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ABSTRACT

NK cells belong to innate lymphoid cells and able to eliminate infected cells and tumor cells.
NK cells play a valuable role in controlling viral infections. Also, they have the potential to
shape the adaptive immunity via a unique crosstalk with the different immune cells. Murine
models are important tools for delineating the immunological phenomena in viral infection.
To decipher the immunological virus-host interactions, two major infection models are
being investigated in mice regarding NK cell-mediated recognition: murine cytomegalovirus
(MCMV) and lymphocytic choriomeningitis virus (LCMV). In this review, we recapitulate
recent findings regarding the multifaceted role of NK cells in controlling LCMV and MCMV
infections and outline the exquisite interplay between NK cells and other immune cells in
these two settings. Considering that, infections with MCMV and LCMV recapitulates many
physiopathological characteristics of human cytomegalovirus infection and chronic virus
infections respectively, this study will extend our understanding of NK cells biology in
interactions between the virus and its natural host.

NK cells; LCMV; MCMV; Viral infections

INTRODUCTION

NK cells are innate cytotoxic lymphocytes and play an integral role in combating various
pathogens. NK cells act by releasing cytokines and performing cytolytic activity toward tumor
cells and virally infected cells (1). Even though NK cells are key players of innate immunity for
ages, they have some emerged substantial adaptive roles as well (2). Unlike T and B lymphocytes
which have rearranged Ag receptors, NK cells recognize their surroundings through receptors
for pro-inflammatory cytokines, and via germline-encoded inhibitory and activating receptors
(1,3). NK cells contribute to defense against wide spectrum of viral infections, such as;
arenaviruses (e.g., lymphocytic choriomeningitis virus [LCMV]), and herpesviruses (e.g.,
murine cytomegalovirus [MCMV]), primarily by cytotoxicity, and modestly by IFN-y (4).

Certain viruses establish chronic infection in the host such as HIV, hepatitis virus (e.g.,
hepatitis C and B) and cytomegalovirus (CMV). To induce persistent infection, viruses
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adopt different mechanisms based on their distinct biology and could be dissected into two
models. The infection with DNA viruses (e.g., CMV) is characterized by low level of viremia,
latency/reactivation and a ‘‘camouflage and/or sabotage’’ strategy. On other hand, infection
with RNA viruses such as (HIV, hepatitis viruses and LCMV) is characterized with high level
of viremia as they are highly replicating (5-7).

MCMV is a member of the genus CMV of the beta-herpesviruses and is species-specific

and is targeting hematopoietic cells with a slow replicative life. MCMV is known to cause
protracted infection in their hosts. After resolving the acute phase, the virus goes through

a latency period, which is defined by minimal genes transcription and inert viral progeny
(8,9). MCMV has been broadly used as a model for delineating the function of NK cells

in viral control. Before sparking the adaptive immunity, NK cells have appreciated role in
MCMV infection at early stages (10). MCMYV shares more than 80% of genome similarity with
human CMV (HCMV), and studying the immune response including NK cell response during
MCMYV infections would give meaningful insights and better understanding about the NK cell
immunity in human models (11).

LCMV is an enveloped RNA virus and is a member of the Arenaviridae family. The house
mouse (Mus musculus) is the natural host of LCMV and can affect humans. In addition,
LCMV is extensively used in immunological research as a prototypical and generalizable
model of viral infection in mice and to study the host-virus interactions for highly replicating
viruses in humans such as HIV and hepatitis viruses. Many seminal and fascinating findings
have been achieved due to LCMV research which has been extended to other human chronic
viral infections that mimic the LCMV infections model (12,13). Using LCMV infection model
is instrumental for delineating the regulatory involvement of NK cells to virus pathogenesis
in humans with no direct influence on disease control.

Opposed to the essential and direct role of NK cells in eliminating MCMYV infections which is
described as NK cells sensitive, NK cells have an indirect and casual role in LCMV infections
control. Because NK cells are not the major defenders in LCMV infections, the latter is
described as NK cell resistant. Nevertheless, depletion of NK cells has a profound impact on
the modification of pathogenesis patterns and persistence of LCMV, due to the indirect effect
of NK cells on LCMYV, via modulating the T cell response (14). NK cells depletion experiments
in murine models infected with LCMV culminate in distinct scenarios of antiviral immunity
and subsequent virus clearance (14). In this review, we will pinpoint the integral role of

NK cells in controlling LCMV and MCMV infections and we will shed light on the NK cells
crosstalk with other immune cells in these two infections models (Table 1, Fig. 1A and B).
Understanding the NK importance, role, and their cell biology in these two models would
give insights about the virus host interaction and provide customized therapeutic approaches
to improve host advantage during infection.

MCMV

MCMV is a member of the genus Muromegalovirus in the subfamily B-herpesvirinae. It shares
characteristics with the genus CMV, including HCMV. CMVs have large double-stranded

DNA genomes and can induce cytomegaly in infected cells (15). Hepesviruses including
MCMYV encompass both Iytic (productive) and latent (non-productive) infection of the
natural host (16). Both MCMV and HCMV have a specific host range. Infection of murine
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Table 1. Comparison between MCMV and LCMV in terms of different features

Feature MCMV LCMV
Classification of virus B-beta herpesvirinae (double-stranded DNA) Arenaviridae (single stranded RNA)
Key immune components involved in + NK cells via IFN-y, Ly49H, NCR1, DNAM-1, NKG2D, TNFR2, IRF4 - CD8Tcells, CD4T cells

virus control . CD8 T cells, CD4 T cells - IFN-y

- Proinflammatory cytokines (e.g., IL-33, IL-12, IL-18)
« IFN-y via inhibiting viral gene expression, macrophages activation,
enhancing T and B cell activation

Human model Latent viruses with low level of viremia (e.g., human CMV) Highly replicating viruses with high level of viremia
(e.g., HIV and hepatitis)

Role of NK cells in eliminating the virus  Direct (NK cell sensitive) Indirect (NK cell resistant)

Immune evasion mechanism - Encoding evasion proteins; m152, m04 and m06 IFN-I

- Downregulation of ligand for NKG2D
- MiRNA
- Deactivation of NCRs

MCMV
* ¥
#** %
#*
/'606‘
A &,
C

Cytotoxic T cell

Figure 1. The role of NK cells and their crosstalk with the immune cells during MCMV and LCMV infections. Illustration of NK cell role in controlling MCMV (A)
and LCMV (B) infections. (C, D) depict the crosstalk between NK cells and other immune cells in the context of MCMV and LCMV respectively (created with

BioRender.ccom).

models with MCMYV is used to simulate the HCMV pathogenesis due to the shared biological
characteristics in their natural hosts (17-20).

As with other viruses, MCMYV is basically targeted by IFNs, which transduced through STAT1
(21). For instance, mice devoid of Statl exhibited unresponsiveness to IFNs and succumb
within a few days to infection (22,23). IFNs are not only shaping the antiviral immunity via
modulating the functionality of immune system cellular compartments, but also inhibit the
MCMV growth by upregulation cell-intrinsic antiviral state (23).

In more details, IFNs confer antiviral state and are present in three types; types I (IFN-a,
IFN-B), II (IFN-y), and III (e.g., IFN-lambda) (24,25). Along with their broad role as
immunomodulators, IFNs have unique expression patterns. For instance, almost all cells
generates IFN I and III upon sensing the microbial dangers, while IFN II is produced from
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Ag-activated T lymphocytes and cytokine-activated group 1 innate lymphoid cells (ILC1)
(26,27). IFN I are the key players in antiviral immunity, and their function overlaps with
IFN-vy (24,28). The role of IFN-y in establishing antiviral state is contextual in terms of virus
replication cycle it inhibits (29).

During MCMYV infection, IFN-y has direct antiviral function via inhibiting viral gene expression
by modulating the MCMV major immediate-early (IE) gene promoter, resulting in inhibition
the IE gene transcription (30-33). Furthermore, IFN-y has indirect immuomodulatory role

in controlling MCMV infections (22). These roles include activation of macrophages and

NK cells for enhanced antiviral activities (31,34,35). IEN-y can establish the antiviral state

by modulating the differentiation and maturation of T cells and B cells (36,37). Moreover, it

is documented that IFN-y has a cardinal role in T cells mediated control CMV infection via
enhancement of MHC class [-dependent Ag presentation by infected cells (38).

The crucial role of NK cells in defending herpes viruses, including HCMYV, is best
demonstrated by the observation that people with defective NK cells are prone to these
viruses (39). Human research on NK cells during CMV infections uncovers the integral
characteristics of NK cell biology. Similar to NK cell lacking humans, NK cell-deficient mice
are rendered vulnerable to MCMYV infection with inefficient control of virus replication (40).
Defects in NK cell functionality, such as diminished production of IFN-y or cytotoxicity, also
result in a case in which the mice exhibit high susceptibility to MCMYV infection (40,41).

Based on the mouse strain analyzed, NK cells mount MCMYV infection via various
mechanisms. In the C57BL/6] background mice infected with MCMYV infection, the viral
protein m157, MCMV-encoded MHC I-like molecule, is sensed by the activating receptor
Ly49H that induces the expansion of Ly49H+ NK cells, resulting in control of the virus and
production of memory-like NK cells that resemble memory T cells (3,8,9,42). In more details,
Ly49H conjugates ITAM bearing proteins, the signaling adaptor DAP 10 and DAP12, and
transmits the signals to stimulates the effector function of NK cells, including degranulation
and the production of IFN-y (43,44). Another consequence of DAP12 signaling is the
enhanced clonal expansion of virus specific NK cells which is further augmented by DAP10
signaling (45-47). It is noteworthy that 50% of NK cells from B6 mice show expression of
Ly49H. In case of MCMV infection, Ly49H+ cell populations expand about two- to three-fold
in the spleen and tenfold in the liver, in an m157-dependent manner (48). Adoptive transfer
of Ly49H+ NK cells into mice deficient of Ly49H+ NK cells led to their maturation and
expansion massively in the spleen and liver as demonstrated by upregulation of activation
markers such as; KLRG1 and Ly6C and the leukosialin CD43 (3,47). After initial activation,
NK cells gain memory like features after induction from cytokines (49). The generation

of memory Ly49H+ NK cells showed independence on IL-15 (50). Other than recognition

of the m157 viral glycoprotein ligand, it is well known that IL-12 promote NK cell and T
lymphocytes during MCMYV infections, through binding the IL-12 with their putative ligand,
IL-12 receptor, which result in phosphorylation of signaling component STAT4, resulting

in the translocation to the nucleus and subsequent activation of downstream targets

and transcription of effector cytokine genes such as IFN-y (51,52). However, this MCMV
resistance is applied to phenotypes having Ly49H such as C57BL/6, whereas mice lacking
Ly49H such as BALB/c are susceptible to MCMYV infection (8,53,54).

Since NK cells of BALB/c mice are characterized by deficient Ly49H gene, these murine
models control the virus at early stages of infection via generation of IFN-y by NK cells, which
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is insufficient for effective viral control. Other considerations in Inbred mice strains could
affect the MCMV pathogenesis such as dendritic cells and MHC haplotypes (55,56).

NK cells express costimulatory molecules which dictate the outcome of MCMYV infection. For
example, DNAX accessory molecule-1 (DNAM-1; CD226) plays a key role in the differentiation
of NK cells during MCMYV infections. It was found that Ab targeted DNAM-1 inhibited both
the proliferation of MCMV-specific Ly49H+ cells during disease and the formation of memory
NK cells (57,58).

