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SUMMARY

Tissue health is dictated by the capacity to respond to perturbations and then return to
homeostasis. Mechanisms that initiate, maintain, and regulate immune responses in tissues are
therefore essential. Adaptive immunity plays a key role in these responses, with memory and
tissue-residency being cardinal features. A corresponding role for innate cells is unknown. Here
we have identified a population of innate lymphocytes that we term tissue-resident memory-like
natural killer (NKRM) cells. In response to murine cytomegalovirus infection, we show that
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circulating NK cells were recruited in a CX3CR1-dependent manner to the salivary glands where
they formed NKRM cells, a long-lived tissue-resident population that prevented autoimmunity via
TRAIL-dependent elimination of CD4* T cells. Thus, NK cells develop adaptive-like features,
including long-term residency in nonlymphoid tissues, to modulate inflammation, restore immune
equilibrium and preserve tissue health. Modulating the functions of NKRM cells may provide
additional strategies to treat inflammatory and autoimmune diseases.

eTOC blurb

Immune activation can be damaging if responses are not adequately controlled. Schuster et a/
reveal that following cytomegalovirus infection, circulating Natural Killer cells are recruited into
non-lymphoid tissues, including the salivary glands where they establish a tissue-resident memory-
like population that prevents immune-mediated damage and safeguards tissue health by preventing
autoimmunity.
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INTRODUCTION

RESULTS

While the importance of effective pathogen protective immunity is clear, balancing these
responses to avoid immune-mediated damage is critical to safeguarding tissue function.
The importance of regulating immune responses is highlighted by the observations that
excessive or misdirected pathogen-protective immunity can lead to multiple pathologies.
Overly vigorous production of inflammatory cytokines can result in a lethal cytokine
release syndrome, as has been noted following SARS-CoV2 infection®, while uncontrolled
inflammation can damage tissues and contribute to the development of autoimmunity?.
Thus, mechanisms to maintain immune equilibrium, by ensuring that immune responses
are appropriately regulated, are essential to prevent immune-mediated damage and maintain
tissue health.

The first line of defence against many pathogens, especially viruses, involves activities
mediated by NK cells, innate lymphocytes that patrol the circulation and lymphoid tissues
and promptly respond to pathogen challenges2. In non-lymphoid tissues, sentinel function
and protection from pathogens are mediated by innate lymphoid cell (ILC) populations*>
that reside within tissues, as well as adaptive lymphocytes that are recruited and retained
in tissues following infection, such as tissue-resident memory T cells (TRM)®7. Ongoing
protection against recurring and reinvading infections requires immunological memory, a
function historically considered a hallmark of adaptive immunity, but recently shown to
extend to innate lymphocytes, including NK cells and ILCs?®.

Despite the emerging similarities between adaptive and innate immunity, whether circulating
innate lymphocytes, like NK cells, can be recruited to non-lymphoid tissue and establish
long-term residency in response to infection remains unclear. Memory cells are known

to provide ongoing protection against pathogens, but whether immunological memory
contributes to maintaining immune equilibrium, and which cells are involved, remains
unknown.

Here, we investigated type | innate lymphocyte responses elicited in a non-lymphoid tissue
in response to chronic viral infection and identified a population of circulating NK cells
that are recruited to the salivary glands, where they establish long-term residency (termed
NKRM cells). Importantly, in contrast to their adaptive counterparts (TRM), the role of
NKRM cells is to limit inflammation and safeguard tissue function.

NK cells are recruited and retained in non-lymphoid tissue following MCMV infection

To address whether innate lymphocyte populations can establish residency and participate
in long-term pathogen protection and/or controlling immune homeostasis, we examined
these responses after cytomegalovirus (CMV) infection. CMV establishes a chronic, latent
infection in several tissues, including the lungs and salivary glands (SG). The SG are
particularly relevant as CMV persists and propagates within the SG, enabling transmission
of viral progeny to new hosts in saliva secretions8. Analysis of lymphocytes in the SG

of naiive mice revealed that, under steady-state conditions, NKp46* innate lymphocyte
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populations could be distinguished based on expression of the Eomesodermin (Eomes)
transcription factor, the surface integrin CD49b, and the ILC1 marker CD200R® (Figure
S1). As described previouslyl0-13, classical ILC1 (Eomes CD49b"), classical NK cells
(Eomes*CD49b*), and a population of cells which express Eomes but lack CD49b, referred
herein as salivary gland-specific NK cells (sgNK, Eomes*CD49b™) were present in the SG
(Figure S1). These populations had distinct transcriptional signatures (Figure S2A and S2B)
and different reliance on the transcription factors Eomes and T-bet for their development
(Figure S2C and S2D), consistent with published reports10-13, Parabiosis studies revealed
that the ILC1 and sgNK cells were embedded in the tissue in the steady state, whereas

over 50% of the classical NK cells were derived from the circulation in naive mice (Figure
S2E). Next, we examined the impact of viral infection and found that MCMV infection
resulted in a significant increase in the frequency and number of NK cells within the SG
during acute (day 7) and chronic (day 25) infection, while the frequency of ILC1 and sgNK
cells decreased following infection with no significant changes in numbers (Figure 1A).
Phenotypic changes were also observed, principally in NK cells, which exhibited increased
expression of the tissue-residency integrin CD49a4 and the activation markers CD11b and
TRAIL (Figure 1B) with no changes in the expression of CD200R. Thus, MCMYV infection
results in a preferential accumulation of activated NK cells in the SG.

The parabiosis data indicated that circulating NK cells trafficked through the SG (Figure
S2E). To examine whether this trafficking explained the increase in NK cells observed

in the SG following MCMV infection, adoptive transfer experiments were performed.
Splenic NK cells (NKp46* and Lin~ i.e. CD3~ CD19") were transferred into MCMV
infected mice and, at days 18 (chronic infection with active viral replication)8 and 40 after
infection (resolved infection with no active viral replication)81°, cells were harvested for
analysis, immediately following intravenous injection of a fluorescent pan-CD45 antibody
to distinguish intravascular (IV*) and intratissue (IV™) cells (Figure 2A). Transferred cells
were found in the SG in significant numbers at day 18 post infection (P1) (Figure 2B)

with approximately 50% located in the SG parenchyma, as demonstrated by the lack of
intravascular (1V) labelling (Figure 2C). Most of the transferred cells were classical NK
cells (Lin"Eomes™CD49b*) (Figure 2D) and lacked CD200R (Figure 2E). Notably, CD49a
expression was significantly higher on cells that had migrated into the SG parenchyma (i.e.
V™) compared to circulating NK cells (Figure 2E). A similar response was observed in the
endogenous NK cell population (Figure 2F). Thus, NK cells are recruited into the SG in
response to MCMYV infection and the cells that remain in the tissue are phenotypically
distinct from their circulating counterparts. The observations made at day 18 PI were
confirmed at day 40, when active viral infection has been controlled in all tissues, including
the SG8. At day 40 after infection, all the transferred cells localized to the SG parenchyma
(Figure 2G). In addition to the tissue-residency integrin CD49a, the transferred cells also
expressed Ly6C (Figure 2H), a phenotypic marker expressed by memory NK cells generated
either in response to MCMV antigen recognition or cytokine exposurel®. The endogenous
NK cells (Lin"Eomes*CD49b™) showed a similar response, including a significant increase
in the expression of Ly6C compared to cells from naive mice (Figure 21). Thus, in response
to MCMYV infection circulating NK cells are recruited into the SG and are retained in the
tissue long-term.

