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INFECTIOUS DISEASES

Ly6Chi monocytes balance regulatory and
cytotoxic CD4 T cell responses to control

virus-induced immunopathology
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Gammaherpesviruses (yHVs) have coevolved with their host, leading to a remarkably high infection prevalence
and establishment of latency. The lifelong persistence of YHVs in hosts appears to broadly shape host immunity,
and we show here that pulmonary infection with Murid herpesvirus 4 (MuHV-4), a mouse YHV, drives the recruit-
ment of Ly6Ch' monocytes (MOs) into the airway, thereby modulating the host immune response. The absence of
Ly6Ch' MOs is associated with severe virus-induced immunopathology and the systemic release of inflammatory
mediators. Mechanistically, MuHV-4-imprinted MOs recruit CD4 T cells to the airways and trigger immuno-
suppressive signaling pathways through the PD-L1/PD-1 axis, thereby dampening the deleterious activation of
cytotoxic CD4 T cells. These results uncover a role for Ly6Chl MOs in modulating CD4 T cell functions and reveal
pathways that could be targeted therapeutically to reduce detrimental immunopathological responses associated

with respiratory viral infections.

INTRODUCTION
Microorganisms are major environmental factors that play funda-
mental roles in training and modulating the host immune responses
(I). In particular, the cross-talk between microbes and immune
cells at the mucosal surface is critical for establishing an appropriate
immune landscape (2). Viruses frequently infect the respiratory
tract, and outcomes can range from asymptomatic to fatal illness.
Attributes associated with the virus itself, the external environment,
and the host contribute to disease heterogeneity. Variability in in-
nate immune responses is one of the main factors associated with
diverse disease responses to respiratory viral infections (3). A better
understanding of these innate pathophysiological mechanisms is
critical to identifying targets for specific therapeutic intervention.
Of the players in innate immunity, monocytes (MOs) display re-
markable plasticity and heterogeneity and play important roles in
pathogen killing, immunomodulation, or sustaining inflammation
in a context-dependent manner (4, 5). Understanding the balance
between proinflammatory and immunomodulatory pathways trig-
gered by MOs upon viral infections is therefore of major importance.
Among the most prevalent human viruses, Epstein-Barr virus
(EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) are two
gammaherpesviruses (YHVs) associated with lifelong persistence in
immune cells (6). Through coevolution with their host, YHVs have
established a reciprocal beneficial relationship and appear to broadly
influence the function of the immune system (7). The vast majority
of EBV and KSHYV infections are associated with mild symptoms in
immunocompetent individuals, but they can markedly alter immune
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responses against unrelated antigens (8). The manipulation of B cells
and evasion of T cell responses by YHVs have been widely studied,
but how these viruses interact with the innate arm of the immune
response is still poorly defined (9). We have recently shown that
Murid herpesvirus 4 (MuHV-4), a YHV that infects mice, can protect
against allergic asthma by inducing the replacement of resident alve-
olar macrophages (AMs) by MOs primed to have regulatory proper-
ties (10). However, the function of these MOs in YHYV life cycle is not
well understood, nor are their potential contributions to host-yHV
interactions.

Here, we show that pulmonary infection with MuHV-4 induces
the early recruitment of Ly6Chl MOs in the airways, which contributes
to the fine control of the host immune response. MuHV-4-imprinted
MOs form clusters with CD4 T cells in their vicinity and promote
regulatory cross-talk through immune checkpoint proteins. These
results reveal a role for Ly6Chl MOs in shaping the function of effec-
tor CD4 T cells and identify a key pathway that could be targeted by
therapeutic strategies to mitigate host hyperinflammation.

RESULTS

MO deficiency leads to a severe MuHV-4-associated disease
without affecting virus-specific adaptive immunity

MuHV-4 respiratory infection triggers the massive recruitment of
MOs into the alveolar space at early time points after infection (10).
These MOs exhibit increased expression of stem cell antigen 1 (Sca-1)
and major histocompatibility complex class II (MHCII), which is
associated with the acquisition of a regulatory profile (11). Expres-
sion of Sca-1 and MHCII on MOs trafficking from the bone marrow
(BM) to the airways peaked at day 8 after infection (fig. S1, A to D) and
correlated with production of the canonical regulatory interleukin-10
(IL-10) upon lipopolysaccharide (LPS) stimulation (fig. S1, E and
F), suggesting immunomodulatory functions. Upon inflammation,
emigration of Ly6Chl MOs from the BM requires signals mediated
by chemokine receptor CCR2 (12). We explored the role of Ly6Chl
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MOs in the regulation of YHV life cycle by comparing the course of
MuHV-4 pulmonary infection between wild-type (WT) and CCR2-
deficient (CCRZ_/_) C57BL/6 mice (Fig. 1A). As expected, WT mice
had a massive increase of CCR2* Ly6Chl MOs in the blood and
bronchoalveolar fluids (BALFs) during MuHV-4 infection (Fig. 1,
B and C) and did not display any clinical symptoms or substantial
weight loss (Fig. 1D). In contrast, the absence of Ly6C™ MOs was
associated with severe disease as indicated by weight loss and a mas-
sive inflammatory infiltrate into the lung parenchyma upon infec-
tion (Fig. 1, D and E). Similarly, MuHV-4-infected BALB/c mice,
treated with anti-CCR2 antibody [MC21 monoclonal antibody (mAb)]
(13), displayed transient depletion of MOs and showed greater
weight loss and a more severe clinical score than counterparts treated
with isotype control mAb (fig. S2). To examine changes to the bio-
physical properties of the lung over the course of MuHV-4 infection
in the absence of MOs, we mechanically ventilated WT or CCR2™~
mice via tracheostomy and performed forced oscillation tests. WT
mice showed normal lung biomechanics at day 8 after infection, but
CCR2™"" mice had markedly abnormal values for most parameters,
such as an increased respiratory system resistance and elastance, re-
duced compliance, and increased tissue damping and tissue elastic-
ity (Fig. 1F). Besides, an alteration of blood parameter was also
present with the increased hematocrit level (Fig. 1G). Although weight
loss is transient and the alveolar niche is efficiently reconstituted in
a CCR2-independent manner (fig. S3), this does not discount the
crucial role of MOs in controlling acute infection. To evaluate the
overall impact of MO deficiency on the disease phenotype, we mea-
sured survival after infection of WT or CCR2”" mice with high
doses of MuHV-4. Although WT mice recovered rapidly from the
infection, all CCR2™/~ mice succumbed to the same infection within
8 days (Fig. 1,1 and J), demonstrating the major importance of MOs
in preventing lethal virus-induced disease.