Furthermore, NK group 2, member D (NKG2D), an inducible activating receptor that is
expressed mainly by all NK cells (59-61) identifies a family of stress-induced ligands present
on infected and transformed cells in mice and humans (62). In murine models NKG2D exists
in two isoforms: NKG2D S and NKG2D L with short and long cytoplasmic tails respectively.
While NKG2D-S conjugates DAP10 and DAP12, NKG2D L binds to DAP 10 (63,64). It was
found that NKG2D signaling expands Ly49H-dependent proliferation of NK cells during
MCMYV infections. NKG2D were reported to stimulate IFN-y secretion from NK cells triggering
NK cell-mediated cytotoxicity toward target cells expressing its ligands. (60,65,60).

Using infection model with MCMV strains with induced expression of NKG2D ligands

on infected cells culminated in enhanced proliferation of Ly49H+ NK cells. Unlike the

Ly49H which is adequate to expand the NK cells, NKG2D signaling is not enough alone for
the expansion, possibly due to transient expression of a NKG2D-DAP12 complex (67). In
contrast, NKG2D deficient NK cells were found to be more efficient in MCMYV control and
production IFN-y compared to NK cell sufficient NKG2D due to the hyper reactive NK cells
phenotype (68). Mechanistically, IL-15 which is induced by [FNa/p in early phase of infection
improves NK cells proliferation and maturation, especially in the deficiency of NKG2D, or

it is likely that NKG2D coordinates signaling of DAP10/DAP12-mediated Ly49H signaling,
and thereby affects NK cells survival and proliferation (68-70). In consistent, another recent
compelling study demonstrated that, NKG2D deficient mice or blocking of NKG2D signaling
early during NK cell development resulted in improved reactivity of natural cytotoxic receptor
1 (NCR1) and subsequent MCMV control, and this regulatory role of NKG2D toward the
NCR1 was mediated via DAP12 (71).

A recent study showed that NK cells enhanced the expression of TNF receptor 2 (TNFR2),
which is linked to increased effector functions during MCMV infections. TNFR2 is induced
by IL-18 enhancing their sensitivity toward TNFa, resulting in higher NK cells proliferation,
activation, and glycolytic activity (72). Moreover, it was found that IRF4 expression was
enhanced after activation of NK cell and in response to MCMYV infections and is needed for
the differentiation and proliferation of virus-specific NK cells by controlling iron uptake (73).

NCRI1 (CD335/NKp46) is a murine NK cell activating marker and is a member of Ig-like
transmembrane glycoproteins (74-/6). Mutation of NcrI leads to improved NK cell activity
and efficient response to MCMV infection in two genetically distinct mouse models. For
instance, the NK cells retrieved from Noé mice, C57BL/6] mice with-ethyl-N-nitrosourea—
induced mutations, show hyperresponsiveness. This is evident upon infection with MCMV
and after coculture with YAC-1 which is mouse T lymphoma cell line and is susceptible to

NK cell activity. The hyperactive NK cells in Noé mice were due to point mutation of the Ncrl
gene, ensuing in abolished NCR1 expression. Consistently, Ncr1iCre/iCre knock-in mice, in
which NCR1 expression on the NK cells is impaired due to low levels of NCR1 transcripts,
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are tolerant to MCMV infection than WT animals. The hyperreactivity of NK cells in two
independent mouse genetic models is demonstrated by less viral load and higher percentages
of functional NK cells (77).

It is well documented that NK cells have a direct contribution on the limiting of virus
pathogenesis and a crossbridge role in aiding CD8 T cell responses. For instance, Robbins et
al. (55), found that early control of MCMV by NK cells is accompanied with low production of
plasmacytoid dendritic cells (DCs) cytokines which prevent the deletion of conventional DCs
and subsequent enhancing of antiviral CD8 T cells. By the same token, NK cells are not the
only warriors in controlling the MCMV. For example, CD8 T cells are required for early MCMV
control in the absence of Ly49H-m157 interaction, and this role T cells is minimal in the
presence of intact Ly49H. Furthermore, the proinflammatory cytokines produced from NK
cells and other immune cells drive the antiviral CD8 T cells response directly, and indirectly
via priming of DC (10). It is well documented that CD4 T cells are efficient drivers to control
MCMYV in salivary glands by means of IFN-y secretion and not by exerting helping functions
for B cells and CD8 T cells (11,78,79).

The expansion of Ly49H+ NK cells is not only mediated by activating receptors (e.g., Ly49H,
NCR1 and NKG2D), costimulatory markers (e.g., DNAM 1) and cellular compartments (e.g.,
NK cells, cytotoxic and Th cells), but also via proinflammatory cytokines. For example,

IL-33 induces ST2 signaling in NK cells, contributing to efficient expansion of Ly49H+ NK
cells and efficient MCMV control via augmenting IL-12-induced IFN-y secretion by NK cells
(80). Moreover, IL18 which depend on MyD88 downstream signaling is needed for efficient
expansion of NK cells and massive IFN-y during MCMV infection, and the MyD88 expression
is enhanced by IL-12 signaling through STAT4 (81).

As formerly mentioned, NK cells generate a coordinated antiviral defense against a plethora
of viral infections including MCMYV, culminating in virus elimination (82,83). NK cells curtail
the detrimental consequences of acute MCMYV infection and regulate persistent infection.
This is supported by selective depletion of NK cells by administering mice with Ab to asialo
GM1, a neutral glycosphingolipid expressed on NK cells. NK cell deletion substantially
accelerated MCMV dissemination in NK cells depleted mice (84).

In the context of HCMV and MCMV infection, MHC I molecules are downregulated in to
sidestep presentation of viral peptides to cytotoxic T cells. Besides, MHC class I down-
regulation leads to “missing-self” recognition axis and NK cell-driven lysis of infected cells.
To evade from the immune response, CMVs either selectively downregulate MHC I molecules
that are potent presenters of peptide to CD8 T cells, while sparing those that are integral in
engaging inhibitory NK cell receptors (HCMV) (85) or keep selected MHC class I to the cell
surface (MCMV) (86).

MCMV are adept in developing various strategies in immune evasion, which is part of natural
selection process and pathogen driven evolution These evasion strategies make the contest
against infections complicated. To exemplify, MCMV uses encoded evasion proteins which
are MHC I expression regulators. m152 and m06 are MHC I negative regulators that reduce
the expression of MHC 1. These two proteins retain MHC I molecules intracellularly and
thereby avoid CD8 T cell mediated killing. Another encoded protein from MCMV called m04
is considered MHC I positive regulator as it binds to MHC I and translocate them to the

cell surface and hence restoring the ‘self” signature and allowing the binding of inhibitory
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receptors Ly49, rendering them inaccessible to NK cell killing (87). Further, engagement of
MHC I and m04 interfere with peptide loading or recognition by TCR (88). Moreover, MCMV
downregulates the ligand for NKG2D, NK cell activating marker, and subsequently impairs
the NK cell activity (89). It is reported that gp40, encoded my m152, was found inhibits
RAE-1y ligand for NKG2D and hence limiting NK cells activity (90). In addition, viruses use
their miRNA (noncoding regulatory RNA) to hinder NK cell activity (91). By the same token,
murine NCRs are targets for immune evasion proteins. Studies on HCMV showed that pp65,
a tegument protein in HCMYV, can counteract NKp30 activation (92). During evolution,
immune cells including the NK cells are evolved to encounter immune evasions by choosing
different pathways. It is may well be that the evasion proteins have immunodominant
epitopes that are possible presented by a given MHC molecule on the surface of the MCMV-
infected cell and provoke cellular immunity (93). It is also possible that some MHC alleles
evolves via polymorphisms that can alter the peptide loading with peptide loading complex,
a multiunit membrane complex in the endoplasmic reticulum which coordinates peptide
translocation into the endoplasmic reticulum (94,95). When MCMV evade from NK cells
mediated killing, this would substantiate the requirement for CD8 T cells during the early
viral control to mount the MCMV infection (10). Moreover, the immune evasion of MCMV
which result in deletion of MHC class I molecules in the salivary gland preclude the CD8 T
cells from activation and performing their effector functions, confining the local activation
to CD4 T cells (78). Nevertheless, further studies are needed to investigate the mechanism of
how immune cells can overcome the evasion of virus from immunosurveillance.

As previously mentioned, NK cells have indispensable role in elimination the MCMV
infection, by means of cytotoxicity and IFN-y secretion (4). Studies on humans with NK cells
deficiency reveal their vulnerability to herpesviruses including HCMV (96,97). Similarly, NK
cells-depleted mice by Abs exhibited enhanced viral synthesis and pathogenesis (84).

LCMV

LCMYV belongs to Arenaviridae family of viruses (98). Morphologically, LCMV has ribosomes
resemble “sandy” when visualized by electron microscopy (hence their name) (99). The
non-cytopathic LCMV is replicating in rodents, the principle reservoir and can afflict humans
as well, where it can cause disease ranging from asymptomatic to severe neurological
complications (100). LCMV was identified by Charles Armstrong over eighty years ago in
patients with aseptic encephalitis in St. Louis (101).

LCMV is considered an experimental model to address the virus-host immunity interaction
including the pathogenesis and persistence. It is noteworthy that, LCMV interaction with the
host is largely dependent on the strain and dose of LCMV (102).

LCMV is an enveloped virus with single stranded RNA and arranged in bi-segmented
ambisense, (L and S) that encode three major structural proteins: the nucleoprotein, NP and
two mature virion glycoproteins, GP-1 and GP-2 (103-105).

LCMV enters the host via binding of their glycoprotein to aDG-expressing cells such as DCs,
macrophages, and fibroblastic reticular cells (106,107). Upon attachment of LCMV to the
target, the viral membrane unites with the cell membrane and become internalized in the
vesicle where it delivers the genetic material in cytoplasm (108).
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Various LCMV strains were isolated, and studies were focused on three main strains; the
Armstrong strain and is referred to neurotropic, the Traub strain and the WE strain. Traub
and WE strain are described as viscerotropic (102). Further, LCMV variants were generated
from these 3 main isolates; Docile strains are derivatives of WE strain, and clone 13 is a
derivative of Armstrong with a difference in two point mutations present in RNA polymerase
and glycoprotein (109,110). Moreover, the infectivity and tropism of clone 13 strain was
shown to be higher compared to the WE strain, due to higher affinity of clone 13 strain to
bind a-DG (7,111). Upon infection, LCMV can elicit distinct patterns of immune response
based on the strain. For instance, Armstrong and WE cause an acute infection in mice,

in which the virus is resolved in a few days. Clone 13 and docile strain can lead to chronic
infection defined by T cell exhaustion and high virus load.

As a part of innate immunity, NK cells act in immediate action during early viral infection and
in proximity to T cell activation sites and precede T cell response, but the responses can be
concurrent, especially when the virus persists (112,113).

During viral infection, engagement of Toll-like receptor to germs or proinflammatory
cytokines secreted from DCs drive the NK cells to be stimulated (114,115). Importantly,
IFN-Iis essential proinflammatory cytokine that activates NK cell (116). In addition, NK
cells recognize foreign substances via germline-encoded inhibitory and activating receptors
through a variety of activating and inhibitory receptors, which affects the cytotoxicity against
virally infected cells with involvement in disease progression (117).

In contrary to the integral and direct role of NK cells in control of herpesvirus infection,
NK cells are unable to curb the LCMV replication in murine models (118), despite the
deficiency of adaptive cellular compartments (119). Thus, LCMV infection is utilized as

a powerful experimental tool for addressing the regulatory role of NK cell in shaping the
disease pathogenesis (120). During LCMV infection, NK cells were profoundly activated
and accumulated dramatically in the liver due to proliferation (121,122). While NK cells are
dispensable for control of LCMV, NK cells have the potential to shape adaptive immunity by
regulating T cell responses (123-125).