Immunity. Author manuscript; available in PMC 2024 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schuster et al. Page 5

NK cells in non-lymphoid tissue form a long-lived tissue resident population with a distinct
transcriptional profile

Important paradigms in NK cell immunity have been defined in the context of CMV
infection317-23, Following MCMV infection, NK cells, like T cells, expand, contract, and
generate a long-lived memory pool of circulating cells with enhanced functionality to
MCMV reencounter?4, NK cells recruited to tissue may represent an innate equivalent of
memory T cells residing in non-lymphoid tissues, TRM. We therefore examined whether the
NK cells in the SG exhibited additional features of adaptive immune cells. After MCMV
infection, NK cells in the SG displayed kinetics of expansion (day 18), contraction (day

40) and persistence (day 120), not observed in ILC1 or sgNK cells (Figure 3A). Analysis

of the NK cells present in the SG at day 120 PI identified a population expressing CD49a
and Ly6C (Figure 3B), markers present on NK cells localized to the SG parenchyma after
adoptive transfer (Figure 2H). The nature of the NK cells that persist in the SG after

MCMYV infection and how they relate to previously described populations of memory and/or
adaptive-like NK cells was investigated by single-cell RNA sequencing (scRNAseq). A pool
of NK cells defined based on the expression of NKp46, CD49b and CD200R (NKp46™,
CD49b* and CD200R™) was sorted from the SG of MCMV infected mice at day 120

after infection for scRNAseq (Figure S3A). We confirmed by flow cytometry that the

sorted cells used for scRNAseq included CD49a* Ly6C* cells (Figure S3B). Unsupervised
hierarchical clustering of the sScRNAseq data identified seven clusters (Figure 3C), each
distinguishable by a set of five cluster defining transcripts (Figure 3D). Ly6C, a marker

of the MCMV-induced NK cells that were retained in the SG parenchyma (Figures 2H,

I and 3B), mapped to cluster 5 (Figure 3E). This cluster represents a population defined

by transcripts including //7r, Cxcr6 and Ca226 (encoding DNAML) (Figure 3F). Access

to IL7 is essential for the survival of TRM cells under homeostatic conditions?® and

CXCR®6 regulates the localization of TRM cells and is included in the core TRM cell
signature in mice and humans28. Other canonical markers of tissue residency such as /fgal
(CD49a), Cxcr3, Cd69and Rgs1 were also enriched in cluster 5 (Figure 3F). Cluster 5

also showed increased expression of transcriptional regulators that are over-represented in
TRM2, including Maf Rora, Ikzf2 (Helios) and Ahr (Figure 3F). Like TRM, cells in cluster
5 displayed reduced SIpriand Sipr5transcripts (Figure 3F). S1IPR1 is targeted by CD69 for
degradation, thereby preventing egress from tissues to the circulation?” and S1PR5 regulates
the retention of TRM and ILC1 in tissues?8. Unlike TRM, cells in cluster 5 expressed
Eomesand Tcf7 (Figure S3C) and unlike 1LC1° lacked Cd200rbut expressed IL7R, usually
considered an ILC1 marker.

Adaptive-like NK cells have been identified in the blood of CMV-seropositive individuals?®
and are thought to represent the counterpart of memory NK cells in the mouse3. Cluster 5
lacks the defining features of memory NK cells, instead displaying reduced expression of
transcripts for cytotoxic molecules (Gzma, Gzmb, Prf1) and other memory-NK cell defining
markers (e.g. Kirg1, Irf8, Klra3)?2. Further analysis revealed that cluster 5 was defined by a
transcriptional profile (Figure S3D) similar to that characterizing a population of human NK
cells recently identified as adaptive-like NK cells that specifically reside in the human lung3°
(Figure S3E).
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schuster et al.

Page 6

Altogether these analyses demonstrate that MCMYV infection leads to the development of

a population of NK cells with a distinct transcriptional signature consistent with tissue
residency and adaptive memory-like features, which we therefore termed tissue resident
memory-like NK cells (NKRM). NKRM differ from CMV-specific memory NK cells which
have previously been described in lymphoid organs3.

Long-lived memory-like tissue resident NK cells have a distinct and stable phenotypic

profile

Given the heterogeneity of the NK cell populations defined by scRNAseq in the SG of
MCMYV infected mice (Figure 3C), we examined whether a distinct population of NKRM
with a stable phenotypic profile could be identified long-term after MCMV infection.
Transcripts that distinguished cluster 5 were used in high-parameter flow cytometry analysis
to determine whether NKRM could be identified ex vivo.

Multidimensional UMAP analysis of manually gated tissue resident (IV™) NK cells (Lin~,
NKp46*, CD49b*, CD200R") identified a population of NK cells in the SG at day 40

after MCMV infection that was not present in naive mice (Figure 4A). To gain further
insights into the changes that occur in NK cells following infection we used FlowSOM,

an unsupervised clustering approach (Figure S4A) and identified a cluster present only in
cells from MCMV infected mice (Figure 4B), characterized by Ly6C, CD49a, CXCR6 and
CD127 (Figure 4C) as well as CD226 (DNAM-1), together with reduced expression of
KLRG1, CD11b and IRF8 (Figure S4B), corresponding to the transcriptional characteristics
of cluster 5 (Figure S3). This phenotype remained stable out to three months (day 120) after
infection (Figure 4D - F, Figure S4C and S4D).

Analyses of IV~ NK cells in other tissues, using the same unsupervised UMAP dimensional
reduction approach used for the SG, identified a population of NK cells in the lungs of
mice at day 80 after MCMV infection that was not found in naive mice (Figure S5A); these
cells resided in the lung parenchyma (I\VV™) and phenotypically (Figure S5B) resembled the
NKRM found in the SG and human lung®® (Figure S3E).

Of note, NKRM were absent in lymphoid tissues like the spleen, where a population of cells
(which we termed NKmem) with features previously attributed to MCMV-specific Ly49H"
NK cells (e.g. CD11b*, KLRG1M IRF8N, GzmB*, CXCR67)3132 could be identified
instead (Figure S6A and S6B).

Altogether, these data demonstrate that following MCMYV infection, a phenotypically
distinct and readily identifiable NKRM population is present long-term in a non-lymphoid
tissue.

CX3CR1 signalling and inflammation guide the formation of NKRM cells

Next, we examined the signals that contribute to NKRM formation. IFNy mediates NK cell
recruitment in anti-viral responses33:34 and CD8* T cells expressing this cytokine increased
in the SG and peripheral blood during MCMV infection (Figure S7A). Increases in the
IFN-induced chemokines CXCL9, CXCL10 and CX3CL1 were also noted (Figure S7B).
CXCR3 is known to be expressed by NK cells34 and we also found substantial CX3CR1

Immunity. Author manuscript; available in PMC 2024 March 14.
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expression on trafficking NK cells after infection (Figure S7C), suggesting a role for these
chemokine axes. Blocking CXCR3 did not alter the number of NK cells (Eomes*CD49b*)
present in the SG after MCMV infection (Figure S7D). In contrast, a significant reduction in
the number of NK cells was found in the SG of CX3CR1-deficient mice compared to WT
mice after MCMV infection (Figure S7E). Thus, following MCMYV infection accumulation
of NK cells in the SG is altered in the absence of CX3CR1-mediated signals.

Memory NK cells form in response to specific receptor activation (i.e. Ly49H engagement
of MCMV viral protein m157) or in the context of an inflammatory cytokine environment?22,
Inflammatory signals also play a critical role in the fate of T cells recruited into anti-viral
responses, including the formation of TRM cell populations3®. To examine the role of these
factors in the formation of NKRM, we infected congenic BALB/c.Ly49H* mice with a
virus lacking m157 (MCMV Am157), the Ly49H ligand, or WT MCMV. In these infections,
the differential engagement of Ly49H by m157 results in distinct viral replication kinetics
early in infection and is accompanied by differing amounts of pro-inflammatory cytokines
(e.g. IFNvy, TNF, 1L-12, 1L-18)36-38, Comparative UMAP analyses of tissue resident (1V~)
SG NK cells in naive and MCMVAmM157 infected mice revealed the presence of an NK

cell population in infected mice (Figure 5A) with an NKRM phenotype that lacked Ly49H
expression (Figure 5B). In BALB/c.Ly49H* mice infected with MCMV WT, where Ly49H-
mediated control of acute infection occurs, NKRM cells were present (Figure 5C and D),
albeit to a lesser extent than in mice infected with MCMVAmM157.

To further define the role of genetic differences, the relevance of which has been
highlighted recently by SARS-CoV?2 infection, we infected C57BL/6 mice with MCMV
and MCMVAmM157 viruses. Although a distinct NK cell population was generated in these
infections (Figure 5E and G), the cells lacked expression of NKRM defining markers,
including Ly6C, CXCR6, DNAM-1 and CD127 (Figure 5F and H). Thus, NKRM cells
formation is maximal under high inflammatory conditions and shaped by the host’s genetic
makeup.