MOs are described to exert direct antiviral functions and to re-
strict viral replication (14, 15). However, WT or CCR2™" infected
mice presented similar viral loads in the lung at days 8 and 15 after
infection (Fig. 1H), supporting the idea that MuHV-4-imprinted
MOs are not essential for viral clearance but, instead, may regulate
excessive inflammation. We verified the absence of earlier viral rep-
lication in MO-depleted mice using a luciferase-expressing MuHV-4
strain (MuHV-4-Luc) (16), in C57BL/6 albino WT mice, treated
with MC21 mAD or control mAb (Fig. 1K). Although the depletion
of MOs was associated with severe weight loss (Fig. 1L), we quanti-
fied comparable levels of light emission and observed similar MuHV-4
replication rates (Fig. 1, M and N). MOs are known to be involved
in T cell priming in various infection models (17). However, the
establishment of MuHV-4-specific adaptive responses was compa-
rable in the presence or absence of MOs, as demonstrated by the
similar frequency and number of lung MuHV-4-specific CD8" T cells
and by the similar level of MuHV-4-specific immunoglobulin G
(IgG), measured at days 8, 15, and 30 after infection (Fig. 1, O to R).
Together, these data suggest a critical role for MuHV-4-recruited
MOs in the regulation of deleterious innate immune responses rather
than in the priming of virus-specific adaptive responses.

MuHV-4-imprinted MOs prevent the development

of the cytokine storm response

Evaluation of changes in innate cells during MuHV-4 infection in
WT and CCR2™™ mice allowed us to identify a massive accumula-
tion of neutrophils in the BALF of CCR2™”™ mice (Fig. 2, A to C).
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This accumulation of neutrophils correlated with higher production
of proinflammatory cytokines including IL-6, interferon-y (IFN-y),
and tumor necrosis factor-a (TNF-0) in BALF (Fig. 2D). Of note,
IL-6, type I IFN, and granulocyte-macrophage colony-stimulating
factor (GM-CSF) concentrations also increased during infection in
the blood of CCR2™'~ mice compared with WT mice (Fig. 2E), sug-
gesting that the absence of MOs has broader consequences than
local tissue production of cytokines. Neutrophils play multiple roles
in acute viral infections and are detrimental in some viral respiratory
diseases (18). To assess whether neutrophil accumulation in the air-
ways contributed to the immunopathological responses to infec-
tion, we treated WT and CCR2™~ mice with anti-Ly6G-depleting
antibodies from day 4 to day 8 after MuHV-4 infection (Fig. 2F).
The systemic injection of anti-Ly6G antibodies led to efficient neu-
trophil depletion, but weight loss and BALF cytokine concentra-
tions were comparable in the presence or absence of neutrophils for
infected CCR2™'~ mice (Fig. 2, G to]), indicating that recruited neu-
trophils are not the major drivers of the disease. Uncontrolled release
of proinflammatory cytokines, commonly described as a “cytokine
storm,” has detrimental systemic consequences in several respiratory
viral infections, including influenza (19) and coronavirus disease
2019 (COVID-19) (20). To assess whether a similar mechanism oc-
curred in MuHV-4-infected mice in the absence of recruited MOs,
we quantified the cytokine response in the BALF and blood of WT
and MO-depleted mice over the course of infection (Fig. 2, K to N).
Similar to CCR2™~ mice, MO depletion was accompanied by mas-
sive neutrophil infiltration in the BALF of MuHV-4-infected mice
(Fig. 2L). Furthermore, we confirmed that the absence of MOs trig-
gered a massive release of proinflammatory cytokines in the BALF
and blood of MuHV-4-infected mice lacking MOs (Fig. 2, M and N).
This experiment also showed a higher concentration of IL-10 in the
BALF of MuHV-4-infected WT mice compared with MO-depleted
mice. This observation suggested that recruited MOs may protect
against virus-induced immunopathology through local production
of regulatory cytokines.