In the context of LCMV infection, NK cells are effectively stimulated by a panel of
inflammatory cytokine such as IFN-I, culminating in downregulation of LCMV-triggered CD4
and CDST cell immunity as well as DCs function (122,126-129). Whereas NK cell-intrinsic
IFN-I signaling enhances NK cell in terms of proliferation and effector functions (130,131),
expression of IFNAR1 on antiviral T cells has been reported to protect them from NK cell-
mediated lysis (132,133). Consistently, blockade of IFN-I signaling in NK cells improves
helper and cytotoxic T cell responses, promotes humoral immune responses, and thereby
enhances the control of persistent virus infection (134). Further, NK cell-mediated lysis of T
and B cells could prevent detrimental immune-mediated liver pathology (126) and expedite
viral dissemination during chronic LCMV infection (122,126,128,129). Similar regulatory
functions of NK cells during acute LCMV infection attributed to reduced virus-specific
memory T-cell and B-cell responses (135). Moreover, TNF-related apoptosis inducing ligand
(TRAIL) expressed by immune cells enhances IL-15 signaling-induced granzyme B generation
in NK cells, resulting in improved NK cell-mediated T cell killing (136). A recent study
showed that LCMV specific T cells mainly Th cells and T follicular helper cells is mediated by
B cells intrinsic IL-27 resulting in purging the host from the virus (137).
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NK Cells and Viral Infections

IMMUN=
N=TWORK

Infection with LCMYV leads to distinct scenarios of anti-viral T cell immunity and viral
clearance. For instance, murine models given WE or Armstrong develop acute infection
with robust T cell response and subsequent effective viral control (138,139). While infection
with clone 13 or docile variants establishes chronic infection and impairs the anti-viral T cell
function and enabling the viral persistence and associated eventually with T cells exhaustion
driven by high viral dissemination (7,140). Further, the NK cells were reported to be more
active in chronic infection compared to the acute one (128). In more details, mice inculcated
with low doses of LCMV clone 13 developed a robust effector CD8 T cell response and viral
elimination. Using intermediate dose of clone 13, mice developed partial T cell exhaustion
and fulminant immunopathology and partial T cell exhaustion. Whereas infection with high
dose led to a scenario in which; the T cell is exhausted with minimal liver damage and the
virus persisted (141-143).

THE CROSSTALK BETWEEN NK CELLS AND OTHER
IMMUNE CELLS

Following infection, NK cells become activated and can involve to host immunity by direct
killing the infected cells and synthesizing antiviral cytokines such as IFN-y, resulting in direct
elimination of virus or induction subsequent immune response, or a combination of these
events. Nevertheless, NK cells influence adaptive immunity via a plethora of mechanisms.
For example, NK cells affect T cell response by releasing cytokines which lead to T cell
immunity activation (e.g., IFN-y) or down modulation (e.g., IL-10) (144). Another mechanism
is competing NK cells with T cells for the availability of cytokines such as IL-12 (145). Further,
direct engagement of NK cells with T cells lead to inhibition of NK cells (112). NK cells have
unique bidirectional cross talk with distinct immune cells including T cells during MCMV
and LCMV, resulting in modulation of T cell responses positively or negatively and directly or
indirectly (Fig. 1C and D).

The role of NK cells in positive regulation of T cell response is mainly mediated by IFN-y as
demonstrated by substantial studies on human and murine models. Upon infection with
viral infection including MCMV and LCMV, NK cells are activated in timely manner and
become a potent producer for IFN-vy, leading to virus control and enhance the expansion of
primary and memory helper and cytotoxic T cells (146-148). It is documented that IFN-y from
NK cells induce DC maturation leading to T lymphocytes activation either by increased Ag
presentation or by means of proinflammatory cytokines production (149-151).

During MCMYV infections, NK cells have an indispensable and direct role in eliminating

the virus at the early phases along with their exquisite role in modulating other immune

cells. For instance, following MCMV infection, MCMV-infected DCs are a major source of
infectious viral progeny, and immature DCs are a principal target of MCMYV virus (152). NK
cells were reported to attack and clear m157 expressing infected DCs in direct manner. The
low quantity of DC numbers led to suboptimal T cell induction, and subsequent elevated viral
dissemination (153). In addition, NK cells can increase the expression of CD25 during MCMV
infection with high affinity to IL-2, resulting in potential competition with T cells for the
presence of low levels of IL-2 (154).

In direct manner, NK cell secretes IL-10 upon infection with MCMV and results in a curtailed
CD8+ T cell response and a camouflage from liver pathology (144). In depletion experiments
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during MCMYV infections of immunocompetent mice, it was found that, the deficiency of NK
cells led to enhanced CD4 and CD8 T cell IEN-y production, and in the case of CD8 T cells,
increased BrdU incorporation and cell expansion (155). This inhibitory effect of NK cells against
T cells could be due to perforin, as NK cells express perforin and have been shown to kill a
variety of hematopoietic cells including T and B cell progenitors and Ag-presenting cell (APC)
such as members monocyte/macrophage and DC lineages (156,157). Another complementary
study showed that NK cells specifically eliminated activated CD4+ T cells in the salivary gland
during MCMYV infections. This was dependent on TRAIL expression by NK cells (158).

During LCMV infection, NK cells can negatively modulate the T cell immunity collaterally
via interaction with DCs. In more detail, NK cells alter T cell immunity by reducing the
availability of APCs. For instance, NK cell depletion experiments during chronic LCMV
showed improved priming of cytotoxic T cells by Ag presenting cells in primary phase

of response and this effect was not due to alteration in functionality or amount of DCs,
indicating the specific elimination of virally induced APCs (128).

In a direct manner, NK cells can also restrain anti-viral T cell responses by recognizing and
eliminating activated T cells as demonstrated in various human and mice settings upon
infection with LCMV (159). For example, LCMV induced T cell express NKG2D ligand that
engage NKG2D receptor on NK cells, and led to NK cell mediated lysis of T cells by means

of perforin (122,160,161). Similarly, LCMV infected mice with depleted NK cells at early time
points were more able to mount the virus by limiting the elimination of Th cells which assist
the cytotoxic T cell activation (126). Moreover, depletion of NK cells mitigates the virus-induced
liver injury due to effective T cell response, imparting the acute signature for the chronic LCMV
infection (122,126). Recent study reported the inhibitory role of liver NK cells against hepatic
antiviral CD8 T cells via PD-1-PD-L1 axis in LCMV infections (121). Another recent study showed
that Qa-1b expression is primarily increased on B cells following LCMV infection. Ablation of
Qa-1b leads to enhanced NK cell mediated regulation of LCMV-specific T lymphocytes (162).

As previously mentioned, using different inocula of LCMV virus infection gives insights

into distinct patterns of anti-viral T cell immunity and virus control, and NK cell depletion
experiments impart contextual changes for T cell response and virus clearance. For example,
deletion of NK cells in mice infected with high dose of LCMV can enhance T cell immunity
and subsequent viral control infection (122,126). In the setting where intermediate dose of
LCMV is used, NK cells restrain the number of anti-viral T cells and thereby facilitates the
viral dissemination. The liver injury in this setting is nuanced as the viral titer is inadequate
to cause T cell exhaustion, culminating in a situation in which functional T cells are
encountered by massive amount of infected cells and leading to fatal liver damage. Ablation
of NK cells in this setting results in hyperproliferative T cell response with more ability to
clear the infection, and hence impeding the liver pathology (122). Nevertheless, the influence
of NK cells on calibrating T cell responses is not always prejudicial for the host. In the
context of infections with high virus load, NK cells are deemed helpful by hampering T cell
immunity, exacerbating the viral dissemination and T cell exhaustion, and hence limiting T
cell mediated immunopathology (122).

To evade from NK cell killing, T cells benefit from expression of inhibitory receptor 2B4 on NK
cells, since NK cells lacking 2B4 attack and eliminate T cells in LCMV infection (127). Another
evolving strategy is type I IFN, which is reported to safeguard T cells from NK cells lysis via
perforin and NCR1 expression as well as through altering the expression of inhibitory receptors

https://doi.org/10.4110/in.2024.24.629 10/18



NK Cells and Viral Infections

IMMUN=
N=TWORK

on NK cell (132,133). A recent study showed that LCMV docile strain evade from the host
immunity via establishing a state of slow virus propagation due to reduced PRR activation and
subsequent IFN-I production resulting in downregulated innate and adaptive immunity (163).

CONCLUDING REMARKS

In this review, we have sought to address the role of NK cells in viral control and their
interplay with immune cells during MCMV and LCMV infections in murine models. It

is obviously apparent that the role of NK cells is complex and context dependent. More
specifically, the role of NK cells is central in eliminating the MCMYV, which is used to model
HCMV. On other hand, NK cells have a casual role in controlling LCMV via affecting other
immune cells which can impact the outcome of disease. To conclude, uncovering the key
aspects of NK cells roles toward infections remains a key avenue of upcoming research
necessary for the establishment of future NK cell-targeted therapies.

REFERENCES

1. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural killer cells. Nat Immunol
2008;9:503-510. PUBMED | CROSSREF
2. Min-Oo G, Kamimura Y, Hendricks DW, Nabekura T, Lanier LL. Natural killer cells: walking three paths
down memory lane. Trends Immunol 2013;34:251-258. PUBMED | CROSSREF
3. Hammer Q, Riickert T, Romagnani C. Natural killer cell specificity for viral infections. Nat Immunol
2018;19:800-808. PUBMED | CROSSREF
4. Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer cells in antiviral defense:
function and regulation by innate cytokines. Annu Rev Immunol1999;17:189-220. PUBMED | CROSSREF
5. Sandul, Oxenius A. T-cell heterogeneity, progenitor-progeny relationships, and function during latent
and chronic viral infections. Immunol Rev 2023;316:136-159. PUBMED | CROSSREF
6. Agnellini P, Wolint P, Rehr M, Cahenzli ], Karrer U, Oxenius A. Impaired NFAT nuclear translocation
results in split exhaustion of virus-specific CD8+ T cell functions during chronic viral infection. Proc Nat!
Acad Sci U S A2007;104:4565-4570. PUBMED | CROSSREF
7. Mueller SN, Ahmed R. High antigen levels are the cause of T cell exhaustion during chronic viral
infection. Proc Natl Acad Sci U S A 2009;106:8623-8628. PUBMED | CROSSREF
8. Goodier MR, Jonji¢ S, Riley EM, Jurani¢ Lisni¢ V. CMV and natural killer cells: shaping the response to
vaccination. Eur ] Immunol 2018;48:50-65. PUBMED | CROSSREF
9. Krmpotic A, Bubic I, Polic B, Lucin P, Jonjic S. Pathogenesis of murine cytomegalovirus infection. Microbes
Infect2003;5:1263-1277.  PUBMED | CROSSREF
10. Mitrovi¢ M, Arapovi¢ J, Jordan S, Fodil-Cornu N, Ebert S, Vidal SM, Krmpoti¢ A, Reddehase MJ, Jonji¢
S. The NK cell response to mouse cytomegalovirus infection affects the level and kinetics of the early
CDB8(+) T-cell response. ] Virol 2012;86:2165-2175. PUBMED | CROSSREF
11. Zangger N, Oderbolz J, Oxenius A. CD4 T cell-mediated immune control of cytomegalovirus infection in
murine salivary glands. Pathogens 2021;10:1531. PUBMED | CROSSREF
12. Studstill CJ, Hahm B. Chronic LCMV infection is fortified with versatile tactics to suppress host t cell
immunity and establish viral persistence. Viruses 2021;13:1951. PUBMED | CROSSREF
13. Caron L, Delisle JS, Strong JE, Deschambault Y, Lombard-Vadnais F, Labbé AC, Lesage S. Armstrong
strain lymphocytic choriomeningitis virus infection after accidental laboratory exposure. Virol |
2023;20:294. PUBMED | CROSSREF
14. Welsh RM, Waggoner SN. NK cells controlling virus-specific T cells: Rheostats for acute vs. persistent
infections. Virology 2013;435:37-45. PUBMED | CROSSREF
15. Gatherer D, Depledge DP, Hartley CA, Szpara ML, Vaz PK, Benké M, Brandt CR, Bryant NA, Dastjerdi A,

