͼ;ͽ™), P΂ͻͿ (ATCC® TIB-΀;™), H΃, CEM.NKR-CCRͿ 

(NIH HIV Reagent Program, Division of AIDS, NIAID, NIH) and CEM.NKR-CCRͿ 

PVRpos (see below) cell lines were propagated in lymphocyte medium consisting of 

RPMI-ͻ΀;ͺ with ͻͺ% FCS, ͼͺͺ IU/mL penicillin/streptomycin, ͺ.ͺͻ M HEPES, ͻ% 
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L-glutamine (all from Invitrogen, Carlsbad CA, USA) and ͼ.ͺ x ͻͺ-Ϳ M ͼ-

mercaptoethanol (Sigma-Aldrich) at ͽ΁°C, Ϳ% COͼ. The CEM.NKR-CCRͿ cell lines 

were maintained on a precise passage regimen as outlined [ͽͻͿ-ͽͻ΁]. Lenti-X™ ͼ΃ͽT 

cells (TakaRa, Mountain View CA, USA) were propagated in DMEM (Sigma-Aldrich) 

with ͻͺ% tetracycline-free FCS (TakaRa) and ͻ mM sodium pyruvate (Sigma-

Aldrich) at ͽ΁°C, Ϳ% COͼ. 

;.ͽ.Ϳ PVR Gene Transfer and Expression in CEM.NKR-CCRͿ cells 

The recombinant Lenti-X™ pLVX-IRES lentiviral vector expression system 

(TakaRa) was used to introduce PVR into the CEM.NKR-CCRͿ cell line. Briefly, the 

canonical PVR sequence was obtained from UniProtKB (PͻͿͻͿͻ-ͻ), synthesized by 

Invitrogen GeneArt (Thermo Fisher Scientific) and inserted (Rapid DNA Ligation 

Kit; Roche, Mannheim, Germany) into pLVX-IRES after SpeI and EcoRI restriction 

digestion (New England Biolabs, Ipswich, MA, USA) and agarose gel 

extraction/purification (QIAquick Gel Extraction; Qiagen, Toronto, ON, Canada). 

The pLVX-IRES/PVR expression vector was transformed into Stellar™ Competent 

Cells (TakaRa) from which midi-scale plasmid DNA was prepared (NucleoBond Xtra 

Midi, TakaRa), concentration determined using NanoDrop™ (Thermo Fisher 

Scientific) and positive and negative strands sequenced (TCAG, The Hospital for 

Sick Children, Toronto, ON, Canada) to ensure authenticity. Lenti-X™ ͼ΃ͽ T cells 

were transfected with the pLVX-IRES/PVR expression vector using the Lenti-X™ 
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Single Shot (TakaRa) packaging and transfection system. Lentiviral supernatants 

were collected ;΂ h after transfection, filtered through a ͺ.;Ϳ μm polyethersulfone 

filter to remove cellular debris, aliquoted and frozen at -΂ͺ°C. A pͼ; ELISA [Leidos 

Biomedical Research, Inc., for the National Cancer Institute (NCI), Frederick, MD, 

USA], read at ;Ϳͺ nm on a Synergy HT BioTek microplate reader, was used to obtain 

viral titres and CEM.NKR-CCRͿ cells were transduced with lentiviral supernatant 

and ; μg/mL polybrene (Sigma-Aldrich) in ΃΀-well round-bottom plates by ΃ͺ min 

ͻͼͺͺg spinoculation at ͽͼ°C. Transduction medium was replaced ͼ; h later with 

lymphocyte medium and cells were propagated, then sorted for PVR expression 

(ͼH΁CDͻͿͿ APC; Thermo Fisher Scientific) using a MoFlo Astrios EQ flow 

cytometer (Beckman Coulter). 

;.ͽ.΀ HIV-ͻ Stock Generation 

The HIV-ͻIIIB Aͻ΁ variant (lot no. ΃/ͺͽ/΃ͼ) was obtained through the NIH 

HIV Reagent Program [ͽͻ΂]. The entire aliquot was used to infect ͻͺ΀ H΃ cells. Cells 

were maintained in the minimal volume of lymphocyte medium required for growth 

and ΁ days after infection supernatant was collected by Ϳ min ;Ϳͺg centrifugation 

followed by ͺ.;Ϳ μm polyethersulfone filtration. To generate high titre stock, ͻͺͿ H΃ 

cells were infected with ͻ mL of infection supernatant, maintained in the minimal 

volume of lymphocyte medium required for growth and supernatant collected ͻ; 
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days after infection as above. Stocks were split into single use vials and pͼ; quantity 

was determined by ELISA as above. 

;.ͽ.΁ In vitro HIV-ͻ Infection 

CEM.NKR-CCRͿ and CEM.NKR-CCRͿ PVRpos cells (ͻͺͿ) split ͻ:ͽ the day 

prior to infection were infected with ͼͺͺ ng pͼ; HIV-ͻ IIIB Aͻ΁ by spinoculation in 

a ͻͿ mL tube at ͽͼ°C, ͻͼͺͺg for ΃ͺ min. Cells were cultured at ͽ΁°C Ϳ% COͼ for ͻ h 

before adding ͻ mL of lymphocyte medium. Experiments were performed ΃΀ h after 

infection. HIV-ͻ infection was quantified by anti-pͼ; FITC [ͼ;-;, Santa Cruz 

(Dallas, TX, USA)] or gpͻͼͺ expression [Ϳͺ ng HIVIG (NIH HIV Reagent Program) 

per ͻͺͿ cells followed by anti-human IgG Fc (PE, eBioscience)]. Anti-PVR-APC 

(ͼH΁CDͻͿͿͿ, Thermo Fisher) was used to assess PVR expression. Cells were fixed 

with ͼ% paraformaldehyde (Sigma-Aldrich) prior to data acquisition using a 

CytoFLEX (Beckman Coulter). 

;.ͽ.΂ Chromium Release Assays 

Cryopreserved PBMC were recovered overnight in lymphocyte medium at 

ͽ΁°C, Ϳ% COͼ. Cells were recounted after recovery by trypan blue exclusion and used 

when > ΁Ϳ% viable. Target cells were labelled for ΃ͺ min with ͻͺͺ μCi Naͼ
ͿͻCrO; 

(PerkinElmer, Akron, OH, USA) at ͽ΁°C, Ϳ% COͼ, washed four times in PBS 

containing ͻ% FCS before resting in Ϳ mL lymphocyte medium for ͻ h at ͽ΁°C, Ϳ% 

COͼ to minimize spontaneous release and resuspended at ͻͺͿ cells/mL. Where 
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indicated, PBMC and IgGͻ isotype control (ͻͻ΁ͻͻ, R&D Systems) or anti-TIGIT 

(MBSA;ͽ, Thermo Fisher Scientific) were preincubated for ͽͺ min in a microtiter 

plate at a final mAb concentration of Ϳ µg/mL. NK cell CDͻ΀-mediated cytotoxicity 

was measured using ͿͻCr labelled P΂ͻͿ cells and ͽͺ ng per well IgGͻ isotype control 

(ͻͻ΁ͻͻ, R&D systems) or anti-CDͻ΀ (ͽG΂, Biolegend). We used HIVIG pooled from 

inactivated human sera (NIH HIV Reagent Program) or control IgG from human 

sera (Sigma) at a final concentration of ͻͺ μg/mL to measure ADCC. All ͿͻCr release 

assays were conducted at E:T ͽͺ:ͻ (Vf  =  ͽͺͺ μL) and cytotoxic activity was measured 

by ͿͻCr release over Ϳ h. ͿͻCr release was measured in ͻͼͿ μL of supernatant on a 

Wallac ͻ;΂ͺ Wizard gamma counter and percent specific lysis calculated by 

(experimental ͿͻCr release – spontaneous ͿͻCr release) / (maximum ͿͻCr release – 

spontaneous ͿͻCr release) x ͻͺͺ. Where indicated, percent increase was calculated 

by (% specific lysis anti-TIGIT-treated condition) – (% specific lysis IgGͻ-treated 

condition) / (% specific lysis IgGͻ-treated condition) x ͻͺͺ and absolute increase in 

cytotoxicity was calculated by (% specific lysis anti-TIGIT-treated condition) – (% 

specific lysis IgGͻ-treated condition). 

;.ͽ.΃ Primary CD;pos T cell HIV-ͻ Reactivation 

PBMC were depleted of CD΂pos T cells (StemCell Technologies, Vancouver 

BC, Canada) and cultured in lymphocyte medium without phenol red supplemented 

to Ϳͺ IU/mL IL-ͼ (NCI) for up to ͻ;; h. Aliquots were removed at ͼ; h intervals and 
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stained with anti-human CD; (PE-Vio΁΁ͺ), CDͽ (VioGreen), from Miltenyi, CD΂ 

(PerCP, Biolegend), PVR (APC, Invitrogen) and intracellular anti-HIV-ͻ pͼ; (FITC, 

Santa Cruz) using Inside Stain Kit (Miltenyi). 

;.ͽ.ͻͺ Primary CD;pos T cell HIV-ͻ Stimulation and Antibody-Dependent NK 

cell Activation Assay 

PBMC from PLWH were resuspended at ͼ.Ϳ x ͻͺ΀ cells/mL in lymphocyte 

medium without phenol red supplemented to Ϳͺ IU/mL IL-ͼ. PBMC were left 

unstimulated or stimulated with Ϳ μg/mL phytohemagglutinin (PHA)-P (Sigma) and 

divided equally into three conditions: untreated or treated with ͻͺ μg IgG/mL of 

purified Ab from plasma of HIV-seronegative individuals (CON Ab) or Ab from 

plasma of PLWH (HIV Ab). Briefly, Ab was purified by pooling heat inactivated (ͻ h 

at Ϳ΀°C) plasma from HIV-seronegative donors or PLWH (matched for HCMV 

status). Pooled plasma was centrifuged at ͻͺ,ͺͺͺg for ͼͺ min, diluted ͻ:ͻ in 

endotoxin-free binding buffer (ͺ.ͼ M NaͽPO;, Millipore Sigma) and purified using a 

ͻ mL Cytiva HiTrap™ Protein G HP column (Millipore Sigma). Purified Ab was 

adsorbed on CEM.NKR-CCRͿ and PHA-P-stimulated CD΂dep PBMC from HIV-

seronegative participants to reduce non-specific binding. Approximately ;΂ h after 

stimulation, PBMC from each condition were treated with IgGͻ (ͻͻ΁ͻͻ, R&D 

Systems) or anti-TIGIT (MBSA;ͽ, Thermo Fisher Scientific) at a final mAb 

concentration of Ϳ µg/mL and (i) incubated with Vf Ϳͺͺ μL IL-ͼ-supplemented 
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lymphocyte medium for ͼ; h or (ii) labelled with ͺ.ͼͿ µg per ͻͺ΀ PBMC of anti-

CDͻͺ΁a (H;Aͽ; BioLegend) for ͼ; h (Vf Ϳͺͺ μL). Cells in condition (i) were stained 

using anti-human CDͽ (VioGreen), CD; (PE-Vio΁΁ͺ) from Miltenyi, PVR (APC 

ͼH΁CDͻͿͿ, Thermo Fisher) and intracellular anti-HIV-ͻ pͼ; (FITC, Santa Cruz) 

using Inside Stain Kit (Miltenyi) and condition (ii) were assessed using CDͽ 

(VioGreen), CDͿ΀ (APC-Vio΁΁ͺ) from Miltenyi and CD΂ (PerCP, Biolegend). Data 

were acquired using a CytoFLEX (Beckman Coulter). 

;.ͽ.ͻͻ Statistical Analysis 

Statistical analyses were performed using GraphPad Prism Version ΂.;.ͽ with 

two-sided P-values < ͺ.ͺͿ considered significant. Normality of data distributions 

were assessed using Shapiro-Wilk test. Significance in correlations were assessed 

using Spearman's rank correlation coefficient. Differences in means with standard 

deviation (SD) or medians with interquartile range (IQR, calculated as IQR  =  Qͽ − 

Qͻ) between groups were compared by one-way ANOVA, Student’s t or Mann-

Whitney U-test as appropriate based on normality of data distribution. For paired 

analyses, Student’s paired t-test was used when data were normally distributed, and 

non-parametric Wilcoxon signed rank test otherwise. 

;.ͽ.ͻͼ Figures 

Adobe Illustrator ͼ;.ͻ.ͻ was used to construct figures and illustrations were 

created using BioRender.com.  
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;.; Results 

;.;.ͻ TIGIT Expression on Immune cells from Newborns, HIV-Seronegative 

Persons and PLWH 

Widespread expression of TIGIT on immune cells makes it an attractive 

potential target to incorporate into HIV-ͻ treatment strategies. We applied an 

immune cell phenotyping panel to determine the extent TIGIT was expressed on 

immune cell subsets of ΃Ϳ PLWH attending the Provincial HIV Clinic in St. John’s, 

Newfoundland and Labrador. All participants were receiving cART and our selection 

was representative of the Provincial HIV Cohort of ͻ΂΂ individuals (ͼͺͻ΃). Their 

general demographics are outlined in Table ;.ͻ and our flow cytometry gating 

strategy is depicted in Figure ;.ͻ A. TIGIT was moderately expressed on CD;pos T 

cells [median (IQR) ͼͼ.ͺ% (΃.;%)] and to a greater extent on both CD΂pos T cells 

[;;.΃% (ͼͻ.ͽ%)] and NK cells [΁ͽ.΀% (ͻ΂.ͼ%); Figure ;.ͻ B]. To address the 

significance of TIGIT expression on these immune cell subsets and evaluate whether 

levels relate to HIV-ͻ, ‘immune experience’ or other chronic viral infections, we also 

analysed nascent immune cells (CBMC, n = ͻͿ) and PBMC from a cohort of HIV-

seronegative individuals (n = ͼ΀). The latter group was matched to the PLWH cohort 

for age, sex and HCMV serostatus (Table ;.ͻ).  
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Table ;.ͻ| General Cohort Demographics 

 

Comparison of TIGIT expression on CD;pos T cells (Figure ;.ͻ C), CD΂pos T 

cells (Figure ;.ͻ D) and NK cells (Figure ;.ͻ E) between the three groups indicated 

significantly higher frequency TIGIT expression on CD;pos T cells of PLWH than on 

either nascent CD;pos T cells or those from HIV-seronegative participants (Figure 

;.ͻ C). General aging/immune experience also elevates TIGIT levels on CD΂pos T 

cells from HIV-seronegative individuals in comparison to CBMC (Figure ;.ͻ D). 

However, there was no significant difference in TIGIT expression on CD΂pos T cells 

from cART-treated PLWH and the age-matched HIV-seronegative group (Figure ;.ͻ 

D). In contrast, TIGIT expression was elevated on NK cells from PLWH compared 

with the NK cells of both nascent controls and the matched HIV-seronegative 

participants (Figure ;.ͻ E). Although TIGIT expression on T cells from HIV-

seronegative adults was elevated compared to cord blood T cells, there was no 

significant difference in TIGIT expression between cord blood NK cells and NK cells 

from HIV-seronegative adults (Figure ;.ͻ E). 
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Figure ;.ͻ | TIGIT expression on immune cell subsets from cord blood and peripheral blood 
of PLWH and HIV-seronegative adults 

(A) Quality of flow cytometry data acquisition was monitored by side scatter over time. Lymphocytes 
were identified by scatter characteristics and doublet exclusion. T cells were identified as CDͽpos 
lymphocytes and distinguished by either CD; or CD΂ expression and NK cells were CDͽnegCDͿ΀pos 
lymphocytes. Subsets of CD;pos T cells, CD΂pos T cells and NK cells were further demarcated by TIGIT 
and CDͿ΁ expression, CD;pos T cells were analyzed for PVR expression and NK cells for NKGͼC and 
CDͿ΁ expression. (B) Compiled TIGIT expression levels on CD;pos T cells, CD΂pos T cells and NK cells 
from PLWH (n = ΃Ϳ). Friedman Test ****P < ͺ.ͺͺͺͻ. Expression of TIGIT on (C) CD;pos T cells, (D) 
CD΂pos T cells and (E) NK cells from nascent (CB, n = ͻͿ), HIV-seronegative (HIVneg, n = ͼ΀) and 
PLWH (n = ΃Ϳ) was compared. Kruskal Wallis test *P = ͺ.ͺ;ͺ΂ **P = ͺ.ͺͺ΂ͼ ***P = ͺ.ͺͺͺ΂ ****P < 
ͺ.ͺͺͺͻ. Horizontal lines bisecting groups represent median with IQR.  
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;.;.ͼ Contribution of HIV-ͻ and HCMV to CD;pos T cell, CD΂pos T cell and NK 

cell TIGIT Expression 

To further determine how increased levels of TIGIT relate to HIV-ͻ infection, 

we assessed correlation between TIGIT expression on each immune cell subtype and 

CD;pos T cell nadir, a marker for the historical extent of HIV-ͻ disease progression. 

Many participants with lower nadir CD;pos T cell counts had higher levels of TIGIT 

expression on both CD;pos T cells (Figure ;.ͼ A) and CD΂pos T cells (Figure ;.ͼ B). 

Although significant, these correlations were relatively weak, and in some instances, 

participants with high historical CD;pos T cell counts had large fractions of CD;pos T 

cells or CD΂pos T cells expressing TIGIT. In contrast, and despite TIGIT being 

elevated on NK cells from PLWH, there was no significant correlation between NK 

cell TIGIT expression and CD;pos T cell nadir (Figure ;.ͼ C). Although chronic HIV-

ͻ seems to contribute to increased levels of TIGIT on CD;pos T cells and both CD;pos 

T cell and CD΂pos T cell TIGIT expression correlates with HIV-ͻ disease progression, 

other co-factors appear to drive elevated NK cell TIGIT expression in PLWH. 
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Figure ;.ͼ | TIGIT expression on immune cell subsets and impact of HIV-ͻ and HCMV 
infection 

Correlation of TIGIT expression levels on (A) CD;pos T cells, (B) CD΂pos T cells and (C) NK cells with 
CD;pos T cell nadir was evaluated for the PLWH cohort (n = ΃Ϳ) to gauge linkage with HIV-ͻ disease 
progression. The extent of TIGIT expression on NK cells was plotted against the percentage of NK 
cells that were (D) CDͿ΁posNKGͼCpos (n = ΃Ϳ) or (E) FcRγneg (n = Ϳͺ) and correlation assessed. 
Individuals within the (F) PLWH or (G) HIV-seronegative cohort were grouped based on HCMV 
serostatus and NK cell TIGIT expression for those who were HCMV-seronegative (PLWH n = ͻ΂; 
HIV-seronegative n = Ϳ) was compared to those who were HCMV-seropositive (PLWH n = ΁΁; HIV-
seronegative n = ͼͻ). Mann Whitney test *P = ͺ.ͺͼͿ΀. (H) Six additional HCMV-seronegative 
individuals were included for more robust comparison of TIGIT expression on NK cells from HCMV-
seronegative (n = ͻͻ) and HCMV-seropositive (n = ͼͻ) HIV-seronegative individuals. HCMV-
seronegative individuals were ΀;% male with mean age of ;΃.ͽ years, whereas HCMV-seropositive 
individuals were ΁ͽ% male with mean age of Ϳͼ.ͺ years. Student’s t-test ns. The HCMV serostatus of 
PLWH was determined and (I) CD;pos T cell or (J) CD΂pos T cell TIGIT expression for those who were 
HCMV-seronegative (n = ͻ΂) was compared to those who were HCMV-seropositive (n = ΁΁). Mann 
Whitney test P = ͺ.ͺ΀ͼ΁; Student’s t-test ns. Horizontal lines bisecting groups in (F – J) represent 
median with IQR.  
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Given the high worldwide prevalence of PLWH coinfected with HCMV and 

considering ΂ͻ% of the PLWH in this study were HCMV-seropositive, we 

investigated whether known markers of NK cell adaptation to HCMV infection 

related to TIGIT expression. TIGIT was expressed at higher levels on CDͿ΁pos 

NKGͼCpos NK cells (Figure ;.ͼ D) and on NK cells lacking FcRγ in PLWH (Figure ;.ͼ 

E) [ͼ;;]. In addition, a higher percentage of NK cells expressed TIGIT in HCMV-

seropositive compared to HCMV-seronegative PLWH (Figure ;.ͼ F). There was no 

significant difference in NK cell TIGIT expression between those who were HCMV-

seronegative vs HCMV-seropositive within either the HIV-seronegative cohort 

(Figure ;.ͼ G) or a group of age- and sex-matched HIV-seronegative participants 

that included more HCMV-seronegative individuals (Figure ;.ͼ H). In contrast to 

NK cells, the HCMV serostatus of PLWH had no impact on CD;pos T cell (Figure ;.ͼ 

I) or CD΂pos T cell (Figure ;.ͼ J) TIGIT expression. The proclivity of HCMV infection 

to accentuate inflammation and immune dysfunction in PLWH may be a co-factor 

driving increased levels of TIGIT expression on NK cells of PLWH. 

;.;.ͽ PVR Expression on Circulating CD;pos T cells from PLWH 

Interaction between TIGIT and its ligands inhibits immune cell activation. 

Since TIGIT expression is dysregulated in PLWH, we assessed expression of PVR, the 

predominant ligand for TIGIT, on CD;pos T cells within each study group and 

compared levels between groups. PVR was present at low levels on resting peripheral 
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blood CD;pos T cells, with higher expression on CD;pos T cells from PLWH compared 

to other groups (Figure ;.ͽ A) [ͼ;ͻ]. There was no significant difference in PVR 

expression on CD;pos T cells between the nascent and age-matched HIV-

seronegative groups (Figure ;.ͽ A). PLWH who had a higher frequency of CD;pos T 

cells expressing PVR generally had lower historical CD;pos T cell counts (CD; nadir), 

linking HIV-ͻ disease progression with frequency of circulating CD;pos T cells 

expressing PVR (Figure ;.ͽ B) [ͼ;ͽ]. Mirroring the increased TIGIT expression on 

NK cells from HCMV-seropositive PLWH noted in Figure ;.ͼ F, CD;pos T cells from 

HCMV-seropositive PLWH expressed higher levels of PVR than the CD;pos T cells of 

their HCMV-seronegative counterparts (Figure ;.ͽ C). Although CD;pos T cell PVR 

expression directly correlated with the extent to which TIGIT was expressed on 

CD;pos T cells (Figure ;.ͽ D), we did not see similar associations between elevated 

numbers of PVRpos CD;pos T cells and either TIGITpos CD΂pos T cells (Figure ;.ͽ E) or 

TIGITpos NK cells (Figure ;.ͽ F). These data shape a perspective that progression of 

HIV-ͻ infection contributes to TIGIT expression on CD;pos T cells, that elevated 

CD΂pos T cell TIGIT can return to similar levels as in HIV-seronegative individuals 

with effective treatment and that other factors underlie increased TIGIT expression 

on NK cells from PLWH [ͼ;ͻ]. 
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Figure ;.ͽ| PVR expression on circulating CD;pos T cells from PLWH and HIV-seronegative 
controls 

(A) The extent of PVR expression on CD;pos T cells from newborns (CB), HIV-seronegative (HIVneg) 
adults or PLWH was measured and compared. Kruskal Wallis test ****P < ͺ.ͺͺͺͻ. (B) Correlation 
between PVR expression on CD;pos T cells from PLWH (n = ΃Ϳ) and HIV-ͻ disease progression (CD; 
nadir) was assessed and (C) expression of PVR on CD;pos T cells from HCMV-seronegative (n = ͻ΂) 
or HCMV-seropositive (n = ΁΁) PLWH contrasted. Mann Whitney test *P = ͺ.ͺͼ΃ͺ. Correlation 
between CD;pos T cell PVR expression and percentage of (D) CD;pos T cell TIGIT, (E) CD΂pos T cell 
TIGIT and (F) NK cell TIGIT expression is depicted. Horizontal lines bisecting groups in (A) and (C) 
represent median with IQR. 

 
 

;.;.; Effect of TIGIT Blockade on NK cell Cytotoxicity Against Conventional 

Targets 

TIGIT is widely expressed on multiple immune cell subsets and has a role in 

regulating their function [΁ͺ-΁Ϳ], yet limited information on its functional role in 

the context of HIV-ͻ infection exists and interpretation of that which is available 

differs [ͼ;ͻ, ͼ;ͽ, ͼ;;]. To investigate cytotoxic activity of NK cells from PLWH in 

the context of TIGIT expression, we selected a subset (n = ͼ΀) of the PLWH cohort 
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(n = ΃Ϳ) for functional experiments. These representative individuals were selected 

based on age, sex, HCMV serostatus, years of HIV-ͻ infection and CD;pos T cell nadir 

(Table ;.ͼ). All participants were on cART, however, samples from two individuals 

used for functional studies were collected when they had detectable viral loads (> ;ͺ 

copies HIV-ͻ RNA/mL blood). We considered NK cell TIGIT expression in the 

selection to ensure the range of TIGIT expression within the entire cohort (Figure 

;.ͻ B; range ;ͽ.΂ – ΂΃.΁%) was represented within the functionally studied group 

(Figure ;.; A, range ;΃.΂ – ΃ͺ.ͺ%). PLWH with hepatitis B virus (HBV) or hepatitis 

C virus (HCV) coinfection, HCMV-seropositive participants with no functional 

NKGͼC gene (NKGͼCnull) and PLWH with < ͻͺ% baseline NK cell cytotoxicity 

against conventional KͿ΀ͼ target cells were excluded from functional studies. 

 

Table ;.ͼ| Characteristics of PLWH Included in Functional Studies 

 

To measure the effect of TIGIT engagement on NK cell cytotoxicity, we 

sensitized IgG Fc receptor (FcR)-expressing P΂ͻͿ cells for redirected NK cell lysis 

using monoclonal anti-CDͻ΀ antibody (Figure ;.; B, right panel). In most cases, 
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engagement of TIGIT decreased NK cell activity against P΂ͻͿ cells, independent of 

donor HCMV infection status (Figure ;.; B, left panel). Having established that 

engaging TIGIT inhibited NK cell CDͻ΀-mediated cytotoxicity for a large fraction of 

the subcohort, we tested whether preventing TIGIT:ligand interactions increased 

NK cell natural cytotoxicity (Figure ;.; C, right panel). The KͿ΀ͼ cell line is a 

conventional NK cell target that expresses high levels of PVR [ͽͻ΃]. Natural 

cytotoxicity receptor-mediated killing was generally more robust than CDͻ΀-

directed P΂ͻͿ lysis and preventing TIGIT:PVR interactions increased NK cell natural 

cytotoxicity by a mean ± SD of ͻͿ.΀ ± ͻͻ.΃% (Figure ;.; C, left panel). 
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Figure ;.; | Impact of TIGIT engagement on NK cell CDͻ΀-mediated and natural cytotoxicity 

(A) The range of TIGIT expression on NK cells (;΃.΂ – ΃ͺ.ͺ%) from PLWH selected for functional 
studies is depicted [median (IQR) ΁΀.΀% (ͻ΃.΀%)]. (B) NK cells were triggered to lyse P΂ͻͿ cells using 
anti-CDͻ΀ and the overall effect of NK cell TIGIT crosslinking was measured using IgGͻ isotype 
control (not depicted) or anti-TIGIT (represented by the yellow antibody). Percent specific lysis of 
P΂ͻͿ cells mediated through CDͻ΀ with either IgGͻ or anti-TIGIT was compared. Wilcoxon signed-
rank test *P = ͺ.ͺͽͿͻ. (C) NK cells were pretreated with anti-TIGIT to prevent interaction with PVR 
on KͿ΀ͼ cells and lysis was measured and compared to lysis mediated by NK cells pretreated with 
IgGͻ. Student’s paired t-test ****P < ͺ.ͺͺͺͻ. (D) Individuals were grouped based on HCMV serostatus 
and percent increase in cytotoxicity of NK cells against KͿ΀ͼ targets in the presence of anti-TIGIT vs 
IgGͻ was calculated from raw data in (C). Mann–Whitney U-test *P = ͺ.ͺͽͺ΃. For all graphs, filled 
symbols represent HCMV-seronegative (n = ͻͺ) participants while open symbols depict HCMV-
seropositive participants (n = ͻ΀). Horizontal lines bisecting groups in (A) and (D) represent median 
with IQR. 

 
 
Although NK cells from both the HCMV-seronegative and seropositive 

groups responded to TIGIT blockade, the median (IQR) percent increase in natural 

cytotoxicity was greater for HCMV-seropositive [ͻ΁.;% (ͻ΁.΃%)] than HCMV-

seronegative [΂.ͼ% (΃.ͺ%)] individuals (Figure ;.; D). This functional impact aligns 
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with the observation of higher NK cell TIGIT expression levels in HCMV-

seropositive individuals within the greater PLWH cohort (Figure ;.ͼ F). Within this 

subset of PLWH, the absolute increase in natural cytotoxicity in response to TIGIT 

blockade directly related to the extent of TIGIT expression on NK cells (Figure ;.; 

E). 

;.;.Ϳ HIV-ͻ Infection of PVR-Expressing CEM.NKR-CCRͿ cells 

After demonstrating that TIGIT engagement negatively impacted NK cell 

cytotoxicity through CDͻ΀ and that NK cell natural cytotoxicity is increased by 

blocking TIGIT:PVR interactions, we next determined the impact of TIGIT:PVR 

interaction on NK cell-mediated killing of HIV-ͻ-infected cells. To do so, we 

transduced PVR into HIV-ͻ-permissive CCRͿ-expressing CEM.NKR (CEM.NKR-

CCRͿ PVRpos) cells (Figure ;.Ϳ A), as they are resistant to NK cell-mediated lysis and 

constitutively express very low levels of CDͻͻͼ [ͽͻͿ, ͽͻ΁, ͽͻ΃]. Both the parental 

and PVR-transduced CEM.NKR-CCRͿ cell lines were permissive for HIV-ͻ Aͻ΁ 

infection and were infected at comparable levels based on intracellular pͼ; (Figure 

;.Ϳ B) and surface gpͻͼͺ (Figure ;.Ϳ C) detection ΃΀ h post infection. During this 

time period, surface PVR mean fluorescence intensity (MFI) increased on CEM.NKR-

CCRͿ PVRpos cells from ͽͼ,΁ͽ΃ ± ͽ,ͽͻ΂ on uninfected cells to ͻͺ΃,΁ͽ΀ ± ͽ΀,;ͺ΃ for 

HIV-ͻ Aͻ΁ infected cells, indicating that in vitro HIV-ͻ infection has a profound 

effect on PVR expression of this CD;pos T cell line (Figure ;.Ϳ D) [ͼͿ;]. To determine 



  ͱͲ͹  

  

whether TIGIT has an impact on NK cell cytotoxicity in this setting, we used 

uninfected and HIV-ͻ Aͻ΁-infected parental and PVR-transduced CEM.NKR-CCRͿ 

cell lines in tandem as targets for HIV-ͻ-specific cytotoxicity experiments. 

 

Figure ;.Ϳ | PVR and HIV-ͻ antigen expression on CEM.NKR-CCRͿ cells 

Representative histograms from five independent experiments demonstrate (A) expression of PVR 
[median (IQR) ΃ͼ.ͽ% (Ϳ.ͻ%)] on CEM.NKR-CCRͿ PVRpos (CEM.PVR) cells and relative levels of HIV-
ͻ (B) pͼ; and (C) gpͻͼͺ on CEM.NKR-CCRͿ (CEM) and CEM.PVR cells ΃΀ h after HIV-ͻ Aͻ΁ 
infection. The impact of active HIV-ͻ infection on PVR expression was measured and (D) 
summarized based on MFI of PVR expression (n = Ϳ) on uninfected CEM.PVR cells compared to 
CEM.PVR cells infected with HIV-ͻ Aͻ΁ for ΃΀ h. Student’s t-test **P = ͺ.ͺͺͻͿ. Error bars in (D) 
represent SD.  
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;.;.΀ TIGIT Blockade Augments HIV-ͻ-Specific NK cell Natural Cytotoxicity 

Despite their natural resistance to NK cell-based killing, CEM.NKR-CCRͿ 

cells infected with HIV-ͻ Aͻ΁ became modestly susceptible to NK cell natural 

cytotoxicity (Figure ;.΀ A, dataset one and two). Introducing PVR rendered 

uninfected CEM.NKR-CCRͿ targets marginally susceptible to NK cell lysis as we 

noted slightly increased natural cytotoxicity against these cells compared to the 

parental line (Figure ;.΀ A, dataset one and three). PVR expression also facilitated 

higher natural killing of HIV-ͻ Aͻ΁-infected CEM.NKR-CCRͿ PVRpos targets than of 

the CEM.NKR-CCRͿ cells not expressing PVR (Figure ;.΀ A, dataset two and four) 

or the uninfected CEM.NKR-CCRͿ PVRpos targets (Figure ;.΀ A, dataset three and 

four), likely through NK cell DNAM-ͻ:PVR interactions [ͽͼͺ]. As productive HIV-ͻ 

infection inflates cell surface PVR expression (Figure ;.Ϳ D) [ͼͿ;], the increased 

killing noted for the PVR-transduced CEM.NKR-CCRͿ cells infected with HIV-ͻ Aͻ΁ 

in Figure ;.΀ A may partly reflect an HIV-ͻ-dependent increase in PVR levels. 

Blocking NK cell TIGIT receptors increased natural cytotoxicity against HIV-ͻ Aͻ΁-

infected CEM.NKR-CCRͿ target cells expressing PVR (Figure ;.΀ B), but had no 

effect on NK cell activity against infected parental CEM.NKR-CCRͿ, indicating that 

the ligand for TIGIT must be expressed for inhibition to occur and for anti-TIGIT 

mAb blockade to be effective. This supports the notion that PVR is the major 

inhibitory ligand for TIGIT expressed on these target cells and that its expression 

can modulate NK cell cytotoxicity against uninfected and HIV-ͻ-infected targets. 
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Figure ;.΀ | Impact of TIGIT blockade on natural and antibody-dependent NK cell-mediated 
cytotoxicity 

Cytotoxicity experiments were performed over Ϳ h with PBMC from PLWH and uninfected or HIV-
ͻ Aͻ΁-infected CEM.NKR-CCRͿ or CEM.NKR-CCRͿ PVRpos target cells. (A) Natural cytotoxicity 
(NC) in the absence (-) or presence (+) of PVR was measured against uninfected (-) or HIV-ͻ infected 
(+) targets. One-way ANOVA with Tukey’s multiple comparison **P = ͺ.ͺͺ΁ͻ ***P = ͺ.ͺͺͺ΀ ****P < 
ͺ.ͺͺͺͻ. (B) PBMC preincubated with control IgGͻ or anti-TIGIT mAb were tested for NK cell-
mediated killing against HIV-ͻ Aͻ΁-infected CEM.NKR-CCRͿ or CEM.NKR-CCRͿ PVRpos targets. 
Non-parametric ANOVA with Dunn’s multiple comparison *P = ͺ.ͺͻͿ΂ **P = ͺ.ͺͺͽͿ ****P < ͺ.ͺͺͺͻ. 
(C) Control IgG or HIVIG was used to elicit ADCC against HIV-ͻ Aͻ΁-infected targets with or without 
PVR and cytotoxicity was measured. Non-parametric ANOVA with Dunn’s multiple comparison *P 
= ͺ.ͺͻͿ΂ **P = ͺ.ͺͺͻ΀ ***P = ͺ.ͺͺͺͼ ****P < ͺ.ͺͺͺͻ. (D) PBMC were pretreated with control IgGͻ or 
anti-TIGIT mAb and the effect of TIGIT blockade on NK cell HIV-ͻ-specific ADCC was measured 
against HIV-ͻ Aͻ΁-infected CEM.NKR-CCRͿ or CEM.NKR-CCRͿ PVRpos cells in the presence of 
HIVIG. Non-parametric ANOVA with Dunn’s multiple comparison **P = ͺ.ͺͺ΁΀ ****P < ͺ.ͺͺͺͻ. For 
all graphs, filled symbols represent HCMV-seronegative (n = ͻͺ) participants while open symbols 
depict HCMV-seropositive participants (n = ͻ΀). Horizontal lines bisecting groups represent median 
with IQR. 

 
 

;.;.΁ TIGIT Blockade Increases HIV-ͻ-Specific NK cell ADCC 

Data in Figure ;.; B indicate that TIGIT engagement negatively impacted 

CDͻ΀ signaling. We also noted positive correlation between expression of NK cell 

TIGIT and markers of NK cell adaptation to HCMV (Figure ;.ͼ D, E). Despite the 

relationship between HCMV infection and loss of FcRγ subunits, the implications 

for NK cell cytotoxicity triggered through CDͻ΀ are unclear [ͻͿ΂, ͻͿ΃, ͻ΀ͻ, ͻ΀ͼ, 
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ͼ΁ͻ, ͼ΃ͻ], therefore, we examined the impact of TIGIT blockade on HIV-ͻ-specific 

NK cell cytotoxicity triggered specifically through CDͻ΀ receptors. To accomplish 

this, we focussed NK cells onto HIV-ͻ Aͻ΁-infected CEM.NKR-CCRͿ or CEM.NKR-

CCRͿ PVRpos cells using a standard pooled polyclonal anti-HIV Ig preparation from 

PLWH (HIVIG) or pooled Ig from HIV-seronegative individuals (IgG) as control. For 

both cell lines, HIVIG elicited NK cell-mediated ADCC against HIV-ͻ Aͻ΁-infected 

targets compared to control IgG (Figure ;.΀ C) and robust HIV-ͻ-specific ADCC 

occurred independent of PVR expression (Figure ;.΀ C, dataset two and four). TIGIT 

blockade increased HIV-ͻ-specific ADCC responses against infected target cells 

expressing PVR, but not against target cells that did not express PVR (Figure ;.΀ D). 