MuHV-4-imprinted MOs drive the recruitment of
IL-10-producing CD4 T cells in the airways

To determine whether IL-10 plays an essential role in the control of
MuHV-4-associated pathology, we followed disease progression
during infection in WT and IL-10-deficient (IL- 107") mice (Fig. 3A).
The absence of IL-10 led to a severe worsening of pathology as evi-
denced by higher weight loss (Fig. 3B), BALF neutrophilia (Fig. 3C),
and a massive release of IFN-y in both BALF and blood (Fig. 3D).
To decipher whether IL-10 production by MOs is a key mechanism
controlling disease severity, we generated an inducible conditional
mutant mouse, Ccr2-creER™ IL-10'"°%, in which Cre recombinase
requires the presence of tamoxifen for activity (Fig. 3E) (2I). This
targeted depletion (Fig. 3F) did not increase weight loss or lung
neutrophilia compared with MuHV-4-infected WT mice (Fig. 3,
G and H), thus demonstrating that IL-10 produced by MOs is not
the direct driver of the protective phenotype. To rule out any anom-
alous results due to Cre excision efficiency, we confirmed these re-
sults using mixed chimeras (fig. S4). Mice reconstituted with a mix
(50:50) of CCR2”~ and IL-10"~ BM cells, which are deficient of any
circulating IL-10-producing MOs, did not display any weight loss
upon MuHV-4 infection (fig. S4B). Hence, we assessed IL-10 ex-
pression upon MuHV-4 infection across all lung cell populations
using IL-10-B-lactamase reporter ITIB mice (22). This unbiased
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Fig. 1. MO deficiency leads to a severe MuHV-4-associated disease without affecting virus-specific adaptive immunity. (A) Experimental layout for (A) to (H). i.t.,
intratracheal. (B) Fluorescence-activated cell sorting (FACS) plots of Ly6Chi MOs from blood and BALF (gated as described in fig. S1) at day 8 post-infection (p.i.). (C) Per-
centages and numbers of Ly6C" CCR2* MOs in blood and BALF (n=4 to 5, three experiments). (D) Body weight as percentage of initial weight (n =5 to 10, three experi-
ments). (E) Histological analysis of lung sections at day 8 after infection stained with H&E (n =4, one experiment). (F) Respiratory mechanics parameters from the lung
function assessment at day 8 after infection (n =4 to 5, one experiment). (G) Hematocrit (Htc) measurement (n =5 to 14, two pooled experiments). (H) MuHV-4 genome
copiesin lung (n=4to 5, three experiments). (1) Experimental layout for (1) and (J). (J) Survival curves (n =6, one experiment). (K) Experimental layout for (K) to (N). (L) Body
weight as percentage of initial weight (n =4 to 6, two experiments). (M) Luciferase signals from infected mice at day 8 after infection (n =4 to 6, two experiments). (N) Quan-
tification of luciferase signals from infected mice (n=4 to 6, two experiments). (0) Experimental layout for (P) to (R). (P) FACS plots of DPORF6*74% and K°ORF61524-53"
MuHV-4-specific tetramer stainings of lung CD8 T cells. Numbers in gates indicate mean percentages of tetramer-positive cells in CD8" T cells. (Q) Number of MuHV-4-
specific tetramer® CD8* T cells in the lung and MLN (n =4 to 10, three experiments). (R) Anti-MuHV-4 antibodies (n = 2 to 6, three experiments). For comparisons between
multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Error bars represent SEM. See also figs. S1 to S3.
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Fig. 2. MuHV-4-imprinted MOs prevent the development of the cytokine response. (A) Experimental layout for (A) to (E). (B) FACS plots of BALF MOs and neutrophils
at day 8 after infection. (C) Numbers of BALF MOs and neutrophils (n=5 to 6, three experiments). (D and E) Cytokine production in BALF (D) and sera (E) at day 8 after
infection (n =4 to 6, two experiments). (F) Experimental layout for (F) to (H). (G) Body weight as percentage of initial weight (n =6 to 7, three experiments). (H) Numbers
of neutrophils and MOs in BALF at day 8 after infection (n =5, three experiments). (I) ELISA measurement of IL-6 in blood at day 8 after infection (n=4 to 5, one experi-
ment). (J) ELISA measurement of IL-6, IFN-y, and TNF-a in BALF at day 8 after infection (n=4 to 5, one experiment). (K) Experimental layout for (1) to (M). (L) Numbers of
BALF MOs and neutrophils (n =2 to 6, three experiments). (M and N) Cytokine production in BALF (L) and sera (M) from MC21-treated or untreated mock- or MuHV-4-
infected mice (n=4 to 6, one experiment). For comparisons between two groups, Student’s two-tailed t test was used. For comparisons between multiple groups, one-way or
two-way ANOVA was used with multiple-comparison tests. ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars represent SEM.
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Fig. 3. MuHV-4-imprinted MOs drive the recruitment of IL-10-producing CD4 T cells in the airways. (A) Experimental layout for (A) to (D). (B) Body weight as percentage
of initial weight (n=4 to 14, three experiments). (C) Numbers of BALF neutrophils at day 8 after infection (n=4 to 6, three experiments). (D) ELISA measurement of IFN-y in
BALF and blood at day 8 after infection (n =4 to 6, one experiment). (E) Experimental layout for (F) to (H). i.p., intraperitoneal. (F) FACS plots of lung MOs expressing IL-10 after
ex vivo stimulation with LPS. Mean percentages are shown. (G) Body weight as percentage of initial weight (n =5 to 10, three experiments). (H) Numbers (day 8 after infection)
of lung MOs expressing IL-10 after ex vivo stimulation with LPS and BALF neutrophils (n =4 to 8, three experiments). (I) Experimental layout and FACS plots of IL-10 signals in
CD4T cells and MOs at day 8 after infection, assessed in lung cells from ITIB mice. Mean percentages are shown (n=4 to 6, three experiments). (J) Experimental layout and
numbers of BALF CD4 T cells (n=2 to 6, three experiments). (K) Experimental layout for panels and numbers of BALF IL-10-expressing CD4 T cells (n =4 to 6, three experi-
ments). (L) Pie charts depicting the mean number and the proportion of the different IL-10" cells in BALF at day 8 after infection. (M) Experimental layout for (N) to (P). (N) Body
weight as percentage of initial weight (n =4 to 6, one experiment). (0) Numbers (day 8 after infection) of lung CD4 T cells expressing IL-10 after ex vivo stimulation with
0aCD3aCD28 purified antibodies and BALF neutrophils (n =3 to 13, one experiment). (P) ELISA measurement of IFN-y in BALF at day 8 after infection (n =3 to 13, one experi-
ment). (Q and R) FACS plots (Q) and numbers (R) of lung MOs expressing CXCL9. Numbers in gates indicate means (n =4 to 6, three experiments). (S) FACS plots of CXCL9*
BALF cells in MuHV-4-infected mice. Numbers in gates indicate means. (T) Pie charts depicting the mean number and the proportion of the different CXCL9* cells in BALF.
(U) Numbers of lung CD4 T cells expressing CXCR3 (n =4 to 6, one experiment). For comparisons between multiple groups, one-way or two-way ANOVA was used with
multiple-comparison tests. ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars represent SEM. See also figs. S4 and S5.
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approach confirmed that MuHV-4 infection induced an increase of
IL-10-producing cells in the airways and identified CD4 T cells as
the main producers of IL-10 after MuHV -4 infection (Fig. 3I), raising
the idea that MOs could play an essential regulatory role, affecting
indirectly CD4 T cell function. On the basis of these findings, we
monitored CD4 T cell infiltration in the BALF of MuHV-4-infected
mice, treated with MC21-depleting antibody or control mAb. This
experiment revealed that the absence of MOs correlated with marked
impairment of CD4 T cell infiltration over the course of MuHV-4
infection (Fig. 3]). To more precisely determine whether MuHV-4-
imprinted MOs affect the accumulation of IL-10-producing CD4
T cells in the lung, we treated ITIB mice with the MC21 or isotype
control upon infection. The absence of MOs was associated with a
strong reduction of IL-10-producing CD4 T cells in the airways
(Fig. 3, Kand L), suggesting that MuHV-4-imprinted MOs control
disease severity by modulating the trafficking and functional prop-
erties of CD4 T cells.