Doszpoly A, et al. ICTV virus taxonomy profile: Herpesviridae 2021. | Gen Virol 2021;102:001673. PUBMED |
CROSSREF

https://doi.org/10.4110/in.2024.24.e29 11/18


http://www.ncbi.nlm.nih.gov/pubmed/18425107
https://doi.org/10.1038/ni1582
http://www.ncbi.nlm.nih.gov/pubmed/23499559
https://doi.org/10.1016/j.it.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30026479
https://doi.org/10.1038/s41590-018-0163-6
http://www.ncbi.nlm.nih.gov/pubmed/10358757
https://doi.org/10.1146/annurev.immunol.17.1.189
http://www.ncbi.nlm.nih.gov/pubmed/37038909
https://doi.org/10.1111/imr.13203
http://www.ncbi.nlm.nih.gov/pubmed/17360564
https://doi.org/10.1073/pnas.0610335104
http://www.ncbi.nlm.nih.gov/pubmed/19433785
https://doi.org/10.1073/pnas.0809818106
http://www.ncbi.nlm.nih.gov/pubmed/28960320
https://doi.org/10.1002/eji.201646762
http://www.ncbi.nlm.nih.gov/pubmed/14623023
https://doi.org/10.1016/j.micinf.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22156533
https://doi.org/10.1128/JVI.06042-11
http://www.ncbi.nlm.nih.gov/pubmed/34959486
https://doi.org/10.3390/pathogens10121531
http://www.ncbi.nlm.nih.gov/pubmed/34696381
https://doi.org/10.3390/v13101951
http://www.ncbi.nlm.nih.gov/pubmed/38087355
https://doi.org/10.1186/s12985-023-02258-x
http://www.ncbi.nlm.nih.gov/pubmed/23217614
https://doi.org/10.1016/j.virol.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/34704922
https://doi.org/10.1099/jgv.0.001673

NK Cells and Viral Infections

16.

17.

18.

19.

20.

21.

22,

23.

24.

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

IMMUN=
N=TWORK

Hudson JB. The murine cytomegalovirus as a model for the study of viral pathogenesis and persistent
infections. Arch Virol1979;62:1-29. PUBMED | CROSSREF

Tang Q, Maul GG. Mouse cytomegalovirus crosses the species barrier with help from a few human
cytomegalovirus proteins. J Virol 2006;80:7510-7521. PUBMED | CROSSREF

Brune W, Hengel H, Koszinowski UH. A mouse model for cytomegalovirus infection.Curr Protoc Immunol
2001;Chapter 19:Unit 19.7. PUBMED | CROSSREF

Rawlinson WD, Farrell HE, Barrell BG. Analysis of the complete DNA sequence of murine
cytomegalovirus. J Virol1996;70:8833-8849. PUBMED | CROSSREF

Sitnik KM, Krstanovi¢ F, Gédecke N, Rand U, Kubsch T, MaaR H, Kim Y, Brizi¢ I, Ci¢in-Sain L.
Fibroblasts are a site of murine cytomegalovirus lytic replication and Statl-dependent latent persistence in
vivo. Nat Commun 2023;14:3087. PUBMED | CROSSREF

McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A. Type I interferons in infectious disease. Nat Rev
Immunol 2015;15:87-103.  PUBMED | CROSSREF

Presti RM, Pollock JL, Dal Canto AJ, O’Guin AK, Virgin HW 4th. Interferon gamma regulates acute and
latent murine cytomegalovirus infection and chronic disease of the great vessels. ] Exp Med 1998;188:577-588.
PUBMED | CROSSREF

Gil MP, Bohn E, O’Guin AK, Ramana CV, Levine B, Stark GR, Virgin HW, Schreiber RD. Biologic
consequences of Statl-independent IFN signaling. Proc Nat! Acad Sci U S A 2001;98:6680-6685. PUBMED |
CROSSREF

Hoffmann HH, Schneider WM, Rice CM. Interferons and viruses: an evolutionary arms race of molecular
interactions. Trends Immunol 2015;36:124-138. PUBMED | CROSSREF

Lazear HM, Nice TJ, Diamond MS. Interferon-A: immune functions at barrier surfaces and beyond.
Immunity 2015;43:15-28. PUBMED | CROSSREF

Billiau A, Matthys P. Interferon-gamma: a historical perspective. Cytokine Growth Factor Rev 2009;20:97-113.
PUBMED | CROSSREF

McKenzie AN, Spits H, Eberl G. Innate lymphoid cells in inflammation and immunity. Immunity
2014;41:366-374. PUBMED | CROSSREF

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, mechanisms and
functions. J Leukoc Biol 2004;75:163-189. PUBMED | CROSSREF

Kang S, Brown HM, Hwang S. Direct antiviral mechanisms of interferon-gamma. Immune Netw
2018;18:e33. PUBMED | CROSSREF

Kropp KA, Robertson KA, Sing G, Rodriguez-Martin S, Blanc M, Lacaze P, Hassim MF, Khondoker MR,
Busche A, Dickinson P, et al. Reversible inhibition of murine cytomegalovirus replication by gamma
interferon (IFN-y) in primary macrophages involves a primed type I IFN-signaling subnetwork for full
establishment of an immediate-early antiviral state. J Virol 2011;85:10286-10299. PUBMED | CROSSREF

Heise MT, Virgin HW 4th. The T-cell-independent role of gamma interferon and tumor necrosis factor
alpha in macrophage activation during murine cytomegalovirus and herpes simplex virus infections. J
Virol 1995;69:904-909. PUBMED | CROSSREF

Gribaudo G, Ravaglia S, Caliendo A, Cavallo R, Gariglio M, Martinotti MG, Landolfo S. Interferons inhibit
onset of murine cytomegalovirus immediate-early gene transcription. Virology 1993;197:303-311.  PUBMED |
CROSSREF

Lucin P, Jonji¢ S, Messerle M, Poli¢ B, Hengel H, Koszinowski UH. Late phase inhibition of murine
cytomegalovirus replication by synergistic action of interferon-gamma and tumour necrosis factor. J Gen
Virol1994;75:101-110. PUBMED | CROSSREF

Senik A, Stefanos S, Kolb JP, Lucero M, Falcoff E. Enhancement of mouse natural killer cell activity by type
1l interferon. Ann Immunol (Paris) 1980;131C:349-361. PUBMED

Nathan CF, Murray HW, Wiebe ME, Rubin BY. Identification of interferon-gamma as the lymphokine that
activates human macrophage oxidative metabolism and antimicrobial activity. | Exp Med 1983;158:670-689.
PUBMED | CROSSREF

Leibson HJ, Gefter M, Zlotnik A, Marrack P, Kappler JW. Role of gamma-interferon in antibody-producing
responses. Nature1984;309:799-801. PUBMED | CROSSREF

Gajewski TF, Fitch FW. Anti-proliferative effect of IFN-gamma in immune regulation. I. IFN-gamma inhibits
the proliferation of Th2 but not Th1 murine helper T lymphocyte clones. ] Immunol 1988;140:4245-4252.
PUBMED | CROSSREF

Hengel H, Lucin P, Jonji¢ S, Ruppert T, Koszinowski UH. Restoration of cytomegalovirus antigen
presentation by gamma interferon combats viral escape. J Virol 1994;68:289-297.  PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.629 12/18


http://www.ncbi.nlm.nih.gov/pubmed/231945
https://doi.org/10.1007/BF01314900
http://www.ncbi.nlm.nih.gov/pubmed/16840331
https://doi.org/10.1128/JVI.00684-06
http://www.ncbi.nlm.nih.gov/pubmed/18432758
https://doi.org/10.1002/0471142735.im1907s43
http://www.ncbi.nlm.nih.gov/pubmed/8971012
https://doi.org/10.1128/jvi.70.12.8833-8849.1996
http://www.ncbi.nlm.nih.gov/pubmed/37248241
https://doi.org/10.1038/s41467-023-38449-x
http://www.ncbi.nlm.nih.gov/pubmed/25614319
https://doi.org/10.1038/nri3787
http://www.ncbi.nlm.nih.gov/pubmed/9687534
https://doi.org/10.1084/jem.188.3.577
http://www.ncbi.nlm.nih.gov/pubmed/11390995
https://doi.org/10.1073/pnas.111163898
http://www.ncbi.nlm.nih.gov/pubmed/25704559
https://doi.org/10.1016/j.it.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26200010
https://doi.org/10.1016/j.immuni.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19268625
https://doi.org/10.1016/j.cytogfr.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25238094
https://doi.org/10.1016/j.immuni.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/14525967
https://doi.org/10.1189/jlb.0603252
http://www.ncbi.nlm.nih.gov/pubmed/30402328
https://doi.org/10.4110/in.2018.18.e33
http://www.ncbi.nlm.nih.gov/pubmed/21775459
https://doi.org/10.1128/JVI.00373-11
http://www.ncbi.nlm.nih.gov/pubmed/7815559
https://doi.org/10.1128/jvi.69.2.904-909.1995
http://www.ncbi.nlm.nih.gov/pubmed/8212566
https://doi.org/10.1006/viro.1993.1591
http://www.ncbi.nlm.nih.gov/pubmed/8113718
https://doi.org/10.1099/0022-1317-75-1-101
http://www.ncbi.nlm.nih.gov/pubmed/6157349
http://www.ncbi.nlm.nih.gov/pubmed/6411853
https://doi.org/10.1084/jem.158.3.670
http://www.ncbi.nlm.nih.gov/pubmed/6429546
https://doi.org/10.1038/309799a0
http://www.ncbi.nlm.nih.gov/pubmed/2967332
https://doi.org/10.4049/jimmunol.140.12.4245
http://www.ncbi.nlm.nih.gov/pubmed/8254740
https://doi.org/10.1128/jvi.68.1.289-297.1994

NK Cells and Viral Infections

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

IMMUN=
N=TWORK

Brown MG, Dokun AO, Heusel JW, Smith HR, Beckman DL, Blattenberger EA, Dubbelde CE, Stone LR,
Scalzo AA, Yokoyama WM. Vital involvement of a natural killer cell activation receptor in resistance to
viral infection. Science 2001;292:934-937.  PUBMED | CROSSREF

Scalzo AA, Corbett AJ, Rawlinson WD, Scott GM, Degli-Esposti MA. The interplay between host and viral

factors in shaping the outcome of cytomegalovirus infection. Immunol Cell Biol 2007;85:46-54. PUBMED |
CROSSREF

Lee SH, Miyagi T, Biron CA. Keeping NK cells in highly regulated antiviral warfare. Trends Immunol
2007;28:252-259. PUBMED | CROSSREF

Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL. Direct recognition of cytomegalovirus by
activating and inhibitory NK cell receptors. Science 2002;296:1323-1326.  PUBMED | CROSSREF

Bubi¢ [, Wagner M, Krmpotic¢ A, Saulig T, Kim S, Yokoyama WM, Jonji¢ S, Koszinowski UH. Gain of
virulence caused by loss of a gene in murine cytomegalovirus. ] Virol 2004;78:7536-7544. PUBMED |
CROSSREF