This again illustrates the selective benefit of TIGIT blockade when target cells, such 

as HIV-ͻ-infected CD;pos T cells, express PVR. 

Another inhibitory receptor expressed by NK cells, KIRͼDLͿ, also selectively 

interacts with PVR [΂΂, ͽͼͻ]. We measured the percentage of NK cells expressing 

KIRͼDLͿ to determine whether there was any association between NK cell KIRͼDLͿ 

and TIGIT expression or whether the percentage of NK cells expressing KIRͼDLͿ 

related to the impact of TIGIT blockade on individual functional responses. 

Approximately ͼͿ% (n = ΁) of PLWH in the functionally studied cohort expressed 

KIRͼDLͿ on their NK cells with a wide range of frequency (ͼ.΁ – ͼͽ.ͺ%; Figure ;.΁ 

A, B). Within these experimental constraints and cohort studied, KIRͼDLͿ and 
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TIGIT expression were not linked (Figure ;.΁ C) and KIRͼDLͿ expression had no 

bearing on NK cell cytotoxicity in response to TIGIT blockade (Figure ;.΁ D). 

 
 

 

Figure ;.΁| Expression of NK cell KIRͼDLͿ within the functionally studied PLWH cohort 

(A) NK cells were defined as CDͽnegCDͿ΀pos singlet lymphocytes and KIRͼDLͿpos NK cells identified. 
(B) Summary data of NK cell KIRͼDLͿ expression for PLWH within the functionally studied cohort. 
Correlations between the percentage of NK cells expressing KIRͼDLͿ and (C) TIGIT or (D) absolute 
increase in % specific lysis (raw data from Figure ;.; C) in the presence of anti-TIGIT mAb vs IgGͻ 
are depicted. For all graphs, filled symbols represent HCMV-seronegative (n = ͻͺ) participants while 
open symbols depict HCMV-seropositive participants (n = ͻ΀). Horizontal lines bisecting the group 
in (B) represent median with IQR.  
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;.;.΂ TIGIT Blockade Increases HIV-ͻ-Specific NK cell Cytotoxicity Against 

Autologous CD;pos T cells 

Whether in vitro disruption of NK cell TIGIT:PVR interactions can translate 

in vivo to strengthen NK cell activity against HIV-ͻ is the key issue for evaluating the 

immunotherapeutic potential of TIGIT blockade in PLWH. Our data demonstrate 

TIGIT blockade is effective when target cells express PVR, thus, for anti-TIGIT mAb 

to have a meaningful impact on NK cell cytotoxicity against HIV-ͻ in vivo, CD;pos T 

cells harbouring HIV-ͻ must express PVR. In PLWH, circulating CD;pos T cells 

express PVR (Figure ;.ͽ A)[ͼ;ͽ] and it is expressed to a greater extent on CD;pos T 

cells in lymph nodes, the major compartment for HIV-ͻ reservoirs [ͼ;ͻ, ͼͿͿ, ͼͿ΀, 

ͽͼͼ]. Cell cycle activation induces PVR on primary CD;pos T cells from both HIV-

seronegative individuals and PLWH [ͼ;ͼ, ͼ;΂]. To determine whether PVR was 

induced on ex vivo CD;pos T cells supporting HIV-ͻ replication, we depleted CD΂pos 

T cells from PBMC of PLWH (CD΂dep PBMC) and, to control for exogenous factors 

modulating PVR expression, cultured otherwise unstimulated CD΂dep PBMC in 

interleukin (IL)-ͼ and measured intracellular CD;pos T cell HIV-ͻ pͼ; (Figure ;.΂ A) 

and surface PVR expression on HIV-ͻ pͼ;pos (Figure ;.΂ B) and HIV-ͻ pͼ;neg cells 

(Figure ;.΂ C). Data was included for analysis when pͼ; expression was detected on 

> ͻ,Ϳͺͺ cells within the CD;pos T cell gate. With this protocol, ΃.΂ ± ͽ.΃% (mean ± 

SD) of CD;pos T cells expressed pͼ; (Figure ;.΂ D, left axis) with ΁;.΂ ± ͼͺ.ͻ% (mean 

± SD) of this fraction being PVRpos (Figure ;.΂ D, right axis). In stark contrast, only 
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ͺ.ͽ ± ͺ.;% (mean ± SD) of CD;pos T cells not expressing pͼ; (Figure ;.΂ C) were 

PVRpos (Figure ;.΂ D, right axis). Therefore, PVR expression is highly enriched on ex 

vivo CD;pos T cells reactivated to express endogenous HIV-ͻ compared to uninfected 

CD;pos T cells. 

Figure ;.΂| Effect of TIGIT blockade on HIV-ͻ-specific NK cell and CD΂pos T cell activation and 
elimination of endogenously infected PVR-expressing CD;pos T cells ex vivo 

(A) PBMC from PLWH were depleted of CD΂pos T cells, treated with IL-ͼ and assessed for HIV-ͻ 
infection by pͼ; expression. Representative plots depict initial gating on CDͽposCD;posCD΂dep 
lymphocytes and determination of the percentage of PVR expression for (B) pͼ;pos or (C) pͼ;neg cells. 
(D) Summary data as in (A – C) from ͻͺ individuals. The left axis depicts percentage of CD;pos T cells 
that were pͼ;pos ΁ͼ – ͻ;; h after CD΂pos T cell depletion and the right axis represents percentage of 
PVR expressing cells in either the pͼ;pos or pͼ;neg CD;pos T cell populations. ANOVA with Tukey’s 
multiple comparison ***P = ͺ.ͺͺͺͻ. Error bars in (D) represent median with IQR. Following ΁ͼh 
PHA-P activation of PBMC, (E, F) loss of pͼ;posPVRposCD;pos T cells or (G, H) NK cell and (I, J) CD΂pos 
T cell degranulation was evaluated ͼ; h after treatment with either IgGͻ or anti-TIGIT mAb in the 
presence of anti-HIV-ͻ antibodies. Histogram plots for each analysis are depicted in (E, G, I) with 
data summarized for ͻͺ participants in (F, H, J). Degranulation was assessed after gating on 
lymphocytes and enumerating CDͻͺ΁a expressing cells in either CDͽnegCDͿ΀pos (NK cell) or 
CDͽposCD΂pos (CD΂pos T cell) populations. P-value in (F, H, J) was calculated using Student’s paired 
t-test **P = ͺ.ͺͺͽ; ***P = ͺ.ͺͺͺ΁.  
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Although allowing CD΂dep PBMC from PLWH to ‘spontaneously’ express 

HIV-ͻ pͼ; permitted detection of selective PVR expression on pͼ;pos CD;pos T cells, 

it did not result in sufficient expression of antigen to measure autologous HIV-ͻ-

specific killing. Thus, added stimulus with the mitogenic lectin PHA-P was required 

to reactivate endogenous HIV-ͻ within CD;pos T cells and allow spread to sufficient 

levels to measure autologous HIV-ͻ-specific NK cell and CD΂pos T cell responses 

from whole PBMC cultures. HIV-ͻ pͼ; was detected on ;ͺ.ͽ ± ͼͻ.΂% (mean ± SD) 

of PVRpos CD;pos T cell fractions (Figure ;.΂ E and summarized in Figure ;.΂ F). 

Addition of HIV-ͻ-specific antibodies to induce ADCC with inclusion of anti-TIGIT 

mAb increased NK cell antibody dependent activation (Figure ;.΂ G and 

summarized in Figure ;.΂ H) and decreased the survival of pͼ;pos PVRpos CD;pos T 

cells compared to control conditions (Figure ;.΂ E, F). Increased HIV-ͻ-specific 

CD΂pos T cell degranulation against autologous CD;pos T cells reactivated to express 

endogenous HIV-ͻ in the presence of anti-TIGIT mAb was noted for some 

individuals, however, overall CD΂pos T cell degranulation was not significantly 

affected under these conditions (Figure ;.΂ I and summarized in Figure ;.΂ J). These 

data demonstrating ex vivo elimination of autologous pͼ;-expressing targets 

corroborate in vitro data using cell lines overexpressing PVR and suggest that anti-

TIGIT mAb treatment is a rational approach to augment NK cell lysis of HIV-ͻ 

infected targets in vivo. 
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;.Ϳ Discussion 

An important role for TIGIT in regulating immune responses was 

demonstrated in recent studies [ͼ;ͺ, ͼ;ͻ, ͼ;ͽ, ͼ;;]. The breadth of TIGIT 

expression on different lymphocyte subsets, together with increased expression of 

its ligand, PVR, on CD;pos T cells infected with HIV-ͻ, combine to create a 

compelling target for checkpoint inhibition in PLWH. Several studies reported 

altered regulation of TIGIT expression levels in PLWH and showed that TIGIT 

modulates the function of immune effector cells, including HIV-ͻ-specific CD΂pos T 

cells [ͼ;ͻ, ͼ;ͽ, ͼ;;, ͽͼͽ]. However, questions remain as to what factors underlie 

increased TIGIT expression on different immune cell subsets and what impact TIGIT 

expression has on effector cell functions in different contexts. We studied TIGIT 

expression on the immune cell subsets of over ΃ͺ PLWH and focused functional 

studies on NK cells from a representative subset. Our data indicate that upregulation 

of TIGIT on different immune cell subsets relates to distinct factors and that 

blockade of NK cell TIGIT interaction with PVR consistently increases natural 

cytotoxicity and ADCC against HIV-ͻ-infected and other target cells. 

In PLWH with chronic infection, TIGIT was expressed to the greatest extent 

on NK cells, followed by CD΂pos T cells and CD;pos T cells. Compared to age-matched 

HIV-seronegative controls, TIGIT expression in PLWH was elevated on NK cells and 

CD;pos T cells, but not on CD΂pos T cells. Expression of TIGIT on CD;pos T cells 

increases with age/immune experience and further increases with chronic HIV-ͻ 
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infection, despite cART. Considering the mean duration of HIV-ͻ infection (ͻͿ.΂ ± 

ͻͺ.ͽ years) for the PLWH cohort, our data indicates that levels of TIGIT on CD΂pos 

T cells of cART-treated PLWH return to similar levels as expressed by age-matched 

HIV-seronegative individuals. There was very little TIGIT expression on T cells in 

CBMC, however, TIGIT was expressed on a substantial proportion of cord blood NK 

cells, albeit at a lower frequency than on NK cells from PLWH. This indicates that 

TIGIT expression occurs as a natural aspect of NK cell ontogeny, while its expression 

on T cells reflects post-developmental aspects of T cell maturation. Levels of TIGIT 

on both CD;pos and CD΂pos T cells of PLWH correlated with extent of HIV-ͻ disease 

progression as defined by CD;pos T cell nadir. Although several other studies 

associated elevated NK cell TIGIT expression with correlates of HIV-ͻ disease 

progression [ͼ;ͺ, ͼ;ͻ, ͼ;ͽ, ͼ;;], we found that the frequency of TIGIT expression 

on NK cells of PLWH correlated with the extent of NK cell adaptation to HCMV 

infection as indicated by loss of FcRγ or increased expression of NKGͼC and CDͿ΁. 

The influence of HCMV infection was also illustrated in functional 

modulation of NK cells by TIGIT engagement. Experiments using P΂ͻͿ and KͿ΀ͼ 

NK cell targets verified the influence of TIGIT engagement on NK cell cytotoxicity. 

Engaging NK cell TIGIT compromised signaling through CDͻ΀ and blocking 

TIGIT:PVR interaction effectively augmented NK cell natural cytotoxicity. The NK 

cells from HCMV-seropositive PLWH with higher levels of TIGIT expression had 

larger increases in NK cell cytotoxicity in the presence of anti-TIGIT mAb compared 
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to NK cells from the HCMV-seronegative group. Considering the caustic association 

between HIV-ͻ and HCMV infection and the reciprocal role each virus has 

contributing to the others’ reactivation, the higher prevalence of TIGITpos NK cells 

in PLWH compared to the HIV-seronegative group could reasonably be attributed 

to more frequent HCMV reactivation in PLWH. This possibility is consistent with 

the exaggerated extent of both HCMV-specific CD΂pos T cell memory inflation and 

NK cell adaptation to HCMV infection reported in PLWH [ͼͺ;, ͽͼ;]. Just as an 

increase in the rate of NK cell adaptation to HCMV is accelerated by HIV-ͻ infection, 

so too may be the rate of NK cell TIGIT accumulation. These results underscore the 

need to consider HCMV coinfection in the context of NK cell studies with PLWH. 

Most relevant to enhancing immune-mediated strategies to address the HIV-

ͻ reservoir in PLWH, we demonstrated that TIGIT blockade increases NK cell 

cytotoxicity and degranulation in response to HIV-ͻ-infected CD;pos T cells in vitro 

and ex vivo. Transduction of an HIV-ͻ-permissive CD;pos T cell line with PVR 

showed that the increase in NK cell cytotoxicity induced by TIGIT blockade was 

dependent upon target cell PVR expression. We further showed that reactivation of 

HIV-ͻ in CD;pos T cells from PLWH selectively increased PVR expression on infected 

cells, rendered infected cells susceptible to NK cell-mediated ADCC and that TIGIT 

blockade increased NK cell degranulation in response to HIV-ͻ-bearing autologous 

target cells. Moreover, the reduction in HIV-ͻ antigen positive PVRpos CD;pos T cells 

in anti-TIGIT mAb conditions compared to control demonstrated accelerated 
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elimination of HIV-ͻpos cells by NK cells. KIRͼDLͿ is another inhibitory receptor 

expressed by NK cells and CD΂pos T cells capable of binding PVR independently [΂΂]. 

In preventing TIGIT:PVR interactions, we expected that PLWH with higher levels of 

KIRͼDLͿ-expressing NK cells might not respond to anti-TIGIT mAb blockade as 

robustly as those not expressing KIRͼDLͿ. Despite measuring KIRͼDLͿ expression 

on seven of the twenty-six participants within the functional cohort, we found 

KIRͼDLͿ expression to have no significant impact on NK cell natural or antibody-

dependent functions in the presence of anti-TIGIT mAb. As the total number of 

participants identified with KIRͼDLͿpos NK cells in the functional cohort was low, 

and only two individuals had > ͻͺ% KIRͼDLͿ expression on their NK cells, further 

investigation that includes a larger cohort of PLWH exhibiting higher levels of 

KIRͼDLͿ expression coupled with the consideration of differential NK cell 

education is required. 

Conscripting our own immune system to purge HIV-ͻ reservoirs is an 

attractive approach not yet successfully applied. One major barrier to engaging NK 

cells in HIV-ͻ reservoir elimination is the limited expression of HIV-ͻ-specific or 

HIV-ͻ-related cell surface antigens during latency and early reactivation. Without a 

basis for specifically targeting HIV-ͻ-infected cells, no amount of reinvigoration of 

NK cell activity will address the reservoir. The enriched presence of HIV-ͻ in CD;pos 

T cells expressing PVR provides a means of targeting cells in which HIV-ͻ is 

reactivated and, under appropriate conditions, PVR expression promotes NK cell 
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activity. Since DNAM-ͻ:PVR interactions favour effector cell-mediated killing and 

TIGIT:PVR engagement decreases or prevents killing, TIGIT blockade has a dual 

effect of reducing inhibitory signaling and enhancing activation [΁ͼ, ͽͼͿ]. 

The use of anti-TIGIT mAb to prevent inhibitory TIGIT:PVR interactions 

increased NK cell activity against HIV-ͻ-infected autologous CD;pos T cells. 

Circulating CD;pos T cells from PLWH express appreciable levels of TIGIT and 

CD;pos T cell TIGIT and PVR expression were positively correlated. In relation to 

HIV-seronegative controls, PVR expression on CD;pos T cells from PLWH was 

elevated, however, the symbiotic relationship between HIV-ͻ and HCMV infection 

that encourages sustained inflammation and immune activation is highlighted in 

our finding that levels of PVR were particularly enriched on circulating CD;pos T 

cells from HCMV-seropositive PLWH compared to HCMV-seronegative PLWH. 

Lymph node resident follicular helper CD;pos T cells or circulating CD;pos T cells in 

which the HIV-ͻ reservoir is concentrated are more likely to express TIGIT in 

combination with other inhibitory immune checkpoint receptors such as PD-ͻ and 

LAG-ͽ [΁ͻ, ΁Ϳ, ͽͼ΀]. Therefore, TIGIT expression alone, or in combination with 

other inhibitory immune checkpoint receptors identifies CD;pos T cells enriched for 

HIV-ͻ infection. Introducing anti-TIGIT mAb could have even broader influence by 

lifting any inhibition of latent HIV-ͻ activation imposed through TIGIT:PVR 

interaction, thereby increasing HIV-ͻ antigen expression and the potential for 

immune recognition. Studies examining the influence of TIGIT blockade on lymph 
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node resident TIGIT-expressing CD;pos T cells harbouring HIV-ͻ are warranted. 

Humanized anti-TIGIT mAbs are in early trials for use in cancer therapy and anti-

PD-ͻ treatment is being investigated in clinical studies targeting cancer and, to a 

limited extent, latent HIV-ͻ reservoirs expressing PD-ͻ [ͽͼ΁, ͽͼ΂]. Treatment with 

anti-PD-ͻ was generally well-tolerated in PLWH with well controlled HIV-ͻ viral 

loads and future inclusion of PLWH immunotherapy trials will inform whether anti-

TIGIT mAb is tolerated to the same extent as in HIV-seronegative participants [ͽͼ΂]. 

In summary, we found that TIGIT expression is upregulated on T cells and 

NK cells of PLWH. The extent of expression relates to HIV-ͻ disease progression in 

the case of T cells and to HCMV coinfection in the case of NK cells. The NK cells of 

PLWH coinfected with HCMV exhibit greater increases in cytotoxicity with TIGIT 

blockade than NK cells from HCMV-seronegative PLWH and NK cells of PLWH 

respond to TIGIT blockade with increased activation against autologous CD;pos T 

cells when endogenous HIV-ͻ replication is stimulated. Thus, TIGIT blockade could 

have a synergistic effect as a component of immunotherapeutic strategies targeting 

the HIV-ͻ reservoir by releasing immune effector cells from inhibition and favouring 

HIV-ͻ replication in the TIGITpos reservoirs being targeted. The impact of TIGIT 

blockade on recognition of HIV-ͻ-infected cells supports broader application of NK 

cell-based therapies in other chronic conditions exploiting TIGIT:PVR interactions 

for immune regulation.  
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;.΀ Conclusions 

Immune dysfunction is a hallmark of HIV-ͻ infection and the expression of 

inhibitory receptors remain elevated on immune effector cells despite cART. TIGIT 

expression is dysregulated on NK cells from PLWH and directly relates to HCMV 

coinfection. Expression of PVR, the predominant ligand for TIGIT, is increased on 

resting ex vivo CD;pos T cells and is further induced with HIV-ͻ infection. Preventing 

TIGIT from interacting with PVR augments NK cell and CD΂pos T cell activation 

against autologous HIV-ͻ infected CD;pos T cells. 

 

Figure ;.΃| TIGIT blockade augments HIV-ͻ-specific NK cell cytotoxicity 

TIGIT expression is dysregulated on NK cells from PLWH and directly relates to HCMV coinfection. 
Expression of PVR, the predominant ligand for TIGIT, is increased on resting ex vivo CD;pos T cells 
and is further induced with HIV-ͻ infection. Preventing TIGIT from interacting with PVR augments 
NK cell activation against autologous HIV-ͻ infected CD;pos T cells.  
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Ϳ Summary and Future Directions 

HCMV has evolved many mechanisms to manipulate and evade both innate 

and adaptive immunity. It is a highly evolved, complex ancient virus with one of the 

largest genomes of all human viruses. The NK cell repertoire is particularly affected 

by HCMV infection in both phenotype and function, as demonstrated by the 

expansion of a subset of adapted NK cells identified by gain of NKGͼC and CDͿ΁ 

markers combined with the loss of FcRγ and NKGͼA and purportedly greater 

functional capacity for ADCC [ͻ΁, ͻͺ΀, ͻͽ΀, ͻ;ͻ, ͻͿ΃]. As our immune response is 

shaped and altered in the setting of chronic HCMV infection, questions arise as to 

(i) whether this process of NK cell adaptation improves upon their cytotoxic 

capabilities and, (ii) if HCMV infection does impact NK cell cytotoxicity, to what 

extent is the impact facilitated by NK cell adaptation itself or by inflammation in 

combination with the myriad other environmental factors closely associated with 

HCMV infection. 

Both human- and virus-encoded cytokines produced during HCMV infection 

impact NK cell functions. The HCMV homologue of hIL-ͻͺ, cmvIL-ͻͺ, is expressed 

during active infection as a full-length variant and exhibits specificity for the hIL-

ͻͺR despite overall low sequence homology with hIL-ͻͺ [ͻ΂ͻ, ͼͿ΂, ͼ΀ͽ]. Although 

previous research identified that hIL-ͻͺ, in combination with other stimulatory 

cytokines, positively impacted NK cell functions, the influence of hIL-ͻͺ or cmvIL-

ͻͺ alone on NK cell function was previously unreported [ͼ΁ͽ, ͼ΁΁-ͼ΂ͻ, ͽͼ΃]. 
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Investigating whether short-term exposure to cmvIL-ͻͺ affected NK cell functions 

or contributed to phenotypic changes associated with their adaptation revealed that 

while cmvIL-ͻͺ substantially enhanced NK cell natural cytotoxicity and ADCC, it 

did not rapidly introduce phenotypic changes reminiscent of NK adaptation to 

HCMV infection [ͽͼ΃]. 

In general, IL-ͻͺ engages the hIL-ͻͺRα subunit of hIL-ͻͺRα/β heterodimers, 

but it can also interact with hIL-ͻͺβ subunits, with expression of hIL-ͻͺβ widely 

varying across immune cell types to fine tune responses and contribute to the 

functional pleiotropy of IL-ͻͺ [ͽͽͺ]  Dimerization of two hIL-ͻͺRα/β heterodimers 

(hIL-ͻͺRα/β)ͼ results in (predominantly) STATͽ transcription factor 

phosphorylation, activation, and cytokine expression that differentially regulate 

immune responses [ͼ΁;]. STATͽ activation negatively regulates IFN-α/β and IFN-γ 

production by downregulating IFN-stimulated gene expression and opposing STATͻ 

signaling, a crucial and potent inducer of NK cell antiviral responses [ͻͻͼ-ͻͻ;, ͽͽͻ]. 

These negative feedback mechanisms serve to prevent excessive proinflammatory 

and autoreactive responses. Extended STATͽ activation also impacts 

metalloproteases by increasing their enzymatic activity [ͽͽͼ]. Matrix 

metalloprotease (MMP) and a disintegrin and metalloproteinases (ADAMs) are a 

class of enzymes that break down extracellular matrix proteins to enable cell 

migration and promote shedding of receptor-bound proteins, including cytokines 

[ͽͽͽ]. MMPs and ADAMͻ΁ are expressed by NK cells and can act to cleave CDͻ΀ 
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receptors from their cell surface [ͽͽ;-ͽͽ΁]. With evidence that cmvIL-ͻͺ 

downregulates MMP-΃ and its role in reducing cell surface receptor shedding, 

cmvIL-ͻͺ could have a dual benefit to NK cell function. First, by acting through hIL-

ͻͺR to stimulate NK cell activity through pan activating receptors and second, by 

downmodulating MMP activity to prevent CDͻ΀ shedding, thereby increasing NK 

cell antiviral activity. However, there are also benefits to intact NK cell MMP activity. 

NK cells physically interacting with and attached to a target cell will more readily 

detach with MMP-mediated activating receptor (e.g. CDͻ΀) cleavage and 

subsequent immune synapse disassembly [ͽͽ΂-ͽ;ͺ]. This means that with intact 

MMP activity, an NK cell will disengage from its target at a greater pace enabling 

subsequent engagement with and killing of the next aberrant or infected cell in serial 

succession. As only a small fraction of circulating NK cells expressed detectable 

amounts of the hIL-ͻͺR, increased activity observed by this subset of NK cells could 

be quickly disrupted if cmvIL-ͻͺ also dysregulates optimal MMP-mediated 

activating receptor cleavage to impair serial target killing. As decreased MMP 

activity can augment NK cell ADCC and antiviral activity by sustaining CDͻ΀ 

receptors, yet in other instances, intact MMP activity can promote NK cell 

detachment from target cells and potentiate serial killing, further studies to measure 

NK cell MMP levels and assess serial killing after short- and longer-term exposure to 

cmvIL-ͻͺ are warranted. 
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In response to short-term cmvIL-ͻͺ stimulation, increased NK cell 

cytotoxicity against target cells was rapid and dose-dependent, however, there were 

no significant differences in NK cell degranulation or IFN-γ production. This 

indicates that the means by which one chooses to measure NK cell function alone 

impacts how we perceive and interpret NK cell responses to stimulation. Conversely, 

complex regulation of NK cell responses may account for the seemingly discrepant 

findings that cmvIL-ͻͺ increases NK cell cytotoxicity but not markers of activation. 

IL-ͻͺR heterodimerization and subsequent STATͽ activation upon cmvIL-ͻͺ 

binding negatively regulates STATͻ and may explain in part why NK cell cytotoxic 

functions were augmented whilst there was no significant augmentation to IFN-γ 

stimulation during short-term exposure. However, extended (ͻ΀ h) exposure to hIL-

ͻͺ was recently shown to increase NK cell IFN-γ secretion and cytotoxicity by 

inducing metabolic changes that supported effector functions [ͽ;ͻ-ͽ;;]. Since both 

short (Ϳ h) and extended (ͻ΀ h) exposure to hIL-ͻͺ augments NK cell effector 

functions and extended exposure induces metabolic changes in NK cells, it will be 

interesting to see whether cmvIL-ͻͺ causes the same metabolic alterations. 

Although not normally considered proinflammatory, hIL-ͻͺ is functionally 

pleiotropic, depending on the cell type with which it interacts. As hIL-ͻͺ influences 

NK cells to modify their antiviral responses and alter metabolic programming, the 

small subset of NK cells expressing hIL-ͻͺR and responding to cmvIL-ͻͺ could be 
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progenitors of the larger population of NK cells reshaped from prolonged exposure 

to HCMV. 

The notion that a virus-encoded cytokine expressed during productive 

infection of permissive cells would influence NK cell function in favour of the host 

is counterintuitive. How HCMV can flourish despite robust IFN-/β production, 

which typically inhibits virus replication and stimulates protective host factors and 

NK cell cytolytic activity, is also unclear. Nevertheless, dysregulated immune 

responses caused by cmvIL-ͻͺ can promote viral dissemination and long-term 

persistence in immune competent hosts [ͽ;Ϳ, ͽ;΀]. Despite short-term exposure to 

cmvIL-ͻͺ tilting NK cell function in favour of host defense, cmvIL-ͻͺ has 

immunosuppressive properties similar to that of hIL-ͻͺ [ͼ΁;]. During chronic 

infection, the immune response shifts away from a type I proinflammatory response 

to a predominantly immunosuppressive type II response, largely driven by hIL-ͻͺ 

(and presumably, cmvIL-ͻͺ) to limit immune pathology and promote viral 

persistence [ͽ;΁-ͽͿͻ]. It is apt that the master of immune evasion encodes a protein 

that mimics a master regulator of immune responses. Exposure to cmvIL-ͻͺ parallels 

the modulating effects of hIL-ͻͺ: it inhibits monocyte proinflammatory cytokine 

production and HLA I and II expression, has a profound effect on DC maturation 

and disrupts NK cell / DC crosstalk [ͼ΀;, ͼ΀Ϳ, ͽͿͼ]. 

DCs have a role in coordinating innate and adaptive immune responses, 

therefore, limiting their maturation and costimulatory receptor expression would 
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negatively impact antigen presentation, T cell stimulation and subsequent 

development of effective adaptive responses [ͼ΀΁, ͼ΀΂]. Interplay between DCs and 

NK cells generally leads to NK cell activation and cytokine release, which, in turn 

promotes DC maturation or deletion (apoptosis) [ͻͺ΂, ͽͿͽ-ͽͿͿ]. Exposure to IFN-

α/β during HCMV infection can assist DC maturation and subsequent production of 

proinflammatory soluble factors such as IL-ͻͼ, IL-ͻͿ and IL-ͻ΂, which enhance NK 

cell antiviral IFN-γ production [ͽͿ;, ͽͿ΀, ͽͿ΁]. In turn, NK cells provide a measure 

of quality control over immature DCs by delivering feedback signals to polarize DC 

maturation towards antiviral type I T cell responses and edit aberrant mature DCs 

out of circulation [ͽͿ΂-ͽ΀ͻ]. In the setting of HCMV infection, this interplay is 

dysregulated as adapted NK cells downregulate the transcription and expression of 

signaling receptor subunits for IL-ͻͼ and IL-ͻ΂ and thereby suffer reduced 

responsiveness to these cytokines compared to canonical NK cells [ͻ;ͽ, ͽ΀ͼ]. Their 

diminished response to IL-ͻͼ and IL-ͻ΂ reduces IFN-γ production, a key factor in 

DC polarization, thereby disrupting induction and maintenance of adaptive antiviral 

responses [ͽ΀ͽ]. Furthermore, DCs express high levels of CDͻͻͼ and PVR and their 

interaction with NK cell TIGIT reduces IL-ͻͼ expression and increases hIL-ͻͺ 

production, which feeds back to induce further NK cell TIGIT expression [΁ͻ, ͼ;ͽ]. 

Thus, for individuals with higher levels of TIGITpos NK cells (i.e., HCMV coinfected 

PLWH), the combined modulation of the NK cell compartment with higher levels 
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of TIGIT on a greater fraction of adapted NK cells could contribute to suppressed 

antiviral immunity. 

Engaging TIGIT is implicated in control of immune pathology by shifting the 

balance towards IL-ͻͺ-dominated type II immunosuppressive responses [΁ͻ, ΂΀, 

ͽ΀;]. TIGIT-expressing memory B cells and T cells modify DC responses to suppress 

their maturation, reduce IL-΀ and IL-ͻͼ secretion and promote IL-ͻͺ production 

[΁ͻ, ͽͼͽ]. When exposed to hIL-ͻͺ, immature DCs become resistant to NK cell 

editing and mature DCs become more susceptible to NK cell-mediated elimination, 

leading to progressive T cell dysfunction [ͽ΀Ϳ]. Both hIL-ͻͺ and cmvIL-ͻͺ severely 

modulate antigen presenting cells by inhibiting expression of costimulatory 

molecules, HLA, and the secretion of proinflammatory mediators such as IL-ͻβ, IL-

΀, IL-ͻͼ and TNF-α to disrupt antiviral effector cell activation [ͼ΀;, ͽ΀΀]. Mature 

DCs exposed to cmvIL-ͻͺ are now susceptible targets for NK cell-mediated 

elimination, a process presumably augmented by the exposure of NK cells to cmvIL-

ͻͺ themselves. Little is known about the impact of cmvIL-ͻͺ on NK cell-mediated 

cytolysis of DCs. If a similar trend follows with cmvIL-ͻͺ, by encoding just one 

virokine, HCMV has the potential to disrupt downstream T cell responses and 

dysregulate the timely, productive generation of acquired immunity. 

Host-derived IFN-/β directly promotes NK cell activation through multiple 

activating receptors. Plasmacytoid DCs (pDCs), are natural IFN-producing cells that 

are the major source of IFN-/β in response to viral infection [ͽ΀΁, ͽ΀΂]. Although 
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poor antigen presenting cells, pDCs stimulate NK cells and promote CD΂pos T cell 

cytotoxicity by polarizing antigen-experienced cells to type I based immune 

responses [ͽ΀΃, ͽ΁ͺ]. High levels of IFN-α/β are produced by pDC up to ͽͺ h after 

contact with HCMV-infected cells to induce robust NK cell IFN-γ production [ͽ΁ͻ]. 

However, during productive HCMV infection, secretion of cmvIL-ͻͺ from HCMV-

infected cells severely quells IFN-/β production, presumably through STATͽ-

mediated inhibition of STATͻ signaling [ͽ΁ͼ]. As we consider the multipotent 

immunomodulatory effect of cmvIL-ͻͺ on our immune system, HCMV-infected 

cells secreting cmvIL-ͻͺ can dampen pDC IFN-/β production, preventing type I T 

cell polarization and NK cell activation / DC crosstalk. Although our experiments 

considered the effects of both cmvIL-ͻͺ and IFN-/β on NK cell function 

independently, the HCMV strain used for our studies was impaired in cmvIL-ͻͺ 

expression. Thus, this virokine was not present in supernatants harvested during 

active infection of fibroblasts in Chapter ͽ. It would be prudent to examine infection 

kinetics and determine whether IFN-/β expression is altered during active 

infection when intact ULͿͿͿa is also present by using a more physiologically 

relevant strain of HCMV and infection model. 

To study longer-term effects of HCMV infection on NK cells, we focused on 

a cohort of PLWH exhibiting varying degrees of NK cell adaptation to HCMV 

infection. Groups were distinguished by high or low expression of NKGͼC and their 

functional responses evaluated. Despite PLWH exhibiting a clear hierarchy of 
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adaptation to HCMV in our study, we observed no difference between groups in NK 

cell cytotoxicity, degranulation or IFN-γ secretion through CDͻ΀ receptors in 

response to physical stimuli [ͼ΁ͻ]. Studies using healthy controls suggested that 

HCMV infection imprints superior responses through CDͻ΀ receptors, often 

measured by IFN-γ release [ͻͼ;, ͻͿ΃]. This effect was attributed to HCMV-induced 

epigenetic changes in the promotor region and upstream CNS-I enhancer of the 

IFNG locus in NKGͼChi or CDͿ΁pos NK cells [ͻ΀ͻ, ͻ΀;]. Relaxation of DNA 

methylation allows access to the IFNG locus, thereby lowering the threshold for NK 

cell cytokine production following stimulation [ͻ;ͽ, ͻ;;]. However, varying degrees 

of NK cell IFN-γ production in response to different types of stimuli have been noted. 

For instance, IL-ͻͼ / IL-ͻ΂ stimulation yields less IFN-γ production from FcRγneg NK 

cell populations compared to nonadapted canonical counterparts, however, 

combined phorbol ͻͼ-myristate ͻͽ-acetate / ionomycin results in their potent 

activation and IFN-γ secretion [ͻ;ͽ]. Degranulation responses to stimuli can also 

differ. Similar to our observations with Ab-opsonized target cells, Schlums et al. 

noted that adapted NK cells degranulated to the same extent as their nonadapted 

counterparts in response to physical CDͻ΀ stimulation [ͻ;ͽ, ͼ΁ͻ]. 

Although it is tempting to ascribe superior qualities to NK cells adapted to 

HCMV infection, it is the way in which adapted NK cells are stimulated that 

determines their variegated response. Not all input signals are created equal and 

convoluted signaling pathways yield differential responses. The environment to 
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which an adaptively-pliable NK cell is exposed during HCMV infection imprints a 

program that seems to favour ADCC in response to Ab-opsonized targets. Although 

this feature may benefit specific antiviral responses, this conditioning also reduces 

sensitivity to certain proinflammatory mediators and has the potential to prevent 

induction of appropriate innate and adaptive immunity to subsequent infectious 

challenges [ͽ΀ͼ]. 

Considering that inhibitory immune checkpoint receptor expression is often 

dysregulated in settings of chronic infection, we examined the expression of select 

inhibitory receptors (i.e., LAGͽ, Tim-ͽ, PD-ͻ, TIGIT) on NK cells from PLWH whilst 

considering the influence of HCMV coinfection. LAGͽ and PD-ͻ were expressed at 

very low or undetectable levels on NK cells, therefore, we first considered the 

functional implications of Tim-ͽpos NK cells in the setting of persistent immune 

activation during chronic HIV-ͻ and HCMV coinfection. Although others found 

Tim-ͽ to be expressed on a large fraction of circulating NK cells from healthy donors, 

we found that only ~Ϳ% of resting NK cells expressed Tim-ͽ with similar frequency 

between groups of HCMVneg and HCMVpos PLWH [ͼ΁ͻ, ͽ΁ͽ-ͽ΁Ϳ]. Despite 

activation, levels of NK cell Tim-ͽ receptors remained unchanged in our cohort of 

PLWH. Tim-ͽ expression was unaffected by CDͻ΀ stimulation and Tim-ͽpos NK cells 

from HCMVpos PLWH produced significantly less IFN-γ than the total NK cell 

fraction [ͼ΁ͻ]. PLWH have vastly lower levels of Tim-ͽpos NK cells than HIV-ͻ-

seronegative counterparts and this loss of NK cell Tim-ͽ expression correlates with 
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elevated immune activation often seen in HCMV coinfected PLWH [ͽͺͻ, ͽ΁Ϳ-ͽ΁΁]. 