NKRM cells protect tissue integrity and maintain optimal tissue function

Prevailing dogma suggests that tissue resident memory cells are positioned to provide
sentinel immunity and protect tissues against reinfection and/or reactivation of pathogens.
However, in CX3CR1-deficient mice which displayed impaired accumulation of NK cells
in the SG (Figure S7E), viral control in this organ was improved compared to WT mice
(Figure S7F). Notably, viral loads in other tissues were equivalent in Cx3cr1~/~ and WT
mice (Figure S7F). Consistent with these findings, we previously showed that depletion
of NK cells during chronic infection does not affect viral control in the SG1°, however

it is unclear whether such depletion had an impact on NKRM formation. To address this,
we performed timed depletion of NK cells starting prior to the establishment of NKRM
and ensuring that early NK cell-mediated anti-viral responses are not affected. UMAP
analysis of SG IV~ NK cells at day 80 post MCMV infection showed a reduction in the
frequency of cells within the NKRM population in the SG of depleted mice (Figure 6A).
While the numbers of canonical NK cells were comparable in control and treated mice
(Figure 6B, left), NKRM numbers were significantly reduced in mice that received the
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depletion treatment (Figure 6B, right). Examination of other lymphocyte populations in
the SG revealed a significant increase in CD4* T cells (Figure 6C). This increase was
accompanied by the accumulation of lymphocytic aggregates (Figure 6D) comprised of
CD4* T cells and B cells in the SG (Figure 6E), a feature of ectopic lymphoid structures
(ELS). Both the number and complexity of the ELS increased in mice depleted of NKRM
cells (Figure 6F). ELS frequently develop in chronically inflamed tissues and participate

in the pathology observed in autoimmune diseases3?40. To determine whether a lack of
NKRM resulted in the induction of SG-specific autoimmunity following MCMYV infection,
we measured SG specific autoantibodies and SG function at long term timepoints post
infection. Consistent with the histopathology observed in the absence of NKRM (Figure
6D-F), we found heightened autoantibodies targeting SG proteins (Figure 6G) and impaired
exocrine function (Figure 6H), measured as a sustained reduction in saliva production.

To confirm the results obtained with our late NK cell depletion protocol in an independent
setting and given that the formation of NKRM appeared to require CX3CR1-dependent
signals (Figure S7C and E), we examined responses in the absence of CX3CR1. Adoptive
transfer of CX3CR1-deficient NK cells into congenic BALB/c mice (Figure 7A) infected
with MCMV validated that cells lacking CX3CRL1 cannot form a population of NKRM cells
(Figure 7B). Further analyses in Cx3crZ™'~ mice at day 18 after infection demonstrated

that as well as reduced numbers of NKRM cells in the SG (Figure S7E), Cx3crI™~ mice
had significantly higher numbers of SG CD4* T cells (Figure 7C), as observed in mice
depleted of NKRM cells (Figure 6C). The negative correlation between NKRM and CD4*
T cell numbers in the SG suggests that NKRM may be poised to eliminate CD4* T cells to
prevent the development of autoimmunity. We therefore examined whether NKRM can kill
SG CD4* T cells and if so, what mechanisms are involved, considering that NKRM lack
many cytotoxic molecules (Figure 3F). Co-culture of SG CD4* T cells with sort purified SG
NKRM cells led to a loss of CD4* T cells, which did not occur when CD4* T cells were
co-cultured with all other SG NK cells (Figure 7D). In contrast to NKRM isolated from WT
mice, NKRM cells from mice lacking TRAIL, the death receptor upregulated on SG NK
cells (Figure 1B), were unable to eliminate SG CD4* T cells. Thus, the elimination of SG
CD4* T cells is the remit of NKRM cells and TRAIL-mediated activities are key to this
function of NKRM cells.

Having shown that CX3CR1-deficient NK cells cannot form NKRM (Figure 7B), we
transferred WT and CX3CR1-deficient NK cells into 77#5107~ mice lacking TRAIL
(Figure 7E) which develop a Sjogren’s Syndrome like pathology after MCMYV infection?®.
Significantly higher numbers of CD4" T cells were present in the SG of MCMV infected
Tnfsf107!~ mice that received CX3CR1-deficient NK cells compared to mice that received
WT NK cells (Figure 7F). Notably, transfer of WT but not CX3CR1-deficient NK cells
restored increased saliva production in 777/sf10"'~ mice (Figure 7G). These results provide
independent evidence that NKRM cells protect the SG from immune-mediated pathology,
that their protective effects are mediated via TRAIL, and that CX3CR1 is critical for the
formation of NKRM cells.

Altogether, these data establish that NKRM, a population that develops following MCMV
infection, represent tissue resident memory-like NK cells with some features analogous
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to TRM (i.e. elicited by pathogen encounter and inflammation, with long-lived tissue
residency), but poised to regulate immune responses, thereby ensuring the preservation of
tissue integrity and function, in the face of virus-induced inflammation.

DISCUSSION

Although historically the innate and adaptive immune systems have been considered as
entirely separate entities, more recently it has become clear that innate lymphocytes share
several features of adaptive immunity. Akin to T cells, in response to CMV infection, NK
cells can selectively expand and differentiate into long-lived memory cells that provide
superior sentinel functions24. In non-lymphoid tissues pathogen protection has been ascribed
to ILC1s, cells that sit in tissue at steady state® and which have recently been shown to also
acquire adaptive-like features of immune memory in response to CMV infection*!. Thus,
ILC1s may be thought to represent an innate counterpart to TRM in that they are tissue-
resident (although not specifically recruited in response to infection) pathogen-focused
effector cells. Here, we have described NKRM, a population drawn from circulating NK
cells in response to infection and inflammation to form a long-lived memory-like population
that establishes long-term residency in non-lymphoid tissues, thus displaying key parallels
with TRM cells. However, in contrast to TRM, memory NK cells and memory ILC1,

whose principal function is to provide sentinel protection to the host, we have shown that
NKRM serve an opposing function to these effector populations. Indeed, we have shown that
NKRM cells play a key role in controlling an adaptive immune response, thereby protecting
the SG from immunopathology, and preserving tissue function. These features resemble
those of regulatory T cells and therefore the current findings provide evidence that innate
lymphocytes may share additional features of adaptive immunity.

The mechanisms that guide the formation of NKRM including whether specific antigen
recognition is an essential prerequisite, remain to be defined.

While CMV infection is known to result in the expansion of virus-specific NK cells with
memory features, the NKRM population identified here is distinct both in phenotype and
function. In mice, long lived virus-specific memory Ly49H* NK cells (CD11b*, KLRG1M,
IRF8N, GzmB™*, CXCR6™) that undergo clonal expansion and afford superior protection
against MCMV re-encounter have been described3. The phenotypic profile of the NKRM
population identified in this study (Ly6C*, CD49a*, CXCR6*, CD127*, CD11b~, KLRG1")
differs from that of virus-specific memory NK cells, and unlike Ly49H* memory NK cells,
NKRM cells function as regulatory cells rather than providing pathogen protection. A subset
of uterine NK cells (UNK), Eomes* uterine trNK cells, shares phenotypic markers with SG
NKRM cells*2; uNK cells play important roles in placentation and fetal growth, but like
NKRM, it is possible that they may also be involved in uterine physiology by safeguarding
tissue homeostasis. In addition to the SG, we identified cells with an NKRM phenotype in
the lungs of MCMV infected mice, and the transcriptional profile of murine SG NKRM cells
is similar to that of a lung resident NK cell population identified in humans3C. Defining the
role of lung NKRM in mice and how these cells relate to transcriptionally similar NK cell
populations in humans will provide further insight into the function of these populations.

Immunity. Author manuscript; available in PMC 2024 March 14.
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The NKRM population described here has an unusual phenotype characterized by features
of both NK cells and ILC1. Similar features have been noted in long-lived ILC1-like

innate lymphocytes thought to originate from NK cell conversion following infection with
Toxoplasma gondi*3. NKRM are CD200R™, retain Eomes expression and notably do not
expand in circulation or in lymphoid organs (e.g blood and spleen), a feature of T. gondii-
induced ILC1-like cells*3. Our current findings provide evidence for genetic factors and
inflammatory signals as key determinants of NKRM development, whilst excluding a role
for engagement of the Ly49H NK cell receptor that guides the formation of MCMV-specific
memory NK cells in lymphoid organs. In this context it is worth noting that adaptive-

like NK cells can be generated independently of antigen recognition by exposure to pro-
inflammatory cytokines** and that differentiation of group 1 ILC in the SG has also been
linked to TGF-B*®, a cytokine required for the development and maintenance of TRM in
various tissues*®. TGF-R signaling can also shape the phenotype and function of NK cells. In
the SG, TGF-R guides the differentiation of NKp46* group 1 ILC populations, in synchrony
with SG development#®. In lymphoid tissues, and in some tumor microenvironments, non-
canonical signaling through TGFRR1 has also been shown to modulate the phenotype and
function of NKp46* cell subsets#”: 48, In the latter settings however TGFBR1 signaling

does not recapitulate the phenotype of cells in the SG, supporting the premise that TGF-R
imprinting is tissue dependent#®. Thus, TGF-R signaling may participate in the formation of
NKRM cells, and this is the subject on ongoing investigations.