Lanier LL. DAP10- and DAP12-associated receptors in innate immunity. Immunol Rev 2009;227:150-160.
PUBMED | CROSSREF

Nabekura T, Lanier LL. Antigen-specific expansion and differentiation of natural killer cells by alloantigen
stimulation. | Exp Med 2014;211:2455-2465. PUBMED | CROSSREF

Orr MT, Sun JC, Hesslein DG, Arase H, Phillips JH, Takai T, Lanier LL. Ly49H signaling through DAP10

is essential for optimal natural killer cell responses to mouse cytomegalovirus infection. | Exp Med
2009;206:807-817. PUBMED | CROSSREF

Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural killer cells. Nature 2009;457:557-561.
PUBMED | CROSSREF

Dokun AO, Kim S, Smith HR, Kang HS, Chu DT, Yokoyama WM. Specific and nonspecific NK cell
activation during virus infection. Nat Immunol 2001;2:951-956. PUBMED | CROSSREF

Terrén I, Orrantia A, Astarloa-Pando G, Amarilla-Irusta A, Zenarruzabeitia O, Borrego F. Cytokine-
induced memory-like NK cells: from the basics to clinical applications. Front Immunol 2022;13:884648.
PUBMED | CROSSREF

SunJC, Ma A, Lanier LL. Cutting edge: IL-15-independent NK cell response to mouse cytomegalovirus
infection. ] Immunol 2009;183:2911-2914. PUBMED | CROSSREF

Trinchieri G. Interleukin-12 and the regulation of innate resistance and adaptive immunity. Nat Rev
Immunol 2003;3:133-146.  PUBMED | CROSSREF

SunJC, Madera S, Bezman NA, Beilke JN, Kaplan MH, Lanier LL. Proinflammatory cytokine signaling
required for the generation of natural killer cell memory. | Exp Med 2012;209:947-954. PUBMED | CROSSREF
Zeleznjak J, Popovic B, Krmpotic A, Jonjic S, Lisnic V]. Mouse cytomegalovirus encoded immunoevasins
and evolution of Ly49 receptors - sidekicks or enemies? Immunol Lett 2017;189:40-47. PUBMED | CROSSREF
Corbett AJ, Coudert JD, Forbes CA, Scalzo AA. Functional consequences of natural sequence variation

of murine cytomegalovirus m157 for Ly49 receptor specificity and NK cell activation. J Immunol
2011;186:1713-1722. PUBMED | CROSSREF

Robbins SH, Bessou G, Cornillon A, Zucchini N, Rupp B, Ruzsics Z, Sacher T, Tomasello E, Vivier E,
Koszinowski UH, et al. Natural killer cells promote early CD8 T cell responses against cytomegalovirus.
PLoS Pathog 2007;3:€123.  PUBMED | CROSSREF

Asselin-Paturel C, Brizard G, PinJJ, Briere F, Trinchieri G. Mouse strain differences in plasmacytoid dendritic
cell frequency and function revealed by a novel monoclonal antibody. J Immunol 2003;171:6466-6477.  PUBMED |
CROSSREF

Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, McClanahan T, Kitamura T, Nicholl J,
Sutherland GR, Lanier LL, et al. DNAM-1, a novel adhesion molecule involved in the cytolytic function of
T lymphocytes. Immunity 1996;4:573-581. PUBMED | CROSSREF

Nabekura T, Kanaya M, Shibuya A, Fu G, Gascoigne NR, Lanier LL. Costimulatory molecule DNAM-1

is essential for optimal differentiation of memory natural killer cells during mouse cytomegalovirus
infection. Immunity 2014;40:225-234.  PUBMED | CROSSREF

Wu]J, Song Y, Bakker AB, Bauer S, Spies T, Lanier LL, Phillips JH. An activating immunoreceptor complex
formed by NKG2D and DAP10. Science1999;285:730-732. PUBMED | CROSSREF

Champsaur M, Lanier LL. Effect of NKG2D ligand expression on host immune responses. Immunol Rev
2010;235:267-285. PUBMED | CROSSREF

Jamieson AM, Diefenbach A, McMahon CW, Xiong N, Carlyle JR, Raulet DH. The role of the NKG2D
immunoreceptor in immune cell activation and natural killing. Immunity 2002;17:19-29. PUBMED |
CROSSREF

https://doi.org/10.4110/in.2024.24.e29 13/18


http://www.ncbi.nlm.nih.gov/pubmed/11340207
https://doi.org/10.1126/science.1060042
http://www.ncbi.nlm.nih.gov/pubmed/17146464
https://doi.org/10.1038/sj.icb.7100013
http://www.ncbi.nlm.nih.gov/pubmed/17466596
https://doi.org/10.1016/j.it.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/11950999
https://doi.org/10.1126/science.1070884
http://www.ncbi.nlm.nih.gov/pubmed/15220428
https://doi.org/10.1128/JVI.78.14.7536-7544.2004
http://www.ncbi.nlm.nih.gov/pubmed/19120482
https://doi.org/10.1111/j.1600-065X.2008.00720.x
http://www.ncbi.nlm.nih.gov/pubmed/25366966
https://doi.org/10.1084/jem.20140798
http://www.ncbi.nlm.nih.gov/pubmed/19332875
https://doi.org/10.1084/jem.20090168
http://www.ncbi.nlm.nih.gov/pubmed/19136945
https://doi.org/10.1038/nature07665
http://www.ncbi.nlm.nih.gov/pubmed/11550009
https://doi.org/10.1038/ni714
http://www.ncbi.nlm.nih.gov/pubmed/35603208
https://doi.org/10.3389/fimmu.2022.884648
http://www.ncbi.nlm.nih.gov/pubmed/19648279
https://doi.org/10.4049/jimmunol.0901872
http://www.ncbi.nlm.nih.gov/pubmed/12563297
https://doi.org/10.1038/nri1001
http://www.ncbi.nlm.nih.gov/pubmed/22493516
https://doi.org/10.1084/jem.20111760
http://www.ncbi.nlm.nih.gov/pubmed/28414184
https://doi.org/10.1016/j.imlet.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21187440
https://doi.org/10.4049/jimmunol.1003308
http://www.ncbi.nlm.nih.gov/pubmed/17722980
https://doi.org/10.1371/journal.ppat.0030123
http://www.ncbi.nlm.nih.gov/pubmed/14662846
https://doi.org/10.4049/jimmunol.171.12.6466
http://www.ncbi.nlm.nih.gov/pubmed/8673704
https://doi.org/10.1016/S1074-7613(00)70060-4
http://www.ncbi.nlm.nih.gov/pubmed/24440149
https://doi.org/10.1016/j.immuni.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/10426994
https://doi.org/10.1126/science.285.5428.730
http://www.ncbi.nlm.nih.gov/pubmed/20536569
https://doi.org/10.1111/j.0105-2896.2010.00893.x
http://www.ncbi.nlm.nih.gov/pubmed/12150888
https://doi.org/10.1016/S1074-7613(02)00333-3

NK Cells and Viral Infections

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

IMMUN=
N=TWORK

Raulet DH. Roles of the NKG2D immunoreceptor and its ligands. Nat Rev Immunol 2003;3:781-790.
PUBMED | CROSSREF

Diefenbach A, Tomasello E, Lucas M, Jamieson AM, Hsia JK, Vivier E, Raulet DH. Selective associations
with signaling proteins determine stimulatory versus costimulatory activity of NKG2D. Nat Immunol
2002;3:1142-1149. PUBMED | CROSSREF

Gilfillan S, Ho EL, Cella M, Yokoyama WM, Colonna M. NKG2D recruits two distinct adapters to trigger
NK cell activation and costimulation. Nat Immunol 2002;3:1150-1155. PUBMED | CROSSREF

Billadeau DD, Upshaw JL, Schoon RA, Dick CJ, Leibson PJ. NKG2D-DAP10 triggers human NK cell-
mediated killing via a Syk-independent regulatory pathway. Nat Immunol 2003;4:557-564. PUBMED |
CROSSREF

Zompi S, Hamerman JA, Ogasawara K, Schweighoffer E, Tybulewicz VL, Di Santo JP, Lanier LL, Colucci
F. NKG2D triggers cytotoxicity in mouse NK cells lacking DAP12 or Syk family kinases. Nat Immunol
2003;4:565-572. PUBMED | CROSSREF

Nabekura T, Gotthardt D, Niizuma K, Trsan T, Jenus T, Jonjic S, Lanier LL. Cutting edge: NKG2D
signaling enhances NK cell responses but alone is insufficient to drive expansion during mouse
cytomegalovirus infection. J Immunol 2017;199:15671571.  PUBMED | CROSSREF

Zafirova B, Mandari¢ S, Antulov R, Krmpoti¢ A, Jonsson H, Yokoyama WM, Jonji¢ S, Poli¢ B. Altered
NK cell development and enhanced NK cell-mediated resistance to mouse cytomegalovirus in NKG2D-
deficient mice. Immunity 2009;31:270-282. PUBMED | CROSSREF

French AR, Sjolin H, Kim S, Koka R, Yang L, Young DA, Cerboni C, Tomasello E, Ma A, Vivier E, et
al. DAP12 signaling directly augments proproliferative cytokine stimulation of NK cells during viral
infections. ] Immunol 2006;177:4981-4990. PUBMED | CROSSREF

Ho EL, Carayannopoulos LN, Poursine-Laurent J, Kinder ], Plougastel B, Smith HR, Yokoyama WM.
Costimulation of multiple NK cell activation receptors by NKG2D. J Immunol 2002;169:3667-3675.
PUBMED | CROSSREF

Jelen¢i¢ V, Sestan M, Kavazovi¢ I, Lenarti¢ M, Marinovié S, Holmes TD, Prchal-Murphy M, Lisnié B, Sexl
V, Bryceson YT, et al. NK cell receptor NKG2D sets activation threshold for the NCR1 receptor early in NK
cell development. Nat Immunol 2018;19:1083-1092. PUBMED | CROSSREF

Khan AU, Ali AK, Marr B, Jo D, Ahmadvand S, Fong-McMaster C, Almutairi SM, Wang L, Sad S, Harper
ME, et al. The TNFo/TNFR2 axis mediates natural killer cell proliferation by promoting aerobic glycolysis.
Cell Mol Immunol 2023;20:1140-1155. PUBMED | CROSSREF

Huntington ND. Ironman training for NK cells. Nat Immunol 2023;24:1599-1601. PUBMED | CROSSREF

Sheppard S, Schuster IS, Andoniou CE, Cocita C, Adejumo T, Kung SK, Sun JC, Degli-Esposti MA, Guerra
N. The murine natural cytotoxic receptor NKp46/NCR1 controls TRAIL protein expression in NK cells
and ILCl1s. Cell Reports 2018;22:3385-3392.  PUBMED | CROSSREF

Pessino A, Sivori S, Bottino C, Malaspina A, Morelli L, Moretta L, Biassoni R, Moretta A. Molecular
cloning of NKp46: a novel member of the immunoglobulin superfamily involved in triggering of natural
cytotoxicity. / Exp Med 1998;188:953-960. PUBMED | CROSSREF

Biassoni R, Pessino A, Bottino C, Pende D, Moretta L, Moretta A. The murine homologue of the human
NKp46, a triggering receptor involved in the induction of natural cytotoxicity. Eur | Immunol1999;29:1014-1020.
PUBMED | CROSSREF

Narni-Mancinelli E, Jaeger BN, Bernat C, Fenis A, Kung S, De Gassart A, Mahmood S, Gut M, Heath SC,
Estellé ], et al. Tuning of natural killer cell reactivity by NKp46 and Helios calibrates T cell responses.
Science 2012;335:344-348.  PUBMED | CROSSREF