Reduced Tim-ͽ expression can contribute to ongoing immune dysfunction in 

PLWH, thus, Tim-ͽ has the potential for a dichotomous role in regulating NK cell 

functions. 

Our study that examined the role for Tim-ͽ in modulating NK cell functions 

in the context of PLWH contrasted with results from others who demonstrated that 

NK cell activation can rapidly augment Tim-ͽ expression [ͽ΁ͽ, ͽ΁;]. The immune 

environment and physical cues determine whether Tim-ͽ negatively regulates NK 

cell functions and marks hypofunctional NK cells or whether Tim-ͽ expression 

potentiates antiviral activity to identify a subset of activated and functionally 

competent NK cells [ͽ΁ͽ, ͽ΁;, ͽ΁΂]. Nuances in the source of NK cells, the 

techniques used in their isolation and selection, and their prolonged culture and/or 

inclusion of cytokines may also account for recorded discrepancies in Tim-ͽ 

expression and its functional implications between studies. The method of NK cell 

stimulation is also important. Both the stimulus and the manner by which Tim-ͽ is 

induced and regulated on NK cells determines how it influences NK cell function 

[ͽ΁΂]. In our study, we stimulated NK cell CDͻ΀ receptors via the antigen binding 

fragment (Fab) of anti-CDͻ΀ antibodies rather than through the fragment 

crystallizable (Fc) region of an antibody attached to target cells. As Fc multimers 

evoke robust IFN-γ production from Tim-ͽpos NK cells obtained from healthy 

controls, it would be prudent to contrast functional responses and phenotypic 
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changes of NK cells from PLWH using different mechanisms of activation (e.g. CDͻ΀ 

Fab versus target:Ab Fc) to determine whether IFN-γ responses from Tim-ͽpos NK 

cells are similar or if our choice of stimulation inadvertently underestimated their 

potential for IFN-γ production. 

Focusing on Tim-ͽ as an independent marker to identify dysregulated NK 

cells need be approached with caution. As such, we also examined the extent to 

which TIGIT was expressed on NK cells as expression of this marker is broadly 

dysregulated in HIV-ͻ infection [ͼ;ͽ, ͼ;;, ͽͺͼ]. We found that cART-treated 

PLWH had elevated TIGIT levels on CD;pos T cells and NK cells compared to HIV-

ͻ-seronegative or newborn controls.  Although higher levels of TIGIT on CD;pos T 

cells correlated with HIV-ͻ disease progression, the extent to which NK cell TIGT 

was elevated was associated with NK cell adaptation to HCMV. Further, TIGIT is 

expressed to a greater extent on resting adapted NK cells compared with their 

conventional counterparts [ͼ;;]. The increase in NK cells expressing TIGIT in 

PLWH may be attributed to the increased frequency and level of HCMV reactivation 

events encountered in the setting of chronic HIV-ͻ infection in addition to 

exacerbated immune inflammation, as compared to HIV-ͻ seronegative controls. 

Cord blood NK cells expressed comparable levels of TIGIT to those derived 

from adult peripheral blood. TIGIT-specific NK cell education seemingly occurs 

during human ontogeny and its expression and function continues to be modified 

during post-natal development in response to environmental cues, particularly 
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during chronic viral infection. Ancillary to their primary education, NK cells receive 

inductive signals from environmental cues to fine-tune their functional responses 

[Ϳͺ, ͿͿ]. Although NK cells are predominantly educated through iKIR, expression of 

other inhibitory receptors (e.g. NKGͼA or TIGIT) can contribute to nonclassical NK 

cell education [ͽͺ΃]. Using murine models, He et al. demonstrated that TIGIT-

expressing NK cells were highly functional, and acquisition of robust effector 

function is contingent upon host PVR expression during their functional maturation 

[ͽͺ΃]. Inhibitory receptors are necessary to educate NK cells to sense missing self 

and render NK cells tolerant to cells expressing appropriate levels of cognate ligands. 

NK cells educated through TIGIT receptors have increased responses to targets 

lacking PVR, therefore, conditions supporting or increasing the expression of PVR 

in vivo will ligate TIGIT and impede NK cell-mediated functions [ͽͺ΃]. NK cells are 

conditionally specific and reserve the ability to adjust their responses to ever-

changing immune environments [ͽ΁΃-ͽ΂ͻ]. However, education through 

TIGIT:PVR interaction alone does not confer NK cell polyfunctionality (heightened 

degranulation and IFN-γ secretion), providing further illustration that NK cell 

education occurs along a continuum, with higher tuning from stronger inhibitory 

inputs allowing lower thresholds for NK cell activation and higher probability of 

both degranulation and IFN-γ secretion upon stimulation [Ϳͺ, ͽͺ΃].  

In murine studies, TIGIT’s paired receptor, DNAM-ͻ, serves as an accessory 

signal for the differentiation and proliferation of adaptive LY;΃Hpos NK cells in 
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response to MCMV infection [ͻͽͽ]. Expression of PVR and CDͻͻͼ are upregulated 

in vivo on MCMV-infected DCs and macrophages providing critical interaction with 

and signaling through DNAM-ͻ (via Fyn and PKCη) to generate adapted NK cells 

[ͻͽͼ, ͻͽͽ]. In HCMV infection, extracellular expression of both PVR and CDͻͻͼ are 

downmodulated by HCMV-encoded ULͻ;ͻ to delay virus clearance and escape NK 

cell-mediated recognition [ͽ΂ͼ, ͽ΂ͽ]. However, TIGIT-educated NK cells may 

facilitate a means by which to recognize HCMV-infected targets that have lost 

ligands for TIGIT, namely, PVR. By concomitantly preventing DNAM-ͻ and TIGIT 

engagement by sequestering their ligands within infected host cells, HCMV-infected 

cells can still be recognized by alternate NK cell stimulatory receptors, 

compensating for loss of signals through DNAM-ͻ, and receive less inhibition 

through TIGIT with PVR missing from autologous cells. With HCMV having such 

an extensive set of genes that encode proteins to upset typical NK cell functions and 

interactions, NK cells may have evolutionarily compensated by shifting effector 

responses to predominantly function through CDͻ΀:Ab recognition of altered cells 

– the most notable feature of adapted NK cells. The apparent loss of NK cell plasticity 

and appropriate response to innate stimuli in combination with diminished capacity 

for helping DC maturation may have important implications for control of other 

chronic virus infection. However, simultaneous gain of specialization for Ab-

dependent responses may allow for their exploitation in suitable environments and 
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raises the controversial question as to whether NK cells, and particularly ADCC, are 

realistic means by which to control HIV-ͻ. 

The main HIV-ͻ reservoir is not circulating and the principal obstacle to HIV-

ͻ cure is the lingering and inaccessible virus sanctuary within TFH cells residing in 

lymph node B cell compartments. This, combined with the lack of HIV-ͻ antigen 

expression on reservoir CD;pos T cells leaves no appropriate means to target them 

immunologically. Without specific cell surface markers or HIV-ͻ antigen 

expression/peptide presentation to identify infected cells, no level of competent 

effector cell function can eradicate HIV-ͻ. Together with CD΂pos T cells and NK cells, 

CD;pos T cells, including TFH cells residing deep within lymph node tissues, express 

TIGIT [΁ͻ, ΁Ϳ]. The CD;pos T cell fraction expressing TIGIT is enriched for integrated 

HIV-ͻ DNA and the frequency of TIGITpos cells that also co-express PD-ͻ and LAG-

ͽ correlates with the size of the HIV-ͻ reservoir [ͽͼ΀]. Expression of TIGIT on CD;pos 

T cells, alone or in combination with other immune checkpoint receptors, identifies 

a subset of CD;pos T cells more likely to harbour latent HIV-ͻ. 

Although TIGIT expression can help identify HIV-ͻ reservoirs, these cells 

need to be activated or shocked into productive infection to express HIV-ͻ antigens 

or associated stress proteins enabling recognition by antiviral effector cells. 

Maintenance of stable HIV-ͻ reservoirs involves persistent inhibition through 

interactions between checkpoint inhibitors, such as PD-ͻ or TIGIT, and their ligands 

[ͼͽͿ]. Consistent with the latency reversal noted with anti-PD-ͻ mAb, introducing 
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anti-TIGIT mAb to unleash negative regulation can help shock TIGIT-expressing 

CD;pos T cells into activation and shift latent HIV-ͻ into active production [ͼͽͿ, 

ͼ;ͺ, ͽͼ΀, ͽ΂;-ͽ΂΀]. Our study demonstrated that HIV-ͻ infected cells can be 

selectively targeted for NK cell ADCC using antibodies derived from plasma of 

PLWH and that TIGIT blockade further increases ADCC activity and autologous 

cytolytic CD΂pos T cell functions. Targeting TIGIT as part of a cure strategy for HIV-

ͻ could concurrently help force HIV-ͻ out of hiding, while augmenting CD΂pos T cell 

and NK cell antiviral functions to bridge effector cell functions with recognition of 

HIV-ͻ-infected cells – a multipronged ‘shock and kill’ approach. 

The vast majority of PLWH rely on cART to maintain HIV-ͻ viremia below 

limits of current detection, yet a remarkable few (< ͻ%) ‘elite controllers’ possess the 

innate and spontaneous ability for prolonged control of HIV-ͻ below current limits 

of detection and maintain normal CD;pos T cell counts [ͽ΂΁, ͽ΂΂]. Determining how 

this rare group of individuals control HIV-ͻ provides insight into current and future 

vaccine and cure strategies. Strong genetic overrepresentation of protective HLA 

BͿ΁ and HLA Bͼ΁ alleles in elite controllers is associated with superior viremic 

control, and despite general immunological heterogeneity, strong Gag-specific 

polyfunctional CD΂pos T cell responses and lower frequency of TIGITpos CD;pos T 

cells are a common feature in aviremic PLWH [ͽ΂΃-ͽ΃Ϳ]. Interestingly, elite 

controllers are less likely to develop neutralizing (n)Ab responses than viremic 

individuals and even rarer PLWH generate broadly (b)nAbs to HIV-ͻ that retain 
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protective qualities despite the ever-changing and immune-escaping HIV-ͻ 

envelope glycoproteins (gpͻͼͺ/gp;ͻ)ͽ [ͽ΃΀-;ͺͻ]. However, non-neutralizing 

antibodies are found at greater levels in HIV-ͻ controllers than viremic PLWH and 

these antibodies mediate protection by complexing infected cells to enable 

macrophage-dependent phagocytosis or NK cell-mediated ADCC [ͽ΃ͽ, ;ͺͼ-;ͺͿ]. 

The rhesus macaque simian immunodeficiency virus (SIV) model of HIV-ͻ infection 

and vaccine trials involving human participants (RVͻ;;) demonstrate that despite 

the inability to generate bnAbs, eliciting potent non-neutralizing envelope-specific 

antibody responses can facilitate NK cell ADCC [ͽ΃΀-;ͺͻ, ;ͺͽ, ;ͺ΀-;ͺ΃]. 

Although the RVͻ;; vaccine trial involving Thai participants with HIV-ͻ 

CRFͺͻ_AE was partially protective (ͽͻ.ͼ%), a subsequent trial focussing on HIV-ͻ 

clade C participants in South Africa (HVTN ΁ͺͼ) showed no efficacy, despite also 

inducing non-neutralizing antibodies [;ͺ΁, ;ͻͺ, ;ͻͻ]. The main correlate of 

protection elicited by the RVͻ;; vaccine regimen was antibodies against a linear 

epitope containing lysine at position ͻ΀΃ (Kͻ΀΃) in the variable loop ͼ (Vͼ) region 

of gpͻͼͺ [;ͺ΁, ;ͻͼ-;ͻ;]. Notably, vaccine efficacy against Kͻ΀΃-bearing HIV-ͻ 

CFRͺͻ_AE was related to a genetic predisposition for FcR. This thesis has extensively 

considered the role for CDͻ΀ (FcγRIIIa) in mediating NK cell ADCC, however, the 

human family of low affinity IgG receptors also includes isoforms of FcγRII (CDͽͼ), 

with activating FcγRIIc (CDͽͼc) being potentially relevant for ADCC [;ͻͿ]. Only 

~ͼͺ% of the population possess a functional form of the FcγRIIc receptor (a single 
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nucleotide polymorphism in FCGR΀C produces either a functional or null gene), and 

NK cells co-expressing CDͻ΀ and FcγRIIc may demonstrate possible synergy for 

ADCC upon IgGͽ- or IgGͻ-mediated receptor crosslinking [;ͻͿ-;ͻ΂]. Further, 

FcγRIIc expression on B cells enhances humoral responses to vaccination and may 

contribute to enhanced antiviral activities of IgGͽ-specific antibodies against gpͻͼͺ 

Vͼ, including NK cell ADCC in RVͻ;; vaccinees [;ͻ΃, ;ͼͺ]. Single nucleotide 

polymorphisms within the FCGR΀C gene (CT and TT) were associated with ΃ͻ% 

vaccine protective efficacy against the CFRͺͻ_AE Kͻ΀΃ HIV-ͻ strain and ΀;% 

against any HIV-ͻ strain, whereas vaccine protective efficacy for individuals with CC 

at this locus was only ͻͿ% against CFRͺͻ_AE Kͻ΀΃ HIV-ͻ and ͻͻ% against any 

strain [;ͼͻ]. Expression of FcγRIIc is largely absent in Black Africans (South Africans, 

Luhya in Kenya and Yoruba in Nigeria) as the functional form of FCGR΀C is rare or 

absent in this population [;ͼͼ]. As FcRs significantly contribute to acquired 

immunity, discrepant outcomes noted for vaccine-induced protective responses 

between RVͻ;; and HVTN ΁ͺͼ could be partly attributed to genetic variations 

found within each group of individuals and the predominant circulating HIV-ͻ 

clade. However, these trial results hold promise for NK cells being a feasible means 

by which to control HIV-ͻ in an appropriate setting. 

In our studies, we did not observe overt benefits for having a larger fraction 

of circulating NK cells possessing adaptive qualities and penchant for ADCC. With 

the high predisposition of PLWH for HCMV co-infection, it was necessary to 
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evaluate whether inflammation-associated inhibitory immune checkpoint receptors 

disrupted CDͻ΀-specific responses. NK cell TIGIT expression and engagement did 

affect responses triggered through CDͻ΀ receptors, however, blocking TIGIT was 

able to prevent this deficit and improve ADCC function over individual baseline 

activity. Phase I and II clinical trials of antibody therapy involving humaninzed anti-

TIGIT mAb (e.g. Tiragolumab, Domvanalimab, Etigilimab) are ongoing in cancer 

and early stage studies indicate a favourable safety profile with effective TIGIT 

blockade. Experience in the cancer setting should help inform strategies for TIGIT 

blockade in PLWH, including whether better outcomes can be achieved when it is 

used in combination with other checkpoint inhibitors. For cure strategies that 

involve widespread reactivation of HIV-ͻ replication and purging of the exposed 

infected cells, it will be critical to determine which effector cells or functions can 

most rapidly be brought to bear against nascent HIV-ͻ replication [ͼͽͼ, ͼ;ͺ-ͼ;ͽ, 

ͽͼ΀].  



  ͱͶͳ  

  

΀ References 

ͻ. Kuby, J. A. O. J. P. S. A. S. P. P. J. J. (ͼͺͻͽ) Kuby immunology. New York : 
W.H. Freeman. 

ͼ. Bassing, C. H., Swat, W., Alt, F. W. (ͼͺͺͼ) The mechanism and regulation of 
chromosomal V(D)J recombination. Cell ͻͺ΃ Suppl, S;Ϳ-ͿͿ, DOI: 
ͻͺ.ͻͺͻ΀/sͺͺ΃ͼ-΂΀΁;(ͺͼ)ͺͺ΀΁Ϳ-x. 

ͽ. Gasteiger, G., D'Osualdo, A., Schubert, D. A., Weber, A., Bruscia, E. M., Hartl, 
D. (ͼͺͻ΁) Cellular Innate Immunity: An Old Game with New Players. J Innate 
Immun ΃, ͻͻͻ-ͻͼͿ, DOI: ͻͺ.ͻͻͿ΃/ͺͺͺ;Ϳͽͽ΃΁. 

;. Spits, H., Artis, D., Colonna, M., Diefenbach, A., Di Santo, J. P., Eberl, G., 
Koyasu, S., Locksley, R. M., McKenzie, A. N., Mebius, R. E., Powrie, F., Vivier, 
E. (ͼͺͻͽ) Innate lymphoid cells--a proposal for uniform nomenclature. Nat 
Rev Immunol ͻͽ, ͻ;Ϳ-΃, DOI: ͻͺ.ͻͺͽ΂/nriͽͽ΀Ϳ. 

Ϳ. Serafini, N., Vosshenrich, C. A., Di Santo, J. P. (ͼͺͻͿ) Transcriptional 
regulation of innate lymphoid cell fate. Nat Rev Immunol ͻͿ, ;ͻͿ-ͼ΂, DOI: 
ͻͺ.ͻͺͽ΂/nriͽ΂ͿͿ. 

΀. Yu, J., Freud, A. G., Caligiuri, M. A. (ͼͺͻͽ) Location and cellular stages of 
natural killer cell development. Trends Immunol ͽ;, Ϳ΁ͽ-΂ͼ, DOI: 
ͻͺ.ͻͺͻ΀/j.it.ͼͺͻͽ.ͺ΁.ͺͺͿ. 

΁. Doherty, D. G. and O'Farrelly, C. (ͼͺͺͺ) Innate and adaptive lymphoid cells 
in the human liver. Immunol Rev ͻ΁;, Ϳ-ͼͺ, DOI: ͻͺ.ͻͺͽ;/j.ͻ΀ͺͺ-
ͺͿͼ΂.ͼͺͺͼ.ͺͻ΁;ͻ΀.x. 

΂. Gregoire, C., Chasson, L., Luci, C., Tomasello, E., Geissmann, F., Vivier, E., 
Walzer, T. (ͼͺͺ΁) The trafficking of natural killer cells. Immunol Rev ͼͼͺ, 
ͻ΀΃-΂ͼ, DOI: ͻͺ.ͻͻͻͻ/j.ͻ΀ͺͺ-ͺ΀ͿX.ͼͺͺ΁.ͺͺͿ΀ͽ.x. 

΃. Bukowski, J. F., Woda, B. A., Habu, S., Okumura, K., Welsh, R. M. (ͻ΃΂ͽ) 
Natural killer cell depletion enhances virus synthesis and virus-induced 
hepatitis in vivo. J Immunol ͻͽͻ, ͻͿͽͻ-΂. 

ͻͺ. Mandelboim, O., Lieberman, N., Lev, M., Paul, L., Arnon, T. I., Bushkin, Y., 
Davis, D. M., Strominger, J. L., Yewdell, J. W., Porgador, A. (ͼͺͺͻ) 
Recognition of haemagglutinins on virus-infected cells by NKp;΀ activates 
lysis by human NK cells. Nature ;ͺ΃, ͻͺͿͿ-΀ͺ, DOI: ͻͺ.ͻͺͽ΂/ͽͿͺͿ΃ͻͻͺ. 

ͻͻ. Orange, J. S. (ͼͺͺͼ) Human natural killer cell deficiencies and susceptibility 
to infection. Microbes Infect ;, ͻͿ;Ϳ-Ϳ΂, DOI: ͻͺ.ͻͺͻ΀/sͻͼ΂΀-
;Ϳ΁΃(ͺͼ)ͺͺͺͽ΂-ͼ. 



  ͱͶʹ  

  

ͻͼ. Orange, J. S. and Ballas, Z. K. (ͼͺͺ΀) Natural killer cells in human health and 
disease. Clin Immunol ͻͻ΂, ͻ-ͻͺ, DOI: ͻͺ.ͻͺͻ΀/j.clim.ͼͺͺͿ.ͻͺ.ͺͻͻ. 

ͻͽ. Biron, C. A., Byron, K. S., Sullivan, J. L. (ͻ΃΂΃) Severe herpesvirus infections 
in an adolescent without natural killer cells. N Engl J Med ͽͼͺ, ͻ΁ͽͻ-Ϳ, DOI: 
ͻͺ.ͻͺͿ΀/NEJMͻ΃΂΃ͺ΀ͼ΃ͽͼͺͼ΀ͺͿ. 

ͻ;. Novelli, F. and Casanova, J. L. (ͼͺͺ;) The role of IL-ͻͼ, IL-ͼͽ and IFN-gamma 
in immunity to viruses. Cytokine Growth Factor Rev ͻͿ, ͽ΀΁-΁΁, DOI: 
ͻͺ.ͻͺͻ΀/j.cytogfr.ͼͺͺ;.ͺͽ.ͺͺ΃. 

ͻͿ. Dupuis, S., Jouanguy, E., Al-Hajjar, S., Fieschi, C., Al-Mohsen, I. Z., Al-
Jumaah, S., Yang, K., Chapgier, A., Eidenschenk, C., Eid, P., Al Ghonaium, A., 
Tufenkeji, H., Frayha, H., Al-Gazlan, S., Al-Rayes, H., Schreiber, R. D., 
Gresser, I., Casanova, J. L. (ͼͺͺͽ) Impaired response to interferon-alpha/beta 
and lethal viral disease in human STATͻ deficiency. Nat Genet ͽͽ, ͽ΂΂-΃ͻ, 
DOI: ͻͺ.ͻͺͽ΂/ngͻͺ΃΁. 

ͻ΀. Guma, M., Angulo, A., Lopez-Botet, M. (ͼͺͺ΀) NK cell receptors involved in 
the response to human cytomegalovirus infection. Curr Top Microbiol 
Immunol ͼ΃΂, ͼͺ΁-ͼͽ, DOI: ͻͺ.ͻͺͺ΁/ͽ-Ϳ;ͺ-ͼ΁΁;ͽ-΃_ͻͻ. 

ͻ΁. Guma, M., Budt, M., Saez, A., Brckalo, T., Hengel, H., Angulo, A., Lopez-
Botet, M. (ͼͺͺ΀) Expansion of CD΃;/NKGͼC+ NK cells in response to human 
cytomegalovirus-infected fibroblasts. Blood ͻͺ΁, ͽ΀ͼ;-ͽͻ, DOI: 
ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺͿ-ͺ΃-ͽ΀΂ͼ. 

ͻ΂. Notarangelo, L. D. and Mazzolari, E. (ͼͺͺ΀) Natural killer cell deficiencies 
and severe varicella infection. J Pediatr ͻ;΂, Ϳ΀ͽ-;; author reply Ϳ΀;, DOI: 
ͻͺ.ͻͺͻ΀/j.jpeds.ͼͺͺͿ.ͺ΀.ͺͼ΂. 

ͻ΃. Mace, E. M., Hsu, A. P., Monaco-Shawver, L., Makedonas, G., Rosen, J. B., 
Dropulic, L., Cohen, J. I., Frenkel, E. P., Bagwell, J. C., Sullivan, J. L., Biron, C. 
A., Spalding, C., Zerbe, C. S., Uzel, G., Holland, S. M., Orange, J. S. (ͼͺͻͽ) 
Mutations in GATAͼ cause human NK cell deficiency with specific loss of the 
CDͿ΀(bright) subset. Blood ͻͼͻ, ͼ΀΀΃-΁΁, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͼ-ͺ΃-
;Ϳͽ΃΀΃. 

ͼͺ. Ljunggren, H. G. and Karre, K. (ͻ΃΃ͺ) In search of the 'missing self': MHC 
molecules and NK cell recognition. Immunol Today ͻͻ, ͼͽ΁-;;, DOI: 
ͻͺ.ͻͺͻ΀/ͺͻ΀΁-Ϳ΀΃΃(΃ͺ)΃ͺͺ΃΁-s. 

ͼͻ. Lanier, L. L. (ͼͺͺͿ) NK cell recognition. Annu Rev Immunol ͼͽ, ͼͼͿ-΁;, DOI: 
ͻͺ.ͻͻ;΀/annurev.immunol.ͼͽ.ͺͼͻ΁ͺ;.ͻͻͿͿͼ΀. 

ͼͼ. Lazetic, S., Chang, C., Houchins, J. P., Lanier, L. L., Phillips, J. H. (ͻ΃΃΀) 
Human natural killer cell receptors involved in MHC class I recognition are 



  ͱͶ͵  

  

disulfide-linked heterodimers of CD΃; and NKGͼ subunits. J Immunol ͻͿ΁, 
;΁;ͻ-Ϳ. 

ͼͽ. Valiante, N. M., Lienert, K., Shilling, H. G., Smits, B. J., Parham, P. (ͻ΃΃΁) 
Killer cell receptors: keeping pace with MHC class I evolution. Immunol Rev 
ͻͿͿ, ͻͿͿ-΀;, DOI: ͻͺ.ͻͻͻͻ/j.ͻ΀ͺͺ-ͺ΀Ϳx.ͻ΃΃΁.tbͺͺ΃;΂.x. 

ͼ;. Karre, K., Ljunggren, H. G., Piontek, G., Kiessling, R. (ͻ΃΂΀) Selective 
rejection of H-ͼ-deficient lymphoma variants suggests alternative immune 
defence strategy. Nature ͽͻ΃, ΀΁Ϳ-΂, DOI: ͻͺ.ͻͺͽ΂/ͽͻ΃΀΁Ϳaͺ. 

ͼͿ. Kim, S., Poursine-Laurent, J., Truscott, S. M., Lybarger, L., Song, Y. J., Yang, 
L., French, A. R., Sunwoo, J. B., Lemieux, S., Hansen, T. H., Yokoyama, W. M. 
(ͼͺͺͿ) Licensing of natural killer cells by host major histocompatibility 
complex class I molecules. Nature ;ͽ΀, ΁ͺ΃-ͻͽ, DOI: ͻͺ.ͻͺͽ΂/natureͺͽ΂;΁. 

ͼ΀. Johansson, S., Johansson, M., Rosmaraki, E., Vahlne, G., Mehr, R., Salmon-
Divon, M., Lemonnier, F., Karre, K., Hoglund, P. (ͼͺͺͿ) Natural killer cell 
education in mice with single or multiple major histocompatibility complex 
class I molecules. J Exp Med ͼͺͻ, ͻͻ;Ϳ-ͿͿ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺͿͺͻ΀΁. 

ͼ΁. Fernandez, N. C., Treiner, E., Vance, R. E., Jamieson, A. M., Lemieux, S., 
Raulet, D. H. (ͼͺͺͿ) A subset of natural killer cells achieves self-tolerance 
without expressing inhibitory receptors specific for self-MHC molecules. 
Blood ͻͺͿ, ;;ͻ΀-ͼͽ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ;-ͺ΂-ͽͻͿ΀. 

ͼ΂. Anfossi, N., Andre, P., Guia, S., Falk, C. S., Roetynck, S., Stewart, C. A., Breso, 
V., Frassati, C., Reviron, D., Middleton, D., Romagne, F., Ugolini, S., Vivier, E. 
(ͼͺͺ΀) Human NK cell education by inhibitory receptors for MHC class I. 
Immunity ͼͿ, ͽͽͻ-;ͼ, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͺ΀.ͺ΀.ͺͻͽ. 

ͼ΃. Johansson, M. H., Bieberich, C., Jay, G., Karre, K., Hoglund, P. (ͻ΃΃΁) Natural 
killer cell tolerance in mice with mosaic expression of major 
histocompatibility complex class I transgene. J Exp Med ͻ΂΀, ͽͿͽ-΀;, DOI: 
ͻͺ.ͻͺ΂;/jem.ͻ΂΀.ͽ.ͽͿͽ. 

ͽͺ. Steffens, U., Vyas, Y., Dupont, B., Selvakumar, A. (ͻ΃΃΂) Nucleotide and 
amino acid sequence alignment for human killer cell inhibitory receptors 
(KIR), ͻ΃΃΂. Tissue Antigens Ϳͻ, ͽ΃΂-;ͻͽ, DOI: ͻͺ.ͻͻͻͻ/j.ͻͽ΃΃-
ͺͺͽ΃.ͻ΃΃΂.tbͺͼ΃΂ͻ.x. 

ͽͻ. Chalifour, A., Scarpellino, L., Back, J., Brodin, P., Devevre, E., Gros, F., Levy, 
F., Leclercq, G., Hoglund, P., Beermann, F., Held, W. (ͼͺͺ΃) A Role for cis 
Interaction between the Inhibitory Ly;΃A receptor and MHC class I for 
natural killer cell education. Immunity ͽͺ, ͽͽ΁-;΁, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͺ΂.ͻͼ.ͺͻ΃. 



  ͱͶͶ  

  

ͽͼ. Boudreau, J. E., Liu, X. R., Zhao, Z., Zhang, A., Shultz, L. D., Greiner, D. L., 
Dupont, B., Hsu, K. C. (ͼͺͻ΀) Cell-Extrinsic MHC Class I Molecule 
Engagement Augments Human NK Cell Education Programmed by Cell-
Intrinsic MHC Class I. Immunity ;Ϳ, ͼ΂ͺ-΃ͻ, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻ΀.ͺ΁.ͺͺͿ. 

ͽͽ. Marsh, S. G., Parham, P., Dupont, B., Geraghty, D. E., Trowsdale, J., 
Middleton, D., Vilches, C., Carrington, M., Witt, C., Guethlein, L. A., Shilling, 
H., Garcia, C. A., Hsu, K. C., Wain, H. (ͼͺͺͽ) Killer-cell immunoglobulin-like 
receptor (KIR) nomenclature report, ͼͺͺͼ. Immunogenetics ͿͿ, ͼͼͺ-΀, DOI: 
ͻͺ.ͻͺͺ΁/sͺͺͼͿͻ-ͺͺͽ-ͺͿ΁ͻ-z. 

ͽ;. Moretta, L. and Moretta, A. (ͼͺͺ;) Killer immunoglobulin-like receptors. 
Curr Opin Immunol ͻ΀, ΀ͼ΀-ͽͽ, DOI: ͻͺ.ͻͺͻ΀/j.coi.ͼͺͺ;.ͺ΁.ͺͻͺ. 

ͽͿ. Parham, P. (ͼͺͺͿ) MHC class I molecules and KIRs in human history, health 
and survival. Nat Rev Immunol Ϳ, ͼͺͻ-ͻ;, DOI: ͻͺ.ͻͺͽ΂/nriͻͿ΁ͺ. 

ͽ΀. Rouas-Freiss, N., Marchal, R. E., Kirszenbaum, M., Dausset, J., Carosella, E. 
D. (ͻ΃΃΁) The alphaͻ domain of HLA-Gͻ and HLA-Gͼ inhibits cytotoxicity 
induced by natural killer cells: is HLA-G the public ligand for natural killer 
cell inhibitory receptors? Proc Natl Acad Sci U S A ΃;, Ϳͼ;΃-Ϳ;, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.΃;.ͻͺ.Ϳͼ;΃. 

ͽ΁. Riteau, B., Rouas-Freiss, N., Menier, C., Paul, P., Dausset, J., Carosella, E. D. 
(ͼͺͺͻ) HLA-Gͼ, -Gͽ, and -G; isoforms expressed as nonmature cell surface 
glycoproteins inhibit NK and antigen-specific CTL cytolysis. J Immunol ͻ΀΀, 
Ϳͺͻ΂-ͼ΀, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΀΀.΂.Ϳͺͻ΂. 

ͽ΂. Rajagopalan, S., Fu, J., Long, E. O. (ͼͺͺͻ) Cutting edge: induction of IFN-
gamma production but not cytotoxicity by the killer cell Ig-like receptor 
KIRͼDL; (CDͻͿ΂d) in resting NK cells. J Immunol ͻ΀΁, ͻ΂΁΁-΂ͻ, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΀΁.;.ͻ΂΁΁. 

ͽ΃. Faure, M. and Long, E. O. (ͼͺͺͼ) KIRͼDL; (CDͻͿ΂d), an NK cell-activating 
receptor with inhibitory potential. J Immunol ͻ΀΂, ΀ͼͺ΂-ͻ;, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΀΂.ͻͼ.΀ͼͺ΂. 

;ͺ. Goodridge, J. P., Witt, C. S., Christiansen, F. T., Warren, H. S. (ͼͺͺͽ) 
KIRͼDL; (CDͻͿ΂d) genotype influences expression and function in NK cells. 
J Immunol ͻ΁ͻ, ͻ΁΀΂-΁;, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΁ͻ.;.ͻ΁΀΂. 

;ͻ. Cichocki, F., Miller, J. S., Anderson, S. K. (ͼͺͻͻ) Killer immunoglobulin-like 
receptor transcriptional regulation: a fascinating dance of multiple 
promoters. J Innate Immun ͽ, ͼ;ͼ-΂, DOI: ͻͺ.ͻͻͿ΃/ͺͺͺͽͼͽ΃ͼ΃. 



  ͱͶͷ  

  

;ͼ. Rajalingam, R. (ͼͺͻ΀) The Impact of HLA Class I-Specific Killer Cell 
Immunoglobulin-Like Receptors on Antibody-Dependent Natural Killer Cell-
Mediated Cytotoxicity and Organ Allograft Rejection. Front Immunol ΁, Ϳ΂Ϳ, 
DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΀.ͺͺͿ΂Ϳ. 

;ͽ. Dorfman, J. R. and Raulet, D. H. (ͻ΃΃΂) Acquisition of Ly;΃ receptor 
expression by developing natural killer cells. J Exp Med ͻ΂΁, ΀ͺ΃-ͻ΂, DOI: 
ͻͺ.ͻͺ΂;/jem.ͻ΂΁.;.΀ͺ΃. 

;;. Valiante, N. M., Uhrberg, M., Shilling, H. G., Lienert-Weidenbach, K., Arnett, 
K. L., D'Andrea, A., Phillips, J. H., Lanier, L. L., Parham, P. (ͻ΃΃΁) Functionally 
and structurally distinct NK cell receptor repertoires in the peripheral blood 
of two human donors. Immunity ΁, ΁ͽ΃-Ϳͻ, DOI: ͻͺ.ͻͺͻ΀/sͻͺ΁;-
΁΀ͻͽ(ͺͺ)΂ͺͽ΃ͽ-ͽ. 

;Ϳ. Roth, C., Carlyle, J. R., Takizawa, H., Raulet, D. H. (ͼͺͺͺ) Clonal acquisition 
of inhibitory Ly;΃ receptors on developing NK cells is successively restricted 
and regulated by stromal class I MHC. Immunity ͻͽ, ͻ;ͽ-Ϳͽ, DOI: 
ͻͺ.ͻͺͻ΀/sͻͺ΁;-΁΀ͻͽ(ͺͺ)ͺͺͺͻͿ-΁. 

;΀. Hanke, T., Takizawa, H., Raulet, D. H. (ͼͺͺͻ) MHC-dependent shaping of 
the inhibitory Ly;΃ receptor repertoire on NK cells: evidence for a regulated 
sequential model. Eur J Immunol ͽͻ, ͽͽ΁ͺ-΃, DOI: ͻͺ.ͻͺͺͼ/ͻͿͼͻ-
;ͻ;ͻ(ͼͺͺͻͻͻ)ͽͻ:ͻͻ<ͽͽ΁ͺ::aid-immuͽͽ΁ͺ>ͽ.ͺ.co;ͼ-ͼ. 

;΁. Du, Z., Gjertson, D. W., Reed, E. F., Rajalingam, R. (ͼͺͺ΁) Receptor-ligand 
analyses define minimal killer cell Ig-like receptor (KIR) in humans. 
Immunogenetics Ϳ΃, ͻ-ͻͿ, DOI: ͻͺ.ͻͺͺ΁/sͺͺͼͿͻ-ͺͺ΀-ͺͻ΀΂-;. 

;΂. Schonberg, K., Sribar, M., Enczmann, J., Fischer, J. C., Uhrberg, M. (ͼͺͻͻ) 
Analyses of HLA-C-specific KIR repertoires in donors with group A and B 
haplotypes suggest a ligand-instructed model of NK cell receptor acquisition. 
Blood ͻͻ΁, ΃΂-ͻͺ΁, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͺ-ͺͽ-ͼ΁ͽ΀Ϳ΀. 

;΃. Raulet, D. H., Vance, R. E., McMahon, C. W. (ͼͺͺͻ) Regulation of the natural 
killer cell receptor repertoire. Annu Rev Immunol ͻ΃, ͼ΃ͻ-ͽͽͺ, DOI: 
ͻͺ.ͻͻ;΀/annurev.immunol.ͻ΃.ͻ.ͼ΃ͻ. 

Ϳͺ. Brodin, P., Lakshmikanth, T., Johansson, S., Karre, K., Hoglund, P. (ͼͺͺ΃) The 
strength of inhibitory input during education quantitatively tunes the 
functional responsiveness of individual natural killer cells. Blood ͻͻͽ, ͼ;ͽ;-
;ͻ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΂-ͺͿ-ͻͿ΀΂ͽ΀. 

Ϳͻ. Joncker, N. T., Fernandez, N. C., Treiner, E., Vivier, E., Raulet, D. H. (ͼͺͺ΃) 
NK cell responsiveness is tuned commensurate with the number of inhibitory 
receptors for self-MHC class I: the rheostat model. J Immunol ͻ΂ͼ, ;Ϳ΁ͼ-΂ͺ, 
DOI: ͻͺ.;ͺ;΃/jimmunol.ͺ΂ͺͽ΃ͺͺ. 