Our finding that NKRM cells preferentially form in BALB/c mice illustrates the importance
of host genetics in determining the responses to viral infections, including downstream
pathologies, something that has been clearly illustrated by SARS-CoV2 infection and
COVID outcomes and that requires greater attention in preclinical models. The cytokine

and inflammatory responses of BALB/c and C57BI/6 mice to many challenges, including
MCMYV, differ. Our current findings using Ly49H congenic strains illustrate that in the
context of MCMV infection, differences cannot be attributed solely to engagement of this
activating NK cell receptor. It is worth noting that considerable differences between mouse
strains across approximately one third of the genome have been reported®® which will likely
influence several physiological processes, including the response to viral infections. The role
of genetic differences is a key consideration and mirrors outcomes in humans, where the
responses to and the outcome of viral infections can vary extensively. The examination of
immune responses in multiple mouse strains should therefore be more widely considered as
it will likely provide important insights into the physiological relevance and translatability of
mouse models.

Although NKRM share characteristics of TRM, they function to prevent tissue damage

and, in this respect, share similarities with regulatory T cells. Like T regulatory type 1

(Tr1) cells, NKRM express CD49b, CD226, ICOS and CCR5°C. Regulatory T cells play a
critical role in limiting immune responses, maintaining immune homeostasis, and thereby
preventing tissue damage, including autoimmunity. They can reside in non-lymphoid tissues
as memory-like Treg cells, however in the absence of ongoing antigen presence they appear
to have limited persistence®l. The NKRM population described here persists long-term in
the absence of viral antigen, and it is therefore possible that in a non-lymphoid tissue they
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serve the principal immunoregulatory functions, as they may be best poised to moderate
local inflammation without compromising pathogen control.

Our current study focused on the SG where we demonstrated that NKRM cells play a
critical role in limiting autoimmunity by eliminating CD4" T cells in a TRAIL-mediated
manner thereby preventing a pathology consistent with Sjogren’s Syndrome, one of the most
common human autoimmune diseases®. We also showed that NKRM cells established in
the lungs after CMV infection, a finding of particular interest given the detrimental role that
local inflammation plays in the context of CMV in lung transplantation®2:23,

Whether NKRM are induced in response to other viral infections remains to be determined.
Our data demonstrating that inflammation is a driver of NKRM formation suggest that

this regulatory population may be induced in response to other infections, especially in
tissues where infection leads to inflammation that puts the health of the tissue at risk.
Examining NKRM in other physiological and clinical settings is therefore warranted. Our
study identified TRAIL-dependent killing as a key mechanism in the elimination of CD4*
T cells in the SG. It is possible that NKRM cells regulate immune responses via additional
mechanisms. In particular, the possibility that NKRM regulate immune responses in some
tissues via the production of cytokines, such as IL-10, should be considered given previous
reports that NK cells can secrete this anti-inflammatory cytokine in response to various
challenges including MCMV infection®4:55,

Herpesviruses, like CMV and EBV, have been suggested to cause low-grade ongoing
inflammation the consequences of which have remained largely unclear?. Recent findings on
the role of EBV in the etiology of Multiple Sclerosis®®57 have highlighted the importance
of considering the impact of viral infection in autoimmunity. Here, we have shown that
NKRM, a population of long-lived NK cells, establishes after CMV infection to modulate
pathogenic processes that, if left unchecked, lead to autoreactivity that manifests as a
Sjogren’s Syndrome like disease.

While inflammation is an essential component of protective immunity, a return to
homeostasis is key for tissue health. Mechanisms that return the immune system to an
equilibrium exist for both innate and adaptive immunity. Here we have shown that in
response to CMV infection, circulating NK cells form a population of long-lived resident
cells in non-lymphoid tissue to ensure a return to immune equilibrium and preservation of
optimal tissue function.

Limitations of the study

In this study we characterized NKRM and their function after MCMYV infection and focused
on their characterization in the salivary gland. Further studies examining whether NKMR
are found in other viral infections, autoimmune and/or inflammatory diseases are required
to better understand the broader relevance of NKRM. Although the murine pathology
described here has the cardinal features of Sjogren’s Syndrome, we did not have the
opportunity to investigate NKRM in human samples. Finally, the molecular pathways
required for NKRM formation and additional functions of NKRM remain to be defined.
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STAR * Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests should be directed to the lead contact,
Mariapia A. Degli-Esposti

Material Availability—This study did not generate new unique reagents.

Data and code availability—All data are in the main text and supplementary material.
Bulk RNA sequencing data are available at Gene Expression Omnibus (GEO) under
accession number GSE219243 and the single cell RNA sequencing data are available under
accession number GSE222613.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—BALB/c (CD45.2) and C57BL6/J mice were purchased from the Animal
Resources Centre (Perth, Western Australia). BALB.B6-CT6 (NK1.1*), BALB.Ly49H"
(CT8 or Cmvir, NK1.1* Ly49H*)%8, BALB/c. Tnfsf107'~ (TRAIL-deficient) and BALB/
c.CD45.1 mice were bred at the Perkins Bioresources Facility (Perth, Western Australia).
BALB/c.Cx3cr19™/9™ were bred at the Monash Animal Research Platform (Clayton,
Victoria). BALB/c.GREAT mice>® (/fng-YFP reporters) were obtained from the Animal
Services Facility of the QIMR Berghofer (Brisbane, Australia). C57BL/6 (CD45.2),
C57BL/6.CD45.1, C57BI/6. EomesC™P transgenict, C57BL6. Thx217/~, C57BL6.NcriCre
x Eomes"'f mice were bred at Memorial Sloan Kettering Cancer Center. All animal
experimentation was performed with the approval of the local Animal Ethics and
Experimentation Committees and performed in accordance with national guidelines.

METHOD DETAILS

Surgery—Parabiosis experiments were performed as previously described®®. Briefly, 6

— 8-week-old female congenic CD45.2 and CD45.1 mice were surgically connected in
parabiosis. After lateral skin incisions were made from the elbow to knee in each mouse,
forelimbs and hind limbs were tied together using nylon suture, and the skin incisions were
closed using stainless steel wound clips. After surgery, mice were maintained on a diet
supplemented with trimethoprim/sulfamethoxazole for prophylaxis against infection. The
% donor derived cells localised to the tissues was calculated as follows: number of donor
derived cells for each of the indicated cell populations/total number of the indicated cell
population in the tissue x100.

Viral Infections—Mice were infected with MCMV-K181Perth (WT MCMV) or
K181delm157 (MCMVAmM157) by intraperitoneal (i.p.) injection of 5 x 103 plague-forming
units (PFU) of SG-propagated virus, except for viral control analyses where mice were
infected with 1x10% PFU. Female mice (8 — 14 weeks old) were used for all experiments and
were randomly allocated into treatment groups.

In Vivo Treatments: NK cells were depleted by i.p. injection of 200 ug /mouse of anti-
NK1.1 mAb (clone PK136, made in house) on days 9, 13, 17, and 22 PI. Blocking of
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CXCR3 was achieved by i.p. injection of 200 pg each of anti-CXCR3 (clone CXCR3-173,
BioXCell) and anti-CXCL9 (clone MIG-2F5.5, BioXCell) per mouse i.p. on days 9, 13 and
17 P162:83,

Isolation of Leukocytes—Mice were humanly euthanised by CO, asphyxiation and
tissues excised for preparation of leukocytes. Where indicated, 2.5 pg of pan-CD45 specific
antibody were administered intravenously via the retro-orbital sinus 3 minutes prior to
euthanasia to allow for the fluorescent labelling of intravasculature leukocytes. Salivary
glands were minced and digested in 1 mL digestion solution (1 mg/mL Collagenase 1V
(Thermo Fisher) and 10 pg/mL of DNasel (Merck) in PBS) for 30 min at 37 °C while
shaking. Tissues were then processed through metal sieves and filtered through 40 pm
strainers. Spleens were dissociated by processing through metal sieves. Red blood cells in
salivary gland and spleen were removed using ACK lysis buffer.