Walton SM, Mandaric S, Torti N, Zimmermann A, Hengel H, Oxenius A. Absence of cross-presenting
cells in the salivary gland and viral immune evasion confine cytomegalovirus immune control to effector
CD4 T cells. PLoS Pathog 2011;7:€1002214. PUBMED | CROSSREF

Campbell AE, Cavanaugh V], SlaterJS. The salivary glands as a privileged site of cytomegalovirus immune
evasion and persistence. Med Microbiol Immunol (Ber]) 2008;197:205-213.  PUBMED | CROSSREF

Nabekura T, Girard JP, Lanier LL. IL-33 receptor ST2 amplifies the expansion of NK cells and enhances
host defense during mouse cytomegalovirus infection. | Immunol 2015;194:5948-5952. PUBMED | CROSSREF
Madera S, Sun JC. Cutting edge: stage-specific requirement of IL-18 for antiviral NK cell expansion. |
Immunol 2015;194:1408-1412. PUBMED | CROSSREF

French AR, Yokoyama WM. Natural killer cells and viral infections. Curr Opin Immunol 2003;15:45-51.
PUBMED | CROSSREF

Hangartner L, Zinkernagel RM, Hengartner H. Antiviral antibody responses: the two extremes of a wide
spectrum. Nat Rev Immunol 2006;6:231-243. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.629 14/18


http://www.ncbi.nlm.nih.gov/pubmed/14523385
https://doi.org/10.1038/nri1199
http://www.ncbi.nlm.nih.gov/pubmed/12426565
https://doi.org/10.1038/ni858
http://www.ncbi.nlm.nih.gov/pubmed/12426564
https://doi.org/10.1038/ni857
http://www.ncbi.nlm.nih.gov/pubmed/12740575
https://doi.org/10.1038/ni929
http://www.ncbi.nlm.nih.gov/pubmed/12740576
https://doi.org/10.1038/ni930
http://www.ncbi.nlm.nih.gov/pubmed/28760883
https://doi.org/10.4049/jimmunol.1700799
http://www.ncbi.nlm.nih.gov/pubmed/19631564
https://doi.org/10.1016/j.immuni.2009.06.017
http://www.ncbi.nlm.nih.gov/pubmed/17015680
https://doi.org/10.4049/jimmunol.177.8.4981
http://www.ncbi.nlm.nih.gov/pubmed/12244159
https://doi.org/10.4049/jimmunol.169.7.3667
http://www.ncbi.nlm.nih.gov/pubmed/30224819
https://doi.org/10.1038/s41590-018-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/37553427
https://doi.org/10.1038/s41423-023-01071-4
http://www.ncbi.nlm.nih.gov/pubmed/37697098
https://doi.org/10.1038/s41590-023-01626-7
http://www.ncbi.nlm.nih.gov/pubmed/29590608
https://doi.org/10.1016/j.celrep.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/9730896
https://doi.org/10.1084/jem.188.5.953
http://www.ncbi.nlm.nih.gov/pubmed/10092106
https://doi.org/10.1002/(SICI)1521-4141(199903)29:03<1014::AID-IMMU1014>3.0.CO;2-O
http://www.ncbi.nlm.nih.gov/pubmed/22267813
https://doi.org/10.1126/science.1215621
http://www.ncbi.nlm.nih.gov/pubmed/21901102
https://doi.org/10.1371/journal.ppat.1002214
http://www.ncbi.nlm.nih.gov/pubmed/18259775
https://doi.org/10.1007/s00430-008-0077-2
http://www.ncbi.nlm.nih.gov/pubmed/25926677
https://doi.org/10.4049/jimmunol.1500424
http://www.ncbi.nlm.nih.gov/pubmed/25589075
https://doi.org/10.4049/jimmunol.1402001
http://www.ncbi.nlm.nih.gov/pubmed/12495732
https://doi.org/10.1016/S095279150200002X
http://www.ncbi.nlm.nih.gov/pubmed/16498452
https://doi.org/10.1038/nri1783

NK Cells and Viral Infections

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

IMMUN=
N=TWORK

Bukowski JF, Woda BA, Welsh RM. Pathogenesis of murine cytomegalovirus infection in natural killer
cell-depleted mice. J Viro/ 1984;52:119-128. PUBMED | CROSSREF

Halenius A, Gerke C, Hengel H. Classical and non-classical MHC I molecule manipulation by human
cytomegalovirus: so many targets—but how many arrows in the quiver? Cell Mol Immunol 2015;12:139-153.
PUBMED | CROSSREF

Lisni¢ B, Lisni¢ VJ, Jonji¢ S. NK cell interplay with cytomegaloviruses. Curr Opin Virol 2015;15:9-18.
PUBMED | CROSSREF

Babi¢ M, Pyzik M, Zafirova B, Mitrovi¢ M, Butorac V, Lanier LL, Krmpoti¢ A, Vidal SM, Jonji¢ S.
Cytomegalovirus immunoevasin reveals the physiological role of “missing self” recognition in natural
killer cell dependent virus control in vivo. ] Exp Med 2010;207:2663-2673. PUBMED | CROSSREF

Kavanagh DG, Gold MC, Wagner M, Koszinowski UH, Hill AB. The multiple immune-evasion
genes of murine cytomegalovirus are not redundant: m4 and m152 inhibit antigen presentation in a
complementary and cooperative fashion. J Exp Med 2001;194:967-978. PUBMED | CROSSREF

Arapovi¢ ], Lenac Rovis T, Reddy AB, Krmpoti¢ A, Jonji¢ S. Promiscuity of MCMV immunoevasin
of NKG2D: m138/fcr-1 down-modulates RAE-lepsilon in addition to MULT-1 and H60. Mol Immunol
2009;47:114-122. PUBMED | CROSSREF

Lis N, Hein Z, Ghanwat SS, Ramnarayan VR, Chambers BJ, Springer S. The murine cytomegalovirus
immunoevasin gp40/m152 inhibits NKG2D receptor RAE-1y by intracellular retention and cell surface
masking. ] Cell Sci2021;134:jcs257428. PUBMED | CROSSREF

Jonji¢ S, Babi¢ M, Poli¢ B, Krmpoti¢ A. Immune evasion of natural killer cells by viruses. Curr Opin Immunol
2008;20:30-38. PUBMED | CROSSREF

Arnon TI, Achdout H, Levi O, Markel G, Saleh N, Katz G, Gazit R, Gonen-Gross T, Hanna ], Nahari
E, etal. Inhibition of the NKp30 activating receptor by pp65 of human cytomegalovirus. Nat Immunol
2005;6:515-523. PUBMED | CROSSREF

Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, Ruchti F, Sleath PR, Grabstein KH, Hosken
NA, Kern F, et al. Broadly targeted human cytomegalovirus-specific CD4+ and CD8+ T cells dominate the
memory compartments of exposed subjects. ] Exp Med 2005;202:673-685. PUBMED | CROSSREF

Blees A, Januliene D, Hofmann T, Koller N, Schmidt C, Trowitzsch S, Moeller A, Tampé R. Structure of
the human MHC-I peptide-loading complex. Nature 2017;551:525-528. PUBMED | CROSSREF

Manandhar T, Ho GT, Pump WC, Blasczyk R, Bade-Doeding C. Battle between host immune cellular
responses and HCMV immune evasion. Int ] Mol Sci2019;20:3626. PUBMED | CROSSREF

Biron CA, Byron KS, Sullivan JL. Severe herpesvirus infections in an adolescent without natural killer
cells. N Engl | Med 1989;320:17311735.  PUBMED | CROSSREF

Orange JS. Natural killer cell deficiency. J Allergy Clin Immunol 2013;132:515-525.  PUBMED | CROSSREF

Oldstone MB, Ahmed R, Byrne J, Buchmeier MJ, Riviere Y, Southern P. Virus and immune responses:
lymphocytic choriomeningitis virus as a prototype model of viral pathogenesis. Br Med Bull1985;41:70-74.
PUBMED | CROSSREF

Bonthius DJ. Lymphocytic choriomeningitis virus: an underrecognized cause of neurologic disease in the
fetus, child, and adult. Semin Pediatr Neurol 2012;19:89-95. PUBMED | CROSSREF

Biggar RJ, Woodall JP, Walter PD, Haughie GE. Lymphocytic choriomeningitis outbreak associated with
pet hamsters. Fifty-seven cases from New York State. JAMA 1975;232:494-500. PUBMED | CROSSREF

Zhou X, Ramachandran S, Mann M, Popkin DL. Role of lymphocytic choriomeningitis virus (LCMV) in
understanding viral immunology: past, present and future. Viruses 2012;4:2650-2669. PUBMED | CROSSREF

Welsh RM, Seedhom MO. Lymphocytic choriomeningitis virus (LCMV): propagation, quantitation, and
storage.Curr Protoc Microbiol 2008;Chapter 15:Unit 15A.1. PUBMED | CROSSREF

Emonet SF, de la Torre JC, Domingo E, Sevilla N. Arenavirus genetic diversity and its biological
implications. Infect Genet Evol 2009;9:417-429. PUBMED | CROSSREF

Lee KJ, Novella IS, Teng MN, Oldstone MB, de La Torre JC. NP and L proteins of lymphocytic
choriomeningitis virus (LCMV) are sufficient for efficient transcription and replication of LCMV genomic
RNA analogs. J Virol 2000;74:3470-3477.  PUBMED | CROSSREF

Vilibic-Cavlek T, Savic V, Ferenc T, Mrzljak A, Barbic L, Bogdanic M, Stevanovic V, Tabain I, Ferencak I,
Zidovec-Lepej S. Lymphocytic choriomeningitis-emerging trends of a neglected virus: a narrative review.
Trop Med Infect Dis 2021;6:88. PUBMED | CROSSREF

Norris BA, Uebelhoer LS, Nakaya HI, Price AA, Grakoui A, Pulendran B. Chronic but not acute virus
infection induces sustained expansion of myeloid suppressor cell numbers that inhibit viral-specific T cell
immunity. Immunity 2013;38:309-321. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e29 15/18


http://www.ncbi.nlm.nih.gov/pubmed/6207307
https://doi.org/10.1128/jvi.52.1.119-128.1984
http://www.ncbi.nlm.nih.gov/pubmed/25418469
https://doi.org/10.1038/cmi.2014.105
http://www.ncbi.nlm.nih.gov/pubmed/26208082
https://doi.org/10.1016/j.coviro.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21078887
https://doi.org/10.1084/jem.20100921
http://www.ncbi.nlm.nih.gov/pubmed/11581318
https://doi.org/10.1084/jem.194.7.967
http://www.ncbi.nlm.nih.gov/pubmed/19297023
https://doi.org/10.1016/j.molimm.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/34085696
https://doi.org/10.1242/jcs.257428
http://www.ncbi.nlm.nih.gov/pubmed/18206359
https://doi.org/10.1016/j.coi.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15821739
https://doi.org/10.1038/ni1190
http://www.ncbi.nlm.nih.gov/pubmed/16147978
https://doi.org/10.1084/jem.20050882
http://www.ncbi.nlm.nih.gov/pubmed/29107940
https://doi.org/10.1038/nature24627
http://www.ncbi.nlm.nih.gov/pubmed/31344940
https://doi.org/10.3390/ijms20153626
http://www.ncbi.nlm.nih.gov/pubmed/2543925
https://doi.org/10.1056/NEJM198906293202605
http://www.ncbi.nlm.nih.gov/pubmed/23993353
https://doi.org/10.1016/j.jaci.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/3882190
https://doi.org/10.1093/oxfordjournals.bmb.a072029
http://www.ncbi.nlm.nih.gov/pubmed/22889536
https://doi.org/10.1016/j.spen.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/1173141
https://doi.org/10.1001/jama.1975.03250050016009
http://www.ncbi.nlm.nih.gov/pubmed/23202498
https://doi.org/10.3390/v4112650
http://www.ncbi.nlm.nih.gov/pubmed/18770534
https://doi.org/10.1002/9780471729259.mc15a01s8
http://www.ncbi.nlm.nih.gov/pubmed/19460307
https://doi.org/10.1016/j.meegid.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/10729120
https://doi.org/10.1128/JVI.74.8.3470-3477.2000
http://www.ncbi.nlm.nih.gov/pubmed/34070581
https://doi.org/10.3390/tropicalmed6020088
http://www.ncbi.nlm.nih.gov/pubmed/23438822
https://doi.org/10.1016/j.immuni.2012.10.022