Because MO-derived IL-10 appeared to be dispensable for direct
control of viral pathology, we next assessed the relative importance
of IL-10-producing T cells in maintaining homeostasis upon MuHV-4
infection by comparing the disease severity between CCR2™~ mice
and conditional mutant mice CD4-cre IL-10""°% with respective
littermates (Fig. 3M). The marked reduction of IL-10-producing
CD4 T cells induced a partial phenotype characterized by weight
loss, neutrophilia in the airways, and IFN-vy release that was interme-
diate between WT and CCR2 ™'~ infected mice (Fig. 3, N to P). These
results suggested that a defect in IL-10 production by CD4 T cells is
critical but not sufficient to fully recapitulate the disease phenotype.
A decrease in lung CD4 T cells in the absence of MOs could be the
result of a defect in initial priming in the mediastinal lymph node
(MLN) or a defect in lung tissue recruitment and local immune re-
sponses. Efficient priming of CD4 T cells was observed in both WT
and CCR2™'™ mice upon infection, as evidenced by similar numbers
of CD4 T cells in the MLN (fig. S5, A and B) and equivalent prolif-
erative capacities of these cells in the MLN and lung (fig. S5, C to F).
Accordingly, we observed comparable activation and migratory ca-
pacities of conventional dendritic cells (¢cDCs) in WT and CCR27~
mice upon infection. We detected negligible numbers of MO-derived
DCs in the MLN (fig. S5, G and H), consistent with the low capacity
of these DCs to migrate to LNs and prime T cell responses (23, 24).
We also assessed the ability of CD4 T cells to differentiate into reg-
ulatory T cells (T'egs) upon infection. This experiment revealed sim-
ilar numbers of forkhead box P3-positive (FOXP3") MLN CD4
T cells in the infected groups and a reduced number of FOXP3"
lung CD4 T cells in CCR2”" mice (fig. S5, I and J). Therefore, these
findings support the hypothesis that lung MOs may locally regulate
the recruitment and activation of CD4 T cells rather than modulate
initial priming or potential plasticity in the MLN.

During priming and activation, T cell trafficking into inflamed
tissues is a dynamic process involving extravasation and chemotax-
is via critical chemokines such as CXC ligand 9 (CXCL9), CXCL10,
and CXCL11. In particular, CXCL9, whose expression is dependent
on IFN-y (25), interacts with the CXCR3 receptor and plays pleio-
tropic roles in migration, differentiation, and activation of CD8 and
CD4 T cells (26, 27). To address the importance of the CXCL9/
CXCR3 axis in the control of MuHV-4-associated disease, we inves-
tigated CXCL9 production by lung leukocytes in WT and MO-depleted
mice after infection. Our data revealed that MuHV-4-imprinted
MOs from WT mice produce high concentrations of CXCL9 in the
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airways (Fig. 3, Q and R). In MuHV-4-infected WT mice, the main
producers of CXCL9 were MOs and AMs, and these cells are mainly
derived from MOs in MuHV-4-infected WT mice (Fig. 3, S and T)
(10). In accordance with CXCL9 overproduction during infection,
we observed a concomitant increase in CXCR3 expression on CD4
T cells (Fig. 3U), confirming the importance of the CXCL9/CXCR3
axis in bringing together MOs and MuHV-4-imprinted CD4 T cells
in the airways. Overall, these data revealed a key role of MuHV-4-
imprinted MOs in promoting local recruitment of CD4 T cells, in-
cluding IL-10-producing CD4 T cells, and raised the hypothesis of
potential cross-talk between these cell types to control the inflam-
matory response.