Flow Cytometry—Cell surface staining of single-cell suspensions was performed using
fluorescently conjugated antibodies. Intracellular staining was performed following fixing
and permeabilization with the eBioscience FoxP3/ Transcription Factor Staining Buffer

Set (ThermoFisher). Dead cells were excluded using propidium iodide, 4°, 6-diamidino-2-
phenylindole hydrate (DAPI), FVS 620 (BD Biosciences) or FVS 440UV (BD Biosciences).
Cells were acquired on a LSRFortessa X20 or FACSymphony A3 cell analyser running
FACSDiva (BD Biosciences). Data analysis was performed with FlowJo software (BD
Biosciences) including Uniform Manifold Approximation and Projection (UMAP) for
dimensional reduction and FlowSOM unsupervised clustering®* analyses for which the
standard FlowJo plugin settings were applied. Clustering parameters were KLRG1, CD49a,
CD11b, IRF8, GzmB, Ly6C, CXCR6, CD127, DNAM-1, CD69 and CD62L.

Adoptive Transfer—Splenocytes were isolated from naive BALB/c.CD45.2 or BALB/
c.Cx3crI™~ mice and enriched for T and NK cells using a nylon wool column (LEUKO-
PAK Leukocyte Filter; Fenwal)5%. NKp46* cells were then isolated using a mouse NK
cell enrichment kit (StemCell Technologies) as per the manufacturer’s instructions. Cell
purity was assessed by flow cytometry. 3 — 3.5 x 10° of the enriched cells were transferred
intravenously via the retro-orbital sinus into BALB/c.CD45.1 or BALB/c. Tnfsf107~ mice
infected with 5 x 103 PFU of MCMV 4 days prior.

Generation of Chimeras—Chimeric mice were generated as described previously®6.

CD4* T cell Killing Assay—SG NKRM cells (NKp46* CD49b* CD49a* Ly6C™), non-
NKRM cells (NKp46™ CD49b* Ly6C™) and CD4* T cells were sorted from WT BALB/c or
BALBI/c. Tnfsf107~ salivary glands at day 20 P1. NK cells or NKRM were co-cultured with
CD4™* T cells at the indicated ratios for 20 hrs and viable cells enumerated by trypan blue
exclusion. The proportion of CD4* T cells remaining in cultures was determined by flow
cytometry analysis. % lysis was calculated by subtracting background death (i.e. CD4* T
cells cultured in the absence of NK cells) from the death in test cultures.

Bulk RNA Sequencing—C57BL/6.Eomes®P mice were euthanized via CO,
asphyxiation and salivary gland excised, finely minced with surgical scissors and digested in
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RPMI, 2 % FBS and collagenase D (Roche) at 37 °C for 45 min, shaking gently. Red blood
cells lysed was performed with ACK lysis buffer and lymphocytes purified by resuspension
in 40 % Percoll and centrifuging at 400 x g for 12 min at RT. Cells were then stained with a
cocktail containing fluorescently labelled antibodies specific for CD45, CD3, CD19, NK1.1,
CD49b and CD200R before sorting live CD45"TCRb™CD3"CD19"NK1.1* cells into NK
cells (CD49b*Eomes™), sgNK cells (CD49b"Eomes™) and ILC1 (CD49b~Eomes™) subsets
using a BD FACSArria I1l. RNA was isolated from sorted cells using TRIzol (Invitrogen)
followed by SMARTer amplification and Illumina next-generation sequencing. Paired-end
reads were mapped and counted at the gene level with HISAT2 (v. 2.0.5) and Rsubread (v.
1.30.9), using the same gene annotation and arguments as described previously®. DESeq2 (v.
1.14.1)%7 was used to perform differential expression analysis. To define SG ILC subset
signatures, contrasts were performed for each SG cell type versus the average of the

other two subtypes by including the argument “listValues = c(1, —1/2)” in the results()
function. DE genes were defined as padj < 0.05, |log2FC| > 1, and baseMean > 50, and
categorized by the direction of their fold change. Counts used for heatmap visualization

and principal component analysis (PCA) were log2 transformed using the DESeq2 rlog()
function. Heatmap values were corrected for experimental batches. PCA was performed on
genes of the NK vs. ILC1 signature defined previously®. Counts from the current study were
merged with counts from this previous study®.

Single cell RNA Sequencing—BALB/c mice were infected with 5 x 103 PFU of
MCMV-K181 i.p. and salivary glands collected on day 120 PI. Leukocytes were isolated
and live CD45*TCRb~CD3"CD19"NKp46*CD49b*CD200R™ cells. scRNAseq data was
generated with a 10X Genomics Chromium using the Single Cell 3 v3 chemistry and
sequenced on a MGI (MGI-SEQ2000RS) producing 360 million reads. The raw sequence
data was processed by the Cell Ranger pipeline (v5.0.1) against Mouse reference, mm10
(GENCODE vM23/Ensembl 98) resulting in 6,650 estimated cells with 54,108 reads

per cell. The expression matrix was then analysed by Seurat (v4.0.1)%8 using standard
parameters to normalize and scale expression, and nearest-neighbour graph built using the
top ten principal components, and clustering calculated at a resolution of 0.5. Clustering and
cell-cycle scoring identified a group of cells as outliers by expression which were removed
leaving 5,917 cells for further analysis. UMAP projection (Fig 2¢) was calculated and
differentially expressed genes were found per cluster using the standard Seurat workflow.

Immunofluorescence—Mice were euthanized, salivary glands excised, embedded in
Tissue-Tek® O.C.T. Compound, frozen on isopentane over dry ice and stored at —80

°C. Cryostat sections (5 um thick) were fixed in 4 % paraformaldehyde, quenched in

50 mM ammonium chloride and blocked in PBS containing 10% normal goat serum to
prevent non-specific binding. Cryosections were washed in PBS and stained overnight with
antibodies Alexa-Fluor-488-conjugated rat anti-mouse CD4 (RM4-5; Biolegend) and Alexa-
Fluor-647-conjugated rat anti-mouse B220 (RA3-6B2, Becton Dickinson). Cell nuclei
were subsequently stained with DAPI. Glass coverslips were mounted with Fluoromount™
Agueous Mounting Medium (Sigma). Confocal images were acquired using the Leica SP5
inverted confocal microscope at 2048 x 2048 pixels with an 8-bit sensitivity and analysed

in Fiji (ImageJ). The ectopic lymphoid structure (ELS) score was determined by average the
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ELS score for each sample, where large ELS (>50 cells) were weighted as 3, medium size
ELS (20 - 50 cells) as 2 and small ELS (<20 cells) as 1.

Histology—Salivary glands were excised, fixed, cut and stained with hematoxylin

and eosin were analysed with a light microscope (Olympus) and images collected at
magnifications indicated. The lymphocytic aggregate score was determined by average the
score for each sample, where large aggregates (>50 cells) were weighted as 3, medium size
aggregates (20 — 50 cells) as 2 and small aggregates (<20 cells) as 1.

Autoantibody ELISA—Autoantibodies were detected as described previously 1°. Briefly,
96-well EIA/RIA plates (Costar) were coated with a salivary gland homogenate and washed.
Serum samples (1:25 dilution) were then added and incubated for 1 hr at room temperature.
Plates were washed followed by the addition of anti-mouse 1gG peroxidase conjugated
antibody (Thermo Scientific). Tetramethylbenzidine substrate (Sigma) was added, and plates
incubated in the dark for 5-20 minutes at room temperature before terminating the reaction
with 1 M sulphuric acid. Plates were read on an Epoch plate reader (BioTek) by reading the
absorbance at 450 nm.

Measurement of Saliva Production—Mice were injected with pilocarpine (50 mg/100
g body weight) and rested for 5 min and saliva then collected using a sterile cotton swab
for a period of 5 minutes. The swab was weighed before and after saliva collection and the
amount of saliva produced expressed as mg of saliva per g of body weight.