NK Cells and Viral Infections

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

IMMUN=
N=TWORK

Cao W, Henry MD, Borrow P, Yamada H, Elder JH, Ravkov EV, Nichol ST, Compans RW, Campbell KP,
Oldstone MB. Identification of alpha-dystroglycan as a receptor for lymphocytic choriomeningitis virus
and Lassa fever virus. Science 1998;282:2079-2081. PUBMED | CROSSREF

Meyer BJ, de la Torre JC, Southern PJ. Arenaviruses: genomic RNAs, transcription, and replication. Curr
Top Microbiol Immunol 2002;262:139-157. PUBMED | CROSSREF

Takagi T, Ohsawa M, Morita C, Sato H, Ohsawa K. Genomic analysis and pathogenic characteristics of
lymphocytic choriomeningitis virus strains isolated in Japan. Comp Med 2012;62:185-192. PUBMED

Dangi T, Chung YR, Palacio N, Penaloza-MacMaster P. Interrogating adaptive immunity using LCMV. Curr
Protoc Immunol 2020;130:€99. PUBMED | CROSSREF

Sevilla N, Kunz S, Holz A, Lewicki H, Homann D, Yamada H, Campbell KP, de La Torre JC, Oldstone MB.
Immunosuppression and resultant viral persistence by specific viral targeting of dendritic cells. ] Exp Med
2000;192:1249-1260. PUBMED | CROSSREF

Cook KD, Waggoner SN, Whitmire JK. NK cells and their ability to modulate T cells during virus
infections. Crit Rev Immunol 2014;34:359-388. PUBMED | CROSSREF

Mempel TR, Henrickson SE, Von Andrian UH. T-cell priming by denderitic cells in lymph nodes occurs in
three distinct phases. Nature2004;427:154-159. PUBMED | CROSSREF

Walzer T, Dalod M, Robbins SH, Zitvogel L, Vivier E. Natural-killer cells and dendritic cells: “I'union fait la
force”. Blood 2005;106:2252-2258. PUBMED | CROSSREF

Sivori S, Falco M, Della Chiesa M, Carlomagno S, Vitale M, Moretta L, Moretta A. CpG and double-
stranded RNA trigger human NK cells by Toll-like receptors: induction of cytokine release and
cytotoxicity against tumors and dendritic cells. Proc Nat! Acad Sci U S A 2004;101:10116-10121.  PUBMED |
CROSSREF

Biron CA, Nguyen KB, Pien GC. Innate immune responses to LCMV infections: natural killer cells and
cytokines. Curr Top Microbiol Immunol 2002;263:7-27.  PUBMED | CROSSREF

Vivier E, Nunes JA, Vély F. Natural killer cell signaling pathways. Science 2004;306:1517-1519.  PUBMED |
CROSSREF

Bukowski JF, Woda BA, Habu S, Okumura K, Welsh RM. Natural killer cell depletion enhances virus
synthesis and virus-induced hepatitis in vivo. J Immunol 1983;131:1531-1538. PUBMED | CROSSREF

Welsh RM, O’Donnell CL, Shultz LD. Antiviral activity of NK 1.1+ natural killer cells in C57BL/6 scid mice
infected with murine cytomegalovirus. Nat Immun1994;13:239-245. PUBMED

Waggoner SN, Reighard SD, Gyurova IE, Cranert SA, Mahl SE, Karmele EP, McNally JP, Moran MT,
Brooks TR, Yaqoob F, et al. Roles of natural killer cells in antiviral immunity. Curr Opin Virol 2016;16:15-23.
PUBMED | CROSSREF

ZhouJ, Peng H, Li K, Qu K, Wang B, Wu Y, Ye L, Dong Z, Wei H, Sun R, et al. Liver-resident NK cells
control antiviral activity of hepatic T cells via the PD-1-PD-L1 axis. Immunity 2019;50:403-417.e4. PUBMED |
CROSSREF

Lang PA, Lang KS, Xu HC, Grusdat M, Parish IA, Recher M, Elford AR, Dhanji S, Shaabani N, Tran CW, et
al. Natural killer cell activation enhances immune pathology and promotes chronic infection by limiting
CD8+ T-cell immunity. Proc Natl Acad Sci U S A 2012;109:1210-1215.  PUBMED | CROSSREF

Hamdan TA, Lang PA, Lang KS. The diverse functions of the ubiquitous Fcy receptors and their unique
constituent, FcRy subunit. Pathogens 2020;9:140. PUBMED | CROSSREF

Duhan V, Hamdan TA, Xu HC, Shinde P, Bhat H, Li F, Al-Matary Y, Hiussinger D, Bezgovsek J, Friedrich
SK, et al. NK cell-intrinsic FceRIy limits CD8+ T-cell expansion and thereby turns an acute into a chronic
viral infection. PLoS Pathog 2019;15:€1007797.  PUBMED | CROSSREF

Pallmer K, Barnstorf I, Baumann NS, Borsa M, Jonjic S, Oxenius A. NK cells negatively regulate CD8 T
cells via natural cytotoxicity receptor (NCR) 1 during LCMV infection. PLoS Pathog 2019;15:e1007725.
PUBMED | CROSSREF

Waggoner SN, Cornberg M, Selin LK, Welsh RM. Natural killer cells act as rheostats modulating antiviral
T cells. Nature 2011;481:394-398. PUBMED | CROSSREF

Waggoner SN, Taniguchi RT, Mathew PA, Kumar V, Welsh RM. Absence of mouse 2B4 promotes NK
cell-mediated killing of activated CD8+ T cells, leading to prolonged viral persistence and altered
pathogenesis. ] Clin Invest 2010;120:1925-1938.  PUBMED | CROSSREF

Cook KD, Whitmire JK. The depletion of NK cells prevents T cell exhaustion to efficiently control
disseminating virus infection. ] Immunol 2013;190:641-649. PUBMED | CROSSREF

Cook KD, Kline HC, Whitmire JK. NK cells inhibit humoral immunity by reducing the abundance of
CD4+ T follicular helper cells during a chronic virus infection. J Leukoc Biol 2015;98:153-162. PUBMED |
CROSSREF

https://doi.org/10.4110/in.2024.24.629 16/18


http://www.ncbi.nlm.nih.gov/pubmed/9851928
https://doi.org/10.1126/science.282.5396.2079
http://www.ncbi.nlm.nih.gov/pubmed/11987804
https://doi.org/10.1007/978-3-642-56029-3_6
http://www.ncbi.nlm.nih.gov/pubmed/22776051
http://www.ncbi.nlm.nih.gov/pubmed/32940427
https://doi.org/10.1002/cpim.99
http://www.ncbi.nlm.nih.gov/pubmed/11067874
https://doi.org/10.1084/jem.192.9.1249
http://www.ncbi.nlm.nih.gov/pubmed/25404045
https://doi.org/10.1615/CritRevImmunol.2014010604
http://www.ncbi.nlm.nih.gov/pubmed/14712275
https://doi.org/10.1038/nature02238
http://www.ncbi.nlm.nih.gov/pubmed/15933055
https://doi.org/10.1182/blood-2005-03-1154
http://www.ncbi.nlm.nih.gov/pubmed/15218108
https://doi.org/10.1073/pnas.0403744101
http://www.ncbi.nlm.nih.gov/pubmed/11987821
https://doi.org/10.1007/978-3-642-56055-2_2
http://www.ncbi.nlm.nih.gov/pubmed/15567854
https://doi.org/10.1126/science.1103478
http://www.ncbi.nlm.nih.gov/pubmed/6309965
https://doi.org/10.4049/jimmunol.131.3.1531
http://www.ncbi.nlm.nih.gov/pubmed/7833623
http://www.ncbi.nlm.nih.gov/pubmed/26590692
https://doi.org/10.1016/j.coviro.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30709740
https://doi.org/10.1016/j.immuni.2018.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22167808
https://doi.org/10.1073/pnas.1118834109
http://www.ncbi.nlm.nih.gov/pubmed/32093173
https://doi.org/10.3390/pathogens9020140
http://www.ncbi.nlm.nih.gov/pubmed/31220194
https://doi.org/10.1371/journal.ppat.1007797
http://www.ncbi.nlm.nih.gov/pubmed/30995287
https://doi.org/10.1371/journal.ppat.1007725
http://www.ncbi.nlm.nih.gov/pubmed/22101430
https://doi.org/10.1038/nature10624
http://www.ncbi.nlm.nih.gov/pubmed/20440077
https://doi.org/10.1172/JCI41264
http://www.ncbi.nlm.nih.gov/pubmed/23241878
https://doi.org/10.4049/jimmunol.1202448
http://www.ncbi.nlm.nih.gov/pubmed/25986014
https://doi.org/10.1189/jlb.4HI1214-594R

NK Cells and Viral Infections

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.

148.

149.

150.

151.

IMMUN=
N=TWORK

Mack EA, Kallal LE, Demers DA, Biron CA. Type 1 interferon induction of natural killer cell gamma
interferon production for defense during lymphocytic choriomeningitis virus infection. MBio
2011;2:e00169-11. PUBMED | CROSSREF

Madera S, Rapp M, Firth MA, Beilke N, Lanier LL, Sun JC. Type I IFN promotes NK cell expansion during
viral infection by protecting NK cells against fratricide. ] Exp Med 2016;213:225-233. PUBMED | CROSSREF

Crouse J, Bedenikovic G, Wiesel M, Ibberson M, Xenarios I, Von Laer D, Kalinke U, Vivier E, Jonjic S,
Oxenius A. Type Iinterferons protect T cells against NK cell attack mediated by the activating receptor
NCRI1. Immunity 2014;40:961-973. PUBMED | CROSSREF

Xu HC, Grusdat M, Pandyra AA, Polz R, Huang J, Sharma P, Deenen R, Kohrer K, Rahbar R, Diefenbach A,
etal. Type I interferon protects antiviral CD8+ T cells from NK cell cytotoxicity. Immunity 2014;40:949-960.
PUBMED | CROSSREF

Huang Z, Kang SG, Li Y, Zak ], Shaabani N, Deng K, Shepherd J, Bhargava R, Teijaro JR, Xiao C. IFNAR1
signaling in NK cells promotes persistent virus infection. Sci Adv 2021;7:eabb8087. PUBMED | CROSSREF

Rydyznski C, Daniels KA, Karmele EP, Brooks TR, Mahl SE, Moran MT, Li C, Sutiwisesak R, Welsh RM,
Waggoner SN. Generation of cellular immune memory and B-cell immunity is impaired by natural killer
cells. Nat Commun 2015;6:6375. PUBMED | CROSSREF