MuHV-4 infection promotes profound changes on both MO
and CD4 T cell transcriptional programs

To assess the transcriptional diversity of MOs and CD4 T cells upon
MuHV-4 infection, and to decipher potential transcriptomic alter-
ations of CD4 T cells in the absence of MOs, both cell types were
sorted from mock- or MuHV-4-infected WT or CCR2™~ mice at
day 8 after infection and profiled by droplet-based single-cell RNA
sequencing (scRNA-seq). To identify the potential functional het-
erogeneity between BALF and lung cells, hashtag oligomers were
used as described (28) to multiplex cells across both sublocaliza-
tions (Fig. 4 and fig. S6, A and B). A total of 9682 cells (MOs and
CD4 T cells from lung and BALF of mock- and MuHV-4-infected
WT or CCR2”™ mice) were analyzed (fig. $6, C and D). We initially
merged data from all samples, performed unsupervised clustering
on highly variable genes, and projected cells in two dimensions
using uniform manifold approximation and projection (UMAP)
(Fig. 4B). This analysis confirmed the presence of two main popula-
tions corresponding to MOs and CD4 T cells. We then identified
the origin of those cells based on respective hashtags.

Using an unsupervised clustering of single cells, we identified
three and four major clusters of MOs and CD4 T cells, respectively
(Fig. 4, C and F). Then, we selected the top 10 genes differentially
expressed (DE) across clusters to define the phenotypic heterogeneity
underlying each cell subcluster (Fig. 4, D and G). MO and CD4
T cell clusters differ largely in proportions and numbers upon in-
fection. We observed enrichment of cluster 1 within the MO popu-
lation and of clusters 0 and 2 within the CD4 T cells upon infection
(Fig. 4, E and H). Analysis of DE genes on MOs and CD4 T cells
identified 2511 DE genes in MOs and 2964 in CD4 T cells. Out of
this list, the most relevant genes uniquely expressed between mock
and MuHV-4 infection conditions were highlighted (Fig. 4, I and K)
and selected for differential gene expression analysis within each
specific cluster (Fig. 4, Jand L).

Focusing on MOs, we observed that cluster 1 exhibited mixed
features upon infection, characterized by a prominent chemokine
secretory profile (e.g., CCL8, CCL7, CCL2, CCL5, CXCL9, CXCL10,
and CXCL16), a regulatory signature (e.g., Tgfbi, CD274, SPP1, and
Ly6a), an IFN-induced response (Gbp2, Stat1, Isg15, Ifi47, Irf7, Oasl2,
and Socs1), and a typical antigen-presenting cell profile (e.g., H2-Q7,
H2-K1, H2-Abl, H2-Aa, and CD74) (Fig. 4]). In addition, BubbleGUM
analysis (29) (Fig. 4M) confirmed strong enrichment upon infec-
tion in processes such as response to type I or type II IFN, antigen
processing and presentation, regulation of leukocyte chemotaxis,
regulation of T cell-mediated cytotoxicity, and Ty, differentiation.
Feature plots of key transcripts involved in T cell chemotaxis and
regulation, such as CD274 [programmed cell death ligand 1 (PD-L1)],
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Fig. 4. MuHV-4 infection promotes profound changes on both MO and CD4 T cell transcriptional programs. (A) Experimental layout (n =4 pooled mice by group,
one experiment). (B) UMAP representation of scRNA-seq landscape. (C) UMAP representation of the top 20 PCs of MOs from mock- and MuHV-4-infected mice. (D) Heatmap
of the 10 most DE genes for each cluster of MOs identified in (C). (E) Numbers of lung MOs per cluster and per condition. (F) UMAP representation of the top 20 PCs of CD4
T cells from mock- and MuHV-4-infected mice. (G) Heatmap of the 10 most DE genes for each cluster of CD4 T cells identified in (F). (H) Numbers of lung CD4 T cells per
cluster and per condition. (I) Volcano plot of genes expressed by MOs of mock (blue)- and MuHV-4 (red)-infected mice. Light gray dots under the line represent nonsig-
nificant genes (FDR < 0.05). (J) Dot plot of DE genes (y axis) by MO clusters (x axis). Dot size represents the ratio (MuHV-4/mock) of the number of cells in the cluster that
express the gene, and color indicates the log; fold change of the mean expression of each gene for a cluster. (K) Volcano plot of genes expressed by CD4 T cells of mock
(blue)- and MuHV-4 (red)-infected mice. Light gray dots under the line represent nonsignificant genes (FDR < 0.05). (L) Dot plot of DE genes (y axis) by CD4 T cell clusters
(x axis). Dot size represents the ratio (MuHV-4/mock) of the number of cells in the cluster that express the gene, and color indicates the log; fold change of the mean expres-
sion of each gene for a cluster. (M) BubbleGUM analysis of seven Gene Ontology pathways from MOs of mock- and MuHV-4-infected mice. The number of genes considered
in each pathway is indicated in parentheses. The color indicates the cell subset showing enrichment for the gene set. The color intensity indicates FDR. The surface area of
the dots is proportional to the absolute value of the normalized enrichment score (NES). (N) BubbleGUM analysis of six Gene Ontology pathways from CD4 T cells of mock- and
MuHV-4-infected mice. (0) UMAP representation of gene expression in MOs. (P) UMAP representation of gene expression in CD4 T cells. See also figs. S6 and S7.
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SPP1, or MHCII, showed similar distribution, mainly within cluster
1, suggesting functional importance of this specific MO subset to
regulate T cell function (Fig. 40).