Quantification of Viral Loads—MCMYV viral titres were determined as described?®.
Briefly, tissues were homogenized in Minimum Essential Medium (MEM) (Gibco)
supplemented with 2 % newborn calf serum (NCS) (Gibco). Homogenates were centrifuged
at 1,800 x g for 15 min at 4 °C, and the supernatant collected and stored at —80 °C.

Serial dilutions of viral supernatants were prepared in MEM+2% NCS and transferred

to an M210B4 cell monolayer in 24-well tissue culture trays. After 1 hr at 37 °C the
supernatant was removed and cells overlayed with 1 ml of 0.01 % carboxy-methylcellulose
(Sigma-Aldrich) diluted 1:2 in MEM+2 % NCS. Trays were incubated at 37 °C/5 % CO2
for 4 days, fixed, and stained with 0.5 % methylene blue in 10 % formaldehyde for 1 day
at RT. Plaques in the M210B4 monolayer were counted and numbers of plagues per organ
calculated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—All data were analyzed and graphed as mean £ SEM using Prism
(GraphPad Software). Statistical significance was determined by the nonparametric Mann-
Whitney test when comparing two groups. An ANOVA with multiple comparison test or
Kruskal-Wallis rank test was used when more than two groups were compared. A ROUT test
was used to identify outliers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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+ SEM are shown, and significance tested by two-way ANOVA with multiple comparisons.
(B) Representative histogram overlays and percentages of NK cells expressing the indicated
markers from naive (filled) or MCMV infected mice at days 7 (solid line, no fill) and 25 PI

(dashed line, no fill). The data in (A) and (B) are pooled from 2—4 (naive: 4 experiments)

and 2 (day 7 and 25 PI; 2 experiments) independent experiments (naive n=5, day 7 Pl n=
9, day 25 Pl n=10). Mean = SEM are shown, and significance tested by Mann-Whitney t
test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. See also Figures S1 and S2.
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Figure 2. NK cells are recruited and retained in the SG after MCMV infection.
(A) Schematic overview of /n vivo transfer experiments using congenically marked spleen-

purified Lin"NKp46™ cells. (B) Representative plots of live SG Lin"NKp46* cells showing
endogenous (CD45.1*CD45.27) and transferred cells (CD45.1~CD45.2*: purple gate) in
control mice and mice at day 18 PI. Transferred cells in the SG are enumerated in the graph.
(C) Representative plots of transferred Lin"NKp46* cells showing IV* and IV~ fractions in
the SG (left) and Eomes versus CD49b expression in transferred IV~ and IV* cells (right).
(D) Frequency of the various NKp46* cell subsets. (E) Frequencies of cells within the
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IV~ and IV* fraction of the transferred cells expressing CD200R and CD49a in the SG

at day 18 PI. Data in (B) to (E) are representative of (plots) or pooled (graphs) from 2
independent experiments (naive n= 3, day 18 Pl n=12), except for CD200R which is from
one experiment where 7= 6. Means = SEM are shown, and significance tested using a Mann
Whitney t test. **p <0.01, ****p <0.0001. (F) Representative plot of endogenous (blue gate)
Lin"NKp46* cells IV* and IV~ fractions in the SG at day 18 PI and expression of Eomes
versus CD49b. Plot is representative of 2 independent experiments. Data are pooled from
the 2 independent experiments (naive n= 3, day 18 Pl n=12). (G) Representative plots of
transferred Lin"NKp46™* cells at day 40 PI. The IV status and frequencies show transferred
cells are resident (1VV™) by day 40 PI. Plots are representative of 2 independent experiments.
Data are pooled from the 2 independent experiments, 7= 10. (H) Plot of Eomes versus
CDA49b expression in transferred cells resident (IV™) in the SG, and CD200R, CD49a and
Ly6C expression in transferred cells (IV~ vs IV*) at day 40 PI (7= 4, representative of 2
independent experiments). (1) Representative plot of endogenous Lin"NKp46™ cells showing
resident (IV™) and circulating (1V*) fractions (left) and Eomes versus CD49b expression
(middle). Frequencies of cells expressing CD49a in endogenous (IV™ vs IV*) cells (middle
right) and frequency of IV~ NK cells expressing Ly6C in naive and MCMYV infected mice
(far right). Plot is representative of 2 independent experiments. Data are pooled from the 2
independent experiments (naive 7= 3, day 40 Pl n= 14). Means = SEM are shown, and
significance tested by Mann Whitney t test. **p < 0.01.
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Figure 3. NK cells expand, contract and persists as a long-lived tissue resident memory-like

population following MCMV infection.

(A) NK cells (pink), ILC1 (grey) and sgNK (blue) populations were enumerated in the SG
of MCMYV infected BALB/c mice and are plotted over time. Data are representative of 6
independent experiments and shown as mean + SEM (naive n=12, day 18 7= 8, day 40 n
=13, day 120 = 6). Significance tested by two-way ANOVA with multiple comparisons.
***p < 0.001. (B) Representative plot of Eomes and CD49b expression in SG Lin"NKp46*
cells at day 120 PI (left) and frequencies of cells expressing CD49a and Ly6C in naive and
infected mice (right). Plot is representative of 4 independent experiments. Data are pooled
from the 4 independent experiments (naive 7= 6, day 120 n= 12), plotted as mean + SEM
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with significance tested by Mann Whitney t test. ns > 0.05, ***p < 0.001. (C) SG NK cells
were sorted (see Figure S3A) from mice (7= 12) at day 120 Pl and transcriptome analysis
performed by scRNAseq. Clustering of single cell data identifies seven clusters shown on
UMAP projection. (D) Pseudo-bulk heat map showing the top 5 cluster defining genes for
each cluster. (E) Pseudo-bulk heat map of top 20 transcripts defining cluster 5 and their
expression in other clusters is shown. (F) Dot plot showing expression of cluster 5 defining
genes grouped by functional associations. See also Figure S3.
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Figure 4. Phenotypic profile of long-lived memory-like tissue resident NK cells.
BALB/c mice were infected with MCMV and SG NK cells from naive and MCMV infected

mice at days 40 (A — C) and 120 PI (D — F) analysed by high-parameter flow cytometry.

(A) UMAP plots comparing NK cell clustering in naive and infected mice at day 40 PI. The
NKRM gate identifies a distinct population of cells present in MCMV-infected mice. (B)
FlowSOM unsupervised clustering analysis based Minimal Spanning Tree. The meta-cluster
branch composed of NKRM is indicated, (naive 7= 2, infected 7= 5). (C) Histogram
overlays showing expression of indicated markers in NKRM (FlowSOM population 7)
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compared to all other SG NK cells in infected mice. Data are concatenated from 5 mice. (D
— F) as above but compare naive to day 120 MCMV-infected mice. (naive n= 4, infected
n=6) (F) Histogram overlays show expression of indicated markers in NKRM (FlowSOM
population 7) compared to all other SG NK cells in infected mice. Data are concatenated
from 6 mice and are representative of at least 2 independent experiments. Dimensional
reduction was calculated on parameters KLRG1, CD49a, CD11b, IRF8, GzmB, Ly6C,
CXCR®6, CD127, DNAM-1, CD69 and CD62L. See also Figures S4, S5 and S6.
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Figure 5. Inflammation is a key driver of NKRM formation.
BALB/c.Ly49H* or C57BL/6J mice were infected with MCMVAmM157 or WT MCMYV and

SG NK cells from naive and MCMV infected mice at day 80 Pl analysed by high-parameter
flow cytometry. (A — B) BALB/c.Ly49H* + MCMVAmM157, (C — D) BALB/c.Ly49H" +
WT MCMV (E - F) C57BL/6J + MCMVAmM157 (G - H) C57BL/6J + WT MCMV. UMAP
plots (left) comparing NK cell clustering in naive and infected mice at day 80 PI. The

gates identify a distinct population of cells present in MCMV-infected mice (naive n= 4,
infected /7= 5). Histogram overlays (right) of the indicated markers show the phenotype of
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infection-related NK cell populations compared to other NK cells localized to the SG of
infected mice. The data are representative of 2 independent experiments.
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Figure 6. Depletion of NKRM leads to autoimmunity and loss of salivary gland function in
MCMV infected mice.