  ͱͶ͸  

  

Ϳͼ. Raulet, D. H. and Vance, R. E. (ͼͺͺ΀) Self-tolerance of natural killer cells. Nat 
Rev Immunol ΀, Ϳͼͺ-ͽͻ, DOI: ͻͺ.ͻͺͽ΂/nriͻ΂΀ͽ. 

Ϳͽ. Andersson, S., Fauriat, C., Malmberg, J. A., Ljunggren, H. G., Malmberg, K. J. 
(ͼͺͺ΃) KIR acquisition probabilities are independent of self-HLA class I 
ligands and increase with cellular KIR expression. Blood ͻͻ;, ΃Ϳ-ͻͺ;, DOI: 
ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΂-ͻͺ-ͻ΂;Ϳ;΃. 

Ϳ;. Yu, J., Heller, G., Chewning, J., Kim, S., Yokoyama, W. M., Hsu, K. C. (ͼͺͺ΁) 
Hierarchy of the human natural killer cell response is determined by class 
and quantity of inhibitory receptors for self-HLA-B and HLA-C ligands. J 
Immunol ͻ΁΃, Ϳ΃΁΁-΂΃, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΁΃.΃.Ϳ΃΁΁. 

ͿͿ. Pradeu, T., Jaeger, S., Vivier, E. (ͼͺͻͽ) The speed of change: towards a 
discontinuity theory of immunity? Nat Rev Immunol ͻͽ, ΁΀;-΃, DOI: 
ͻͺ.ͻͺͽ΂/nriͽͿͼͻ. 

Ϳ΀. Moretta, L., Biassoni, R., Bottino, C., Cantoni, C., Pende, D., Mingari, M. C., 
Moretta, A. (ͼͺͺͼ) Human NK cells and their receptors. Microbes Infect ;, 
ͻͿͽ΃-;;, DOI: ͻͺ.ͻͺͻ΀/sͻͼ΂΀-;Ϳ΁΃(ͺͼ)ͺͺͺͽ΁-ͺ. 

Ϳ΁. Pegram, H. J., Andrews, D. M., Smyth, M. J., Darcy, P. K., Kershaw, M. H. 
(ͼͺͻͻ) Activating and inhibitory receptors of natural killer cells. Immunol 
Cell Biol ΂΃, ͼͻ΀-ͼ;, DOI: ͻͺ.ͻͺͽ΂/icb.ͼͺͻͺ.΁΂. 

Ϳ΂. Lanier, L. L. (ͼͺͺͻ) On guard--activating NK cell receptors. Nat Immunol ͼ, 
ͼͽ-΁, DOI: ͻͺ.ͻͺͽ΂/΂ͽͻͽͺ. 

Ϳ΃. Bottino, C., Moretta, L., Moretta, A. (ͼͺͺ΀) NK cell activating receptors and 
tumor recognition in humans. Curr Top Microbiol Immunol ͼ΃΂, ͻ΁Ϳ-΂ͼ, 
DOI: ͻͺ.ͻͺͺ΁/ͽ-Ϳ;ͺ-ͼ΁΁;ͽ-΃_΃. 

΀ͺ. Dong, Z., Cruz-Munoz, M. E., Zhong, M. C., Chen, R., Latour, S., Veillette, A. 
(ͼͺͺ΃) Essential function for SAP family adaptors in the surveillance of 
hematopoietic cells by natural killer cells. Nat Immunol ͻͺ, ΃΁ͽ-΂ͺ, DOI: 
ͻͺ.ͻͺͽ΂/ni.ͻ΁΀ͽ. 

΀ͻ. Lanier, L. L. (ͼͺͺ΂) Up on the tightrope: natural killer cell activation and 
inhibition. Nat Immunol ΃, ;΃Ϳ-Ϳͺͼ, DOI: ͻͺ.ͻͺͽ΂/niͻͿ΂ͻ. 

΀ͼ. Wu, J., Song, Y., Bakker, A. B., Bauer, S., Spies, T., Lanier, L. L., Phillips, J. H. 
(ͻ΃΃΃) An activating immunoreceptor complex formed by NKGͼD and 
DAPͻͺ. Science ͼ΂Ϳ, ΁ͽͺ-ͼ, DOI: ΁΁ͺ΃ [pii]. 

΀ͽ. Garrity, D., Call, M. E., Feng, J., Wucherpfennig, K. W. (ͼͺͺͿ) The activating 
NKGͼD receptor assembles in the membrane with two signaling dimers into 
a hexameric structure. Proc Natl Acad Sci U S A ͻͺͼ, ΁΀;ͻ-΀, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.ͺͿͺͼ;ͽ΃ͻͺͼ. 



  ͱͶ͹  

  

΀;. Zhang, Z., Wu, N., Lu, Y., Davidson, D., Colonna, M., Veillette, A. (ͼͺͻͿ) 
DNAM-ͻ controls NK cell activation via an ITT-like motif. J Exp Med ͼͻͼ, 
ͼͻ΀Ϳ-΂ͼ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͻͿͺ΁΃ͼ. 

΀Ϳ. Kim, H. S. and Long, E. O. (ͼͺͻͼ) Complementary phosphorylation sites in 
the adaptor protein SLP-΁΀ promote synergistic activation of natural killer 
cells. Sci Signal Ϳ, ra;΃, DOI: ͻͺ.ͻͻͼ΀/scisignal.ͼͺͺͼ΁Ϳ;. 

΀΀. Kwon, H. J., Choi, G. E., Ryu, S., Kwon, S. J., Kim, S. C., Booth, C., Nichols, K. 
E., Kim, H. S. (ͼͺͻ΀) Stepwise phosphorylation of p΀Ϳ promotes NF-kappaB 
activation and NK cell responses during target cell recognition. Nat Commun 
΁, ͻͻ΀΂΀, DOI: ͻͺ.ͻͺͽ΂/ncommsͻͻ΀΂΀. 

΀΁. Martinet, L. and Smyth, M. J. (ͼͺͻͿ) Balancing natural killer cell activation 
through paired receptors. Nat Rev Immunol ͻͿ, ͼ;ͽ-Ϳ;, DOI: 
ͻͺ.ͻͺͽ΂/nriͽ΁΃΃. 

΀΂. Chan, C. J., Andrews, D. M., Smyth, M. J. (ͼͺͻͼ) Receptors that interact with 
nectin and nectin-like proteins in the immunosurveillance and 
immunotherapy of cancer. Curr Opin Immunol ͼ;, ͼ;΀-Ϳͻ, DOI: 
ͻͺ.ͻͺͻ΀/j.coi.ͼͺͻͼ.ͺͻ.ͺͺ΃. 

΀΃. Pauken, K. E. and Wherry, E. J. (ͼͺͻ;) TIGIT and CDͼͼ΀: tipping the balance 
between costimulatory and coinhibitory molecules to augment the cancer 
immunotherapy toolkit. Cancer Cell ͼ΀, ΁΂Ϳ-΁΂΁, DOI: 
ͻͺ.ͻͺͻ΀/j.ccell.ͼͺͻ;.ͻͻ.ͺͻ΀. 

΁ͺ. Wang, F., Hou, H., Wu, S., Tang, Q., Liu, W., Huang, M., Yin, B., Huang, J., 
Mao, L., Lu, Y., Sun, Z. (ͼͺͻͿ) TIGIT expression levels on human NK cells 
correlate with functional heterogeneity among healthy individuals. Eur J 
Immunol ;Ϳ, ͼ΂΂΀-΃΁, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͿ;Ϳ;΂ͺ. 

΁ͻ. Yu, X., Harden, K., Gonzalez, L. C., Francesco, M., Chiang, E., Irving, B., Tom, 
I., Ivelja, S., Refino, C. J., Clark, H., Eaton, D., Grogan, J. L. (ͼͺͺ΃) The surface 
protein TIGIT suppresses T cell activation by promoting the generation of 
mature immunoregulatory dendritic cells. Nat Immunol ͻͺ, ;΂-Ϳ΁, DOI: 
ͻͺ.ͻͺͽ΂/ni.ͻ΀΁;. 

΁ͼ. Stanietsky, N., Simic, H., Arapovic, J., Toporik, A., Levy, O., Novik, A., Levine, 
Z., Beiman, M., Dassa, L., Achdout, H., Stern-Ginossar, N., Tsukerman, P., 
Jonjic, S., Mandelboim, O. (ͼͺͺ΃) The interaction of TIGIT with PVR and 
PVRLͼ inhibits human NK cell cytotoxicity. Proc Natl Acad Sci U S A ͻͺ΀, 
ͻ΁΂Ϳ΂-΀ͽ, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺ΃ͺͽ;΁;ͻͺ΀. 

΁ͽ. Levin, S. D., Taft, D. W., Brandt, C. S., Bucher, C., Howard, E. D., Chadwick, 
E. M., Johnston, J., Hammond, A., Bontadelli, K., Ardourel, D., Hebb, L., Wolf, 
A., Bukowski, T. R., Rixon, M. W., Kuijper, J. L., Ostrander, C. D., West, J. W., 



  ͱͷͰ  

  

Bilsborough, J., Fox, B., Gao, Z., Xu, W., Ramsdell, F., Blazar, B. R., Lewis, K. 
E. (ͼͺͻͻ) Vstmͽ is a member of the CDͼ΂ family and an important modulator 
of T-cell function. Eur J Immunol ;ͻ, ΃ͺͼ-ͻͿ, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͺ;ͻͻͽ΀. 

΁;. Boles, K. S., Vermi, W., Facchetti, F., Fuchs, A., Wilson, T. J., Diacovo, T. G., 
Cella, M., Colonna, M. (ͼͺͺ΃) A novel molecular interaction for the adhesion 
of follicular CD; T cells to follicular DC. Eur J Immunol ͽ΃, ΀΃Ϳ-΁ͺͽ, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺ΂ͽ΃ͻͻ΀. 

΁Ϳ. Wu, H., Chen, Y., Liu, H., Xu, L. L., Teuscher, P., Wang, S., Lu, S., Dent, A. L. 
(ͼͺͻ΀) Follicular regulatory T cells repress cytokine production by follicular 
helper T cells and optimize IgG responses in mice. Eur J Immunol ;΀, ͻͻͿͼ-
΀ͻ, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͿ;΀ͺ΃;. 

΁΀. Stengel, K. F., Harden-Bowles, K., Yu, X., Rouge, L., Yin, J., Comps-Agrar, L., 
Wiesmann, C., Bazan, J. F., Eaton, D. L., Grogan, J. L. (ͼͺͻͼ) Structure of 
TIGIT immunoreceptor bound to poliovirus receptor reveals a cell-cell 
adhesion and signaling mechanism that requires cis-trans receptor 
clustering. Proc Natl Acad Sci U S A ͻͺ΃, Ϳͽ΃΃-;ͺ;, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.ͻͻͼͺ΀ͺ΀ͻͺ΃. 

΁΁. Dougall, W. C., Kurtulus, S., Smyth, M. J., Anderson, A. C. (ͼͺͻ΁) TIGIT and 
CD΃΀: new checkpoint receptor targets for cancer immunotherapy. Immunol 
Rev ͼ΁΀, ͻͻͼ-ͻͼͺ, DOI: ͻͺ.ͻͻͻͻ/imr.ͻͼͿͻ΂. 

΁΂. Sanchez-Correa, B., Valhondo, I., Hassouneh, F., Lopez-Sejas, N., Pera, A., 
Bergua, J. M., Arcos, M. J., Banas, H., Casas-Aviles, I., Duran, E., Alonso, C., 
Solana, R., Tarazona, R. (ͼͺͻ΃) DNAM-ͻ and the TIGIT/PVRIG/TACTILE 
Axis: Novel Immune Checkpoints for Natural Killer Cell-Based Cancer 
Immunotherapy. Cancers (Basel) ͻͻ, DOI: ͻͺ.ͽͽ΃ͺ/cancersͻͻͺ΀ͺ΂΁΁. 

΁΃. Xu, F., Sunderland, A., Zhou, Y., Schulick, R. D., Edil, B. H., Zhu, Y. (ͼͺͻ΁) 
Blockade of CDͻͻͼR and TIGIT signaling sensitizes human natural killer cell 
functions. Cancer Immunol Immunother ΀΀, ͻͽ΀΁-ͻͽ΁Ϳ, DOI: 
ͻͺ.ͻͺͺ΁/sͺͺͼ΀ͼ-ͺͻ΁-ͼͺͽͻ-x. 

΂ͺ. Zhu, Y., Paniccia, A., Schulick, A. C., Chen, W., Koenig, M. R., Byers, J. T., Yao, 
S., Bevers, S., Edil, B. H. (ͼͺͻ΀) Identification of CDͻͻͼR as a novel 
checkpoint for human T cells. J Exp Med ͼͻͽ, ͻ΀΁-΁΀, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͻͿͺ΁΂Ϳ. 

΂ͻ. Anderson, A. C., Joller, N., Kuchroo, V. K. (ͼͺͻ΀) Lag-ͽ, Tim-ͽ, and TIGIT: 
Co-inhibitory Receptors with Specialized Functions in Immune Regulation. 
Immunity ;;, ΃΂΃-ͻͺͺ;, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻ΀.ͺͿ.ͺͺͻ. 

΂ͼ. Whelan, S., Ophir, E., Kotturi, M. F., Levy, O., Ganguly, S., Leung, L., Vaknin, 
I., Kumar, S., Dassa, L., Hansen, K., Bernados, D., Murter, B., Soni, A., Taube, 



  ͱͷͱ  

  

J. M., Fader, A. N., Wang, T. L., Shih, I. M., White, M., Pardoll, D. M., Liang, 
S. C. (ͼͺͻ΃) PVRIG and PVRLͼ Are Induced in Cancer and Inhibit CD΂(+) T-
cell Function. Cancer Immunol Res ΁, ͼͿ΁-ͼ΀΂, DOI: ͻͺ.ͻͻͿ΂/ͼͽͼ΀-
΀ͺ΀΀.CIR-ͻ΂-ͺ;;ͼ. 

΂ͽ. Holmes, V. M., Maluquer de Motes, C., Richards, P. T., Roldan, J., Bhargava, 
A. K., Orange, J. S., Krummenacher, C. (ͼͺͻ΃) Interaction between nectin-ͻ 
and the human natural killer cell receptor CD΃΀. PLoS One ͻ;, eͺͼͻͼ;;ͽ, 
DOI: ͻͺ.ͻͽ΁ͻ/journal.pone.ͺͼͻͼ;;ͽ. 

΂;. Fuchs, A., Cella, M., Giurisato, E., Shaw, A. S., Colonna, M. (ͼͺͺ;) Cutting 
edge: CD΃΀ (tactile) promotes NK cell-target cell adhesion by interacting 
with the poliovirus receptor (CDͻͿͿ). J Immunol ͻ΁ͼ, ͽ΃΃;-΂, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΁ͼ.΁.ͽ΃΃;. 

΂Ϳ. Georgiev, H., Ravens, I., Papadogianni, G., Bernhardt, G. (ͼͺͻ΂) Coming of 
Age: CD΃΀ Emerges as Modulator of Immune Responses. Front Immunol ΃, 
ͻͺ΁ͼ, DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΂.ͺͻͺ΁ͼ. 

΂΀. Johnston, R. J., Comps-Agrar, L., Hackney, J., Yu, X., Huseni, M., Yang, Y., 
Park, S., Javinal, V., Chiu, H., Irving, B., Eaton, D. L., Grogan, J. L. (ͼͺͻ;) The 
immunoreceptor TIGIT regulates antitumor and antiviral CD΂(+) T cell 
effector function. Cancer Cell ͼ΀, ΃ͼͽ-΃ͽ΁, DOI: 
ͻͺ.ͻͺͻ΀/j.ccell.ͼͺͻ;.ͻͺ.ͺͻ΂. 

΂΁. Estefania, E., Flores, R., Gomez-Lozano, N., Aguilar, H., Lopez-Botet, M., 
Vilches, C. (ͼͺͺ΁) Human KIRͼDLͿ is an inhibitory receptor expressed on 
the surface of NK and T lymphocyte subsets. J Immunol ͻ΁΂, ;;ͺͼ-ͻͺ, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΁΂.΁.;;ͺͼ. 

΂΂. Husain, B., Ramani, S. R., Chiang, E., Lehoux, I., Paduchuri, S., Arena, T. A., 
Patel, A., Wilson, B., Chan, P., Franke, Y., Wong, A. W., Lill, J. R., Turley, S. 
J., Gonzalez, L. C., Grogan, J. L., Martinez-Martin, N. (ͼͺͻ΃) A Platform for 
Extracellular Interactome Discovery Identifies Novel Functional Binding 
Partners for the Immune Receptors B΁-Hͽ/CDͼ΁΀ and PVR/CDͻͿͿ. Mol Cell 
Proteomics ͻ΂, ͼͽͻͺ-ͼͽͼͽ, DOI: ͻͺ.ͻͺ΁;/mcp.TIRͻͻ΃.ͺͺͻ;ͽͽ. 

΂΃. Vilches, C., Gardiner, C. M., Parham, P. (ͼͺͺͺ) Gene structure and promoter 
variation of expressed and nonexpressed variants of the KIRͼDLͿ gene. J 
Immunol ͻ΀Ϳ, ΀;ͻ΀-ͼͻ, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΀Ϳ.ͻͻ.΀;ͻ΀. 

΃ͺ. Vilches, C., Rajalingam, R., Uhrberg, M., Gardiner, C. M., Young, N. T., 
Parham, P. (ͼͺͺͺ) KIRͼDLͿ, a novel killer-cell receptor with a Dͺ-Dͼ 
configuration of Ig-like domains. J Immunol ͻ΀;, Ϳ΁΃΁-΂ͺ;, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΀;.ͻͻ.Ϳ΁΃΁. 



  ͱͷͲ  

  

΃ͻ. Cisneros, E., Moraru, M., Gomez-Lozano, N., Lopez-Botet, M., Vilches, C. 
(ͼͺͻͼ) KIRͼDLͿ: An Orphan Inhibitory Receptor Displaying Complex 
Patterns of Polymorphism and Expression. Front Immunol ͽ, ͼ΂΃, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻͼ.ͺͺͼ΂΃. 

΃ͼ. Cisneros, E., Estefania, E., Vilches, C. (ͼͺͻ΀) Allelic Polymorphism 
Determines Surface Expression or Intracellular Retention of the Human NK 
Cell Receptor KIRͼDLͿA (CDͻͿ΂f). Front Immunol ΁, ΀΃΂, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΀.ͺͺ΀΃΂. 

΃ͽ. Chowdhury, D. and Lieberman, J. (ͼͺͺ΂) Death by a thousand cuts: granzyme 
pathways of programmed cell death. Annu Rev Immunol ͼ΀, ͽ΂΃-;ͼͺ, DOI: 
ͻͺ.ͻͻ;΀/annurev.immunol.ͼ΀.ͺͼͻ΀ͺ΁.ͺ΃ͺ;ͺ;. 

΃;. Topham, N. J. and Hewitt, E. W. (ͼͺͺ΃) Natural killer cell cytotoxicity: how 
do they pull the trigger? Immunology ͻͼ΂, ΁-ͻͿ, DOI: ͻͺ.ͻͻͻͻ/j.ͻͽ΀Ϳ-
ͼͿ΀΁.ͼͺͺ΃.ͺͽͻͼͽ.x. 

΃Ϳ. Nguyen, K. B., Salazar-Mather, T. P., Dalod, M. Y., Van Deusen, J. B., Wei, X. 
Q., Liew, F. Y., Caligiuri, M. A., Durbin, J. E., Biron, C. A. (ͼͺͺͼ) Coordinated 
and distinct roles for IFN-alpha beta, IL-ͻͼ, and IL-ͻͿ regulation of NK cell 
responses to viral infection. J Immunol ͻ΀΃, ;ͼ΁΃-΂΁. 

΃΀. MacFarlane, A. W. t. and Campbell, K. S. (ͼͺͺ΀) Signal transduction in 
natural killer cells. Curr Top Microbiol Immunol ͼ΃΂, ͼͽ-Ϳ΁, DOI: 
ͻͺ.ͻͺͺ΁/ͽ-Ϳ;ͺ-ͼ΁΁;ͽ-΃_ͼ. 

΃΁. Orange, J. S., Wang, B., Terhorst, C., Biron, C. A. (ͻ΃΃Ϳ) Requirement for 
natural killer cell-produced interferon gamma in defense against murine 
cytomegalovirus infection and enhancement of this defense pathway by 
interleukin ͻͼ administration. J Exp Med ͻ΂ͼ, ͻͺ;Ϳ-Ϳ΀, DOI: 
ͻͺ.ͻͺ΂;/jem.ͻ΂ͼ.;.ͻͺ;Ϳ. 

΃΂. Freeman, B. E., Raue, H. P., Hill, A. B., Slifka, M. K. (ͼͺͻͿ) Cytokine-Mediated 
Activation of NK Cells during Viral Infection. J Virol ΂΃, ΁΃ͼͼ-ͽͻ, DOI: 
ͻͺ.ͻͻͼ΂/JVI.ͺͺͻ΃΃-ͻͿ. 

΃΃. Greenberg, A. H., Hudson, L., Shen, L., Roitt, I. M. (ͻ΃΁ͽ) Antibody-
dependent cell-mediated cytotoxicity due to a "null" lymphoid cell. Nat New 
Biol ͼ;ͼ, ͻͻͻ-ͽ. 

ͻͺͺ. Herberman, R. B., Nunn, M. E., Holden, H. T., Lavrin, D. H. (ͻ΃΁Ϳ) Natural 
cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic 
tumors. II. Characterization of effector cells. Int J Cancer ͻ΀, ͼͽͺ-΃. 

ͻͺͻ. Kiessling, R., Klein, E., Wigzell, H. (ͻ΃΁Ϳ) "Natural" killer cells in the mouse. 
I. Cytotoxic cells with specificity for mouse Moloney leukemia cells. 



  ͱͷͳ  

  

Specificity and distribution according to genotype. Eur J Immunol Ϳ, ͻͻͼ-΁, 
DOI: ͻͺ.ͻͺͺͼ/eji.ͻ΂ͽͺͺͿͺͼͺ΂. 

ͻͺͼ. Sendo, F., Aoki, T., Boyse, E. A., Buafo, C. K. (ͻ΃΁Ϳ) Natural occurrence of 
lymphocytes showing cytotoxic activity to BALB/c radiation-induced 
leukemia RL male ͻ cells. J Natl Cancer Inst ͿͿ, ΀ͺͽ-΃. 

ͻͺͽ. Zarling, J. M., Nowinski, R. C., Bach, F. H. (ͻ΃΁Ϳ) Lysis of leukemia cells by 
spleen cells of normal mice. Proc Natl Acad Sci U S A ΁ͼ, ͼ΁΂ͺ-;. 

ͻͺ;. O'Leary, J. G., Goodarzi, M., Drayton, D. L., von Andrian, U. H. (ͼͺͺ΀) T cell- 
and B cell-independent adaptive immunity mediated by natural killer cells. 
Nat Immunol ΁, Ϳͺ΁-ͻ΀, DOI: ͻͺ.ͻͺͽ΂/niͻͽͽͼ. 

ͻͺͿ. Mela, C. M., Burton, C. T., Imami, N., Nelson, M., Steel, A., Gazzard, B. G., 
Gotch, F. M., Goodier, M. R. (ͼͺͺͿ) Switch from inhibitory to activating 
NKGͼ receptor expression in HIV-ͻ infection: lack of reversion with highly 
active antiretroviral therapy. AIDS ͻ΃, ͻ΁΀ͻ-΃, DOI: 
ͻͺ.ͻͺ΃΁/ͺͻ.aids.ͺͺͺͺͻ΂ͽ΀ͽͼ.ͻͼ;ͻ΂.ͽͽ. 

ͻͺ΀. Guma, M., Angulo, A., Vilches, C., Gomez-Lozano, N., Malats, N., Lopez-
Botet, M. (ͼͺͺ;) Imprint of human cytomegalovirus infection on the NK cell 
receptor repertoire. Blood ͻͺ;, ͽ΀΀;-΁ͻ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ;-ͺͿ-
ͼͺͿ΂. 

ͻͺ΁. Bjorkstrom, N. K., Lindgren, T., Stoltz, M., Fauriat, C., Braun, M., Evander, 
M., Michaelsson, J., Malmberg, K. J., Klingstrom, J., Ahlm, C., Ljunggren, H. 
G. (ͼͺͻͻ) Rapid expansion and long-term persistence of elevated NK cell 
numbers in humans infected with hantavirus. J Exp Med ͼͺ΂, ͻͽ-ͼͻ, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͻͺͺ΁΀ͼ. 

ͻͺ΂. Biron, C. A., Nguyen, K. B., Pien, G. C., Cousens, L. P., Salazar-Mather, T. P. 
(ͻ΃΃΃) Natural killer cells in antiviral defense: function and regulation by 
innate cytokines. Annu Rev Immunol ͻ΁, ͻ΂΃-ͼͼͺ, DOI: 
ͻͺ.ͻͻ;΀/annurev.immunol.ͻ΁.ͻ.ͻ΂΃. 

ͻͺ΃. Welsh, R. M., O'Donnell, C. L., Shultz, L. D. (ͻ΃΃;) Antiviral activity of NK 
ͻ.ͻ+ natural killer cells in CͿ΁BL/΀ scid mice infected with murine 
cytomegalovirus. Nat Immun ͻͽ, ͼͽ΃-;Ϳ. 

ͻͻͺ. Wang, L. L., Chu, D. T., Dokun, A. O., Yokoyama, W. M. (ͼͺͺͺ) Inducible 
expression of the gp;΃B inhibitory receptor on NK cells. J Immunol ͻ΀;, 
ͿͼͻͿ-ͼͺ. 



  ͱͷʹ  

  

ͻͻͻ. Orange, J. S. and Biron, C. A. (ͻ΃΃΀) Characterization of early IL-ͻͼ, IFN-
alphabeta, and TNF effects on antiviral state and NK cell responses during 
murine cytomegalovirus infection. J Immunol ͻͿ΀, ;΁;΀-Ϳ΀. 

ͻͻͼ. Au-Yeung, N., Mandhana, R., Horvath, C. M. (ͼͺͻͽ) Transcriptional 
regulation by STATͻ and STATͼ in the interferon JAK-STAT pathway. 
JAKSTAT ͼ, eͼͽ΃ͽͻ, DOI: ͻͺ.;ͻ΀ͻ/jkst.ͼͽ΃ͽͻ. 

ͻͻͽ. Miyagi, T., Gil, M. P., Wang, X., Louten, J., Chu, W. M., Biron, C. A. (ͼͺͺ΁) 
High basal STAT; balanced by STATͻ induction to control type ͻ interferon 
effects in natural killer cells. J Exp Med ͼͺ;, ͼͽ΂ͽ-΃΀, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͺ΁ͺ;ͺͻ. 

ͻͻ;. Liang, S., Wei, H., Sun, R., Tian, Z. (ͼͺͺͽ) IFNalpha regulates NK cell 
cytotoxicity through STATͻ pathway. Cytokine ͼͽ, ͻ΃ͺ-΃, DOI: 
ͻͺ.ͻͺͻ΀/sͻͺ;ͽ-;΀΀΀(ͺͽ)ͺͺͼͼ΀-΀. 

ͻͻͿ. Townsend, M. J., Weinmann, A. S., Matsuda, J. L., Salomon, R., Farnham, P. 
J., Biron, C. A., Gapin, L., Glimcher, L. H. (ͼͺͺ;) T-bet regulates the terminal 
maturation and homeostasis of NK and Valphaͻ;i NKT cells. Immunity ͼͺ, 
;΁΁-΃;. 

ͻͻ΀. Wang, K. S., Frank, D. A., Ritz, J. (ͼͺͺͺ) Interleukin-ͼ enhances the response 
of natural killer cells to interleukin-ͻͼ through up-regulation of the 
interleukin-ͻͼ receptor and STAT;. Blood ΃Ϳ, ͽͻ΂ͽ-΃ͺ. 

ͻͻ΁. Madera, S., Rapp, M., Firth, M. A., Beilke, J. N., Lanier, L. L., Sun, J. C. (ͼͺͻ΀) 
Type I IFN promotes NK cell expansion during viral infection by protecting 
NK cells against fratricide. J Exp Med ͼͻͽ, ͼͼͿ-ͽͽ, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͻͿͺ΁ͻͼ. 

ͻͻ΂. Sun, J. C., Madera, S., Bezman, N. A., Beilke, J. N., Kaplan, M. H., Lanier, L. L. 
(ͼͺͻͼ) Proinflammatory cytokine signaling required for the generation of 
natural killer cell memory. J Exp Med ͼͺ΃, ΃;΁-Ϳ;, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͻͻͻ΁΀ͺ. 

ͻͻ΃. Cooper, M. A., Elliott, J. M., Keyel, P. A., Yang, L., Carrero, J. A., Yokoyama, 
W. M. (ͼͺͺ΃) Cytokine-induced memory-like natural killer cells. Proc Natl 
Acad Sci U S A ͻͺ΀, ͻ΃ͻͿ-΃, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺ΂ͻͽͻ΃ͼͻͺ΀. 

ͻͼͺ. Keppel, M. P., Yang, L., Cooper, M. A. (ͼͺͻͽ) Murine NK cell intrinsic 
cytokine-induced memory-like responses are maintained following 
homeostatic proliferation. J Immunol ͻ΃ͺ, ;΁Ϳ;-΀ͼ, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻͼͺͻ΁;ͼ. 

ͻͼͻ. Beaulieu, A. M., Zawislak, C. L., Nakayama, T., Sun, J. C. (ͼͺͻ;) The 
transcription factor Zbtbͽͼ controls the proliferative burst of virus-specific 



  ͱͷ͵  

  

natural killer cells responding to infection. Nat Immunol ͻͿ, Ϳ;΀-Ϳͽ, DOI: 
ͻͺ.ͻͺͽ΂/ni.ͼ΂΁΀. 

ͻͼͼ. Xu, D., Holko, M., Sadler, A. J., Scott, B., Higashiyama, S., Berkofsky-Fessler, 
W., McConnell, M. J., Pandolfi, P. P., Licht, J. D., Williams, B. R. (ͼͺͺ΃) 
Promyelocytic leukemia zinc finger protein regulates interferon-mediated 
innate immunity. Immunity ͽͺ, ΂ͺͼ-ͻ΀, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͺ΃.ͺ;.ͺͻͽ. 

ͻͼͽ. Romee, R., Schneider, S. E., Leong, J. W., Chase, J. M., Keppel, C. R., Sullivan, 
R. P., Cooper, M. A., Fehniger, T. A. (ͼͺͻͼ) Cytokine activation induces 
human memory-like NK cells. Blood ͻͼͺ, ;΁Ϳͻ-΀ͺ, DOI: ͻͺ.ͻͻ΂ͼ/blood-
ͼͺͻͼ-ͺ;-;ͻ΃ͼ΂ͽ. 

ͻͼ;. Sun, J. C., Beilke, J. N., Lanier, L. L. (ͼͺͺ΃) Adaptive immune features of 
natural killer cells. Nature ;Ϳ΁, ͿͿ΁-΀ͻ, DOI: ͻͺ.ͻͺͽ΂/natureͺ΁΀΀Ϳ. 

ͻͼͿ. Brown, M. G., Dokun, A. O., Heusel, J. W., Smith, H. R., Beckman, D. L., 
Blattenberger, E. A., Dubbelde, C. E., Stone, L. R., Scalzo, A. A., Yokoyama, 
W. M. (ͼͺͺͻ) Vital involvement of a natural killer cell activation receptor in 
resistance to viral infection. Science ͼ΃ͼ, ΃ͽ;-΁, DOI: 
ͻͺ.ͻͻͼ΀/science.ͻͺ΀ͺͺ;ͼ. 

ͻͼ΀. Smith, H. R., Heusel, J. W., Mehta, I. K., Kim, S., Dorner, B. G., Naidenko, O. 
V., Iizuka, K., Furukawa, H., Beckman, D. L., Pingel, J. T., Scalzo, A. A., 
Fremont, D. H., Yokoyama, W. M. (ͼͺͺͼ) Recognition of a virus-encoded 
ligand by a natural killer cell activation receptor. Proc Natl Acad Sci U S A ΃΃, 
΂΂ͼ΀-ͽͻ, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺ΃ͼͼͿ΂Ϳ΃΃. 

ͻͼ΁. Arase, H., Mocarski, E. S., Campbell, A. E., Hill, A. B., Lanier, L. L. (ͼͺͺͼ) 
Direct recognition of cytomegalovirus by activating and inhibitory NK cell 
receptors. Science ͼ΃΀, ͻͽͼͽ-΀, DOI: ͻͺ.ͻͻͼ΀/science.ͻͺ΁ͺ΂΂;. 

ͻͼ΂. Tripathy, S. K., Smith, H. R., Holroyd, E. A., Pingel, J. T., Yokoyama, W. M. 
(ͼͺͺ΀) Expression of mͻͿ΁, a murine cytomegalovirus-encoded putative 
major histocompatibility class I (MHC-I)-like protein, is independent of viral 
regulation of host MHC-I. J Virol ΂ͺ, Ϳ;Ϳ-Ϳͺ, DOI: ͻͺ.ͻͻͼ΂/JVI.΂ͺ.ͻ.Ϳ;Ϳ-
ͿͿͺ.ͼͺͺ΀. 

ͻͼ΃. Bubic, I., Wagner, M., Krmpotic, A., Saulig, T., Kim, S., Yokoyama, W. M., 
Jonjic, S., Koszinowski, U. H. (ͼͺͺ;) Gain of virulence caused by loss of a gene 
in murine cytomegalovirus. J Virol ΁΂, ΁Ϳͽ΀-;;, DOI: 
ͻͺ.ͻͻͼ΂/JVI.΁΂.ͻ;.΁Ϳͽ΀-΁Ϳ;;.ͼͺͺ;. 



  ͱͷͶ  

  

ͻͽͺ. Dokun, A. O., Kim, S., Smith, H. R., Kang, H. S., Chu, D. T., Yokoyama, W. M. 
(ͼͺͺͻ) Specific and nonspecific NK cell activation during virus infection. Nat 
Immunol ͼ, ΃Ϳͻ-΀, DOI: ͻͺ.ͻͺͽ΂/ni΁ͻ;. 

ͻͽͻ. Orr, M. T., Sun, J. C., Hesslein, D. G., Arase, H., Phillips, J. H., Takai, T., Lanier, 
L. L. (ͼͺͺ΃) Ly;΃H signaling through DAPͻͺ is essential for optimal natural 
killer cell responses to mouse cytomegalovirus infection. J Exp Med ͼͺ΀, ΂ͺ΁-
ͻ΁, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺ΃ͺͻ΀΂. 

ͻͽͼ. Pende, D., Castriconi, R., Romagnani, P., Spaggiari, G. M., Marcenaro, S., 
Dondero, A., Lazzeri, E., Lasagni, L., Martini, S., Rivera, P., Capobianco, A., 
Moretta, L., Moretta, A., Bottino, C. (ͼͺͺ΀) Expression of the DNAM-ͻ 
ligands, Nectin-ͼ (CDͻͻͼ) and poliovirus receptor (CDͻͿͿ), on dendritic 
cells: relevance for natural killer-dendritic cell interaction. Blood ͻͺ΁, ͼͺͽͺ-
΀, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺͿ-ͺ΁-ͼ΀΃΀. 

ͻͽͽ. Nabekura, T., Kanaya, M., Shibuya, A., Fu, G., Gascoigne, N. R., Lanier, L. L. 
(ͼͺͻ;) Costimulatory molecule DNAM-ͻ is essential for optimal 
differentiation of memory natural killer cells during mouse cytomegalovirus 
infection. Immunity ;ͺ, ͼͼͿ-ͽ;, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻͽ.ͻͼ.ͺͻͻ. 

ͻͽ;. Robbins, S. H., Tessmer, M. S., Mikayama, T., Brossay, L. (ͼͺͺ;) Expansion 
and contraction of the NK cell compartment in response to murine 
cytomegalovirus infection. J Immunol ͻ΁ͽ, ͼͿ΃-΀΀. 

ͻͽͿ. Miletic, A., Krmpotic, A., Jonjic, S. (ͼͺͻͽ) The evolutionary arms race 
between NK cells and viruses: who gets the short end of the stick? Eur J 
Immunol ;ͽ, ΂΀΁-΁΁, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͼ;ͽͻͺͻ. 

ͻͽ΀. Guma, M., Cabrera, C., Erkizia, I., Bofill, M., Clotet, B., Ruiz, L., Lopez-Botet, 
M. (ͼͺͺ΀) Human cytomegalovirus infection is associated with increased 
proportions of NK cells that express the CD΃;/NKGͼC receptor in aviremic 
HIV-ͻ-positive patients. J Infect Dis ͻ΃;, ͽ΂-;ͻ, DOI: ͻͺ.ͻͺ΂΀/Ϳͺ;΁ͻ΃. 

ͻͽ΁. Monsivais-Urenda, A., Noyola-Cherpitel, D., Hernandez-Salinas, A., Garcia-
Sepulveda, C., Romo, N., Baranda, L., Lopez-Botet, M., Gonzalez-Amaro, R. 
(ͼͺͻͺ) Influence of human cytomegalovirus infection on the NK cell receptor 
repertoire in children. Eur J Immunol ;ͺ, ͻ;ͻ΂-ͼ΁, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺ΃ͽ΃΂΃΂. 