A parallel approach was conducted on CD4 T cells (Fig. 4,
Kand L). Upon infection, cluster-specific analysis showed relatively
reduced numbers of resting cells (expressing Ccr7, Nr4a3, Emb, 1l7r,
Lefl, and Sell), enrichment of activated cells displaying canonical
tissue-resident memory/tissue effector memory markers [such as
CD44 and Cxcr6 (30)], and enrichment of the Ty populations (ex-
pressing Foxp3, Icos, Izumolr, Ikzfr, Tnfrsf4, and IL-10). We also
observed strong enrichment of activated cells with up-regulated ex-
pression of genes associated with IFN responses (Ly6a, Ifitm3, Ifitm1,
Isgl5, and Ly6¢2), chemotaxis (Ccl5 and Ccl4), cytotoxicity (GrzB,
GrzA, and Nkg7), and costimulation or inhibition [Pdcdl, Icos,
Ctla4, Lag3, Tnfrsf18, c-Maf (31), and Plac8 (32)] (Fig. 4, K and L).
Accordingly, BubbleGUM pathway analysis (Fig. 4N) confirmed
general up-regulation of genes involved in IFN response, MO
migration, cell-cell adhesion, leukocyte-mediated cytotoxicity, and
IL-10 production. CD4 T cells exhibiting cytotoxic properties were
initially identified in various viral infections (33, 34), including
MuHV-4 (35). Feature plots of highly DE genes revealed cosegrega-
tion of cells expressing GrzB with those expressing checkpoint me-
diators such as Pdcdl and Ctla4 (Fig. 4P), suggesting that cytotoxic
properties of CD4 T cell subsets could be strictly regulated during
MuHV-4 acute infection in WT mice. Furthermore, concomitant
expression of chemokines, such as Cxcl9 and its receptor, Cxcr3,
argues for key interactions between MuHV-4-imprinted MOs and
activated CD4 T cells. NicheNet analysis (36) further supported this
hypothesis by highlighting numerous ligand-target links between
CD4 T cells and MOs involved in chemotaxis, intercellular adhesion,
immune regulation, and inhibitory checkpoints (fig. S7, A and B),
strengthening the existence of an important regulatory cross-talk
between MuHV-4-imprinted MOs and CD4 T cells. Last, to deter-
mine any preferential sublocalization of MO and/or CD4 T cell sub-
sets upon infection, we exploited hashtag identification of cells to
analyze DE genes between BALF and lung compartments. Typical
genes of MO cluster 1 were enriched in the BALF, indicating that
MuHV-4-imprinted MOs mainly infiltrate the alveoli during infec-
tion. Similarly, activated CD4 T cells, exhibiting cytotoxic properties,
were also enriched in the airways (fig. S7, C and D), demonstrating
that these two populations of interest are located at the same place
and are therefore likely to interact.

The absence of MuHV-4-imprinted MOs switches pre-armed
cytotoxic CD4 T cells toward deleterious cell killers
associated with severe tissue damages

We analyzed scRNA-seq data from MuHV-4-infected WT and
CCR2”™ mice to dissect potential transcriptional alterations in CD4
T cells in the absence of regulation by MOs (Fig. 5A). This analysis
revealed 355 CD4 T cell DE genes between WT and CCR2™/~
MuHV-4-infected mice and highlighted the immunological dys-
regulation of CD4 T cells in the absence of MOs. We observed
marked up-regulation of genes involved in cytotoxicity, such as
GrzA, GrzB, Nkg7, Prfl, GrzK, Ccl5, Runx3, and IFNy (Fig. 5B).
BubbleGUM pathway analysis not only confirmed the enrichment
in genes linked with cytotoxicity but also highlighted up-regulation
of genes associated with cytokinesis, Golgi vesicle transport, and
vesicle budding (Fig. 5C), suggesting not only exacerbated cytotox-
icity but also enhanced secretion and degranulation of CD4 T cells
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from infected CCR2™~ mice. We evaluated the shift of CD4 T cells
toward a cytotoxic phenotype in the absence of MOs during MuHV -4
infection by flow cytometry. This analysis revealed higher percent-
ages of granzyme A (GrzA), granzyme B (GrzB), and CD107a
(Fig. 5, D to F), confirming that CD4 T cells isolated from infected
CCR2™"" mice exhibit stronger cytotoxic and degranulation activi-
ties than their counterparts isolated from WT infected mice. In line
with these findings, higher amounts of GrzB were detected in BALF
by enzyme-linked immunosorbent assay (ELISA) (Fig. 5G) and sur-
face immunostainings (Fig. 5H). Moreover, although CD8 T cells and
natural killer cells are the archetypal cytotoxic actors, we observed a
large proportion of cells coexpressing CD4 and GrzB. Immuno-
staining of lung tissue revealed putative clusters of MOs and CD4
T cells in WT infected mice and highlighted the stronger cytotoxic
and hyperinflammatory features of CD4 T cells in CCR2™"~ mice. The
difference in GrzB staining between WT and CCR2 ™~ infected mice
was much higher with respect to extracellular GrzB release (Fig. 5I)
than that observed by intracellular immunostaining (fig. S8, A and B),
confirming that pre-armed cytotoxic CD4 T cells are more prone to
degranulate in the absence of MOs.