Cardoso Alves L, Berger MD, Koutsandreas T, Kirschke N, Lauer C, Sporri R, Chatziioannou A, Corazza
N, Krebs P. Non-apoptotic TRAIL function modulates NK cell activity during viral infection. EMBO Rep
2020;21:e48789. PUBMED | CROSSREF

Pratumchai I, Zak J, Huang Z, Min B, Oldstone MB, Teijaro JR. B cell-derived IL-27 promotes control of
persistent LCMV infection. Proc Nat! Acad Sci U S A 2022;119:€2116741119.  PUBMED | CROSSREF

Butz EA, Bevan MJ. Massive expansion of antigen-specific CD8+ T cells during an acute virus infection.
Immunity 1998;8:167-175. PUBMED | CROSSREF

Wherry EJ, Teichgriber V, Becker TC, Masopust D, Kaech SM, Antia R, von Andrian UH, Ahmed R.
Lineage relationship and protective immunity of memory CD8 T cell subsets. Nat Immunol 2003;4:225-234.
PUBMED | CROSSREF

Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral persistence alters CD8 T-cell
immunodominance and tissue distribution and results in distinct stages of functional impairment. J Virol
2003;77:4911-4927. PUBMED | CROSSREF

Cornberg M, Kenney LL, Chen AT, Waggoner SN, Kim SK, Dienes HP, Welsh RM, Selin LK. Clonal
exhaustion as a mechanism to protect against severe immunopathology and death from an overwhelming
CDB8T cell response. Front Immunol 2013;4:475. PUBMED | CROSSREF

Moskophidis D, Lechner F, Pircher H, Zinkernagel RM. Virus persistence in acutely infected
immunocompetent mice by exhaustion of antiviral cytotoxic effector T cells. Nature 1993;362:758-761.
PUBMED | CROSSREF

Wherry EJ. T cell exhaustion. Nat Immunol 2011;12:492-499. PUBMED | CROSSREF

Lee SH, Kim KS, Fodil-Cornu N, Vidal SM, Biron CA. Activating receptors promote NK cell expansion for
maintenance, IL-10 production, and CD8 T cell regulation during viral infection. J Exp Med 2009;206:2235-2251.
PUBMED | CROSSREF

Su HC, Orange JS, Fast LD, Chan AT, Simpson SJ, Terhorst C, Biron CA. IL-2-dependent NK cell responses
discovered in virus-infected beta 2-microglobulin-deficient mice. ] Immunol1994;153:5674-5681. PUBMED |
CROSSREF

Whitmire JK, Eam B, Benning N, Whitton JL. Direct interferon-gamma signaling dramatically enhances
CD4+ and CD8+ T cell memory. J Immunol 2007;179:1190-1197. PUBMED | CROSSREF

Whitmire JK, Tan JT, Whitton JL. Interferon-gamma acts directly on CD8+ T cells to increase their
abundance during virus infection. ] Exp Med 2005;201:1053-1059. PUBMED | CROSSREF

Whitmire JK, Benning N, Whitton JL. Cutting edge: early IFN-gamma signaling directly enhances primary
antiviral CD4+ T cell responses. ] Immunol 2005;175:5624-5628. PUBMED | CROSSREF

Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra G, Trinchieri G. Reciprocal activating interaction
between natural killer cells and dendritic cells. ] Exp Med 2002;195:327-333.  PUBMED | CROSSREF

Mocikat R, Braumiiller H, Gumy A, Egeter O, Ziegler H, Reusch U, Bubeck A, Louis J, Mailhammer R,
Riethmiiller G, et al. Natural killer cells activated by MHC class I(low) targets prime dendritic cells to
induce protective CD8 T cell responses. Immunity 2003;19:561-569. PUBMED | CROSSREF

Adam C, King S, Allgeier T, Braumiiller H, Liiking C, Mysliwietz J, Kriegeskorte A, Busch DH, Rcken

M, Mocikat R. DC-NK cell cross talk as a novel CD4+ T-cell-independent pathway for antitumor CTL
induction. Blood 2005;106:338-344. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e29 17/18


http://www.ncbi.nlm.nih.gov/pubmed/21828218
https://doi.org/10.1128/mBio.00169-11
http://www.ncbi.nlm.nih.gov/pubmed/26755706
https://doi.org/10.1084/jem.20150712
http://www.ncbi.nlm.nih.gov/pubmed/24909889
https://doi.org/10.1016/j.immuni.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24909887
https://doi.org/10.1016/j.immuni.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/33771858
https://doi.org/10.1126/sciadv.abb8087
http://www.ncbi.nlm.nih.gov/pubmed/25721802
https://doi.org/10.1038/ncomms7375
http://www.ncbi.nlm.nih.gov/pubmed/31742873
https://doi.org/10.15252/embr.201948789
http://www.ncbi.nlm.nih.gov/pubmed/35022243
https://doi.org/10.1073/pnas.2116741119
http://www.ncbi.nlm.nih.gov/pubmed/9491998
https://doi.org/10.1016/S1074-7613(00)80469-0
http://www.ncbi.nlm.nih.gov/pubmed/12563257
https://doi.org/10.1038/ni889
http://www.ncbi.nlm.nih.gov/pubmed/12663797
https://doi.org/10.1128/JVI.77.8.4911-4927.2003
http://www.ncbi.nlm.nih.gov/pubmed/24391647
https://doi.org/10.3389/fimmu.2013.00475
http://www.ncbi.nlm.nih.gov/pubmed/8469287
https://doi.org/10.1038/362758a0
http://www.ncbi.nlm.nih.gov/pubmed/21739672
https://doi.org/10.1038/ni.2035
http://www.ncbi.nlm.nih.gov/pubmed/19720840
https://doi.org/10.1084/jem.20082387
http://www.ncbi.nlm.nih.gov/pubmed/7989765
https://doi.org/10.4049/jimmunol.153.12.5674
http://www.ncbi.nlm.nih.gov/pubmed/17617612
https://doi.org/10.4049/jimmunol.179.2.1190
http://www.ncbi.nlm.nih.gov/pubmed/15809350
https://doi.org/10.1084/jem.20041463
http://www.ncbi.nlm.nih.gov/pubmed/16237051
https://doi.org/10.4049/jimmunol.175.9.5624
http://www.ncbi.nlm.nih.gov/pubmed/11828007
https://doi.org/10.1084/jem.20010938
http://www.ncbi.nlm.nih.gov/pubmed/14563320
https://doi.org/10.1016/S1074-7613(03)00264-4
http://www.ncbi.nlm.nih.gov/pubmed/15769894
https://doi.org/10.1182/blood-2004-09-3775

NK Cells and Viral Infections

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

IMMUN=
N=TWORK

Andrews DM, Andoniou CE, Granucci F, Ricciardi-Castagnoli P, Degli-Esposti MA. Infection of dendritic
cells by murine cytomegalovirus induces functional paralysis. Nat Immunol 2001;2:1077-1084. PUBMED |
CROSSREF

Andrews DM, Estcourt MJ, Andoniou CE, Wikstrom ME, Khong A, Voigt V, Fleming P, Tabarias H, Hill
GR, van der Most RG, et al. Innate immunity defines the capacity of antiviral T cells to limit persistent
infection. J Exp Med 2010;207:1333-1343.  PUBMED | CROSSREF

Lee SH, Fragoso MF, Biron CA. Cutting edge: a novel mechanism bridging innate and adaptive immunity:
IL-12 induction of CD25 to form high-affinity IL-2 receptors on NK cells. J Immunol 2012;189:2712-2716.
PUBMED | CROSSREF

Su HC, Nguyen KB, Salazar-Mather TP, Ruzek MC, Dalod MY, Biron CA. NK cell functions restrain T cell
responses during viral infections. Eur ] Immunol 2001;31:3048-3055. PUBMED | CROSSREF

Chambers BJ, Salcedo M, Ljunggren HG. Triggering of natural killer cells by the costimulatory molecule
CDS8O0 (B71). Immunity 1996;5:311-317.  PUBMED | CROSSREF

Carbone E, Terrazzano G, Ruggiero G, Zanzi D, Ottaiano A, Manzo C, Kérre K, Zappacosta S. Recognition
of autologous dendritic cells by human NXK cells. Eur | Immunol1999;29:4022-4029. PUBMED | CROSSREF

Schuster IS, Wikstrom ME, Brizard G, Coudert JD, Estcourt MJ, Manzur M, O’Reilly LA, Smyth MJ,
TrapaniJA, Hill GR, et al. TRAIL+ NK cells control CD4+ T cell responses during chronic viral infection to
limit autoimmunity. Immunity 2014;41:646-656. PUBMED | CROSSREF

Crouse J, Xu HC, Lang PA, Oxenius A. NK cells regulating T cell responses: mechanisms and outcome.
Trends Immunol 2015;36:49-58. PUBMED | CROSSREF

Rabinovich BA, LiJ, Shannon J, Hurren R, Chalupny J, Cosman D, Miller RG. Activated, but not resting,
T cells can be recognized and killed by syngeneic NK cells. ] Immunol 2003;170:3572-3576.  PUBMED |
CROSSREF

Cerboni C, Zingoni A, Cippitelli M, Piccoli M, Frati L, Santoni A. Antigen-activated human T lymphocytes
express cell-surface NKG2D ligands via an ATM/ATR-dependent mechanism and become susceptible to
autologous NK- cell lysis. Blood 2007;110:606-615. PUBMED | CROSSREF

Xu HC, HuangJ, Pandyra AA, Lang E, Zhuang Y, Thons C, Timm J, Hiussinger D, Colonna M, Cantor
H, et al. Lymphocytes negatively regulate nk cell activity via Qa-1b following viral infection. Cell Reports
2017;21:2528-2540. PUBMED | CROSSREF

Xu HC, Wang R, Shinde PV, Walotka L, Huang A, Poschmann G, Huang J, Liu W, Stithler K, Schaal H, et
al. Slow viral propagation during initial phase of infection leads to viral persistence in mice. Commun Biol
2021;4:508. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.629 18/18


http://www.ncbi.nlm.nih.gov/pubmed/11668340
https://doi.org/10.1038/ni724
http://www.ncbi.nlm.nih.gov/pubmed/20513749
https://doi.org/10.1084/jem.20091193
http://www.ncbi.nlm.nih.gov/pubmed/22888135
https://doi.org/10.4049/jimmunol.1201528
http://www.ncbi.nlm.nih.gov/pubmed/11592081
https://doi.org/10.1002/1521-4141(2001010)31:10<3048::AID-IMMU3048>3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/8885864
https://doi.org/10.1016/S1074-7613(00)80257-5
http://www.ncbi.nlm.nih.gov/pubmed/10602012
https://doi.org/10.1002/(SICI)1521-4141(199912)29:12<4022::AID-IMMU4022>3.0.CO;2-O
http://www.ncbi.nlm.nih.gov/pubmed/25367576
https://doi.org/10.1016/j.immuni.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25432489
https://doi.org/10.1016/j.it.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/12646619
https://doi.org/10.4049/jimmunol.170.7.3572
http://www.ncbi.nlm.nih.gov/pubmed/17405908
https://doi.org/10.1182/blood-2006-10-052720
http://www.ncbi.nlm.nih.gov/pubmed/29186689
https://doi.org/10.1016/j.celrep.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/33927339
https://doi.org/10.1038/s42003-021-02028-x

	The Multifaceted Roles of NK Cells in the Context of Murine Cytomegalovirus and Lymphocytic Choriomeningitis Virus Infections
	INTRODUCTION
	MCMV
	LCMV
	THE CROSSTALK BETWEEN NK CELLS AND OTHER IMMUNE CELLS
	CONCLUDING REMARKS
	REFERENCES