ͻͽ΂. Muntasell, A., Vilches, C., Angulo, A., Lopez-Botet, M. (ͼͺͻͽ) Adaptive 
reconfiguration of the human NK-cell compartment in response to 
cytomegalovirus: a different perspective of the host-pathogen interaction. 
Eur J Immunol ;ͽ, ͻͻͽͽ-;ͻ, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͼ;ͽͻͻ΁. 

ͻͽ΃. Noyola, D. E., Fortuny, C., Muntasell, A., Noguera-Julian, A., Munoz-
Almagro, C., Alarcon, A., Juncosa, T., Moraru, M., Vilches, C., Lopez-Botet, 



  ͱͷͷ  

  

M. (ͼͺͻͼ) Influence of congenital human cytomegalovirus infection and the 
NKGͼC genotype on NK-cell subset distribution in children. Eur J Immunol 
;ͼ, ͽͼͿ΀-΀΀, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͼ;ͼ΁Ϳͼ. 

ͻ;ͺ. Foley, B., Cooley, S., Verneris, M. R., Pitt, M., Curtsinger, J., Luo, X., Lopez-
Verges, S., Lanier, L. L., Weisdorf, D., Miller, J. S. (ͼͺͻͼ) Cytomegalovirus 
reactivation after allogeneic transplantation promotes a lasting increase in 
educated NKGͼC+ natural killer cells with potent function. Blood ͻͻ΃, ͼ΀΀Ϳ-
΁;, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͻ-ͻͺ-ͽ΂΀΃΃Ϳ. 

ͻ;ͻ. Lopez-Verges, S., Milush, J. M., Schwartz, B. S., Pando, M. J., Jarjoura, J., York, 
V. A., Houchins, J. P., Miller, S., Kang, S. M., Norris, P. J., Nixon, D. F., Lanier, 
L. L. (ͼͺͻͻ) Expansion of a unique CDͿ΁(+)NKGͼChi natural killer cell subset 
during acute human cytomegalovirus infection. Proc Natl Acad Sci U S A ͻͺ΂, 
ͻ;΁ͼͿ-ͽͼ, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͻͻͻͺ΃ͺͺͻͺ΂. 

ͻ;ͼ. Della Chiesa, M., Falco, M., Podesta, M., Locatelli, F., Moretta, L., Frassoni, 
F., Moretta, A. (ͼͺͻͼ) Phenotypic and functional heterogeneity of human NK 
cells developing after umbilical cord blood transplantation: a role for human 
cytomegalovirus? Blood ͻͻ΃, ͽ΃΃-;ͻͺ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͻ-ͺ΂-
ͽ΁ͼͺͺͽ. 

ͻ;ͽ. Schlums, H., Cichocki, F., Tesi, B., Theorell, J., Beziat, V., Holmes, T. D., Han, 
H., Chiang, S. C., Foley, B., Mattsson, K., Larsson, S., Schaffer, M., Malmberg, 
K. J., Ljunggren, H. G., Miller, J. S., Bryceson, Y. T. (ͼͺͻͿ) Cytomegalovirus 
infection drives adaptive epigenetic diversification of NK cells with altered 
signaling and effector function. Immunity ;ͼ, ;;ͽ-Ϳ΀, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻͿ.ͺͼ.ͺͺ΂. 

ͻ;;. Lee, J., Zhang, T., Hwang, I., Kim, A., Nitschke, L., Kim, M., Scott, J. M., 
Kamimura, Y., Lanier, L. L., Kim, S. (ͼͺͻͿ) Epigenetic modification and 
antibody-dependent expansion of memory-like NK cells in human 
cytomegalovirus-infected individuals. Immunity ;ͼ, ;ͽͻ-;ͼ, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻͿ.ͺͼ.ͺͻͽ. 

ͻ;Ϳ. Rolle, A., Pollmann, J., Ewen, E. M., Le, V. T., Halenius, A., Hengel, H., 
Cerwenka, A. (ͼͺͻ;) IL-ͻͼ-producing monocytes and HLA-E control HCMV-
driven NKGͼC+ NK cell expansion. J Clin Invest ͻͼ;, ͿͽͺͿ-ͻ΀, DOI: 
ͻͺ.ͻͻ΁ͼ/JCI΁΁;;ͺ. 

ͻ;΀. Braud, V. M., Allan, D. S., O'Callaghan, C. A., Soderstrom, K., D'Andrea, A., 
Ogg, G. S., Lazetic, S., Young, N. T., Bell, J. I., Phillips, J. H., Lanier, L. L., 
McMichael, A. J. (ͻ΃΃΂) HLA-E binds to natural killer cell receptors 
CD΃;/NKGͼA, B and C. Nature ͽ΃ͻ, ΁΃Ϳ-΃, DOI: ͻͺ.ͻͺͽ΂/ͽͿ΂΀΃. 



  ͱͷ͸  

  

ͻ;΁. Wada, H., Matsumoto, N., Maenaka, K., Suzuki, K., Yamamoto, K. (ͼͺͺ;) The 
inhibitory NK cell receptor CD΃;/NKGͼA and the activating receptor 
CD΃;/NKGͼC bind the top of HLA-E through mostly shared but partly 
distinct sets of HLA-E residues. Eur J Immunol ͽ;, ΂ͻ-΃ͺ, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺͽͼ;;ͽͼ. 

ͻ;΂. Kaiser, B. K., Pizarro, J. C., Kerns, J., Strong, R. K. (ͼͺͺ΂) Structural basis for 
NKGͼA/CD΃; recognition of HLA-E. Proc Natl Acad Sci U S A ͻͺͿ, ΀΀΃΀-
΁ͺͻ, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺ΂ͺͼ΁ͽ΀ͻͺͿ. 

ͻ;΃. Kraemer, T., Celik, A. A., Huyton, T., Kunze-Schumacher, H., Blasczyk, R., 
Bade-Doding, C. (ͼͺͻͿ) HLA-E: Presentation of a Broader Peptide Repertoire 
Impacts the Cellular Immune Response-Implications on HSCT Outcome. 
Stem Cells Int ͼͺͻͿ, ͽ;΀΁ͻ;, DOI: ͻͺ.ͻͻͿͿ/ͼͺͻͿ/ͽ;΀΁ͻ;. 

ͻͿͺ. Vales-Gomez, M., Reyburn, H. T., Erskine, R. A., Lopez-Botet, M., Strominger, 
J. L. (ͻ΃΃΃) Kinetics and peptide dependency of the binding of the inhibitory 
NK receptor CD΃;/NKGͼ-A and the activating receptor CD΃;/NKGͼ-C to 
HLA-E. EMBO J ͻ΂, ;ͼͿͺ-΀ͺ, DOI: ͻͺ.ͻͺ΃ͽ/emboj/ͻ΂.ͻͿ.;ͼͿͺ. 

ͻͿͻ. Prod'homme, V., Tomasec, P., Cunningham, C., Lemberg, M. K., Stanton, R. 
J., McSharry, B. P., Wang, E. C., Cuff, S., Martoglio, B., Davison, A. J., Braud, 
V. M., Wilkinson, G. W. (ͼͺͻͼ) Human cytomegalovirus UL;ͺ signal peptide 
regulates cell surface expression of the NK cell ligands HLA-E and gpULͻ΂. J 
Immunol ͻ΂΂, ͼ΁΃;-΂ͺ;, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻͻͺͼͺ΀΂. 

ͻͿͼ. Hammer, Q., Ruckert, T., Borst, E. M., Dunst, J., Haubner, A., Durek, P., 
Heinrich, F., Gasparoni, G., Babic, M., Tomic, A., Pietra, G., Nienen, M., Blau, 
I. W., Hofmann, J., Na, I. K., Prinz, I., Koenecke, C., Hemmati, P., Babel, N., 
Arnold, R., Walter, J., Thurley, K., Mashreghi, M. F., Messerle, M., 
Romagnani, C. (ͼͺͻ΂) Peptide-specific recognition of human 
cytomegalovirus strains controls adaptive natural killer cells. Nat Immunol 
ͻ΃, ;Ϳͽ-;΀ͽ, DOI: ͻͺ.ͻͺͽ΂/s;ͻͿ΃ͺ-ͺͻ΂-ͺͺ΂ͼ-΀. 

ͻͿͽ. Falk, C. S., Mach, M., Schendel, D. J., Weiss, E. H., Hilgert, I., Hahn, G. (ͼͺͺͼ) 
NK cell activity during human cytomegalovirus infection is dominated by 
USͼ-ͻͻ-mediated HLA class I down-regulation. J Immunol ͻ΀΃, ͽͼͿ΁-΀΀. 

ͻͿ;. Newhook, N., Fudge, N., Grant, M. (ͼͺͻ΁) NK cells generate memory-type 
responses to human cytomegalovirus-infected fibroblasts. Eur J Immunol ;΁, 
ͻͺͽͼ-ͻͺͽ΃, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻ΀;΀΂ͻ΃. 

ͻͿͿ. Beziat, V., Liu, L. L., Malmberg, J. A., Ivarsson, M. A., Sohlberg, E., Bjorklund, 
A. T., Retiere, C., Sverremark-Ekstrom, E., Traherne, J., Ljungman, P., 
Schaffer, M., Price, D. A., Trowsdale, J., Michaelsson, J., Ljunggren, H. G., 
Malmberg, K. J. (ͼͺͻͽ) NK cell responses to cytomegalovirus infection lead 



  ͱͷ͹  

  

to stable imprints in the human KIR repertoire and involve activating KIRs. 
Blood ͻͼͻ, ͼ΀΁΂-΂΂, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͼ-ͻͺ-;Ϳ΃Ϳ;Ϳ. 

ͻͿ΀. Liu, L. L., Landskron, J., Ask, E. H., Enqvist, M., Sohlberg, E., Traherne, J. A., 
Hammer, Q., Goodridge, J. P., Larsson, S., Jayaraman, J., Oei, V. Y. S., Schaffer, 
M., Tasken, K., Ljunggren, H. G., Romagnani, C., Trowsdale, J., Malmberg, K. 
J., Beziat, V. (ͼͺͻ΀) Critical Role of CDͼ Co-stimulation in Adaptive Natural 
Killer Cell Responses Revealed in NKGͼC-Deficient Humans. Cell Rep ͻͿ, 
ͻͺ΂΂-ͻͺ΃΃, DOI: ͻͺ.ͻͺͻ΀/j.celrep.ͼͺͻ΀.ͺ;.ͺͺͿ. 

ͻͿ΁. Rolle, A., Halenius, A., Ewen, E. M., Cerwenka, A., Hengel, H., Momburg, F. 
(ͼͺͻ΀) CDͼ-CDͿ΂ interactions are pivotal for the activation and function of 
adaptive natural killer cells in human cytomegalovirus infection. Eur J 
Immunol ;΀, ͼ;ͼͺ-ͼ;ͼͿ, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻ΀;΀;΃ͼ. 

ͻͿ΂. Hwang, I., Zhang, T., Scott, J. M., Kim, A. R., Lee, T., Kakarla, T., Kim, A., 
Sunwoo, J. B., Kim, S. (ͼͺͻͼ) Identification of human NK cells that are 
deficient for signaling adaptor FcRgamma and specialized for antibody-
dependent immune functions. Int Immunol ͼ;, ΁΃ͽ-΂ͺͼ, DOI: 
ͻͺ.ͻͺ΃ͽ/intimm/dxsͺ΂ͺ. 

ͻͿ΃. Zhang, T., Scott, J. M., Hwang, I., Kim, S. (ͼͺͻͽ) Cutting edge: antibody-
dependent memory-like NK cells distinguished by FcRgamma deficiency. J 
Immunol ͻ΃ͺ, ͻ;ͺͼ-΀, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻͼͺͽͺͽ;. 

ͻ΀ͺ. Watzl, C. and Long, E. O. (ͼͺͻͺ) Signal transduction during activation and 
inhibition of natural killer cells. Curr Protoc Immunol Chapter ͻͻ, Unit ͻͻ 
΃B, DOI: ͻͺ.ͻͺͺͼ/ͺ;΁ͻͻ;ͼ΁ͽͿ.imͻͻͺ΃bs΃ͺ. 

ͻ΀ͻ. Luetke-Eversloh, M., Hammer, Q., Durek, P., Nordstrom, K., Gasparoni, G., 
Pink, M., Hamann, A., Walter, J., Chang, H. D., Dong, J., Romagnani, C. 
(ͼͺͻ;) Human cytomegalovirus drives epigenetic imprinting of the IFNG 
locus in NKGͼChi natural killer cells. PLoS Pathog ͻͺ, eͻͺͺ;;;ͻ, DOI: 
ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺ;;;ͻ. 

ͻ΀ͼ. Luetke-Eversloh, M., Cicek, B. B., Siracusa, F., Thom, J. T., Hamann, A., 
Frischbutter, S., Baumgrass, R., Chang, H. D., Thiel, A., Dong, J., Romagnani, 
C. (ͼͺͻ;) NK cells gain higher IFN-gamma competence during terminal 
differentiation. Eur J Immunol ;;, ͼͺ΁;-΂;, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͽ;;ͺ΁ͼ. 

ͻ΀ͽ. Shnyreva, M., Weaver, W. M., Blanchette, M., Taylor, S. L., Tompa, M., 
Fitzpatrick, D. R., Wilson, C. B. (ͼͺͺ;) Evolutionarily conserved sequence 
elements that positively regulate IFN-gamma expression in T cells. Proc Natl 
Acad Sci U S A ͻͺͻ, ͻͼ΀ͼͼ-΁, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺ;ͺͺ΂;΃ͻͺͻ. 



  ͱ͸Ͱ  

  

ͻ΀;. Dong, J., Chang, H. D., Ivascu, C., Qian, Y., Rezai, S., Okhrimenko, A., Cosmi, 
L., Maggi, L., Eckhardt, F., Wu, P., Sieper, J., Alexander, T., Annunziato, F., 
Gossen, M., Li, J., Radbruch, A., Thiel, A. (ͼͺͻͽ) Loss of methylation at the 
IFNG promoter and CNS-ͻ is associated with the development of functional 
IFN-gamma memory in human CD;(+) T lymphocytes. Eur J Immunol ;ͽ, 
΁΃ͽ-΂ͺ;, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͼ;ͼ΂Ϳ΂. 

ͻ΀Ϳ. Lee, D. U., Avni, O., Chen, L., Rao, A. (ͼͺͺ;) A distal enhancer in the 
interferon-gamma (IFN-gamma) locus revealed by genome sequence 
comparison. J Biol Chem ͼ΁΃, ;΂ͺͼ-ͻͺ, DOI: ͻͺ.ͻͺ΁;/jbc.Mͽͺ΁΃ͺ;ͼͺͺ. 

ͻ΀΀. Kuijpers, T. W., Baars, P. A., Dantin, C., van den Burg, M., van Lier, R. A., 
Roosnek, E. (ͼͺͺ΂) Human NK cells can control CMV infection in the absence 
of T cells. Blood ͻͻͼ, ΃ͻ;-Ϳ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΂-ͺͿ-ͻͿ΁ͽͿ;. 

ͻ΀΁. Beziat, V., Dalgard, O., Asselah, T., Halfon, P., Bedossa, P., Boudifa, A., 
Hervier, B., Theodorou, I., Martinot, M., Debre, P., Bjorkstrom, N. K., 
Malmberg, K. J., Marcellin, P., Vieillard, V. (ͼͺͻͼ) CMV drives clonal 
expansion of NKGͼC+ NK cells expressing self-specific KIRs in chronic 
hepatitis patients. Eur J Immunol ;ͼ, ;;΁-Ϳ΁, DOI: ͻͺ.ͻͺͺͼ/eji.ͼͺͻͻ;ͻ΂ͼ΀. 

ͻ΀΂. McGeoch, D. J. and Cook, S. (ͻ΃΃;) Molecular phylogeny of the 
alphaherpesvirinae subfamily and a proposed evolutionary timescale. J Mol 
Biol ͼͽ΂, ΃-ͼͼ, DOI: ͻͺ.ͻͺͺ΀/jmbi.ͻ΃΃;.ͻͼ΀;. 

ͻ΀΃. McGeoch, D. J., Cook, S., Dolan, A., Jamieson, F. E., Telford, E. A. (ͻ΃΃Ϳ) 
Molecular phylogeny and evolutionary timescale for the family of 
mammalian herpesviruses. J Mol Biol ͼ;΁, ;;ͽ-Ϳ΂, DOI: 
ͻͺ.ͻͺͺ΀/jmbi.ͻ΃΃Ϳ.ͺͻͿͼ. 

ͻ΁ͺ. Wertheim, J. O., Smith, M. D., Smith, D. M., Scheffler, K., Kosakovsky Pond, 
S. L. (ͼͺͻ;) Evolutionary origins of human herpes simplex viruses ͻ and ͼ. 
Mol Biol Evol ͽͻ, ͼͽͿ΀-΀;, DOI: ͻͺ.ͻͺ΃ͽ/molbev/msuͻ΂Ϳ. 

ͻ΁ͻ. Cannon, M. J., Schmid, D. S., Hyde, T. B. (ͼͺͻͺ) Review of cytomegalovirus 
seroprevalence and demographic characteristics associated with infection. 
Rev Med Virol ͼͺ, ͼͺͼ-ͻͽ, DOI: ͻͺ.ͻͺͺͼ/rmv.΀ͿͿ. 

ͻ΁ͼ. Stern-Ginossar, N., Weisburd, B., Michalski, A., Le, V. T., Hein, M. Y., Huang, 
S. X., Ma, M., Shen, B., Qian, S. B., Hengel, H., Mann, M., Ingolia, N. T., 
Weissman, J. S. (ͼͺͻͼ) Decoding human cytomegalovirus. Science ͽͽ΂, ͻͺ΂΂-
΃ͽ, DOI: ͻͺ.ͻͻͼ΀/science.ͻͼͼ΁΃ͻ΃. 

ͻ΁ͽ. Taylor-Wiedeman, J., Sissons, J. G., Borysiewicz, L. K., Sinclair, J. H. (ͻ΃΃ͻ) 
Monocytes are a major site of persistence of human cytomegalovirus in 
peripheral blood mononuclear cells. J Gen Virol ΁ͼ ( Pt ΃), ͼͺͿ΃-΀;, DOI: 
ͻͺ.ͻͺ΃΃/ͺͺͼͼ-ͻͽͻ΁-΁ͼ-΃-ͼͺͿ΃. 



  ͱ͸ͱ  

  

ͻ΁;. Hendrix, R. M., Wagenaar, M., Slobbe, R. L., Bruggeman, C. A. (ͻ΃΃΁) 
Widespread presence of cytomegalovirus DNA in tissues of healthy trauma 
victims. J Clin Pathol Ϳͺ, Ϳ΃-΀ͽ, DOI: ͻͺ.ͻͻͽ΀/jcp.Ϳͺ.ͻ.Ϳ΃. 

ͻ΁Ϳ. Hahn, G., Jores, R., Mocarski, E. S. (ͻ΃΃΂) Cytomegalovirus remains latent in 
a common precursor of dendritic and myeloid cells. Proc Natl Acad Sci U S A 
΃Ϳ, ͽ΃ͽ΁-;ͼ, DOI: ͻͺ.ͻͺ΁ͽ/pnas.΃Ϳ.΁.ͽ΃ͽ΁. 

ͻ΁΀. Sinclair, J. (ͼͺͺ΂) Human cytomegalovirus: Latency and reactivation in the 
myeloid lineage. J Clin Virol ;ͻ, ͻ΂ͺ-Ϳ, DOI: ͻͺ.ͻͺͻ΀/j.jcv.ͼͺͺ΁.ͻͻ.ͺͻ;. 

ͻ΁΁. Sissons, J. G., Bain, M., Wills, M. R. (ͼͺͺͼ) Latency and reactivation of human 
cytomegalovirus. J Infect ;;, ΁ͽ-΁, DOI: ͻͺ.ͻͺͿͽ/jinf.ͼͺͺͻ.ͺ΃;΂. 

ͻ΁΂. Almeida, G. D., Porada, C. D., St Jeor, S., Ascensao, J. L. (ͻ΃΃;) Human 
cytomegalovirus alters interleukin-΀ production by endothelial cells. Blood 
΂ͽ, ͽ΁ͺ-΀. 

ͻ΁΃. Sadeghi, M., Daniel, V., Naujokat, C., Schnitzler, P., Schmidt, J., Mehrabi, A., 
Zeier, M., Opelz, G. (ͼͺͺ΂) Dysregulated cytokine responses during 
cytomegalovirus infection in renal transplant recipients. Transplantation ΂΀, 
ͼ΁Ϳ-΂Ϳ, DOI: ͻͺ.ͻͺ΃΁/TP.ͺbͺͻͽeͽͻ΂ͻ΁bͺ΀ͽd. 

ͻ΂ͺ. van de Berg, P. J., Heutinck, K. M., Raabe, R., Minnee, R. C., Young, S. L., van 
Donselaar-van der Pant, K. A., Bemelman, F. J., van Lier, R. A., ten Berge, I. J. 
(ͼͺͻͺ) Human cytomegalovirus induces systemic immune activation 
characterized by a type ͻ cytokine signature. J Infect Dis ͼͺͼ, ΀΃ͺ-΃, DOI: 
ͻͺ.ͻͺ΂΀/΀ͿͿ;΁ͼ. 

ͻ΂ͻ. Kotenko, S. V., Saccani, S., Izotova, L. S., Mirochnitchenko, O. V., Pestka, S. 
(ͼͺͺͺ) Human cytomegalovirus harbors its own unique IL-ͻͺ homolog 
(cmvIL-ͻͺ). Proc Natl Acad Sci U S A ΃΁, ͻ΀΃Ϳ-΁ͺͺ. 

ͻ΂ͼ. Lockridge, K. M., Zhou, S. S., Kravitz, R. H., Johnson, J. L., Sawai, E. T., 
Blewett, E. L., Barry, P. A. (ͼͺͺͺ) Primate cytomegaloviruses encode and 
express an IL-ͻͺ-like protein. Virology ͼ΀΂, ͼ΁ͼ-΂ͺ, DOI: 
ͻͺ.ͻͺͺ΀/viro.ͼͺͺͺ.ͺͻ΃Ϳ. 

ͻ΂ͽ. Penfold, M. E., Dairaghi, D. J., Duke, G. M., Saederup, N., Mocarski, E. S., 
Kemble, G. W., Schall, T. J. (ͻ΃΃΃) Cytomegalovirus encodes a potent alpha 
chemokine. Proc Natl Acad Sci U S A ΃΀, ΃΂ͽ΃-;;, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.΃΀.ͻ΁.΃΂ͽ΃. 

ͻ΂;. Luttichau, H. R. (ͼͺͻͺ) The cytomegalovirus ULͻ;΀ gene product vCXCLͻ 
targets both CXCRͻ and CXCRͼ as an agonist. J Biol Chem ͼ΂Ϳ, ΃ͻͽ΁-;΀, 
DOI: ͻͺ.ͻͺ΁;/jbc.Mͻͺ΃.ͺͺͼ΁΁;. 



  ͱ͸Ͳ  

  

ͻ΂Ϳ. Bodaghi, B., Jones, T. R., Zipeto, D., Vita, C., Sun, L., Laurent, L., Arenzana-
Seisdedos, F., Virelizier, J. L., Michelson, S. (ͻ΃΃΂) Chemokine sequestration 
by viral chemoreceptors as a novel viral escape strategy: withdrawal of 
chemokines from the environment of cytomegalovirus-infected cells. J Exp 
Med ͻ΂΂, ΂ͿͿ-΀΀, DOI: ͻͺ.ͻͺ΂;/jem.ͻ΂΂.Ϳ.΂ͿͿ. 

ͻ΂΀. Chee, M. S., Satchwell, S. C., Preddie, E., Weston, K. M., Barrell, B. G. (ͻ΃΃ͺ) 
Human cytomegalovirus encodes three G protein-coupled receptor 
homologues. Nature ͽ;;, ΁΁;-΁, DOI: ͻͺ.ͻͺͽ΂/ͽ;;΁΁;aͺ. 

ͻ΂΁. Gompels, U. A., Nicholas, J., Lawrence, G., Jones, M., Thomson, B. J., Martin, 
M. E., Efstathiou, S., Craxton, M., Macaulay, H. A. (ͻ΃΃Ϳ) The DNA sequence 
of human herpesvirus-΀: structure, coding content, and genome evolution. 
Virology ͼͺ΃, ͼ΃-Ϳͻ, DOI: ͻͺ.ͻͺͺ΀/viro.ͻ΃΃Ϳ.ͻͼͼ΂. 

ͻ΂΂. Barton, E. S., White, D. W., Cathelyn, J. S., Brett-McClellan, K. A., Engle, M., 
Diamond, M. S., Miller, V. L., Virgin, H. W. t. (ͼͺͺ΁) Herpesvirus latency 
confers symbiotic protection from bacterial infection. Nature ;;΁, ͽͼ΀-΃, 
DOI: ͻͺ.ͻͺͽ΂/natureͺͿ΁΀ͼ. 

ͻ΂΃. Furman, D., Jojic, V., Sharma, S., Shen-Orr, S. S., Angel, C. J., Onengut-
Gumuscu, S., Kidd, B. A., Maecker, H. T., Concannon, P., Dekker, C. L., 
Thomas, P. G., Davis, M. M. (ͼͺͻͿ) Cytomegalovirus infection enhances the 
immune response to influenza. Science translational medicine ΁, ͼ΂ͻra;ͽ, 
DOI: ͻͺ.ͻͻͼ΀/scitranslmed.aaaͼͼ΃ͽ. 

ͻ΃ͺ. Pera, A., Campos, C., Corona, A., Sanchez-Correa, B., Tarazona, R., Larbi, A., 
Solana, R. (ͼͺͻ;) CMV latent infection improves CD΂+ T response to SEB due 
to expansion of polyfunctional CDͿ΁+ cells in young individuals. PLoS One 
΃, e΂΂Ϳͽ΂, DOI: ͻͺ.ͻͽ΁ͻ/journal.pone.ͺͺ΂΂Ϳͽ΂. 

ͻ΃ͻ. Welsh, R. M., Che, J. W., Brehm, M. A., Selin, L. K. (ͼͺͻͺ) Heterologous 
immunity between viruses. Immunol Rev ͼͽͿ, ͼ;;-΀΀, DOI: ͻͺ.ͻͻͻͻ/j.ͺͻͺͿ-
ͼ΂΃΀.ͼͺͻͺ.ͺͺ΂΃΁.x. 

ͻ΃ͼ. Jesionek, K. (ͻ΃ͺ;) Ueber einen Befund von protozoënaritgen Gebilden in 
den Organen eines hereditärluetischen Fötus. Münchener Medizinische 
Wochenschrift ;ͽ. 

ͻ΃ͽ. Smith, A. J., Weidman, F (ͻ΃ͻͺ) Infection of a stillborn infant by an 
amebiform protozoön. University of Pennsylvania Medical Bulletin ͼͽ, ͼ΂Ϳ–
ͼ΃΂. 

ͻ΃;. Hill, R. B., Jr., Rowlands, D. T., Jr., Rifkind, D. (ͻ΃΀;) Infectious Pulmonary 
Disease in Patients Receiving Immunosuppressive Therapy for Organ 
Transplantation. N Engl J Med ͼ΁ͻ, ͻͺͼͻ-΁, DOI: 
ͻͺ.ͻͺͿ΀/NEJMͻ΃΀;ͻͻͻͼͼ΁ͻͼͺͺͻ. 



  ͱ͸ͳ  

  

ͻ΃Ϳ. Rubin, R. H. (ͻ΃΂΃) The indirect effects of cytomegalovirus infection on the 
outcome of organ transplantation. JAMA ͼ΀ͻ, ͽ΀ͺ΁-΃. 

ͻ΃΀. Emery, V. C. (ͼͺͺͻ) Investigation of CMV disease in immunocompromised 
patients. J Clin Pathol Ϳ;, ΂;-΂. 

ͻ΃΁. Simanek, A. M., Dowd, J. B., Pawelec, G., Melzer, D., Dutta, A., Aiello, A. E. 
(ͼͺͻͻ) Seropositivity to cytomegalovirus, inflammation, all-cause and 
cardiovascular disease-related mortality in the United States. PLoS One ΀, 
eͻ΀ͻͺͽ, DOI: ͻͺ.ͻͽ΁ͻ/journal.pone.ͺͺͻ΀ͻͺͽ. 

ͻ΃΂. Austad, S. N. and Hoffman, J. M. (ͼͺͻ΂) Is antagonistic pleiotropy ubiquitous 
in aging biology? Evol Med Public Health ͼͺͻ΂, ͼ΂΁-ͼ΃;, DOI: 
ͻͺ.ͻͺ΃ͽ/emph/eoyͺͽͽ. 

ͻ΃΃. Lichtner, M., Cicconi, P., Vita, S., Cozzi-Lepri, A., Galli, M., Lo Caputo, S., 
Saracino, A., De Luca, A., Moioli, M., Maggiolo, F., Marchetti, G., Vullo, V., 
d'Arminio Monforte, A., Study, I. F. (ͼͺͻͿ) Cytomegalovirus coinfection is 
associated with an increased risk of severe non-AIDS-defining events in a 
large cohort of HIV-infected patients. J Infect Dis ͼͻͻ, ͻ΁΂-΂΀, DOI: 
ͻͺ.ͻͺ΃ͽ/infdis/jiu;ͻ΁. 

ͼͺͺ. Freeman, M. L., Mudd, J. C., Shive, C. L., Younes, S. A., Panigrahi, S., Sieg, S. 
F., Lee, S. A., Hunt, P. W., Calabrese, L. H., Gianella, S., Rodriguez, B., 
Lederman, M. M. (ͼͺͻ΀) CD΂ T-Cell Expansion and Inflammation Linked to 
CMV Coinfection in ART-treated HIV Infection. Clinical infectious diseases : 
an official publication of the Infectious Diseases Society of America ΀ͼ, ͽ΃ͼ-
΀, DOI: ͻͺ.ͻͺ΃ͽ/cid/civ΂;ͺ. 

ͼͺͻ. Sacre, K., Hunt, P. W., Hsue, P. Y., Maidji, E., Martin, J. N., Deeks, S. G., 
Autran, B., McCune, J. M. (ͼͺͻͼ) A role for cytomegalovirus-specific 
CD;+CXͽCRͻ+ T cells and cytomegalovirus-induced T-cell 
immunopathology in HIV-associated atherosclerosis. AIDS ͼ΀, ΂ͺͿ-ͻ;, DOI: 
ͻͺ.ͻͺ΃΁/QAD.ͺbͺͻͽeͽͼ΂ͽͿͻf΁΂ͺ. 

ͼͺͼ. Barrett, L., Stapleton, S. N., Fudge, N. J., Grant, M. D. (ͼͺͻ;) Immune 
resilience in HIV-infected individuals seronegative for cytomegalovirus. AIDS 
ͼ΂, ͼͺ;Ϳ-΃, DOI: ͻͺ.ͻͺ΃΁/QAD.ͺͺͺͺͺͺͺͺͺͺͺͺͺ;ͺͿ. 

ͼͺͽ. Serrano-Villar, S., Sainz, T., Lee, S. A., Hunt, P. W., Sinclair, E., Shacklett, B. 
L., Ferre, A. L., Hayes, T. L., Somsouk, M., Hsue, P. Y., Van Natta, M. L., 
Meinert, C. L., Lederman, M. M., Hatano, H., Jain, V., Huang, Y., Hecht, F. 
M., Martin, J. N., McCune, J. M., Moreno, S., Deeks, S. G. (ͼͺͻ;) HIV-infected 
individuals with low CD;/CD΂ ratio despite effective antiretroviral therapy 
exhibit altered T cell subsets, heightened CD΂+ T cell activation, and 



  ͱ͸ʹ  

  

increased risk of non-AIDS morbidity and mortality. PLoS Pathog ͻͺ, 
eͻͺͺ;ͺ΁΂, DOI: ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺ;ͺ΁΂. 

ͼͺ;. Heath, J., Newhook, N., Comeau, E., Gallant, M., Fudge, N., Grant, M. (ͼͺͻ΀) 
NKGͼC(+)CDͿ΁(+) Natural Killer Cell Expansion Parallels Cytomegalovirus-
Specific CD΂(+) T Cell Evolution towards Senescence. Journal of immunology 
research ͼͺͻ΀, ΁;΁ͺͻͼ;, DOI: ͻͺ.ͻͻͿͿ/ͼͺͻ΀/΁;΁ͺͻͼ;. 

ͼͺͿ. Lang, D. J., Kovacs, A. A., Zaia, J. A., Doelkin, G., Niland, J. C., Aledort, L., 
Azen, S. P., Fletcher, M. A., Gauderman, J., Gjerset, G. J., et al. (ͻ΃΂΃) 
Seroepidemiologic studies of cytomegalovirus and Epstein-Barr virus 
infections in relation to human immunodeficiency virus type ͻ infection in 
selected recipient populations. Transfusion Safety Study Group. J Acquir 
Immune Defic Syndr (ͻ΃΂΂) ͼ, Ϳ;ͺ-΃. 

ͼͺ΀. Durier, N., Ananworanich, J., Apornpong, T., Ubolyam, S., Kerr, S. J., 
Mahanontharit, A., Ferradini, L., Ruxrungtham, K., Avihingsanon, A. (ͼͺͻͽ) 
Cytomegalovirus viremia in Thai HIV-infected patients on antiretroviral 
therapy: prevalence and associated mortality. Clinical infectious diseases : an 
official publication of the Infectious Diseases Society of America Ϳ΁, ͻ;΁-ͿͿ, 
DOI: ͻͺ.ͻͺ΃ͽ/cid/citͻ΁ͽ. 

ͼͺ΁. Brunetta, E., Fogli, M., Varchetta, S., Bozzo, L., Hudspeth, K. L., Marcenaro, 
E., Moretta, A., Mavilio, D. (ͼͺͻͺ) Chronic HIV-ͻ viremia reverses 
NKGͼA/NKGͼC ratio on natural killer cells in patients with human 
cytomegalovirus co-infection. AIDS ͼ;, ͼ΁-ͽ;, DOI: 
ͻͺ.ͻͺ΃΁/QAD.ͺbͺͻͽeͽͼ΂ͽͽͼ΂dͻf. 

ͼͺ΂. Morris, S. R., Zhao, M., Smith, D. M., Vargas, M. V., Little, S. J., Gianella, S. 
(ͼͺͻ΁) Longitudinal Viral Dynamics in Semen During Early HIV Infection. 
Clinical infectious diseases : an official publication of the Infectious Diseases 
Society of America ΀;, ;ͼ΂-;ͽ;, DOI: ͻͺ.ͻͺ΃ͽ/cid/ciw΁΂;. 

ͼͺ΃. Christensen-Quick, A., Vanpouille, C., Lisco, A., Gianella, S. (ͼͺͻ΁) 
Cytomegalovirus and HIV Persistence: Pouring Gas on the Fire. AIDS Res 
Hum Retroviruses ͽͽ, Sͼͽ-Sͽͺ, DOI: ͻͺ.ͻͺ΂΃/aid.ͼͺͻ΁.ͺͻ;Ϳ. 

ͼͻͺ. Gianella, S., Anderson, C. M., Vargas, M. V., Richman, D. D., Little, S. J., 
Morris, S. R., Smith, D. M. (ͼͺͻͽ) Cytomegalovirus DNA in semen and blood 
is associated with higher levels of proviral HIV DNA. J Infect Dis ͼͺ΁, ΂΃΂-
΃ͺͼ, DOI: ͻͺ.ͻͺ΃ͽ/infdis/jis΁΁΁. 

ͼͻͻ. Gianella, S., Massanella, M., Richman, D. D., Little, S. J., Spina, C. A., Vargas, 
M. V., Lada, S. M., Daar, E. S., Dube, M. P., Haubrich, R. H., Morris, S. R., 
Smith, D. M., California Collaborative Treatment Group, T. (ͼͺͻ;) 
Cytomegalovirus replication in semen is associated with higher levels of 



  ͱ͸͵  

  

proviral HIV DNA and CD;+ T cell activation during antiretroviral treatment. 
J Virol ΂΂, ΁΂ͻ΂-ͼ΁, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͺ΂ͽͻ-ͻ;. 

ͼͻͼ. Massanella, M., Fromentin, R., Chomont, N. (ͼͺͻ΀) Residual inflammation 
and viral reservoirs: alliance against an HIV cure. Curr Opin HIV AIDS ͻͻ, 
ͼͽ;-;ͻ, DOI: ͻͺ.ͻͺ΃΁/COH.ͺͺͺͺͺͺͺͺͺͺͺͺͺͼͽͺ. 

ͼͻͽ. Valdez, H., Connick, E., Smith, K. Y., Lederman, M. M., Bosch, R. J., Kim, R. 
S., St Clair, M., Kuritzkes, D. R., Kessler, H., Fox, L., Blanchard-Vargas, M., 
Landay, A., Team, A. C. T. G. P. (ͼͺͺͼ) Limited immune restoration after ͽ 
years' suppression of HIV-ͻ replication in patients with moderately advanced 
disease. AIDS ͻ΀, ͻ΂Ϳ΃-΀΀, DOI: ͻͺ.ͻͺ΃΁/ͺͺͺͺͼͺͽͺ-ͼͺͺͼͺ΃ͼ΁ͺ-ͺͺͺͺͼ. 