Cytotoxic CD4 T cells have been shown to play important roles
in both mice and humans in antiviral (34, 37, 38) and antitumoral
immunity (39, 40), as well as in response to vaccination (41). Al-
though beneficial in many situations, they can also drive pathogenic
immune responses and trigger tissue damages in an MHCII-
restricted fashion (42-44). Epithelial and endothelial cells are known
to overexpress MHCII molecules in an IFN-y-dependent manner
(45, 46). Hence, in accordance with the high levels of IFN-vy released
in the airways during MuHV-4 acute infection, we measured up-
regulation of MHCII molecules on both epithelial and endothelial
cells of WT and CCR2™'~ MuHV-4-infected mice (Fig. 5]). Immuno-
staining of lung tissue from CCR2”~ mice revealed colocalization of
GrzB-secreting CD4 T cells in close proximity to MHCII-positive
endothelial and epithelial cells, whereas such clusters were more
rarely found in MuHV-4 WT infected mice (Fig. 5, K and L, and
tig. S8C). In line with these observations, we aimed at comparing
tissue lesions and blood vessel damages. To this end, we first injected
mice intravenously with tetramethylrhodamine (TRITC)-dextran
to assess lung vascular permeability. Imaging of lung sections demon-
strated larger diffusion of the fluorescent dye in the areas surround-
ing the blood vessels in CCR2”~ MuHV-4-infected mice, relative
to their WT counterparts (Fig. 5, M and N). This increased vascular
permeability measured in CCR2™"~ MuHV-4-infected mice was fur-
ther validated in MO-depleted mice by Evans blue quantification (47)
in BALF and lung tissues after intravenous injection (Fig. 50). Col-
lectively, these data indicate that MuHV-4-imprinted MOs control
the cytotoxic potential of recruited CD4 T cells and prevent them
from mediating the detrimental killing of MHCII-expressing cells.

The PD-L1/PD-1 axis is crucial for the control of the cytotoxic
features of CD4 T cells and for the maintenance of peripheral
immune homeostasis

Transcriptional profiling of MOs and CD4 T cells after infection
revealed potential key regulatory ligand-receptor pairs involved in
the fine control of MuHV-4 acute inflammation (Fig. 4 and fig. S6).
Among them, the PD-L1 (encoded by CD274 gene)/PD-1 (encoded
by Pdcdl gene) axis is known to play a fundamental role in evasion
of immune defenses by tumor cells or chronic viral infections
(48, 49). The priming of MuHV-4-specific T cells is similar in the
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presence and absence of MOs (Fig. 1, K to M, and fig. S4), so we
postulated that the PD-L1/PD-1 axis may inhibit hyperinflamma-
tion driven by cytotoxic CD4 T cells upon MuHV-4 infection. First,
we confirmed that MuHV-4 infection triggers the recruitment of
PD-L1/MHCII-coexpressing MOs and of PD-1-expressing CD4
T cells to the airways (Fig. 6, A to C). Second, we assessed the im-
portance of the PD-L1/PD-1 pathway during MuHV-4 infection by
comparing MuHV-4 infection in CCR2™~ mice and in WT mice,
treated or not with anti-PD-L1/PD-1 neutralizing antibodies (Fig. 6D).
Although this treatment did not affect the number of MOs in BALF
or lung parenchyma (Fig. 6E), it induced severe disease associated
with weight loss like that observed in CCR2™"™ mice (Fig. 6F) and
inflammatory cell infiltration in the lung upon MuHV-4 infection
(Fig. 6G). Similar to what was observed in MuHV-4-infected CCR2 ™"~
mice, we did not detect any difference in viral loads (Fig. 6H), sug-
gesting that the PD-L1/PD-1 pathway protects from MuHV-4-
induced immunopathology rather than limiting viral replication.
To assess whether blocking the PD-L1/PD-1 axis recapitulates the
cytotoxic features of CD4 T cells observed in CCR2™™ infected mice,
we compared the phenotypic profiles of these cells between groups
by flow cytometry and immunostaining. This analysis revealed a
similar increase in GrzB, GrzA, perforin 1 (Prfl), and IFN-y upon
infection in CD4 T cells from MuHV-4 CCR2™~ and anti-PD-L1/
PD-1-treated WT mice, in addition to a parallel release of GrzB and
IFN-y in BALF (Fig. 6,1 to L). Last, in line with the exacerbated cy-
totoxic properties, we observed a loss of tissue integrity in CCR2 ™~
and in anti-PD-L1/PD-1-treated WT mice upon infection, as evidenced
by a comparable increase in perivascular leakage of TRITC-dextran
(Fig. 6, M and N). These data demonstrated a central role for
MuHV-4-imprinted MOs in positioning CD4 T cells in close prox-
imity and in providing them signals through the PD-L1/PD-1 axis
that locally regulate their cytotoxicity.