MCMV-infected BALB.B6-CT6 (NK1.1%) were either control treated or treated with anti-
NKZ1.1 antibody on days 9, 13, 17, and 22 Pl and SG NK cells were analysed by high-
parameter flow cytometry on day 80 PI. (A) UMAP plots comparing NK cell clustering

in control or NKRM depleted mice at day 80 Pl. NKRM cells are gated. Plots are
representative of 2 independent experiments. (B) The total number of NK cells (left),
NKRM (right) and (C) CD4* T cells in the SG of control and NKRM depleted mice at day
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80 PI (control n=4, NKRM depleted 1= 4, representative of 2 independent experiments).
(D) Representative H&E image of SG (left) and lymphocytic aggregate score in SG (right)
taken at day 152 from BALB.B6-CT6 infected with MCMV and NKRM depleted. (E)
Representative images showing CD4 (green) and B220 (pink) staining in the SG from
NKRM depleted mice at day 152 PI. White arrows locate ELS. The composition of a
representative ELS (circled) is shown at higher magnification (7= 4 per group). The data in
D and E are representative of 2 independent experiments.

(F) The number of ELS (top) and ELS score (that combines ELS number and complexity,
bottom) in SG sections, stained as in D, are shown. Mean + SEM are shown, and
significance tested by Mann Whitney t test. (G) Violin plots show SG-specific 1gG
autoantibodies at indicated times PI in control (grey) and NKRM depleted (purple) mice.
Data are pooled from 2 independent experiments (/7= 7 — 9 per group). Median, 15t and 3'd
quartile are shown. Significance was tested with a one-way ANOVA with Kruskal-Wallis
rank test, outliers excluded based on ROUT test. (H) Violin plots show saliva production at
indicated times PI in control (grey) and NKRM depleted (purple) mice (r7=8 — 9 per group).
Significance was tested by Mann Whitney t test. *p < 0.05, **p < 0.01 and ***p < 0.001.
See also Figure S7.
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Figure 7. NKRM cells eliminate SG CD4* T cells in a TRAIL-dependent manner to maintain SG
function.

(A) Schematic overview of in vivo transfer experiment where Lin”NKp46™ cells were
purified from CX3CR1-deficient mice (CD45.2) and transferred into WT (CD45.1) mice

at day 4 PI. (B) Concatenated plot of live, IV~ SG NKp46* cells showing endogenous
(CD45.17CD45.27) and transferred cells (CD45.1CD45.2*) (left panel). The frequency of
transferred cells expressing the NKRM markers Ly6C and CD49a is shown (middle panel)
and the number of transferred WT and Cx3crZ™~ NK cells in the SG at day 40 PI (right
panel). Plots are concatenated from /7= 5 and representative of 2 independent experiments.
(C) Total number of CD4* T cells in the SG of WT and Cx3crI™~ mice on day 18 PI. Data
are plotted as mean + SEM (n=7 — 9 per group), pooled from 2 independent experiments.
(D) NKRM (pink line) and all other NK cells (grey line) were sorted from the SG of WT
(solid line) or TRAIL-deficient (dashed line) mice, cultured with sorted SG CD4* T cells
for 20 hrs and killing of CD4* T cells measured. Data are pooled from 3 independent
experiments (=5 - 6 mice/group per experiment). (E) Schematic overview of /in vivo
transfer experiment where Lin~ NKp46™ cells purified from WT or CX3CR1-deficient mice
are transferred into MCMV-infected TRAIL-deficient mice at day 4 PI. (F) Total number of
CD4* T cells in the SG and (G) saliva production on day 70 PI. Data are plotted as mean +
SEM (n =3 -6 per group, representative of 2 independent experiments). Statistical analysis
was performed using a Mann Whitney #test. *p < 0.05, **p < 0.01 and ****p <0.0001. See
also Figure S7.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

PerCP-Cy™5.5 Hamster Anti-Mouse CD3e

BD Biosciences

Cat# 551163; RRID:AB_394082

BUV661 Rat Anti-Mouse CD4

BD Biosciences

Cat# 612974; RRID:AB_2870246

BV711 Rat Anti-Mouse CD4

BD Biosciences

Cat# 563726; RRID:AB_2738389

BUV737 Rat Anti-Mouse CD8a

BD Biosciences

Cat# 612759; RRID:AB_2870090

BV650 Rat Anti-Mouse CD8a

BD Biosciences

Cat# 563234, RRID:AB_2738084

BV510 Rat Anti-CD11b

BD Biosciences

Cat# 562950; RRID:AB_2737913

PerCP-Cy™5.5 Rat Anti-CD11b

BD Biosciences

Cat# 550993; RRID:AB_394002

Alexa Fluor® 700 Rat anti-CD11b

BD Biosciences

Cat# 557960; RRID:AB_396960

APC Hamster Anti-Mouse CD11c

BD Biosciences

Cat# 550261, RRID:AB_398460

FITC Rat Anti-Mouse CD19

BD Biosciences

Cat# 553785, RRID:AB_395049

PerCP-Cy™5.5 Rat Anti-Mouse CD19

BD Biosciences

Cat# 551001, RRID:AB_394004

PE-Cy™7 Rat Anti-Mouse CD45

BD Biosciences

Cat# 552848; RRID:AB_394489

APC-Cy™7 Rat Anti-Mouse CD45

BD Biosciences

Cat# 561037; RRID:AB_10563075

BV650 Mouse Anti-Mouse CD45.1

BD Biosciences

Cat# 563754; RRID:AB_2738405

APC-Cy™7 Mouse Anti-Mouse CD45.2

BD Biosciences

Cat# 560694; RRID:AB_1727492

BUV737 Hamster Anti-Rat/Mouse CD49a

BD Biosciences

Cat# 741776, RRID:AB_2871130

BV711 Hamster Anti-Rat/Mouse CD49a

BD Biosciences

Cat# 564863; RRID:AB_2738987

BUV563 Hamster Anti-Mouse CD49b

BD Biosciences

Cat# 741280; RRID:AB_2870819

PE/Dazzle™ 594 anti-mouse CD49b

BioLegend

Cat# 108923; RRID:AB_2565270

Biotin Rat Anti-Mouse CD49b

BD Biosciences

Cat# 553856, RRID:AB_395092

BV605 Rat Anti-Mouse CD62L

BD Biosciences

Cat# 563252, RRID:AB_2738098

BV750 Rat Anti-Mouse CD62L

BD Biosciences

Cat# 624380

BV605 Hamster Anti-Mouse CD69

BD Biosciences

Cat# 563290; RRID:AB_2738120

PE/Cyanine5 anti-mouse CD69 Antibody

BioLegend

Cat# 104510; RRID:AB_313113

BV750 Rat Anti-Mouse CD103

BD Biosciences

Cat# 747478, RRID:AB_2872154

BV786 Rat Anti-Mouse CD127

BD Biosciences

Cat# 563748; RRID:AB_2738403

Alexa Fluor® 647 anti-mouse CD127 (IL-7Ra) BioLegend

Cat# 135020; RRID:AB_1937209

PE anti-mouse CD200R (OX2R) BioLegend

Cat# 123908; RRID:AB_2074080

CD200 Receptor Monoclonal Antibody (0X110), APC Thermo Fisher Scientific

Cat# 17-5201-82; RRID:AB_10717289

PE/Dazzle™ 594 anti-mouse CD226 (DNAM-1) BioLegend Cat# 128817; RRID:AB_2632822
Brilliant Violet 711™ anti-mouse CD186 (CXCR6) BioLegend Cat# 151111; RRID:AB_2721558
PE/Dazzle™ 594 anti-mouse CD186 (CXCRS6) BioLegend Cat# 151117; RRID:AB_2721700

EOMES Monoclonal Antibody (Danllmag), PE-Cyanine7 Thermo Fisher Scientific

Cat# 25-4875-80; RRID:AB_2573453

EOMES Monoclonal Antibody (Danllmag), PerCP-eFluor 710 | Thermo Fisher Scientific

Cat# 46-4875-82; RRID:AB_10597455

Brilliant Violet 711™ anti-mouse F4/80 BioLegend

Cat# 123112; RRID:AB_893482

IRF8 Monoclonal Antibody (V3GYWCH), APC Thermo Fisher Scientific

Cat# 17985282; RRID:AB_2573318
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alexa Fluor® 700 Mouse anti-Human Granzyme B