ͼͻ;. Hunt, P. W. (ͼͺͻͼ) HIV and inflammation: mechanisms and consequences. 
Curr HIV/AIDS Rep ΃, ͻͽ΃-;΁, DOI: ͻͺ.ͻͺͺ΁/sͻͻ΃ͺ;-ͺͻͼ-ͺͻͻ΂-΂. 

ͼͻͿ. Chun, T. W., Carruth, L., Finzi, D., Shen, X., DiGiuseppe, J. A., Taylor, H., 
Hermankova, M., Chadwick, K., Margolick, J., Quinn, T. C., Kuo, Y. H., 
Brookmeyer, R., Zeiger, M. A., Barditch-Crovo, P., Siliciano, R. F. (ͻ΃΃΁) 
Quantification of latent tissue reservoirs and total body viral load in HIV-ͻ 
infection. Nature ͽ΂΁, ͻ΂ͽ-΂, DOI: ͻͺ.ͻͺͽ΂/ͽ΂΁ͻ΂ͽaͺ. 

ͼͻ΀. Chun, T. W., Finzi, D., Margolick, J., Chadwick, K., Schwartz, D., Siliciano, R. 
F. (ͻ΃΃Ϳ) In vivo fate of HIV-ͻ-infected T cells: quantitative analysis of the 
transition to stable latency. Nat Med ͻ, ͻͼ΂;-΃ͺ, DOI: ͻͺ.ͻͺͽ΂/nmͻͼ΃Ϳ-
ͻͼ΂;. 

ͼͻ΁. Finzi, D., Blankson, J., Siliciano, J. D., Margolick, J. B., Chadwick, K., Pierson, 
T., Smith, K., Lisziewicz, J., Lori, F., Flexner, C., Quinn, T. C., Chaisson, R. E., 
Rosenberg, E., Walker, B., Gange, S., Gallant, J., Siliciano, R. F. (ͻ΃΃΃) Latent 
infection of CD;+ T cells provides a mechanism for lifelong persistence of 
HIV-ͻ, even in patients on effective combination therapy. Nat Med Ϳ, Ϳͻͼ-΁, 
DOI: ͻͺ.ͻͺͽ΂/΂ͽ΃;. 

ͼͻ΂. Baxter, A. E., O'Doherty, U., Kaufmann, D. E. (ͼͺͻ΂) Beyond the replication-
competent HIV reservoir: transcription and translation-competent 
reservoirs. Retrovirology ͻͿ, ͻ΂, DOI: ͻͺ.ͻͻ΂΀/sͻͼ΃΁΁-ͺͻ΂-ͺͽ΃ͼ-΁. 

ͼͻ΃. Wong, J. K. and Yukl, S. A. (ͼͺͻ΀) Tissue reservoirs of HIV. Curr Opin HIV 
AIDS ͻͻ, ͽ΀ͼ-΁ͺ, DOI: ͻͺ.ͻͺ΃΁/COH.ͺͺͺͺͺͺͺͺͺͺͺͺͺͼ΃ͽ. 

ͼͼͺ. Finzi, D., Hermankova, M., Pierson, T., Carruth, L. M., Buck, C., Chaisson, R. 
E., Quinn, T. C., Chadwick, K., Margolick, J., Brookmeyer, R., Gallant, J., 
Markowitz, M., Ho, D. D., Richman, D. D., Siliciano, R. F. (ͻ΃΃΁) 
Identification of a reservoir for HIV-ͻ in patients on highly active 
antiretroviral therapy. Science ͼ΁΂, ͻͼ΃Ϳ-ͽͺͺ, DOI: 
ͻͺ.ͻͻͼ΀/science.ͼ΁΂.Ϳͽ;ͻ.ͻͼ΃Ϳ. 



  ͱ͸Ͷ  

  

ͼͼͻ. Wong, J. K., Hezareh, M., Gunthard, H. F., Havlir, D. V., Ignacio, C. C., Spina, 
C. A., Richman, D. D. (ͻ΃΃΁) Recovery of replication-competent HIV despite 
prolonged suppression of plasma viremia. Science ͼ΁΂, ͻͼ΃ͻ-Ϳ, DOI: 
ͻͺ.ͻͻͼ΀/science.ͼ΁΂.Ϳͽ;ͻ.ͻͼ΃ͻ. 

ͼͼͼ. Wong, M. E., Jaworowski, A., Hearps, A. C. (ͼͺͻ΃) The HIV Reservoir in 
Monocytes and Macrophages. Front Immunol ͻͺ, ͻ;ͽͿ, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΃.ͺͻ;ͽͿ. 

ͼͼͽ. Hutter, G., Nowak, D., Mossner, M., Ganepola, S., Mussig, A., Allers, K., 
Schneider, T., Hofmann, J., Kucherer, C., Blau, O., Blau, I. W., Hofmann, W. 
K., Thiel, E. (ͼͺͺ΃) Long-term control of HIV by CCRͿ Deltaͽͼ/Deltaͽͼ 
stem-cell transplantation. N Engl J Med ͽ΀ͺ, ΀΃ͼ-΂, DOI: 
ͻͺ.ͻͺͿ΀/NEJMoaͺ΂ͺͼ΃ͺͿ. 

ͼͼ;. Gupta, R. K., Abdul-Jawad, S., McCoy, L. E., Mok, H. P., Peppa, D., Salgado, 
M., Martinez-Picado, J., Nijhuis, M., Wensing, A. M. J., Lee, H., Grant, P., 
Nastouli, E., Lambert, J., Pace, M., Salasc, F., Monit, C., Innes, A. J., Muir, L., 
Waters, L., Frater, J., Lever, A. M. L., Edwards, S. G., Gabriel, I. H., Olavarria, 
E. (ͼͺͻ΃) HIV-ͻ remission following CCRͿDeltaͽͼ/Deltaͽͼ haematopoietic 
stem-cell transplantation. Nature Ϳ΀΂, ͼ;;-ͼ;΂, DOI: ͻͺ.ͻͺͽ΂/s;ͻͿ΂΀-ͺͻ΃-
ͻͺͼ΁-;. 

ͼͼͿ. Mousseau, G., Kessing, C. F., Fromentin, R., Trautmann, L., Chomont, N., 
Valente, S. T. (ͼͺͻͿ) The Tat Inhibitor Didehydro-Cortistatin A Prevents 
HIV-ͻ Reactivation from Latency. mBio ΀, eͺͺ;΀Ϳ, DOI: 
ͻͺ.ͻͻͼ΂/mBio.ͺͺ;΀Ϳ-ͻͿ. 

ͼͼ΀. Ahlenstiel, C., Mendez, C., Lim, S. T., Marks, K., Turville, S., Cooper, D. A., 
Kelleher, A. D., Suzuki, K. (ͼͺͻͿ) Novel RNA Duplex Locks HIV-ͻ in a Latent 
State via Chromatin-mediated Transcriptional Silencing. Mol Ther Nucleic 
Acids ;, eͼ΀ͻ, DOI: ͻͺ.ͻͺͽ΂/mtna.ͼͺͻͿ.ͽͻ. 

ͼͼ΁. Qu, X., Wang, P., Ding, D., Li, L., Wang, H., Ma, L., Zhou, X., Liu, S., Lin, S., 
Wang, X., Zhang, G., Liu, S., Liu, L., Wang, J., Zhang, F., Lu, D., Zhu, H. (ͼͺͻͽ) 
Zinc-finger-nucleases mediate specific and efficient excision of HIV-ͻ 
proviral DNA from infected and latently infected human T cells. Nucleic 
Acids Res ;ͻ, ΁΁΁ͻ-΂ͼ, DOI: ͻͺ.ͻͺ΃ͽ/nar/gktͿ΁ͻ. 

ͼͼ΂. Zhu, W., Lei, R., Le Duff, Y., Li, J., Guo, F., Wainberg, M. A., Liang, C. (ͼͺͻͿ) 
The CRISPR/Cas΃ system inactivates latent HIV-ͻ proviral DNA. 
Retrovirology ͻͼ, ͼͼ, DOI: ͻͺ.ͻͻ΂΀/sͻͼ΃΁΁-ͺͻͿ-ͺͻͿͺ-z. 

ͼͼ΃. Karpinski, J., Hauber, I., Chemnitz, J., Schafer, C., Paszkowski-Rogacz, M., 
Chakraborty, D., Beschorner, N., Hofmann-Sieber, H., Lange, U. C., 
Grundhoff, A., Hackmann, K., Schrock, E., Abi-Ghanem, J., Pisabarro, M. T., 



  ͱ͸ͷ  

  

Surendranath, V., Schambach, A., Lindner, C., van Lunzen, J., Hauber, J., 
Buchholz, F. (ͼͺͻ΀) Directed evolution of a recombinase that excises the 
provirus of most HIV-ͻ primary isolates with high specificity. Nat Biotechnol 
ͽ;, ;ͺͻ-΃, DOI: ͻͺ.ͻͺͽ΂/nbt.ͽ;΀΁. 

ͼͽͺ. Margolis, D. M., Garcia, J. V., Hazuda, D. J., Haynes, B. F. (ͼͺͻ΀) Latency 
reversal and viral clearance to cure HIV-ͻ. Science ͽͿͽ, aaf΀Ϳͻ΁, DOI: 
ͻͺ.ͻͻͼ΀/science.aaf΀Ϳͻ΁. 

ͼͽͻ. Deeks, S. G. (ͼͺͻͼ) HIV: Shock and kill. Nature ;΂΁, ;ͽ΃-;ͺ, DOI: 
ͻͺ.ͻͺͽ΂/;΂΁;ͽ΃a. 

ͼͽͼ. Shan, L., Deng, K., Shroff, N. S., Durand, C. M., Rabi, S. A., Yang, H. C., Zhang, 
H., Margolick, J. B., Blankson, J. N., Siliciano, R. F. (ͼͺͻͼ) Stimulation of HIV-
ͻ-specific cytolytic T lymphocytes facilitates elimination of latent viral 
reservoir after virus reactivation. Immunity ͽ΀, ;΃ͻ-Ϳͺͻ, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻͼ.ͺͻ.ͺͻ;. 

ͼͽͽ. Wherry, E. J. and Kurachi, M. (ͼͺͻͿ) Molecular and cellular insights into T 
cell exhaustion. Nat Rev Immunol ͻͿ, ;΂΀-΃΃, DOI: ͻͺ.ͻͺͽ΂/nriͽ΂΀ͼ. 

ͼͽ;. Bi, J. and Tian, Z. (ͼͺͻ΁) NK Cell Exhaustion. Front Immunol ΂, ΁΀ͺ, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΁.ͺͺ΁΀ͺ. 

ͼͽͿ. Wykes, M. N. and Lewin, S. R. (ͼͺͻ΂) Immune checkpoint blockade in 
infectious diseases. Nat Rev Immunol ͻ΂, ΃ͻ-ͻͺ;, DOI: 
ͻͺ.ͻͺͽ΂/nri.ͼͺͻ΁.ͻͻͼ. 

ͼͽ΀. Attanasio, J. and Wherry, E. J. (ͼͺͻ΀) Costimulatory and Coinhibitory 
Receptor Pathways in Infectious Disease. Immunity ;;, ͻͺͿͼ-΀΂, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻ΀.ͺ;.ͺͼͼ. 

ͼͽ΁. Wherry, E. J., Ha, S. J., Kaech, S. M., Haining, W. N., Sarkar, S., Kalia, V., 
Subramaniam, S., Blattman, J. N., Barber, D. L., Ahmed, R. (ͼͺͺ΁) Molecular 
signature of CD΂+ T cell exhaustion during chronic viral infection. Immunity 
ͼ΁, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͺ΁.ͺ΃.ͺͺ΀. 

ͼͽ΂. Bi, J., Zhang, Q., Liang, D., Xiong, L., Wei, H., Sun, R., Tian, Z. (ͼͺͻ;) T-cell 
Ig and ITIM domain regulates natural killer cell activation in murine acute 
viral hepatitis. Hepatology Ϳ΃, ͻ΁ͻͿ-ͼͿ, DOI: ͻͺ.ͻͺͺͼ/hep.ͼ΀΃΀΂. 

ͼͽ΃. Zhang, Q., Bi, J., Zheng, X., Chen, Y., Wang, H., Wu, W., Wang, Z., Wu, Q., 
Peng, H., Wei, H., Sun, R., Tian, Z. (ͼͺͻ΂) Blockade of the checkpoint 
receptor TIGIT prevents NK cell exhaustion and elicits potent anti-tumor 
immunity. Nat Immunol ͻ΃, ΁ͼͽ-΁ͽͼ, DOI: ͻͺ.ͻͺͽ΂/s;ͻͿ΃ͺ-ͺͻ΂-ͺͻͽͼ-ͺ. 

ͼ;ͺ. Chew, G. M., Fujita, T., Webb, G. M., Burwitz, B. J., Wu, H. L., Reed, J. S., 
Hammond, K. B., Clayton, K. L., Ishii, N., Abdel-Mohsen, M., Liegler, T., 



  ͱ͸͸  

  

Mitchell, B. I., Hecht, F. M., Ostrowski, M., Shikuma, C. M., Hansen, S. G., 
Maurer, M., Korman, A. J., Deeks, S. G., Sacha, J. B., Ndhlovu, L. C. (ͼͺͻ΀) 
TIGIT Marks Exhausted T Cells, Correlates with Disease Progression, and 
Serves as a Target for Immune Restoration in HIV and SIV Infection. PLoS 
Pathog ͻͼ, eͻͺͺͿͽ;΃, DOI: ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺͿͽ;΃. 

ͼ;ͻ. Tauriainen, J., Scharf, L., Frederiksen, J., Naji, A., Ljunggren, H. G., 
Sonnerborg, A., Lund, O., Reyes-Teran, G., Hecht, F. M., Deeks, S. G., Betts, 
M. R., Buggert, M., Karlsson, A. C. (ͼͺͻ΁) Perturbed CD΂(+) T cell 
TIGIT/CDͼͼ΀/PVR axis despite early initiation of antiretroviral treatment in 
HIV infected individuals. Sci Rep ΁, ;ͺͽͿ;, DOI: ͻͺ.ͻͺͽ΂/srep;ͺͽͿ;. 

ͼ;ͼ. Cella, M., Presti, R., Vermi, W., Lavender, K., Turnbull, E., Ochsenbauer-
Jambor, C., Kappes, J. C., Ferrari, G., Kessels, L., Williams, I., B, C. C. C., 
McMichael, A. J., Haynes, B. F., Borrow, P., Colonna, M., Immunology, N. C. 
f. H. A. V. (ͼͺͻͺ) Loss of DNAM-ͻ contributes to CD΂+ T-cell exhaustion in 
chronic HIV-ͻ infection. Eur J Immunol ;ͺ, ΃;΃-Ϳ;, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺ΃;ͺͼͽ;. 

ͼ;ͽ. Yin, X., Liu, T., Wang, Z., Ma, M., Lei, J., Zhang, Z., Fu, S., Fu, Y., Hu, Q., Ding, 
H., Han, X., Xu, J., Shang, H., Jiang, Y. (ͼͺͻ΂) Expression of the Inhibitory 
Receptor TIGIT Is Up-Regulated Specifically on NK Cells With CDͼͼ΀ 
Activating Receptor From HIV-Infected Individuals. Front Immunol ΃, ͼͽ;ͻ, 
DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΂.ͺͼͽ;ͻ. 

ͼ;;. Vendrame, E., Seiler, C., Ranganath, T., Zhao, N. Q., Vergara, R., Alary, M., 
Labbe, A. C., Guedou, F., Poudrier, J., Holmes, S., Roger, M., Blish, C. A. 
(ͼͺͼͺ) TIGIT is upregulated by HIV-ͻ infection and marks a highly functional 
adaptive and mature subset of natural killer cells. AIDS, DOI: 
ͻͺ.ͻͺ΃΁/QAD.ͺͺͺͺͺͺͺͺͺͺͺͺͼ;΂΂. 

ͼ;Ϳ. Mendelsohn, C. L., Wimmer, E., Racaniello, V. R. (ͻ΃΂΃) Cellular receptor for 
poliovirus: molecular cloning, nucleotide sequence, and expression of a new 
member of the immunoglobulin superfamily. Cell Ϳ΀, ΂ͿͿ-΀Ϳ, DOI: 
ͻͺ.ͻͺͻ΀/ͺͺ΃ͼ-΂΀΁;(΂΃)΃ͺ΀΃ͺ-΃. 

ͼ;΀. Chauvin, J. M., Pagliano, O., Fourcade, J., Sun, Z., Wang, H., Sander, C., 
Kirkwood, J. M., Chen, T. H., Maurer, M., Korman, A. J., Zarour, H. M. (ͼͺͻͿ) 
TIGIT and PD-ͻ impair tumor antigen-specific CD΂(+) T cells in melanoma 
patients. J Clin Invest ͻͼͿ, ͼͺ;΀-Ϳ΂, DOI: ͻͺ.ͻͻ΁ͼ/JCI΂ͺ;;Ϳ. 

ͼ;΁. Takai, Y., Miyoshi, J., Ikeda, W., Ogita, H. (ͼͺͺ΂) Nectins and nectin-like 
molecules: roles in contact inhibition of cell movement and proliferation. Nat 
Rev Mol Cell Biol ΃, ΀ͺͽ-ͻͿ, DOI: ͻͺ.ͻͺͽ΂/nrmͼ;Ϳ΁. 



  ͱ͸͹  

  

ͼ;΂. Ardolino, M., Zingoni, A., Cerboni, C., Cecere, F., Soriani, A., Iannitto, M. L., 
Santoni, A. (ͼͺͻͻ) DNAM-ͻ ligand expression on Ag-stimulated T 
lymphocytes is mediated by ROS-dependent activation of DNA-damage 
response: relevance for NK-T cell interaction. Blood ͻͻ΁, ;΁΁΂-΂΀, DOI: 
ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͺ-ͺ΂-ͽͺͺ΃Ϳ;. 

ͼ;΃. Davis, Z. B., Sowrirajan, B., Cogswell, A., Ward, J. P., Planelles, V., Barker, E. 
(ͼͺͻ΁) CDͻͿͿ on HIV-Infected Cells Is Not Modulated by HIV-ͻ Vpu and 
Nef but Synergizes with NKGͼD Ligands to Trigger NK Cell Lysis of 
Autologous Primary HIV-Infected Cells. AIDS Res Hum Retroviruses ͽͽ, ΃ͽ-
ͻͺͺ, DOI: ͻͺ.ͻͺ΂΃/AID.ͼͺͻͿ.ͺͽ΁Ϳ. 

ͼͿͺ. Andersen, J. L., Le Rouzic, E., Planelles, V. (ͼͺͺ΂) HIV-ͻ Vpr: mechanisms of 
Gͼ arrest and apoptosis. Exp Mol Pathol ΂Ϳ, ͼ-ͻͺ, DOI: 
ͻͺ.ͻͺͻ΀/j.yexmp.ͼͺͺ΂.ͺͽ.ͺͻͿ. 

ͼͿͻ. Vassena, L., Giuliani, E., Matusali, G., Cohen, E. A., Doria, M. (ͼͺͻͽ) The 
human immunodeficiency virus type ͻ Vpr protein upregulates PVR via 
activation of the ATR-mediated DNA damage response pathway. J Gen Virol 
΃;, ͼ΀΀;-΃, DOI: ͻͺ.ͻͺ΃΃/vir.ͺ.ͺͿͿͿ;ͻ-ͺ. 

ͼͿͼ. Matusali, G., Potesta, M., Santoni, A., Cerboni, C., Doria, M. (ͼͺͻͼ) The 
human immunodeficiency virus type ͻ Nef and Vpu proteins downregulate 
the natural killer cell-activating ligand PVR. J Virol ΂΀, ;;΃΀-Ϳͺ;, DOI: 
ͻͺ.ͻͻͼ΂/JVI.ͺͿ΁΂΂-ͻͻ. 

ͼͿͽ. Bolduan, S., Reif, T., Schindler, M., Schubert, U. (ͼͺͻ;) HIV-ͻ Vpu mediated 
downregulation of CDͻͿͿ requires alanine residues ͻͺ, ͻ; and ͻ΂ of the 
transmembrane domain. Virology ;΀;-;΀Ϳ, ͽ΁Ϳ-ͽ΂;, DOI: 
ͻͺ.ͻͺͻ΀/j.virol.ͼͺͻ;.ͺ΁.ͺͽ;. 

ͼͿ;. Tremblay-McLean, A., Bruneau, J., Lebouche, B., Lisovsky, I., Song, R., 
Bernard, N. F. (ͼͺͻ΁) Expression Profiles of Ligands for Activating Natural 
Killer Cell Receptors on HIV Infected and Uninfected CD;(+) T Cells. Viruses 
΃, DOI: ͻͺ.ͽͽ΃ͺ/v΃ͻͺͺͼ΃Ϳ. 

ͼͿͿ. Perreau, M., Savoye, A. L., De Crignis, E., Corpataux, J. M., Cubas, R., Haddad, 
E. K., De Leval, L., Graziosi, C., Pantaleo, G. (ͼͺͻͽ) Follicular helper T cells 
serve as the major CD; T cell compartment for HIV-ͻ infection, replication, 
and production. J Exp Med ͼͻͺ, ͻ;ͽ-Ϳ΀, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͻͼͻ΃ͽͼ. 

ͼͿ΀. Banga, R., Procopio, F. A., Noto, A., Pollakis, G., Cavassini, M., Ohmiti, K., 
Corpataux, J. M., de Leval, L., Pantaleo, G., Perreau, M. (ͼͺͻ΀) PD-ͻ(+) and 
follicular helper T cells are responsible for persistent HIV-ͻ transcription in 
treated aviremic individuals. Nat Med ͼͼ, ΁Ϳ;-΀ͻ, DOI: ͻͺ.ͻͺͽ΂/nm.;ͻͻͽ. 



  ͱ͹Ͱ  

  

ͼͿ΁. Holder, K. A., Comeau, E. M., Grant, M. D. (ͼͺͻ΂) Origins of natural killer 
cell memory: special creation or adaptive evolution. Immunology, DOI: 
ͻͺ.ͻͻͻͻ/imm.ͻͼ΂΃΂. 

ͼͿ΂. Jenkins, C., Abendroth, A., Slobedman, B. (ͼͺͺ;) A novel viral transcript with 
homology to human interleukin-ͻͺ is expressed during latent human 
cytomegalovirus infection. J Virol ΁΂, ͻ;;ͺ-΁. 

ͼͿ΃. Lin, Y. L., Chang, P. C., Wang, Y., Li, M. (ͼͺͺ΂) Identification of novel viral 
interleukin-ͻͺ isoforms of human cytomegalovirus ADͻ΀΃. Virus Res ͻͽͻ, 
ͼͻͽ-ͼͽ, DOI: ͻͺ.ͻͺͻ΀/j.virusres.ͼͺͺ΁.ͺ΃.ͺͻͻ. 

ͼ΀ͺ. Moore, K. W., Vieira, P., Fiorentino, D. F., Trounstine, M. L., Khan, T. A., 
Mosmann, T. R. (ͻ΃΃ͺ) Homology of cytokine synthesis inhibitory factor (IL-
ͻͺ) to the Epstein-Barr virus gene BCRFI. Science ͼ;΂, ͻͼͽͺ-;. 

ͼ΀ͻ. Hsu, D. H., de Waal Malefyt, R., Fiorentino, D. F., Dang, M. N., Vieira, P., de 
Vries, J., Spits, H., Mosmann, T. R., Moore, K. W. (ͻ΃΃ͺ) Expression of 
interleukin-ͻͺ activity by Epstein-Barr virus protein BCRFͻ. Science ͼͿͺ, 
΂ͽͺ-ͼ. 

ͼ΀ͼ. Fleming, S. B., McCaughan, C. A., Andrews, A. E., Nash, A. D., Mercer, A. A. 
(ͻ΃΃΁) A homolog of interleukin-ͻͺ is encoded by the poxvirus orf virus. J 
Virol ΁ͻ, ;΂Ϳ΁-΀ͻ. 

ͼ΀ͽ. Jones, B. C., Logsdon, N. J., Josephson, K., Cook, J., Barry, P. A., Walter, M. R. 
(ͼͺͺͼ) Crystal structure of human cytomegalovirus IL-ͻͺ bound to soluble 
human IL-ͻͺRͻ. Proc Natl Acad Sci U S A ΃΃, ΃;ͺ;-΃, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.ͻͿͼͻ;΁;΃΃. 

ͼ΀;. Chang, W. L., Baumgarth, N., Yu, D., Barry, P. A. (ͼͺͺ;) Human 
cytomegalovirus-encoded interleukin-ͻͺ homolog inhibits maturation of 
dendritic cells and alters their functionality. J Virol ΁΂, ΂΁ͼͺ-ͽͻ, DOI: 
ͻͺ.ͻͻͼ΂/JVI.΁΂.ͻ΀.΂΁ͼͺ-΂΁ͽͻ.ͼͺͺ;. 

ͼ΀Ϳ. Spencer, J. V., Lockridge, K. M., Barry, P. A., Lin, G., Tsang, M., Penfold, M. 
E., Schall, T. J. (ͼͺͺͼ) Potent immunosuppressive activities of 
cytomegalovirus-encoded interleukin-ͻͺ. J Virol ΁΀, ͻͼ΂Ϳ-΃ͼ. 

ͼ΀΀. Spencer, J. V., Cadaoas, J., Castillo, P. R., Saini, V., Slobedman, B. (ͼͺͺ΂) 
Stimulation of B lymphocytes by cmvIL-ͻͺ but not LAcmvIL-ͻͺ. Virology 
ͽ΁;, ͻ΀;-΃, DOI: ͻͺ.ͻͺͻ΀/j.virol.ͼͺͺ΁.ͻͻ.ͺͽͻ. 

ͼ΀΁. Raftery, M. J., Wieland, D., Gronewald, S., Kraus, A. A., Giese, T., Schonrich, 
G. (ͼͺͺ;) Shaping phenotype, function, and survival of dendritic cells by 
cytomegalovirus-encoded IL-ͻͺ. J Immunol ͻ΁ͽ, ͽͽ΂ͽ-΃ͻ. 



  ͱ͹ͱ  

  

ͼ΀΂. Jenkins, C., Garcia, W., Godwin, M. J., Spencer, J. V., Stern, J. L., Abendroth, 
A., Slobedman, B. (ͼͺͺ΂) Immunomodulatory properties of a viral homolog 
of human interleukin-ͻͺ expressed by human cytomegalovirus during the 
latent phase of infection. J Virol ΂ͼ, ͽ΁ͽ΀-Ϳͺ, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͼͻ΁ͽ-ͺ΁. 

ͼ΀΃. Cheung, A. K., Gottlieb, D. J., Plachter, B., Pepperl-Klindworth, S., Avdic, S., 
Cunningham, A. L., Abendroth, A., Slobedman, B. (ͼͺͺ΃) The role of the 
human cytomegalovirus ULͻͻͻA gene in down-regulating CD;+ T-cell 
recognition of latently infected cells: implications for virus elimination 
during latency. Blood ͻͻ;, ;ͻͼ΂-ͽ΁, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΂-ͻͼ-ͻ΃΁ͻͻͻ. 

ͼ΁ͺ. Avdic, S., Cao, J. Z., Cheung, A. K., Abendroth, A., Slobedman, B. (ͼͺͻͻ) Viral 
interleukin-ͻͺ expressed by human cytomegalovirus during the latent phase 
of infection modulates latently infected myeloid cell differentiation. J Virol 
΂Ϳ, ΁;΀Ϳ-΁ͻ, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͺͺ΂΂-ͻͻ. 

ͼ΁ͻ. Holder, K. A., Lajoie, J., Grant, M. D. (ͼͺͻ΂) Natural Killer Cells Adapt to 
Cytomegalovirus Along a Functionally Static Phenotypic Spectrum in Human 
Immunodeficiency Virus Infection. Front Immunol ΃, ͼ;΃;, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΂.ͺͼ;΃;. 

ͼ΁ͼ. Young, V. P., Mariano, M. C., Tu, C. C., Allaire, K. M., Avdic, S., Slobedman, 
B., Spencer, J. V. (ͼͺͻ΁) Modulation of the Host Environment by Human 
Cytomegalovirus with Viral Interleukin ͻͺ in Peripheral Blood. J Infect Dis 
ͼͻͿ, ΂΁;-΂΂ͼ, DOI: ͻͺ.ͻͺ΃ͽ/infdis/jixͺ;ͽ. 

ͼ΁ͽ. Park, J. Y., Lee, S. H., Yoon, S. R., Park, Y. J., Jung, H., Kim, T. D., Choi, I. 
(ͼͺͻͻ) IL-ͻͿ-induced IL-ͻͺ increases the cytolytic activity of human natural 
killer cells. Mol Cells ͽͼ, ͼ΀Ϳ-΁ͼ, DOI: ͻͺ.ͻͺͺ΁/sͻͺͺͿ΃-ͺͻͻ-ͻͺͿ΁-΂. 

ͼ΁;. Moore, K. W., de Waal Malefyt, R., Coffman, R. L., O'Garra, A. (ͼͺͺͻ) 
Interleukin-ͻͺ and the interleukin-ͻͺ receptor. Annu Rev Immunol ͻ΃, ΀΂ͽ-
΁΀Ϳ, DOI: ͻͺ.ͻͻ;΀/annurev.immunol.ͻ΃.ͻ.΀΂ͽ. 

ͼ΁Ϳ. Parsons, M. S., Zipperlen, K., Gallant, M., Grant, M. (ͼͺͻͺ) Killer cell 
immunoglobulin-like receptor ͽDLͻ licenses CDͻ΀-mediated effector 
functions of natural killer cells. J Leukoc Biol ΂΂, ΃ͺͿ-ͻͼ, DOI: 
ͻͺ.ͻͻ΂΃/jlb.ͻͺͺ΃΀΂΁. 

ͼ΁΀. Cantoni, C., Bottino, C., Vitale, M., Pessino, A., Augugliaro, R., Malaspina, A., 
Parolini, S., Moretta, L., Moretta, A., Biassoni, R. (ͻ΃΃΃) NKp;;, a triggering 
receptor involved in tumor cell lysis by activated human natural killer cells, 
is a novel member of the immunoglobulin superfamily. J Exp Med ͻ΂΃, ΁΂΁-
΃΀. 

ͼ΁΁. Parato, K. G., Kumar, A., Badley, A. D., Sanchez-Dardon, J. L., Chambers, K. 
A., Young, C. D., Lim, W. T., Kravcik, S., Cameron, D. W., Angel, J. B. (ͼͺͺͼ) 



  ͱ͹Ͳ  

  

Normalization of natural killer cell function and phenotype with effective 
anti-HIV therapy and the role of IL-ͻͺ. AIDS ͻ΀, ͻͼͿͻ-΀. 

ͼ΁΂. Mocellin, S., Panelli, M. C., Wang, E., Nagorsen, D., Marincola, F. M. (ͼͺͺͽ) 
The dual role of IL-ͻͺ. Trends Immunol ͼ;, ͽ΀-;ͽ. 

ͼ΁΃. Carson, W. E., Lindemann, M. J., Baiocchi, R., Linett, M., Tan, J. C., Chou, C. 
C., Narula, S., Caligiuri, M. A. (ͻ΃΃Ϳ) The functional characterization of 
interleukin-ͻͺ receptor expression on human natural killer cells. Blood ΂Ϳ, 
ͽͿ΁΁-΂Ϳ. 

ͼ΂ͺ. Cai, G., Kastelein, R. A., Hunter, C. A. (ͻ΃΃΃) IL-ͻͺ enhances NK cell 
proliferation, cytotoxicity and production of IFN-gamma when combined 
with IL-ͻ΂. Eur J Immunol ͼ΃, ͼ΀Ϳ΂-΀Ϳ, DOI: ͻͺ.ͻͺͺͼ/(SICI)ͻͿͼͻ-
;ͻ;ͻ(ͻ΃΃΃ͺ΃)ͼ΃:ͺ΃&#΀ͺ;ͼ΀Ϳ΂::AID-IMMUͼ΀Ϳ΂&#΀ͼ;ͽ.ͺ.CO;ͼ-G. 

ͼ΂ͻ. Mocellin, S., Panelli, M., Wang, E., Rossi, C. R., Pilati, P., Nitti, D., Lise, M., 
Marincola, F. M. (ͼͺͺ;) IL-ͻͺ stimulatory effects on human NK cells explored 
by gene profile analysis. Genes Immun Ϳ, ΀ͼͻ-ͽͺ, DOI: 
ͻͺ.ͻͺͽ΂/sj.gene.΀ͽ΀;ͻͽͿ. 

ͼ΂ͼ. Yokoyama, W. M. and Kim, S. (ͼͺͺ΀) Licensing of natural killer cells by self-
major histocompatibility complex class I. Immunol Rev ͼͻ;, ͻ;ͽ-Ϳ;, DOI: 
ͻͺ.ͻͻͻͻ/j.ͻ΀ͺͺ-ͺ΀ͿX.ͼͺͺ΀.ͺͺ;Ϳ΂.x. 

ͼ΂ͽ. Brodin, P. and Hoglund, P. (ͼͺͺ΂) Beyond licensing and disarming: a 
quantitative view on NK-cell education. Eur J Immunol ͽ΂, ͼ΃ͽ;-΁, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺ΂ͽ΂΁΀ͺ. 

ͼ΂;. Jonsson, A. H. and Yokoyama, W. M. (ͼͺͺ΃) Natural killer cell tolerance 
licensing and other mechanisms. Advances in immunology ͻͺͻ, ͼ΁-΁΃, DOI: 
ͻͺ.ͻͺͻ΀/Sͺͺ΀Ϳ-ͼ΁΁΀(ͺ΂)ͺͻͺͺͼ-X. 

ͼ΂Ϳ. Daniels, K. A., Devora, G., Lai, W. C., O'Donnell, C. L., Bennett, M., Welsh, R. 
M. (ͼͺͺͻ) Murine cytomegalovirus is regulated by a discrete subset of natural 
killer cells reactive with monoclonal antibody to Ly;΃H. J Exp Med ͻ΃;, ͼ΃-
;;. 

ͼ΂΀. Vidal, S. M. and Lanier, L. L. (ͼͺͺ΀) NK cell recognition of mouse 
cytomegalovirus-infected cells. Curr Top Microbiol Immunol ͼ΃΂, ͻ΂ͽ-ͼͺ΀. 

ͼ΂΁. Madera, S. and Sun, J. C. (ͼͺͻͿ) Cutting edge: stage-specific requirement of 
IL-ͻ΂ for antiviral NK cell expansion. J Immunol ͻ΃;, ͻ;ͺ΂-ͻͼ, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ;ͺͼͺͺͻ. 

ͼ΂΂. Voigt, V., Forbes, C. A., Tonkin, J. N., Degli-Esposti, M. A., Smith, H. R., 
Yokoyama, W. M., Scalzo, A. A. (ͼͺͺͽ) Murine cytomegalovirus mͻͿ΁ 



  ͱ͹ͳ  

  

mutation and variation leads to immune evasion of natural killer cells. Proc 
Natl Acad Sci U S A ͻͺͺ, ͻͽ;΂ͽ-΂, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͼͼͽͽͿ΁ͼͻͺͺ. 

ͼ΂΃. Lopez-Verges, S., Milush, J. M., Pandey, S., York, V. A., Arakawa-Hoyt, J., 
Pircher, H., Norris, P. J., Nixon, D. F., Lanier, L. L. (ͼͺͻͺ) CDͿ΁ defines a 
functionally distinct population of mature NK cells in the human 
CDͿ΀dimCDͻ΀+ NK-cell subset. Blood ͻͻ΀, ͽ΂΀Ϳ-΁;, DOI: ͻͺ.ͻͻ΂ͼ/blood-
ͼͺͻͺ-ͺ;-ͼ΂ͼͽͺͻ. 

ͼ΃ͺ. Foley, B., Cooley, S., Verneris, M. R., Curtsinger, J., Luo, X., Waller, E. K., 
Anasetti, C., Weisdorf, D., Miller, J. S. (ͼͺͻͼ) Human cytomegalovirus 
(CMV)-induced memory-like NKGͼC(+) NK cells are transplantable and 
expand in vivo in response to recipient CMV antigen. J Immunol ͻ΂΃, Ϳͺ΂ͼ-
΂, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻͼͺͻ΃΀;. 

ͼ΃ͻ. Wu, Z., Sinzger, C., Frascaroli, G., Reichel, J., Bayer, C., Wang, L., Schirmbeck, 
R., Mertens, T. (ͼͺͻͽ) Human cytomegalovirus-induced NKGͼC(hi) 
CDͿ΁(hi) natural killer cells are effectors dependent on humoral antiviral 
immunity. J Virol ΂΁, ΁΁ͻ΁-ͼͿ, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͻͺ΃΀-ͻͽ. 

ͼ΃ͼ. Campos, C., Pera, A., Sanchez-Correa, B., Alonso, C., Lopez-Fernandez, I., 
Morgado, S., Tarazona, R., Solana, R. (ͼͺͻ;) Effect of age and CMV on NK 
cell subpopulations. Experimental gerontology Ϳ;, ͻͽͺ-΁, DOI: 
ͻͺ.ͻͺͻ΀/j.exger.ͼͺͻ;.ͺͻ.ͺͺ΂. 

ͼ΃ͽ. Hadaya, K., de Rham, C., Bandelier, C., Bandelier, C., Ferrari-Lacraz, S., 
Jendly, S., Berney, T., Buhler, L., Kaiser, L., Seebach, J. D., Tiercy, J. M., Martin, 
P. Y., Villard, J. (ͼͺͺ΂) Natural killer cell receptor repertoire and their ligands, 
and the risk of CMV infection after kidney transplantation. American journal 
of transplantation : official journal of the American Society of 
Transplantation and the American Society of Transplant Surgeons ΂, ͼ΀΁;-
΂ͽ, DOI: ͻͺ.ͻͻͻͻ/j.ͻ΀ͺͺ-΀ͻ;ͽ.ͼͺͺ΂.ͺͼ;ͽͻ.x. 

ͼ΃;. Barrett, L., Fudge, N. J., Heath, J. J., Grant, M. D. (ͼͺͻ΀) Cytomegalovirus 
Immunity and Exhaustive CD΂+ T Cell Proliferation in Treated Human 
Immunodeficiency Virus Infection. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America ΀ͼ, ͻ;΀΁-΂, DOI: 
ͻͺ.ͻͺ΃ͽ/cid/ciwͻ;΂. 

ͼ΃Ϳ. Rowe, W. P., Huebner, R. J., Gilmore, L. K., Parrott, R. H., Ward, T. G. (ͻ΃Ϳͽ) 
Isolation of a cytopathogenic agent from human adenoids undergoing 
spontaneous degeneration in tissue culture. Proceedings of the Society for 
Experimental Biology and Medicine. Society for Experimental Biology and 
Medicine ΂;, Ϳ΁ͺ-ͽ. 



  ͱ͹ʹ  

  

ͼ΃΀. Paust, S., Blish, C. A., Reeves, R. K. (ͼͺͻ΁) Redefining Memory: Building the 
Case for Adaptive NK Cells. J Virol ΃ͻ, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͺͻ΀΃-ͻ΁. 

ͼ΃΁. Lajoie, J., Juno, J., Burgener, A., Rahman, S., Mogk, K., Wachihi, C., 
Mwanjewe, J., Plummer, F. A., Kimani, J., Ball, T. B., Fowke, K. R. (ͼͺͻͼ) A 
distinct cytokine and chemokine profile at the genital mucosa is associated 
with HIV-ͻ protection among HIV-exposed seronegative commercial sex 
workers. Mucosal immunology Ϳ, ͼ΁΁-΂΁, DOI: ͻͺ.ͻͺͽ΂/mi.ͼͺͻͼ.΁. 

ͼ΃΂. Petitdemange, C., Becquart, P., Wauquier, N., Beziat, V., Debre, P., Leroy, E. 
M., Vieillard, V. (ͼͺͻͻ) Unconventional repertoire profile is imprinted during 
acute chikungunya infection for natural killer cells polarization toward 
cytotoxicity. PLoS Pathog ΁, eͻͺͺͼͼ΀΂, DOI: ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺͼͼ΀΂. 

ͼ΃΃. Della Chiesa, M., Falco, M., Bertaina, A., Muccio, L., Alicata, C., Frassoni, F., 
Locatelli, F., Moretta, L., Moretta, A. (ͼͺͻ;) Human Cytomegalovirus 
Infection Promotes Rapid Maturation of NK Cells Expressing Activating Killer 
Ig–like Receptor in Patients Transplanted with NKGͼC−/− Umbilical Cord 
Blood. The Journal of Immunology ͻ΃ͼ, ͻ;΁ͻ-ͻ;΁΃, DOI: ͻͺ.;ͺ;΃/
jimmunol.ͻͽͺͼͺͿͽ. 

ͽͺͺ. Goodier, M. R., White, M. J., Darboe, A., Nielsen, C. M., Goncalves, A., 
Bottomley, C., Moore, S. E., Riley, E. M. (ͼͺͻ;) Rapid NK cell differentiation 
in a population with near-universal human cytomegalovirus infection is 
attenuated by NKGͼC deletions. Blood ͻͼ;, ͼͼͻͽ-ͼͼ, DOI: ͻͺ.ͻͻ΂ͼ/blood-
ͼͺͻ;-ͺͿ-Ϳ΁΀ͻͼ;. 

ͽͺͻ. Kared, H., Martelli, S., Tan, S. W., Simoni, Y., Chong, M. L., Yap, S. H., Newell, 
E. W., Pender, S. L. F., Kamarulzaman, A., Rajasuriar, R., Larbi, A. (ͼͺͻ΂) 
Adaptive NKGͼC(+)CDͿ΁(+) Natural Killer Cell and Tim-ͽ Expression 
During Viral Infections. Front Immunol ΃, ΀΂΀, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΂.ͺͺ΀΂΀. 

ͽͺͼ. Holder, K. A. and Grant, M. D. (ͼͺͼͺ) TIGIT Blockade: A Multipronged 
Approach to Target the HIV Reservoir. Frontiers in Cellular and Infection 
Microbiology ͻͺ, DOI: ͻͺ.ͽͽ΂΃/fcimb.ͼͺͼͺ.ͺͺͻ΁Ϳ. 

ͽͺͽ. Martin, M. P., Gao, X., Lee, J. H., Nelson, G. W., Detels, R., Goedert, J. J., 
Buchbinder, S., Hoots, K., Vlahov, D., Trowsdale, J., Wilson, M., O'Brien, S. J., 
Carrington, M. (ͼͺͺͼ) Epistatic interaction between KIRͽDSͻ and HLA-B 
delays the progression to AIDS. Nat Genet ͽͻ, ;ͼ΃-ͽ;, DOI: ͻͺ.ͻͺͽ΂/ng΃ͽ;. 

ͽͺ;. Martin, M. P., Qi, Y., Gao, X., Yamada, E., Martin, J. N., Pereyra, F., Colombo, 
S., Brown, E. E., Shupert, W. L., Phair, J., Goedert, J. J., Buchbinder, S., Kirk, 
G. D., Telenti, A., Connors, M., O'Brien, S. J., Walker, B. D., Parham, P., Deeks, 
S. G., McVicar, D. W., Carrington, M. (ͼͺͺ΁) Innate partnership of HLA-B 



  ͱ͹͵  

  

and KIRͽDLͻ subtypes against HIV-ͻ. Nat Genet ͽ΃, ΁ͽͽ-;ͺ, DOI: 
ͻͺ.ͻͺͽ΂/ngͼͺͽͿ. 

ͽͺͿ. Alter, G., Heckerman, D., Schneidewind, A., Fadda, L., Kadie, C. M., Carlson, 
J. M., Oniangue-Ndza, C., Martin, M., Li, B., Khakoo, S. I., Carrington, M., 
Allen, T. M., Altfeld, M. (ͼͺͻͻ) HIV-ͻ adaptation to NK-cell-mediated 
immune pressure. Nature ;΁΀, ΃΀-ͻͺͺ, DOI: ͻͺ.ͻͺͽ΂/natureͻͺͼͽ΁. 

ͽͺ΀. Kielczewska, A., Pyzik, M., Sun, T., Krmpotic, A., Lodoen, M. B., Munks, M. 
W., Babic, M., Hill, A. B., Koszinowski, U. H., Jonjic, S., Lanier, L. L., Vidal, S. 
M. (ͼͺͺ΃) Ly;΃P recognition of cytomegalovirus-infected cells expressing 
Hͼ-Dk and CMV-encoded mͺ; correlates with the NK cell antiviral response. 
J Exp Med ͼͺ΀, ͿͻͿ-ͼͽ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺ΂ͺ΃Ϳ;. 

ͽͺ΁. Bryceson, Y. T., March, M. E., Barber, D. F., Ljunggren, H. G., Long, E. O. 
(ͼͺͺͿ) Cytolytic granule polarization and degranulation controlled by 
different receptors in resting NK cells. J Exp Med ͼͺͼ, ͻͺͺͻ-ͻͼ, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͺͿͻͻ;ͽ. 

ͽͺ΂. Bryceson, Y. T., Ljunggren, H. G., Long, E. O. (ͼͺͺ΃) Minimal requirement 
for induction of natural cytotoxicity and intersection of activation signals by 
inhibitory receptors. Blood ͻͻ;, ͼ΀Ϳ΁-΀΀, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΃-ͺͻ-
ͼͺͻ΀ͽͼ. 

ͽͺ΃. He, Y., Peng, H., Sun, R., Wei, H., Ljunggren, H. G., Yokoyama, W. M., Tian, 
Z. (ͼͺͻ΁) Contribution of inhibitory receptor TIGIT to NK cell education. J 
Autoimmun ΂ͻ, ͻ-ͻͼ, DOI: ͻͺ.ͻͺͻ΀/j.jaut.ͼͺͻ΁.ͺ;.ͺͺͻ. 

ͽͻͺ. Zhang, X., Lu, X., Cheung, A. K. L., Zhang, Q., Liu, Z., Li, Z., Yuan, L., Wang, 
R., Liu, Y., Tang, B., Xia, H., Wu, H., Zhang, T., Su, B. (ͼͺͼͻ) Analysis of the 
Characteristics of TIGIT-Expressing CDͽ(-)CDͿ΀(+)NK Cells in Controlling 
Different Stages of HIV-ͻ Infection. Front Immunol ͻͼ, ΀ͺͼ;΃ͼ, DOI: 
ͻͺ.ͽͽ΂΃/fimmu.ͼͺͼͻ.΀ͺͼ;΃ͼ. 

ͽͻͻ. Gianella, S., Massanella, M., Wertheim, J. O., Smith, D. M. (ͼͺͻͿ) The Sordid 
Affair Between Human Herpesvirus and HIV. J Infect Dis ͼͻͼ, ΂;Ϳ-Ϳͼ, DOI: 
ͻͺ.ͻͺ΃ͽ/infdis/jivͻ;΂. 

ͽͻͼ. Bate, S. L., Dollard, S. C., Cannon, M. J. (ͼͺͻͺ) Cytomegalovirus 
seroprevalence in the United States: the national health and nutrition 
examination surveys, ͻ΃΂΂-ͼͺͺ;. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America Ϳͺ, ͻ;ͽ΃-;΁, DOI: 
ͻͺ.ͻͺ΂΀/΀Ϳͼ;ͽ΂. 

ͽͻͽ. Freeman, M. L., Lederman, M. M., Gianella, S. (ͼͺͻ΀) Partners in Crime: The 
Role of CMV in Immune Dysregulation and Clinical Outcome During HIV 
Infection. Curr HIV/AIDS Rep ͻͽ, ͻͺ-΃, DOI: ͻͺ.ͻͺͺ΁/sͻͻ΃ͺ;-ͺͻ΀-ͺͼ΃΁-΃. 



  ͱ͹Ͷ  

  

ͽͻ;. Lachmann, R., Bajwa, M., Vita, S., Smith, H., Cheek, E., Akbar, A., Kern, F. 
(ͼͺͻͼ) Polyfunctional T cells accumulate in large human cytomegalovirus-
specific T cell responses. J Virol ΂΀, ͻͺͺͻ-΃, DOI: ͻͺ.ͻͻͼ΂/JVI.ͺͺ΂΁ͽ-ͻͻ. 

ͽͻͿ. Trkola, A., Matthews, J., Gordon, C., Ketas, T., Moore, J. P. (ͻ΃΃΃) A cell line-
based neutralization assay for primary human immunodeficiency virus type 
ͻ isolates that use either the CCRͿ or the CXCR; coreceptor. J Virol ΁ͽ, ΂΃΀΀-
΁;, DOI: ͻͺ.ͻͻͼ΂/JVI.΁ͽ.ͻͻ.΂΃΀΀-΂΃΁;.ͻ΃΃΃. 

ͽͻ΀. Howell, D. N., Andreotti, P. E., Dawson, J. R., Cresswell, P. (ͻ΃΂Ϳ) Natural 
killing target antigens as inducers of interferon: studies with an 
immunoselected, natural killing-resistant human T lymphoblastoid cell line. 
J Immunol ͻͽ;, ΃΁ͻ-΀. 

ͽͻ΁. Lyerly, H. K., Reed, D. L., Matthews, T. J., Langlois, A. J., Ahearne, P. A., 
Petteway, S. R., Jr., Weinhold, K. J. (ͻ΃΂΁) Anti-GP ͻͼͺ antibodies from HIV 
seropositive individuals mediate broadly reactive anti-HIV ADCC. AIDS Res 
Hum Retroviruses ͽ, ;ͺ΃-ͼͼ, DOI: ͻͺ.ͻͺ΂΃/aid.ͻ΃΂΁.ͽ.;ͺ΃. 

ͽͻ΂. Nunberg, J. H., Schleif, W. A., Boots, E. J., O'Brien, J. A., Quintero, J. C., 
Hoffman, J. M., Emini, E. A., Goldman, M. E. (ͻ΃΃ͻ) Viral resistance to human 
immunodeficiency virus type ͻ-specific pyridinone reverse transcriptase 
inhibitors. J Virol ΀Ϳ, ;΂΂΁-΃ͼ, DOI: ͻͺ.ͻͻͼ΂/JVI.΀Ϳ.΃.;΂΂΁-;΂΃ͼ.ͻ΃΃ͻ. 

ͽͻ΃. Tremblay-McLean, A., Coenraads, S., Kiani, Z., Dupuy, F. P., Bernard, N. F. 
(ͼͺͻ΃) Expression of ligands for activating natural killer cell receptors on cell 
lines commonly used to assess natural killer cell function. BMC Immunol ͼͺ, 
΂, DOI: ͻͺ.ͻͻ΂΀/sͻͼ΂΀Ϳ-ͺͻ΂-ͺͼ΁ͼ-x. 

ͽͼͺ. Reymond, N., Imbert, A. M., Devilard, E., Fabre, S., Chabannon, C., Xerri, L., 
Farnarier, C., Cantoni, C., Bottino, C., Moretta, A., Dubreuil, P., Lopez, M. 
(ͼͺͺ;) DNAM-ͻ and PVR regulate monocyte migration through endothelial 
junctions. J Exp Med ͻ΃΃, ͻͽͽͻ-;ͻ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺͽͼͼͺ΀. 

ͽͼͻ. Wojtowicz, W. M., Vielmetter, J., Fernandes, R. A., Siepe, D. H., Eastman, C. 
L., Chisholm, G. B., Cox, S., Klock, H., Anderson, P. W., Rue, S. M., Miller, J. 
J., Glaser, S. M., Bragstad, M. L., Vance, J., Lam, A. W., Lesley, S. A., Zinn, K., 
Garcia, K. C. (ͼͺͼͺ) A Human IgSF Cell-Surface Interactome Reveals a 
Complex Network of Protein-Protein Interactions. Cell ͻ΂ͼ, ͻͺͼ΁-ͻͺ;ͽ eͻ΁, 
DOI: ͻͺ.ͻͺͻ΀/j.cell.ͼͺͼͺ.ͺ΁.ͺͼͿ. 

ͽͼͼ. Lindqvist, M., van Lunzen, J., Soghoian, D. Z., Kuhl, B. D., Ranasinghe, S., 
Kranias, G., Flanders, M. D., Cutler, S., Yudanin, N., Muller, M. I., Davis, I., 
Farber, D., Hartjen, P., Haag, F., Alter, G., Schulze zur Wiesch, J., Streeck, H. 
(ͼͺͻͼ) Expansion of HIV-specific T follicular helper cells in chronic HIV 
infection. J Clin Invest ͻͼͼ, ͽͼ΁ͻ-΂ͺ, DOI: ͻͺ.ͻͻ΁ͼ/JCI΀;ͽͻ;. 



  ͱ͹ͷ  

  

ͽͼͽ. Hasan, M. M., Nair, S. S., O'Leary, J. G., Thompson-Snipes, L., Nyarige, V., 
Wang, J., Park, W., Stegall, M., Heilman, R., Klintmalm, G. B., Joo, H., Oh, S. 
(ͼͺͼͻ) Implication of TIGIT(+) human memory B cells in immune regulation. 
Nat Commun ͻͼ, ͻͿͽ;, DOI: ͻͺ.ͻͺͽ΂/s;ͻ;΀΁-ͺͼͻ-ͼͻ;ͻͽ-y. 

ͽͼ;. Naeger, D. M., Martin, J. N., Sinclair, E., Hunt, P. W., Bangsberg, D. R., Hecht, 
F., Hsue, P., McCune, J. M., Deeks, S. G. (ͼͺͻͺ) Cytomegalovirus-specific T 
cells persist at very high levels during long-term antiretroviral treatment of 
HIV disease. PLoS One Ϳ, e΂΂΂΀, DOI: ͻͺ.ͻͽ΁ͻ/journal.pone.ͺͺͺ΂΂΂΀. 

ͽͼͿ. Castriconi, R., Dondero, A., Corrias, M. V., Lanino, E., Pende, D., Moretta, L., 
Bottino, C., Moretta, A. (ͼͺͺ;) Natural killer cell-mediated killing of freshly 
isolated neuroblastoma cells: critical role of DNAX accessory molecule-ͻ-
poliovirus receptor interaction. Cancer Res ΀;, ΃ͻ΂ͺ-;, DOI: ͻͺ.ͻͻͿ΂/ͺͺͺ΂-
Ϳ;΁ͼ.CAN-ͺ;-ͼ΀΂ͼ. 

ͽͼ΀. Fromentin, R., Bakeman, W., Lawani, M. B., Khoury, G., Hartogensis, W., 
DaFonseca, S., Killian, M., Epling, L., Hoh, R., Sinclair, E., Hecht, F. M., 
Bacchetti, P., Deeks, S. G., Lewin, S. R., Sekaly, R. P., Chomont, N. (ͼͺͻ΀) 
CD;+ T Cells Expressing PD-ͻ, TIGIT and LAG-ͽ Contribute to HIV 
Persistence during ART. PLoS Pathog ͻͼ, eͻͺͺͿ΁΀ͻ, DOI: 
ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺͿ΁΀ͻ. 

ͽͼ΁. Gay, C. L., Bosch, R. J., McKahnn, A., Moseley, K. F., Wimbish, C. L., 
Hendrickx, S. M., Messer, M., Furlong, M., Campbell, D. M., Jennings, C., 
Benson, C., Overton, E. T., Macatangay, B. J. C., Kuritzkes, D. R., Miller, E., 
Tressler, R., Eron, J. J., Hardy, W. D., Team, A. (ͼͺͼͻ) Suspected Immune-
Related Adverse Events With an Anti-PD-ͻ Inhibitor in Otherwise Healthy 
People With HIV. J Acquir Immune Defic Syndr ΂΁, eͼͽ;-eͼͽ΀, DOI: 
ͻͺ.ͻͺ΃΁/QAI.ͺͺͺͺͺͺͺͺͺͺͺͺͼ΁ͻ΀. 

ͽͼ΂. Sahin, I. H., Kane, S. R., Brutcher, E., Guadagno, J., Smith, K. E., Wu, C., 
Lesinski, G. B., Gunthel, C. J., El-Rayes, B. F. (ͼͺͼͺ) Safety and Efficacy of 
Immune Checkpoint Inhibitors in Patients With Cancer Living With HIV: A 
Perspective on Recent Progress and Future Needs. JCO Oncol Pract ͻ΀, ͽͻ΃-
ͽͼͿ, DOI: ͻͺ.ͻͼͺͺ/JOP.ͻ΃.ͺͺ΁Ϳ;. 

ͽͼ΃. Holder, K. A. and Grant, M. D. (ͼͺͻ΃) Human cytomegalovirus IL-ͻͺ 
augments NK cell cytotoxicity. J Leukoc Biol ͻͺ΀, ;;΁-;Ϳ;, DOI: 
ͻͺ.ͻͺͺͼ/JLB.ͼABͺ;ͻ΂-ͻͿ΂RR. 

ͽͽͺ. Saxton, R. A., Tsutsumi, N., Su, L. L., Abhiraman, G. C., Mohan, K., 
Henneberg, L. T., Aduri, N. G., Gati, C., Garcia, K. C. (ͼͺͼͻ) Structure-based 
decoupling of the pro- and anti-inflammatory functions of interleukin-ͻͺ. 
Science ͽ΁ͻ, DOI: ͻͺ.ͻͻͼ΀/science.abc΂;ͽͽ. 



  ͱ͹͸  

  

ͽͽͻ. Gotthardt, D. and Sexl, V. (ͼͺͻ΀) STATs in NK-Cells: The Good, the Bad, and 
the Ugly. Front Immunol ΁, ΀΃;, DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΀.ͺͺ΀΃;. 

ͽͽͼ. Xie, T. X., Wei, D., Liu, M., Gao, A. C., Ali-Osman, F., Sawaya, R., Huang, S. 
(ͼͺͺ;) Statͽ activation regulates the expression of matrix metalloproteinase-
ͼ and tumor invasion and metastasis. Oncogene ͼͽ, ͽͿͿͺ-΀ͺ, DOI: 
ͻͺ.ͻͺͽ΂/sj.onc.ͻͼͺ΁ͽ΂ͽ. 

ͽͽͽ. Seals, D. F. and Courtneidge, S. A. (ͼͺͺͽ) The ADAMs family of 
metalloproteases: multidomain proteins with multiple functions. Genes Dev 
ͻ΁, ΁-ͽͺ, DOI: ͻͺ.ͻͻͺͻ/gad.ͻͺͽ΃΁ͺͽ. 

ͽͽ;. Liu, Q., Sun, Y., Rihn, S., Nolting, A., Tsoukas, P. N., Jost, S., Cohen, K., 
Walker, B., Alter, G. (ͼͺͺ΃) Matrix metalloprotease inhibitors restore 
impaired NK cell-mediated antibody-dependent cellular cytotoxicity in 
human immunodeficiency virus type ͻ infection. J Virol ΂ͽ, ΂΁ͺͿ-ͻͼ, DOI: 
ͻͺ.ͻͻͼ΂/JVI.ͺͼ΀΀΀-ͺ΂. 

ͽͽͿ. Zhou, Q., Gil-Krzewska, A., Peruzzi, G., Borrego, F. (ͼͺͻͽ) Matrix 
metalloproteinases inhibition promotes the polyfunctionality of human 
natural killer cells in therapeutic antibody-based anti-tumour 
immunotherapy. Clin Exp Immunol ͻ΁ͽ, ͻͽͻ-΃, DOI: ͻͺ.ͻͻͻͻ/cei.ͻͼͺ΃Ϳ. 

ͽͽ΀. Peruzzi, G., Femnou, L., Gil-Krzewska, A., Borrego, F., Weck, J., Krzewski, K., 
Coligan, J. E. (ͼͺͻͽ) Membrane-type ΀ matrix metalloproteinase regulates 
the activation-induced downmodulation of CDͻ΀ in human primary NK cells. 
J Immunol ͻ΃ͻ, ͻ΂΂ͽ-΃;, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻͽͺͺͽͻͽ. 

ͽͽ΁. Romee, R., Foley, B., Lenvik, T., Wang, Y., Zhang, B., Ankarlo, D., Luo, X., 
Cooley, S., Verneris, M., Walcheck, B., Miller, J. (ͼͺͻͽ) NK cell CDͻ΀ surface 
expression and function is regulated by a disintegrin and metalloprotease-ͻ΁ 
(ADAMͻ΁). Blood ͻͼͻ, ͽͿ΃΃-΀ͺ΂, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͼ-ͺ;-;ͼͿͽ΃΁. 

ͽͽ΂. Werb, Z. (ͻ΃΃΁) ECM and cell surface proteolysis: regulating cellular ecology. 
Cell ΃ͻ, ;ͽ΃-;ͼ, DOI: ͻͺ.ͻͺͻ΀/sͺͺ΃ͼ-΂΀΁;(ͺͺ)΂ͺ;ͼ΃-΂. 

ͽͽ΃. Yamamoto-Tabata, T., McDonagh, S., Chang, H. T., Fisher, S., Pereira, L. 
(ͼͺͺ;) Human cytomegalovirus interleukin-ͻͺ downregulates 
metalloproteinase activity and impairs endothelial cell migration and 
placental cytotrophoblast invasiveness in vitro. J Virol ΁΂, ͼ΂ͽͻ-;ͺ, DOI: 
ͻͺ.ͻͻͼ΂/jvi.΁΂.΀.ͼ΂ͽͻ-ͼ΂;ͺ.ͼͺͺ;. 

ͽ;ͺ. Srpan, K., Ambrose, A., Karampatzakis, A., Saeed, M., Cartwright, A. N. R., 
Guldevall, K., De Matos, G., Onfelt, B., Davis, D. M. (ͼͺͻ΂) Shedding of CDͻ΀ 
disassembles the NK cell immune synapse and boosts serial engagement of 
target cells. J Cell Biol ͼͻ΁, ͽͼ΀΁-ͽͼ΂ͽ, DOI: ͻͺ.ͻͺ΂ͽ/jcb.ͼͺͻ΁ͻͼͺ΂Ϳ. 



  ͱ͹͹  

  

ͽ;ͻ. Keating, S. E., Zaiatz-Bittencourt, V., Loftus, R. M., Keane, C., Brennan, K., 
Finlay, D. K., Gardiner, C. M. (ͼͺͻ΀) Metabolic Reprogramming Supports 
IFN-gamma Production by CDͿ΀bright NK Cells. J Immunol ͻ΃΀, ͼͿͿͼ-΀ͺ, 
DOI: ͻͺ.;ͺ;΃/jimmunol.ͻͿͺͻ΁΂ͽ. 

ͽ;ͼ. Loftus, R. M. and Finlay, D. K. (ͼͺͻ΀) Immunometabolism: Cellular 
Metabolism Turns Immune Regulator. J Biol Chem ͼ΃ͻ, ͻ-ͻͺ, DOI: 
ͻͺ.ͻͺ΁;/jbc.RͻͻͿ.΀΃ͽ΃ͺͽ. 

ͽ;ͽ. Keppel, M. P., Saucier, N., Mah, A. Y., Vogel, T. P., Cooper, M. A. (ͼͺͻͿ) 
Activation-specific metabolic requirements for NK Cell IFN-gamma 
production. J Immunol ͻ΃;, ͻ΃Ϳ;-΀ͼ, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ;ͺͼͺ΃΃. 

ͽ;;. Wang, Z., Guan, D., Huo, J., Biswas, S. K., Huang, Y., Yang, Y., Xu, S., Lam, K. 
P. (ͼͺͼͻ) IL-ͻͺ Enhances Human Natural Killer Cell Effector Functions via 
Metabolic Reprogramming Regulated by mTORCͻ Signaling. Front Immunol 
ͻͼ, ΀ͻ΃ͻ΃Ϳ, DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͼͻ.΀ͻ΃ͻ΃Ϳ. 

ͽ;Ϳ. Chang, W. L. and Barry, P. A. (ͼͺͻͺ) Attenuation of innate immunity by 
cytomegalovirus IL-ͻͺ establishes a long-term deficit of adaptive antiviral 
immunity. Proc Natl Acad Sci U S A ͻͺ΁, ͼͼ΀;΁-Ϳͼ, DOI: 
ͻͺ.ͻͺ΁ͽ/pnas.ͻͺͻͽ΁΃;ͻͺ΂. 

ͽ;΀. Eberhardt, M. K. and Barry, P. A. (ͼͺͻ;) Pathogen manipulation of cIL-ͻͺ 
signaling pathways: opportunities for vaccine development? Curr Top 
Microbiol Immunol ͽ΂ͺ, ΃ͽ-ͻͼ΂, DOI: ͻͺ.ͻͺͺ΁/΃΁΂-ͽ-΀΀ͼ-;ͽ;΃ͼ-Ϳ_Ϳ. 

ͽ;΁. Rojas, J. M., Avia, M., Martin, V., Sevilla, N. (ͼͺͻ΁) IL-ͻͺ: A Multifunctional 
Cytokine in Viral Infections. Journal of immunology research ͼͺͻ΁, ΀ͻͺ;ͺͿ;, 
DOI: ͻͺ.ͻͻͿͿ/ͼͺͻ΁/΀ͻͺ;ͺͿ;. 

ͽ;΂. Smith, L. K., Boukhaled, G. M., Condotta, S. A., Mazouz, S., Guthmiller, J. J., 
Vijay, R., Butler, N. S., Bruneau, J., Shoukry, N. H., Krawczyk, C. M., Richer, 
M. J. (ͼͺͻ΂) Interleukin-ͻͺ Directly Inhibits CD΂(+) T Cell Function by 
Enhancing N-Glycan Branching to Decrease Antigen Sensitivity. Immunity 
;΂, ͼ΃΃-ͽͻͼ eͿ, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻ΂.ͺͻ.ͺͺ΀. 

ͽ;΃. Parish, I. A., Marshall, H. D., Staron, M. M., Lang, P. A., Brustle, A., Chen, J. 
H., Cui, W., Tsui, Y. C., Perry, C., Laidlaw, B. J., Ohashi, P. S., Weaver, C. T., 
Kaech, S. M. (ͼͺͻ;) Chronic viral infection promotes sustained Thͻ-derived 
immunoregulatory IL-ͻͺ via BLIMP-ͻ. J Clin Invest ͻͼ;, ͽ;ͿͿ-΀΂, DOI: 
ͻͺ.ͻͻ΁ͼ/JCI΀΀ͻͺ΂. 

ͽͿͺ. Ejrnaes, M., Filippi, C. M., Martinic, M. M., Ling, E. M., Togher, L. M., Crotty, 
S., von Herrath, M. G. (ͼͺͺ΀) Resolution of a chronic viral infection after 
interleukin-ͻͺ receptor blockade. J Exp Med ͼͺͽ, ͼ;΀ͻ-΁ͼ, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͺ΀ͻ;΀ͼ. 



  ͲͰͰ  

  

ͽͿͻ. Weiss, K. A., Christiaansen, A. F., Fulton, R. B., Meyerholz, D. K., Varga, S. M. 
(ͼͺͻͻ) Multiple CD;+ T cell subsets produce immunomodulatory IL-ͻͺ 
during respiratory syncytial virus infection. J Immunol ͻ΂΁, ͽͻ;Ϳ-Ϳ;, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻͻͺͺ΁΀;. 

ͽͿͼ. Mandaric, S., Walton, S. M., Rulicke, T., Richter, K., Girard-Madoux, M. J., 
Clausen, B. E., Zurunic, A., Kamanaka, M., Flavell, R. A., Jonjic, S., Oxenius, 
A. (ͼͺͻͼ) IL-ͻͺ suppression of NK/DC crosstalk leads to poor priming of 
MCMV-specific CD; T cells and prolonged MCMV persistence. PLoS Pathog 
΂, eͻͺͺͼ΂;΀, DOI: ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺͼ΂;΀. 

ͽͿͽ. Moretta, A. (ͼͺͺͼ) Natural killer cells and dendritic cells: rendezvous in 
abused tissues. Nat Rev Immunol ͼ, ΃Ϳ΁-΀;, DOI: ͻͺ.ͻͺͽ΂/nri΃Ϳ΀. 

ͽͿ;. Cooper, M. A., Fehniger, T. A., Fuchs, A., Colonna, M., Caligiuri, M. A. (ͼͺͺ;) 
NK cell and DC interactions. Trends Immunol ͼͿ, ;΁-Ϳͼ, DOI: 
ͻͺ.ͻͺͻ΀/j.it.ͼͺͺͽ.ͻͺ.ͺͻͼ. 

ͽͿͿ. Gerosa, F., Baldani-Guerra, B., Nisii, C., Marchesini, V., Carra, G., Trinchieri, 
G. (ͼͺͺͼ) Reciprocal activating interaction between natural killer cells and 
dendritic cells. J Exp Med ͻ΃Ϳ, ͽͼ΁-ͽͽ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺͻͺ΃ͽ΂. 

ͽͿ΀. Montoya, M., Schiavoni, G., Mattei, F., Gresser, I., Belardelli, F., Borrow, P., 
Tough, D. F. (ͼͺͺͼ) Type I interferons produced by dendritic cells promote 
their phenotypic and functional activation. Blood ΃΃, ͽͼ΀ͽ-΁ͻ, DOI: 
ͻͺ.ͻͻ΂ͼ/blood.v΃΃.΃.ͽͼ΀ͽ. 

ͽͿ΁. Mattei, F., Schiavoni, G., Belardelli, F., Tough, D. F. (ͼͺͺͻ) IL-ͻͿ is expressed 
by dendritic cells in response to type I IFN, double-stranded RNA, or 
lipopolysaccharide and promotes dendritic cell activation. J Immunol ͻ΀΁, 
ͻͻ΁΃-΂΁, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΀΁.ͽ.ͻͻ΁΃. 

ͽͿ΂. Mavilio, D., Lombardo, G., Kinter, A., Fogli, M., La Sala, A., Ortolano, S., 
Farschi, A., Follmann, D., Gregg, R., Kovacs, C., Marcenaro, E., Pende, D., 
Moretta, A., Fauci, A. S. (ͼͺͺ΀) Characterization of the defective interaction 
between a subset of natural killer cells and dendritic cells in HIV-ͻ infection. 
J Exp Med ͼͺͽ, ͼͽͽ΃-Ϳͺ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺ΀ͺ΂΃;. 

ͽͿ΃. Della Chiesa, M., Vitale, M., Carlomagno, S., Ferlazzo, G., Moretta, L., 
Moretta, A. (ͼͺͺͽ) The natural killer cell-mediated killing of autologous 
dendritic cells is confined to a cell subset expressing CD΃;/NKGͼA, but 
lacking inhibitory killer Ig-like receptors. Eur J Immunol ͽͽ, ͻ΀Ϳ΁-΀΀, DOI: 
ͻͺ.ͻͺͺͼ/eji.ͼͺͺͽͼͽ΃΂΀. 

ͽ΀ͺ. Piccioli, D., Sbrana, S., Melandri, E., Valiante, N. M. (ͼͺͺͼ) Contact-
dependent stimulation and inhibition of dendritic cells by natural killer cells. 
J Exp Med ͻ΃Ϳ, ͽͽͿ-;ͻ. 



  ͲͰͱ  

  

ͽ΀ͻ. Ferlazzo, G., Tsang, M. L., Moretta, L., Melioli, G., Steinman, R. M., Munz, C. 
(ͼͺͺͼ) Human dendritic cells activate resting natural killer (NK) cells and are 
recognized via the NKpͽͺ receptor by activated NK cells. J Exp Med ͻ΃Ϳ, ͽ;ͽ-
Ϳͻ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͺͻͻͻ;΃. 

ͽ΀ͼ. Anderko, R. R., Rinaldo, C. R., Mailliard, R. B. (ͼͺͼͺ) IL-ͻ΂ Responsiveness 
Defines Limitations in Immune Help for Specialized FcRgamma(-) NK Cells. 
J Immunol ͼͺͿ, ͽ;ͼ΃-ͽ;;ͼ, DOI: ͻͺ.;ͺ;΃/jimmunol.ͼͺͺͺ;ͽͺ. 

ͽ΀ͽ. Mailliard, R. B., Son, Y. I., Redlinger, R., Coates, P. T., Giermasz, A., Morel, P. 
A., Storkus, W. J., Kalinski, P. (ͼͺͺͽ) Dendritic cells mediate NK cell help for 
Thͻ and CTL responses: two-signal requirement for the induction of NK cell 
helper function. J Immunol ͻ΁ͻ, ͼͽ΀΀-΁ͽ, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΁ͻ.Ϳ.ͼͽ΀΀. 

ͽ΀;. Schorer, M., Rakebrandt, N., Lambert, K., Hunziker, A., Pallmer, K., Oxenius, 
A., Kipar, A., Stertz, S., Joller, N. (ͼͺͼͺ) TIGIT limits immune pathology 
during viral infections. Nat Commun ͻͻ, ͻͼ΂΂, DOI: ͻͺ.ͻͺͽ΂/s;ͻ;΀΁-ͺͼͺ-
ͻͿͺͼͿ-ͻ. 

ͽ΀Ϳ. Alter, G., Kavanagh, D., Rihn, S., Luteijn, R., Brooks, D., Oldstone, M., van 
Lunzen, J., Altfeld, M. (ͼͺͻͺ) IL-ͻͺ induces aberrant deletion of dendritic 
cells by natural killer cells in the context of HIV infection. J Clin Invest ͻͼͺ, 
ͻ΃ͺͿ-ͻͽ, DOI: ͻͺ.ͻͻ΁ͼ/JCI;ͺ΃ͻͽ. 

ͽ΀ . Martinic, M. M. and von Herrath, M. G. (ͼͺͺ΂) Novel strategies to eliminate 
persistent viral infections. Trends Immunol ͼ΃, ͻͻ΀-ͼ;, DOI: 
ͻͺ.ͻͺͻ΀/j.it.ͼͺͺ΁.ͻͼ.ͺͺͼ. 

ͽ΀΁. Cella, M., Jarrossay, D., Facchetti, F., Alebardi, O., Nakajima, H., 
Lanzavecchia, A., Colonna, M. (ͻ΃΃΃) Plasmacytoid monocytes migrate to 
inflamed lymph nodes and produce large amounts of type I interferon. Nat 
Med Ϳ, ΃ͻ΃-ͼͽ, DOI: ͻͺ.ͻͺͽ΂/ͻͻͽ΀ͺ. 