BD Biosciences

Cat# 560213; RRID:AB_1645453

BV650 Rat Anti-Mouse I-A/I-E

BD Biosciences

Cat# 563415; RRID:AB_2738192

BUV395 Hamster Anti-Mouse KLRG1

BD Biosciences

Cat# 740279; RRID:AB_2740018

APC Hamster Anti-Mouse KLRG1

BD Biosciences

Cat# 561620; RRID:AB_10895798

BUV661 Rat Anti-Mouse Ly-6A/E

BD Biosciences

Cat# 741466; RRID:AB_2870934

Brilliant Violet 570™ anti-mouse Ly-6C

BioLegend

Cat# 128030; RRID:AB_2562617

Alexa Fluor® 700 Rat Anti-Mouse Ly-6C

BD Biosciences

Cat# 561237, RRID:AB_10612017

BV605 Rat Anti-Mouse LY-6G

BD Biosciences

Cat# 563005; RRID:AB_2737946

BV480 Mouse anti-Mouse Ly-49H

BD Biosciences

Cat# 746493; RRID:AB_2743793

BV421 Mouse Anti-Mouse NK-1.1

BD Biosciences

Cat# 562921, RRID:AB_2728688

PE-Cy™7 Mouse Anti-Mouse NK-1.1

BD Biosciences

Cat# 552878; RRID:AB_394507

BV421 Rat Anti-Mouse CD335

BD Biosciences

Cat# 562850; RRID:AB_2737837

PE/Cyanine7 anti-mouse CD335 (NKp46) Antibody

BioLegend

Cat# 137618; RRID:AB_11219186

BV786 Streptavidin

BD Biosciences

Cat# 563858; RRID:AB_2869529

BV510 Hamster Anti-Mouse TCR B Chain

BD Biosciences

Cat# 563221; RRID:AB_2738078

PerCP-Cy™5.5 Hamster Anti-Mouse TCR B Chain

BD Biosciences

Cat# 560657, RRID:AB_1727575

FITC Hamster Anti-Mouse TCR B Chain

BD Biosciences

Cat# 553170; RRID:AB_394682

PE anti-mouse CD253 (TRAIL) BioLegend Cat# 109305; RRID:AB_2303575
InVivoMADb anti-mouse CXCR3 (CD183) BioXCell Cat# BE0249, RRID:AB_2687730
InVivoMADb anti-mouse CXCL9 (MIG) BioXCell Cat# BE0309; RRID:AB_2736989
NK1.1+ depletion antibody In house Clone PK136 (PubMed ID: 6500587)

Alexa Fluor® 488 Rat Anti-Mouse CD4

BD Biosciences

Cat# 557667; RRID:AB_396779

Alexa Fluor® 647 anti-mouse/human CD45R/B220

BioLegend

Cat# 103226; RRID:AB_389330

Goat anti-Mouse 1gG Fc Secondary Antibody, HRP

Thermo Fisher Scientific

Cat# A16084; RRID:AB_2534758

Bacterial and virus strains

MCMV-K181Perth MA Degli-Esposti N/A
MCMV-K181Peth_delm157 MA Degli-Esposti N/A

Chemicals, peptides, and recombinant proteins

Collagenase type IV Thermo Fisher Scientific Cat# 17104019
DNase | recombinant, RNase-free Merck Cat# 4536282001
Brilliant Staining Buffer BD Biosciences Cat# 563794

eBioscience FoxP3/ Transcription Factor Staining Buffer Set

Thermo Fisher Scientific

Cat# 00-5523-00

Fixable Viability Stain 440UV

BD Biosciences

Cat# 566332

Fixable Viability Stain 620

BD Biosciences

Cat# 564996

Fetal Bovine Serum

Thermo Fisher Scientific

Cat# 10499-044

4’, 6-diamidino-2-phenylindole hydrate Merck Cat# D8417-5MG
Percoll Merck Cat# GEHE17-0891-01
propidium iodide Merck Cat# 81845

EasySep™ Mouse NK Cell Isolation Kit STEMCELL Technologies CAT# 19855
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REAGENT or RESOURCE SOURCE IDENTIFIER
LEUKO-PAK Leukocyte Filter; Fenwal Fenwal Laboratories Code# 4C2401
TRIzol REagent Thermo Fisher Scientific Cat# 15596018
Fluoromount™ Aqueous Mounting Medium Merck Cat# F4680

3,3’ ,5,5"-Tetramethylbenzidine (TMB) Liquid Substrate System | Merck Cat# T8665
Pilocarpine hydrochloride Merck Cat# P6503-5G
Newborn Calf Serum Thermo Fisher Scientific Cat# 16010159
carboxy-methylcellulose Merck Cat# C5013
PureLink RNA Mini Kit Thermo Fisher Scientific Cat# 12183018A
Sso Advanced Universal SYBR® Green Supermix Bio-Rad Cat# 1725271
RNAlater Merck Cat# R0901

Trypan Blue Solution Merck Cat# T8154-100mL
CELL LINES

M210B4 cells ATCC Cat# CRL-1972
Critical commercial assays

SMART-Seq v4 Ultra Low Input RNA Kit TaKaRa Cat#634892

KAPA Hyper Prep Kit Roche Sequencing Solutions | KAPA Hyper Prep Kit

Single cell RNA-seq on salivary gland NK cells

HiSeq 3000/4000 SBS Kit Illumina Cat# FC-410-1001

10X Genomics Chromium Single Cell 3’ V3.1 10x Genomics N/A

MGIEasy RNA Library Prep Set MGI Cat#1000006383

MGITech MGISEQ2000RS platform MGI N/A

Deposited data

RNA-seq on steady-state tissue group 1 innate lymphocytes This study Gene Expression Omnibus: GSE219243
This study Gene Expression Omnibus:

GSE222613

Experimental models: Mice

BALB/c Animal Resource Centre, N/A
Perth Western Australia

C57BL/6 Animal Resource Centre, N/A
Perth Western Australia

BALB.B6-CT6 Laboratory of M.A. Degli- N/A
Esposti

BALB.B6-CT8 Laboratory of M.A. Degli- N/A
Esposti

BALB.B6-Cmv1r Laboratory of M.A. Degli- N/A
Esposti

BALB.CD45.1 Laboratory of M.A. Degli- N/A
Esposti

BALB/c. Tnfsf107- Laboratory of M.A. Degli- N/A
Esposti

BALB/c.Cx3cr1!- Laboratory of M.A. Degli- N/A
Esposti

C57BL/6.CD45.1 Laboratory of J.C. Sun N/A

C57BL6. Thx217- Laboratory of J.C. Sun N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
C57BI/6.E0mes®™ Laboratory of J.C. Sun N/A
C57BL6.NeriCe x Eomesfl Laboratory of J.C. Sun N/A
BALBI/c./fng.YFP Gifted by Geoff Hill QIMR, | N/A
Brisbane
Oligonucleotides
gRT-PCR primers
Cx3crl F- GAGTATGACGATTCTGCTGAGG Integrated DNA NA
R- CAGACCGAACGTGAAGACGAG Technologies
Cxcl9 F- ACTTCTGAGGCTCACGTCAC Integrated DNA N/A
R- AGGTTCTGAAGGCCAACTCT Technologies
Cxcl10 F- CAAAAGTAACTGCCGAAGCA Integrated DNA N/A
R- CTGAGCTAGGGAGGACAAGG Technologies
L32 F- CATCGGTTATGGGAGCAAC Integrated DNA N/A
R- GCACACAAGCCATCTACTCAT Technologies
Software and algorithms
FlowJo v10 BD Biosciences N/A
GraphPad Prism v9 GraphPad Software N/A
Fiji (Image J) NIH N/A
Ilustrator Adobe N/A
HISAT2 (v. 2.0.5) Kim Laboratory, http://daehwankimlab.github.io/hisat2/
Bioinformatics Department,
University of Texas
Southwestern
Rsubread (v. 1.30.9), Bioconductor https://bioconductor.org/packages/
release/bioc/html/Rsubread.html
DESeq2 (v. 1.14.1) Bioconductor https://bioconductor.org/packages/
release/bioc/html/DESeq2.html
ComplexHeatmap (v. 1.99.7) Bioconductor https://www.bioconductor.org/
packages/release/bioc/html/
ComplexHeatmap.html
R Project https://www.r-project.org/ 4.0.2
Seurat CRAN 4.0.1
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