ͽ΀΂. Siegal, F. P., Kadowaki, N., Shodell, M., Fitzgerald-Bocarsly, P. A., Shah, K., 
Ho, S., Antonenko, S., Liu, Y. J. (ͻ΃΃΃) The nature of the principal type ͻ 
interferon-producing cells in human blood. Science ͼ΂;, ͻ΂ͽͿ-΁, DOI: 
ͻͺ.ͻͻͼ΀/science.ͼ΂;.Ϳ;ͼͻ.ͻ΂ͽͿ. 

ͽ΀΃. Kadowaki, N., Antonenko, S., Lau, J. Y., Liu, Y. J. (ͼͺͺͺ) Natural interferon 
alpha/beta-producing cells link innate and adaptive immunity. J Exp Med 
ͻ΃ͼ, ͼͻ΃-ͼ΀, DOI: ͻͺ.ͻͺ΂;/jem.ͻ΃ͼ.ͼ.ͼͻ΃. 

ͽ΁ͺ. Cella, M., Facchetti, F., Lanzavecchia, A., Colonna, M. (ͼͺͺͺ) Plasmacytoid 
dendritic cells activated by influenza virus and CD;ͺL drive a potent THͻ 
polarization. Nat Immunol ͻ, ͽͺͿ-ͻͺ, DOI: ͻͺ.ͻͺͽ΂/΁΃΁;΁. 



  ͲͰͲ  

  

ͽ΁ͻ. Yun, T. J., Igarashi, S., Zhao, H., Perez, O. A., Pereira, M. R., Zorn, E., Shen, 
Y., Goodrum, F., Rahman, A., Sims, P. A., Farber, D. L., Reizis, B. (ͼͺͼͻ) 
Human plasmacytoid dendritic cells mount a distinct antiviral response to 
virus-infected cells. Sci Immunol ΀, DOI: ͻͺ.ͻͻͼ΀/sciimmunol.abc΁ͽͺͼ. 

ͽ΁ͼ. Chang, W. L., Barry, P. A., Szubin, R., Wang, D., Baumgarth, N. (ͼͺͺ΃) 
Human cytomegalovirus suppresses type I interferon secretion by 
plasmacytoid dendritic cells through its interleukin ͻͺ homolog. Virology 
ͽ΃ͺ, ͽͽͺ-΁, DOI: ͻͺ.ͻͺͻ΀/j.virol.ͼͺͺ΃.ͺͿ.ͺͻͽ. 

ͽ΁ͽ. Gleason, M. K., Lenvik, T. R., McCullar, V., Felices, M., O'Brien, M. S., Cooley, 
S. A., Verneris, M. R., Cichocki, F., Holman, C. J., Panoskaltsis-Mortari, A., 
Niki, T., Hirashima, M., Blazar, B. R., Miller, J. S. (ͼͺͻͼ) Tim-ͽ is an inducible 
human natural killer cell receptor that enhances interferon gamma 
production in response to galectin-΃. Blood ͻͻ΃, ͽͺ΀;-΁ͼ, DOI: 
ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͻ-ͺ΀-ͽ΀ͺͽͼͻ. 

ͽ΁;. Ndhlovu, L. C., Lopez-Verges, S., Barbour, J. D., Jones, R. B., Jha, A. R., Long, 
B. R., Schoeffler, E. C., Fujita, T., Nixon, D. F., Lanier, L. L. (ͼͺͻͼ) Tim-ͽ 
marks human natural killer cell maturation and suppresses cell-mediated 
cytotoxicity. Blood ͻͻ΃, ͽ΁ͽ;-;ͽ, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͻͻ-ͻͻ-ͽ΃ͼ΃Ϳͻ. 

ͽ΁Ϳ. Jost, S., Moreno-Nieves, U. Y., Garcia-Beltran, W. F., Rands, K., Reardon, J., 
Toth, I., Piechocka-Trocha, A., Altfeld, M., Addo, M. M. (ͼͺͻͽ) Dysregulated 
Tim-ͽ expression on natural killer cells is associated with increased Galectin-
΃ levels in HIV-ͻ infection. Retrovirology ͻͺ, ΁;, DOI: ͻͺ.ͻͻ΂΀/ͻ΁;ͼ-;΀΃ͺ-
ͻͺ-΁;. 

ͽ΁΀. Finney, C. A., Ayi, K., Wasmuth, J. D., Sheth, P. M., Kaul, R., Loutfy, M., Kain, 
K. C., Serghides, L. (ͼͺͻͽ) HIV infection deregulates Tim-ͽ expression on 
innate cells: combination antiretroviral therapy results in partial restoration. 
J Acquir Immune Defic Syndr ΀ͽ, ͻ΀ͻ-΁, DOI: 
ͻͺ.ͻͺ΃΁/QAI.ͺbͺͻͽeͽͻ΂ͼ΂Ϳcfͻͽ. 

ͽ΁΁. de Kivit, S., Lempsink, L. J., Plants, J., Martinson, J., Keshavarzian, A., Landay, 
A. L. (ͼͺͻͿ) Modulation of TIM-ͽ expression on NK and T cell subsets in HIV 
immunological non-responders. Clin Immunol ͻͿ΀, ͼ΂-ͽͿ, DOI: 
ͻͺ.ͻͺͻ΀/j.clim.ͼͺͻ;.ͻͺ.ͺͺ΃. 

ͽ΁΂. So, E. C., Khaladj-Ghom, A., Ji, Y., Amin, J., Song, Y., Burch, E., Zhou, H., Sun, 
H., Chen, S., Bentzen, S., Hertzano, R., Zhang, X., Strome, S. E. (ͼͺͻ΃) NK cell 
expression of Tim-ͽ: First impressions matter. Immunobiology ͼͼ;, ͽ΀ͼ-ͽ΁ͺ, 
DOI: ͻͺ.ͻͺͻ΀/j.imbio.ͼͺͻ΃.ͺͽ.ͺͺͻ. 



  ͲͰͳ  

  

ͽ΁΃. Joncker, N. T., Shifrin, N., Delebecque, F., Raulet, D. H. (ͼͺͻͺ) Mature 
natural killer cells reset their responsiveness when exposed to an altered 
MHC environment. J Exp Med ͼͺ΁, ͼͺ΀Ϳ-΁ͼ, DOI: ͻͺ.ͻͺ΂;/jem.ͼͺͻͺͺͿ΁ͺ. 

ͽ΂ͺ. Elliott, J. M., Wahle, J. A., Yokoyama, W. M. (ͼͺͻͺ) MHC class I-deficient 
natural killer cells acquire a licensed phenotype after transfer into an MHC 
class I-sufficient environment. J Exp Med ͼͺ΁, ͼͺ΁ͽ-΃, DOI: 
ͻͺ.ͻͺ΂;/jem.ͼͺͻͺͺ΃΂΀. 

ͽ΂ͻ. Sun, J. C. and Lanier, L. L. (ͼͺͺ΂) Cutting edge: viral infection breaks NK cell 
tolerance to "missing self". J Immunol ͻ΂ͻ, ΁;Ϳͽ-΁, DOI: 
ͻͺ.;ͺ;΃/jimmunol.ͻ΂ͻ.ͻͻ.΁;Ϳͽ. 

ͽ΂ͼ. Tomasec, P., Wang, E. C., Davison, A. J., Vojtesek, B., Armstrong, M., Griffin, 
C., McSharry, B. P., Morris, R. J., Llewellyn-Lacey, S., Rickards, C., Nomoto, 
A., Sinzger, C., Wilkinson, G. W. (ͼͺͺͿ) Downregulation of natural killer cell-
activating ligand CDͻͿͿ by human cytomegalovirus ULͻ;ͻ. Nat Immunol ΀, 
ͻ΂ͻ-΂, DOI: ͻͺ.ͻͺͽ΂/niͻͻͿ΀. 

ͽ΂ͽ. Prod'homme, V., Sugrue, D. M., Stanton, R. J., Nomoto, A., Davies, J., 
Rickards, C. R., Cochrane, D., Moore, M., Wilkinson, G. W., Tomasec, P. 
(ͼͺͻͺ) Human cytomegalovirus ULͻ;ͻ promotes efficient downregulation of 
the natural killer cell activating ligand CDͻͻͼ. J Gen Virol ΃ͻ, ͼͺͽ;-΃, DOI: 
ͻͺ.ͻͺ΃΃/vir.ͺ.ͺͼͻ΃ͽͻ-ͺ. 

ͽ΂;. Guihot, A., Marcelin, A. G., Massiani, M. A., Samri, A., Soulie, C., Autran, B., 
Spano, J. P. (ͼͺͻ΂) Drastic decrease of the HIV reservoir in a patient treated 
with nivolumab for lung cancer. Ann Oncol ͼ΃, Ϳͻ΁-Ϳͻ΂, DOI: 
ͻͺ.ͻͺ΃ͽ/annonc/mdx΀΃΀. 

ͽ΂Ϳ. Evans, V. A., van der Sluis, R. M., Solomon, A., Dantanarayana, A., McNeil, 
C., Garsia, R., Palmer, S., Fromentin, R., Chomont, N., Sekaly, R. P., Cameron, 
P. U., Lewin, S. R. (ͼͺͻ΂) Programmed cell death-ͻ contributes to the 
establishment and maintenance of HIV-ͻ latency. AIDS ͽͼ, ͻ;΃ͻ-ͻ;΃΁, DOI: 
ͻͺ.ͻͺ΃΁/QAD.ͺͺͺͺͺͺͺͺͺͺͺͺͻ΂;΃. 

ͽ΂΀. Fromentin, R., DaFonseca, S., Costiniuk, C. T., El-Far, M., Procopio, F. A., 
Hecht, F. M., Hoh, R., Deeks, S. G., Hazuda, D. J., Lewin, S. R., Routy, J. P., 
Sekaly, R. P., Chomont, N. (ͼͺͻ΃) PD-ͻ blockade potentiates HIV latency 
reversal ex vivo in CD;(+) T cells from ART-suppressed individuals. Nat 
Commun ͻͺ, ΂ͻ;, DOI: ͻͺ.ͻͺͽ΂/s;ͻ;΀΁-ͺͻ΃-ͺ΂΁΃΂-΁. 

ͽ΂΁. Okulicz, J. F. and Lambotte, O. (ͼͺͻͻ) Epidemiology and clinical 
characteristics of elite controllers. Curr Opin HIV AIDS ΀, ͻ΀ͽ-΂, DOI: 
ͻͺ.ͻͺ΃΁/COH.ͺbͺͻͽeͽͼ΂ͽ;;fͽͿe. 



  ͲͰʹ  

  

ͽ΂΂. Deeks, S. G. and Walker, B. D. (ͼͺͺ΁) Human immunodeficiency virus 
controllers: mechanisms of durable virus control in the absence of 
antiretroviral therapy. Immunity ͼ΁, ;ͺ΀-ͻ΀, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͺ΁.ͺ΂.ͺͻͺ. 

ͽ΂΃. Lambotte, O., Boufassa, F., Madec, Y., Nguyen, A., Goujard, C., Meyer, L., 
Rouzioux, C., Venet, A., Delfraissy, J. F., Group, S.-H. S. (ͼͺͺͿ) HIV 
controllers: a homogeneous group of HIV-ͻ-infected patients with 
spontaneous control of viral replication. Clinical infectious diseases : an 
official publication of the Infectious Diseases Society of America ;ͻ, ͻͺͿͽ-΀, 
DOI: ͻͺ.ͻͺ΂΀/;ͽͽͻ΂΂. 

ͽ΃ͺ. Pereyra, F., Addo, M. M., Kaufmann, D. E., Liu, Y., Miura, T., Rathod, A., 
Baker, B., Trocha, A., Rosenberg, R., Mackey, E., Ueda, P., Lu, Z., Cohen, D., 
Wrin, T., Petropoulos, C. J., Rosenberg, E. S., Walker, B. D. (ͼͺͺ΂) Genetic 
and immunologic heterogeneity among persons who control HIV infection 
in the absence of therapy. J Infect Dis ͻ΃΁, Ϳ΀ͽ-΁ͻ, DOI: ͻͺ.ͻͺ΂΀/Ϳͼ΀΁΂΀. 

ͽ΃ͻ. Migueles, S. A., Sabbaghian, M. S., Shupert, W. L., Bettinotti, M. P., 
Marincola, F. M., Martino, L., Hallahan, C. W., Selig, S. M., Schwartz, D., 
Sullivan, J. (ͼͺͺͺ) HLA B*Ϳ΁ͺͻ is highly associated with restriction of virus 
replication in a subgroup of HIV-infected long term nonprogressors. Proc 
Natl Acad Sci USA ΃΁, DOI: ͻͺ.ͻͺ΁ͽ/pnas.ͺͿͺͿ΀΁ͽ΃΁. 

ͽ΃ͼ. Emu, B., Sinclair, E., Favre, D., Moretto, W. J., Hsue, P., Hoh, R., Martin, J. N., 
Nixon, D. F., McCune, J. M., Deeks, S. G. (ͼͺͺͿ) Phenotypic, functional, and 
kinetic parameters associated with apparent T-cell control of human 
immunodeficiency virus replication in individuals with and without 
antiretroviral treatment. J Virol ΁΃, ͻ;ͻ΀΃-΁΂, DOI: 
ͻͺ.ͻͻͼ΂/JVI.΁΃.ͼͼ.ͻ;ͻ΀΃-ͻ;ͻ΁΂.ͼͺͺͿ. 

ͽ΃ͽ. Lambotte, O., Ferrari, G., Moog, C., Yates, N. L., Liao, H. X., Parks, R. J., Hicks, 
C. B., Owzar, K., Tomaras, G. D., Montefiori, D. C., Haynes, B. F., Delfraissy, 
J. F. (ͼͺͺ΃) Heterogeneous neutralizing antibody and antibody-dependent 
cell cytotoxicity responses in HIV-ͻ elite controllers. AIDS ͼͽ, ΂΃΁-΃ͺ΀, DOI: 
ͻͺ.ͻͺ΃΁/QAD.ͺbͺͻͽeͽͼ΂ͽͼ΃f΃΁d. 

ͽ΃;. Noyan, K., Nguyen, S., Betts, M. R., Sonnerborg, A., Buggert, M. (ͼͺͻ΂) 
Human Immunodeficiency Virus Type-ͻ Elite Controllers Maintain Low Co-
Expression of Inhibitory Receptors on CD;+ T Cells. Front Immunol ΃, ͻ΃, 
DOI: ͻͺ.ͽͽ΂΃/fimmu.ͼͺͻ΂.ͺͺͺͻ΃. 

ͽ΃Ϳ. Nguyen, S., Deleage, C., Darko, S., Ransier, A., Truong, D. P., Agarwal, D., 
Japp, A. S., Wu, V. H., Kuri-Cervantes, L., Abdel-Mohsen, M., Del Rio Estrada, 
P. M., Ablanedo-Terrazas, Y., Gostick, E., Hoxie, J. A., Zhang, N. R., Naji, A., 



  ͲͰ͵  

  

Reyes-Teran, G., Estes, J. D., Price, D. A., Douek, D. C., Deeks, S. G., Buggert, 
M., Betts, M. R. (ͼͺͻ΃) Elite control of HIV is associated with distinct 
functional and transcriptional signatures in lymphoid tissue CD΂(+) T cells. 
Science translational medicine ͻͻ, DOI: ͻͺ.ͻͻͼ΀/scitranslmed.aax;ͺ΁΁. 

ͽ΃΀. Sok, D. and Burton, D. R. (ͼͺͻ΂) Recent progress in broadly neutralizing 
antibodies to HIV. Nat Immunol ͻ΃, ͻͻ΁΃-ͻͻ΂΂, DOI: ͻͺ.ͻͺͽ΂/s;ͻͿ΃ͺ-ͺͻ΂-
ͺͼͽͿ-΁. 

ͽ΃΁. Kwong, P. D. and Mascola, J. R. (ͼͺͻ΂) HIV-ͻ Vaccines Based on Antibody 
Identification, B Cell Ontogeny, and Epitope Structure. Immunity ;΂, ΂ͿͿ-
΂΁ͻ, DOI: ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻ΂.ͺ;.ͺͼ΃. 

ͽ΃΂. Barouch, D. H., Whitney, J. B., Moldt, B., Klein, F., Oliveira, T. Y., Liu, J., 
Stephenson, K. E., Chang, H. W., Shekhar, K., Gupta, S., Nkolola, J. P., 
Seaman, M. S., Smith, K. M., Borducchi, E. N., Cabral, C., Smith, J. Y., 
Blackmore, S., Sanisetty, S., Perry, J. R., Beck, M., Lewis, M. G., Rinaldi, W., 
Chakraborty, A. K., Poignard, P., Nussenzweig, M. C., Burton, D. R. (ͼͺͻͽ) 
Therapeutic efficacy of potent neutralizing HIV-ͻ-specific monoclonal 
antibodies in SHIV-infected rhesus monkeys. Nature Ϳͺͽ, ͼͼ;-΂, DOI: 
ͻͺ.ͻͺͽ΂/natureͻͼ΁;;. 

ͽ΃΃. Gautam, R., Nishimura, Y., Gaughan, N., Gazumyan, A., Schoofs, T., Buckler-
White, A., Seaman, M. S., Swihart, B. J., Follmann, D. A., Nussenzweig, M. C., 
Martin, M. A. (ͼͺͻ΂) A single injection of crystallizable fragment domain-
modified antibodies elicits durable protection from SHIV infection. Nat Med 
ͼ;, ΀ͻͺ-΀ͻ΀, DOI: ͻͺ.ͻͺͽ΂/s;ͻͿ΃ͻ-ͺͻ΂-ͺͺͺͻ-ͼ. 

;ͺͺ. Calenda, G., Frank, I., Arrode-Bruses, G., Pegu, A., Wang, K., Arthos, J., Cicala, 
C., Rogers, K. A., Shirreff, L., Grasperge, B., Blanchard, J. L., Maldonado, S., 
Roberts, K., Gettie, A., Villinger, F., Fauci, A. S., Mascola, J. R., Martinelli, E. 
(ͼͺͻ΃) Delayed vaginal SHIV infection in VRCͺͻ and anti-alpha;beta΁ 
treated rhesus macaques. PLoS Pathog ͻͿ, eͻͺͺ΁΁΁΀, DOI: 
ͻͺ.ͻͽ΁ͻ/journal.ppat.ͻͺͺ΁΁΁΀. 

;ͺͻ. Haynes, B. F. and Montefiori, D. C. (ͼͺͺ΀) Aiming to induce broadly reactive 
neutralizing antibody responses with HIV-ͻ vaccine candidates. Expert Rev 
Vaccines Ϳ, ͽ;΁-΀ͽ, DOI: ͻͺ.ͻͿ΂΀/ͻ;΁΀ͺͿ΂;.Ϳ.ͽ.ͽ;΁. 

;ͺͼ. Hessell, A. J., Hangartner, L., Hunter, M., Havenith, C. E., Beurskens, F. J., 
Bakker, J. M., Lanigan, C. M., Landucci, G., Forthal, D. N., Parren, P. W., Marx, 
P. A., Burton, D. R. (ͼͺͺ΁) Fc receptor but not complement binding is 
important in antibody protection against HIV. Nature ;;΃, ͻͺͻ-;, DOI: 
ͻͺ.ͻͺͽ΂/natureͺ΀ͻͺ΀. 



  ͲͰͶ  

  

;ͺͽ. Gomez-Roman, V. R., Patterson, L. J., Venzon, D., Liewehr, D., Aldrich, K., 
Florese, R., Robert-Guroff, M. (ͼͺͺͿ) Vaccine-elicited antibodies mediate 
antibody-dependent cellular cytotoxicity correlated with significantly 
reduced acute viremia in rhesus macaques challenged with SIVmacͼͿͻ. J 
Immunol ͻ΁;, ͼͻ΂Ϳ-΃, DOI: ͻͺ.;ͺ;΃/jimmunol.ͻ΁;.;.ͼͻ΂Ϳ. 

;ͺ;. Alsmadi, O., Herz, R., Murphy, E., Pinter, A., Tilley, S. A. (ͻ΃΃΁) A novel 
antibody-dependent cellular cytotoxicity epitope in gpͻͼͺ is identified by 
two monoclonal antibodies isolated from a long-term survivor of human 
immunodeficiency virus type ͻ infection. J Virol ΁ͻ, ΃ͼͿ-ͽͽ, DOI: 
ͻͺ.ͻͻͼ΂/JVI.΁ͻ.ͼ.΃ͼͿ-΃ͽͽ.ͻ΃΃΁. 

;ͺͿ. Wren, L. H., Chung, A. W., Isitman, G., Kelleher, A. D., Parsons, M. S., Amin, 
J., Cooper, D. A., investigators, A. s. c., Stratov, I., Navis, M., Kent, S. J. (ͼͺͻͽ) 
Specific antibody-dependent cellular cytotoxicity responses associated with 
slow progression of HIV infection. Immunology ͻͽ΂, ͻͻ΀-ͼͽ, DOI: 
ͻͺ.ͻͻͻͻ/imm.ͻͼͺͻ΀. 

;ͺ΀. Rerks-Ngarm, S., Pitisuttithum, P., Nitayaphan, S., Kaewkungwal, J., Chiu, J., 
Paris, R., Premsri, N., Namwat, C., de Souza, M., Adams, E., Benenson, M., 
Gurunathan, S., Tartaglia, J., McNeil, J. G., Francis, D. P., Stablein, D., Birx, D. 
L., Chunsuttiwat, S., Khamboonruang, C., Thongcharoen, P., Robb, M. L., 
Michael, N. L., Kunasol, P., Kim, J. H., Investigators, M.-T. (ͼͺͺ΃) Vaccination 
with ALVAC and AIDSVAX to prevent HIV-ͻ infection in Thailand. N Engl J 
Med ͽ΀ͻ, ͼͼͺ΃-ͼͺ, DOI: ͻͺ.ͻͺͿ΀/NEJMoaͺ΃ͺ΂;΃ͼ. 

;ͺ΁. Haynes, B. F., Gilbert, P. B., McElrath, M. J., Zolla-Pazner, S., Tomaras, G. D., 
Alam, S. M., Evans, D. T., Montefiori, D. C., Karnasuta, C., Sutthent, R., Liao, 
H. X., DeVico, A. L., Lewis, G. K., Williams, C., Pinter, A., Fong, Y., Janes, H., 
DeCamp, A., Huang, Y., Rao, M., Billings, E., Karasavvas, N., Robb, M. L., 
Ngauy, V., de Souza, M. S., Paris, R., Ferrari, G., Bailer, R. T., Soderberg, K. A., 
Andrews, C., Berman, P. W., Frahm, N., De Rosa, S. C., Alpert, M. D., Yates, 
N. L., Shen, X., Koup, R. A., Pitisuttithum, P., Kaewkungwal, J., Nitayaphan, 
S., Rerks-Ngarm, S., Michael, N. L., Kim, J. H. (ͼͺͻͼ) Immune-correlates 
analysis of an HIV-ͻ vaccine efficacy trial. N Engl J Med ͽ΀΀, ͻͼ΁Ϳ-΂΀, DOI: 
ͻͺ.ͻͺͿ΀/NEJMoaͻͻͻͽ;ͼͿ. 

;ͺ΂. Karnasuta, C., Paris, R. M., Cox, J. H., Nitayaphan, S., Pitisuttithum, P., 
Thongcharoen, P., Brown, A. E., Gurunathan, S., Tartaglia, J., Heyward, W. L., 
McNeil, J. G., Birx, D. L., de Souza, M. S., Thai Aids Vaccine Evaluation Group, 
T. (ͼͺͺͿ) Antibody-dependent cell-mediated cytotoxic responses in 
participants enrolled in a phase I/II ALVAC-HIV/AIDSVAX B/E prime-boost 
HIV-ͻ vaccine trial in Thailand. Vaccine ͼͽ, ͼͿͼͼ-΃, DOI: 
ͻͺ.ͻͺͻ΀/j.vaccine.ͼͺͺ;.ͻͺ.ͺͼ΂. 



  ͲͰͷ  

  

;ͺ΃. Goepfert, P. A., Tomaras, G. D., Horton, H., Montefiori, D., Ferrari, G., Deers, 
M., Voss, G., Koutsoukos, M., Pedneault, L., Vandepapeliere, P., McElrath, M. 
J., Spearman, P., Fuchs, J. D., Koblin, B. A., Blattner, W. A., Frey, S., Baden, L. 
R., Harro, C., Evans, T., Network, N. H. V. T. (ͼͺͺ΁) Durable HIV-ͻ antibody 
and T-cell responses elicited by an adjuvanted multi-protein recombinant 
vaccine in uninfected human volunteers. Vaccine ͼͿ, Ϳͻͺ-΂, DOI: 
ͻͺ.ͻͺͻ΀/j.vaccine.ͼͺͺ΀.ͺ΁.ͺͿͺ. 

;ͻͺ. Zolla-Pazner, S., Michael, N. L., Kim, J. H. (ͼͺͼͻ) A tale of four studies: HIV 
vaccine immunogenicity and efficacy in clinical trials. Lancet HIV ΂, e;;΃-
e;Ϳͼ, DOI: ͻͺ.ͻͺͻ΀/SͼͽͿͼ-ͽͺͻ΂(ͼͻ)ͺͺͺ΁ͽ-;. 

;ͻͻ. Gray, G. E., Bekker, L. G., Laher, F., Malahleha, M., Allen, M., Moodie, Z., 
Grunenberg, N., Huang, Y., Grove, D., Prigmore, B., Kee, J. J., Benkeser, D., 
Hural, J., Innes, C., Lazarus, E., Meintjes, G., Naicker, N., Kalonji, D., 
Nchabeleng, M., Sebe, M., Singh, N., Kotze, P., Kassim, S., Dubula, T., 
Naicker, V., Brumskine, W., Ncayiya, C. N., Ward, A. M., Garrett, N., 
Kistnasami, G., Gaffoor, Z., Selepe, P., Makhoba, P. B., Mathebula, M. P., Mda, 
P., Adonis, T., Mapetla, K. S., Modibedi, B., Philip, T., Kobane, G., Bentley, C., 
Ramirez, S., Takuva, S., Jones, M., Sikhosana, M., Atujuna, M., Andrasik, M., 
Hejazi, N. S., Puren, A., Wiesner, L., Phogat, S., Diaz Granados, C., 
Koutsoukos, M., Van Der Meeren, O., Barnett, S. W., Kanesa-Thasan, N., 
Kublin, J. G., McElrath, M. J., Gilbert, P. B., Janes, H., Corey, L., Team, H. S. 
(ͼͺͼͻ) Vaccine Efficacy of ALVAC-HIV and Bivalent Subtype C gpͻͼͺ-MFͿ΃ 
in Adults. N Engl J Med ͽ΂;, ͻͺ΂΃-ͻͻͺͺ, DOI: ͻͺ.ͻͺͿ΀/NEJMoaͼͺͽͻ;΃΃. 

;ͻͼ. Rolland, M., Edlefsen, P. T., Larsen, B. B., Tovanabutra, S., Sanders-Buell, E., 
Hertz, T., deCamp, A. C., Carrico, C., Menis, S., Magaret, C. A., Ahmed, H., 
Juraska, M., Chen, L., Konopa, P., Nariya, S., Stoddard, J. N., Wong, K., Zhao, 
H., Deng, W., Maust, B. S., Bose, M., Howell, S., Bates, A., Lazzaro, M., 
O'Sullivan, A., Lei, E., Bradfield, A., Ibitamuno, G., Assawadarachai, V., 
O'Connell, R. J., deSouza, M. S., Nitayaphan, S., Rerks-Ngarm, S., Robb, M. L., 
McLellan, J. S., Georgiev, I., Kwong, P. D., Carlson, J. M., Michael, N. L., Schief, 
W. R., Gilbert, P. B., Mullins, J. I., Kim, J. H. (ͼͺͻͼ) Increased HIV-ͻ vaccine 
efficacy against viruses with genetic signatures in Env Vͼ. Nature ;΃ͺ, ;ͻ΁-
ͼͺ, DOI: ͻͺ.ͻͺͽ΂/natureͻͻͿͻ΃. 

;ͻͽ. Zolla-Pazner, S., deCamp, A. C., Cardozo, T., Karasavvas, N., Gottardo, R., 
Williams, C., Morris, D. E., Tomaras, G., Rao, M., Billings, E., Berman, P., 
Shen, X., Andrews, C., O'Connell, R. J., Ngauy, V., Nitayaphan, S., de Souza, 
M., Korber, B., Koup, R., Bailer, R. T., Mascola, J. R., Pinter, A., Montefiori, D., 
Haynes, B. F., Robb, M. L., Rerks-Ngarm, S., Michael, N. L., Gilbert, P. B., Kim, 
J. H. (ͼͺͻͽ) Analysis of Vͼ antibody responses induced in vaccinees in the 



  ͲͰ͸  

  

ALVAC/AIDSVAX HIV-ͻ vaccine efficacy trial. PLoS One ΂, eͿͽ΀ͼ΃, DOI: 
ͻͺ.ͻͽ΁ͻ/journal.pone.ͺͺͿͽ΀ͼ΃. 

;ͻ;. Liao, H. X., Bonsignori, M., Alam, S. M., McLellan, J. S., Tomaras, G. D., 
Moody, M. A., Kozink, D. M., Hwang, K. K., Chen, X., Tsao, C. Y., Liu, P., Lu, 
X., Parks, R. J., Montefiori, D. C., Ferrari, G., Pollara, J., Rao, M., Peachman, 
K. K., Santra, S., Letvin, N. L., Karasavvas, N., Yang, Z. Y., Dai, K., Pancera, M., 
Gorman, J., Wiehe, K., Nicely, N. I., Rerks-Ngarm, S., Nitayaphan, S., 
Kaewkungwal, J., Pitisuttithum, P., Tartaglia, J., Sinangil, F., Kim, J. H., 
Michael, N. L., Kepler, T. B., Kwong, P. D., Mascola, J. R., Nabel, G. J., Pinter, 
A., Zolla-Pazner, S., Haynes, B. F. (ͼͺͻͽ) Vaccine induction of antibodies 
against a structurally heterogeneous site of immune pressure within HIV-ͻ 
envelope protein variable regions ͻ and ͼ. Immunity ͽ΂, ͻ΁΀-΂΀, DOI: 
ͻͺ.ͻͺͻ΀/j.immuni.ͼͺͻͼ.ͻͻ.ͺͻͻ. 

;ͻͿ. Metes, D., Ernst, L. K., Chambers, W. H., Sulica, A., Herberman, R. B., Morel, 
P. A. (ͻ΃΃΂) Expression of functional CDͽͼ molecules on human NK cells is 
determined by an allelic polymorphism of the FcgammaRIIC gene. Blood ΃ͻ, 
ͼͽ΀΃-΂ͺ. 

;ͻ΀. Qiu, W. Q., de Bruin, D., Brownstein, B. H., Pearse, R., Ravetch, J. V. (ͻ΃΃ͺ) 
Organization of the human and mouse low-affinity Fc gamma R genes: 
duplication and recombination. Science ͼ;΂, ΁ͽͼ-Ϳ, DOI: 
ͻͺ.ͻͻͼ΀/science.ͼͻͽ΃΁ͽͿ. 

;ͻ΁. Ernst, L. K., Metes, D., Herberman, R. B., Morel, P. A. (ͼͺͺͼ) Allelic 
polymorphisms in the FcgammaRIIC gene can influence its function on 
normal human natural killer cells. J Mol Med (Berl) ΂ͺ, ͼ;΂-Ϳ΁, DOI: 
ͻͺ.ͻͺͺ΁/sͺͺͻͺ΃-ͺͺͻ-ͺͼ΃;-ͼ. 

;ͻ΂. Breunis, W. B., van Mirre, E., Bruin, M., Geissler, J., de Boer, M., Peters, M., 
Roos, D., de Haas, M., Koene, H. R., Kuijpers, T. W. (ͼͺͺ΂) Copy number 
variation of the activating FCGRͼC gene predisposes to idiopathic 
thrombocytopenic purpura. Blood ͻͻͻ, ͻͺͼ΃-ͽ΂, DOI: ͻͺ.ͻͻ΂ͼ/blood-ͼͺͺ΁-
ͺͽ-ͺ΁΃΃ͻͽ. 

;ͻ΃. Li, X., Wu, J., Ptacek, T., Redden, D. T., Brown, E. E., Alarcon, G. S., Ramsey-
Goldman, R., Petri, M. A., Reveille, J. D., Kaslow, R. A., Kimberly, R. P., 
Edberg, J. C. (ͼͺͻͽ) Allelic-dependent expression of an activating Fc receptor 
on B cells enhances humoral immune responses. Science translational 
medicine Ϳ, ͼͻ΀raͻ΁Ϳ, DOI: ͻͺ.ͻͻͼ΀/scitranslmed.ͽͺͺ΁ͺ΃΁. 

;ͼͺ. Yates, N. L., Liao, H. X., Fong, Y., deCamp, A., Vandergrift, N. A., Williams, 
W. T., Alam, S. M., Ferrari, G., Yang, Z. Y., Seaton, K. E., Berman, P. W., 
Alpert, M. D., Evans, D. T., O'Connell, R. J., Francis, D., Sinangil, F., Lee, C., 



  ͲͰ͹  

  

Nitayaphan, S., Rerks-Ngarm, S., Kaewkungwal, J., Pitisuttithum, P., 
Tartaglia, J., Pinter, A., Zolla-Pazner, S., Gilbert, P. B., Nabel, G. J., Michael, 
N. L., Kim, J. H., Montefiori, D. C., Haynes, B. F., Tomaras, G. D. (ͼͺͻ;) 
Vaccine-induced Env Vͻ-Vͼ IgGͽ correlates with lower HIV-ͻ infection risk 
and declines soon after vaccination. Science translational medicine ΀, 
ͼͼ΂raͽ΃, DOI: ͻͺ.ͻͻͼ΀/scitranslmed.ͽͺͺ΁΁ͽͺ. 

;ͼͻ. Li, S. S., Gilbert, P. B., Tomaras, G. D., Kijak, G., Ferrari, G., Thomas, R., Pyo, 
C. W., Zolla-Pazner, S., Montefiori, D., Liao, H. X., Nabel, G., Pinter, A., Evans, 
D. T., Gottardo, R., Dai, J. Y., Janes, H., Morris, D., Fong, Y., Edlefsen, P. T., 
Li, F., Frahm, N., Alpert, M. D., Prentice, H., Rerks-Ngarm, S., Pitisuttithum, 
P., Kaewkungwal, J., Nitayaphan, S., Robb, M. L., O'Connell, R. J., Haynes, B. 
F., Michael, N. L., Kim, J. H., McElrath, M. J., Geraghty, D. E. (ͼͺͻ;) FCGRͼC 
polymorphisms associate with HIV-ͻ vaccine protection in RVͻ;; trial. J Clin 
Invest ͻͼ;, ͽ΂΁΃-΃ͺ, DOI: ͻͺ.ͻͻ΁ͼ/JCI΁ͿͿͽ΃. 

;ͼͼ. Lassauniere, R. and Tiemessen, C. T. (ͼͺͻ΀) Variability at the FCGR locus: 
characterization in Black South Africans and evidence for ethnic variation in 
and out of Africa. Genes Immun ͻ΁, ΃ͽ-ͻͺ;, DOI: ͻͺ.ͻͺͽ΂/gene.ͼͺͻͿ.΀ͺ. 



  ͲͱͰ  

  

΁ Appendix 

΁.ͻ Health Research Ethics Approval 

 
Researcher Portal File #: ͼͺͻ΂ͺ΂ͽ΀  
 
Dear Dr. Michael Grant: 
 
This e-mail serves as notification that your ethics renewal for study HREB # 
ͼͺͻ΁.ͼͼͺ – The influence of cytomegalovirus infection on maturation and aging of 
the immune system in HIV-infected individuals – has been approved. Please log in 
to the Researcher Portal to view the approved event. 
 
Ethics approval for this project has been granted for a period of twelve months 
effective from November ͼͽ, ͼͺͼͺ to November ͼͽ, ͼͺͼͻ. 
 
Please note, it is the responsibility of the Principal Investigator (PI) to ensure that 
the Ethics Renewal form is submitted prior to the renewal date each year. Though 
the Research Ethics Office makes every effort to remind the PI of this 
responsibility, the PI may not receive a reminder. The Ethics Renewal form can be 
found on the Researcher Portal as an “Event”. 
 
The ethics renewal will be reported to the Health Research Ethics Board at their 
meeting dated November ͻ΃, ͼͺͼͺ. 
 
Thank you, 
 
Research Ethics Office 
 
(e) info@hrea.ca 
(t) ΁ͺ΃-΁΁΁-΀΃΁; 
(f) ΁ͺ΃-΁΁΁-΂΁΁΀ 
(w) www.hrea.ca 
Office Hours: ΂:ͽͺ a.m. – ;:ͽͺ p.m. (NL TIME) Monday-Friday 
 
This email is intended as a private communication for the sole use of the primary addressee and 
those individuals copied in the original message. If you are not an intended recipient of this 
message you are hereby notified that copying, forwarding or other dissemination or distribution of 
this communication by any means is prohibited. If you believe that you have received this message 
in error, please notify the original sender immediately. 