Selective expression of PD-L1 by MOs is necessary to control
virus-induced immunopathology

Our data support a key role of IL-10 and the PD-1/PD-L1 axis as
regulators of MuHV-4-induced immunopathology, so we investi-
gated possible connections in the regulation of these two pathways.
We compared levels of expression of PD-L1 on MOs and of GrzB,
GrzA, and IFN-y on CD4 T cells in IL-10""" mice (Fig. 7, A and B)
and in CD4-cre IL-10""1% with respective littermates (Fig. 7,
C and D). Both models showed that IL-10 deficiency increases IFN-y
production without affecting the cytotoxic properties of CD4 T cells,
suggesting that IL-10 and PD-L1/PD-1 axes are two independent
regulatory pathways that contribute to the protective phenotype in
a complementary manner. We assessed the specific requirement of
PD-L1-expressing MOs to prevent cytotoxic CD4 T cell-mediated
damage. MOs and MO-derived AMs represent the main cell popu-
lation in the airways expressing PD-L1 (Fig. 7, E and F). Because
PD-1 can also be bound by PD-L2, and PD-1 blockade alone could
induce inflammation independently of PD-L1-derived MOs, we
compared the global inhibition of the PD-L1/PD-1 axis with indi-
vidual PD-1 and PD-L1 blockades in MuHV-4-infected WT and
CCR2™"" mice. We observed a similar weight loss between PD-L1-,
PD-1-, or PD-L1/PD-1-treated WT mice (Fig. 7, G and H), in line
with comparable production of GrzB, GrzA, and IL-10 by CD4
T cells (Fig. 7, I and J), supporting the statement that PD-L1 alone is
sufficient to inhibit cytotoxic CD4 T cell-mediated immunopathol-
ogy. We did not observe any notable differences in the weight
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loss or in the level of GrzB, GrzA, and IL-10 between untreated
CCR27'" and antibody-treated mice (Fig. 7, I and J), suggesting that
MO-derived PD-L1 alone is sufficient to protect from cytotoxic
CD4 T cell-mediated disease. To confirm this finding, we generated
inducible conditional Ccr2-creER™ PD-L1°Y1% mice (Fig. 7K).
Ccr2-creER™ PD-L11°% mice treated with tamoxifen had great
cell-specific excision of the PD-L1 gene, with >75% ablation on MO
that was sufficient to trigger weight loss upon infection with MuHV-4
(Fig. 7L). In validation of weight loss curves, the specific lack of
PD-L1 expression by MOs correlated with enhanced cytotoxic prop-
erties of CD4 T cells, as evidenced by the increased amounts of intra-
cellular GrzA, Prf-1, and CD107a and by the increased release of GrzB
in the airways (Fig. 7, M to P). Overall, these data confirm that
MO-derived PD-L1 is specifically required to control the deleterious
cytotoxic properties of CD4 T cells during MuHV-4 infection.

DISCUSSION

A large body of evidence has identified microorganisms, including
resident viruses (50, 51), as major drivers of immune imprinting.
YHVs represent the archetype of persistent viruses that have co-
evolved as “old friends” with their host. Although the immune es-
cape of YHVs from specific adaptive responses has been extensively
studied (52, 53), less is known about the subversion of innate im-
munity. We uncovered a critical role for YHV-imprinted MOs to
recruit and establish regulatory cross-talk with CD4 T cells in the
airways. By promoting the initial IL-10 release and inhibitory sig-
nals through checkpoint molecules, YHV-imprinted MOs prevent
host damage by attracting CD4 T cells to their immediate vicinity
and attenuating cytotoxic responses. YHVs have developed numer-
ous strategies to produce asymptomatic infections in immunocom-
petent hosts, and this study demonstrates the essential role of MOs
mobilized during the early stages of infection to regulate the balance
between antiviral vigilance and immune tolerance.

MuHV-4 infection has been shown to train immunity against vari-
ous heterologous infections (54, 55). In addition to triggering regu-
latory pathways to dampen specific antiviral defenses, YHVs license
CD8 (56), and potentially CD4, T cells to protect their own niche
against heterologous pathogens. Here, we provide evidence supporting
a role for yYHV-imprinted MOs in the activation of CD4 T cells while
finely regulating their cytotoxic and degranulation capacities. Because
yYHV-imprinted MOs persist for months with phenotypic changes (10),
future studies are needed to examine whether equivalent regulation of
cytotoxic CD4 T cells by these MO-derived AMs occurs in the context
of long-term heterologous immunity. Interactome analysis revealed a
dialogue between MuHV-4-imprinted MOs and CD4 T cells. A recent
study also showed a requirement of CD8 T cells for the long-term train-
ing of MO-derived AMs in the context of adenovirus infection (57);
thus, it would be interesting to assess whether MuHV-4-recruited CD4
T cells contribute similarly to imprint phenotypic alterations on
MO-derived cells with lasting functional consequences.

CD4 T cells with cytotoxic functions are of increasing interest.
Their presence in certain viral infections (41, 58) including primary
EBV infection (59), antitumor responses (40), or autoimmune dis-
orders (60) has been associated either with disease aggravation (61)
or with induction of protective immunity. Hence, supercentenarians
exhibit a physiological accumulation of cytotoxic CD4 T cells, which
may represent an essential adaptation to achieve exceptional longevity
by sustaining efficient immune responses to infections (62). With

100f 19

9202 ‘0 JBgLUBAON UO UeAnoT ap anbijoyeD 1SeAIUN Te BI08ous 105 MMM//SANY WO.J Papeo lUMoQ



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A B c D i.t. mock or
®mock WT @ MuHV-4 WT MuHy-4 -5 1.p. aPD-1 aPD-L1
CD4 T cells MOs © mock MC21 @ MuHV-4 MC21 infection 0(100’%%)
i.n. mock or C57BL/6 WT
MuHV-4  i.p. MC21 (20 pg) . 0.4% kot oot or CCR2™
infection  or isotype Ctrl 1.8% D409 T e 100- mice 0 45678
x | : [5] » Day
4 S o . 8 BALF, blood, lung
BAI..B/c CE) E . 30 ee < 80 ° \_ analysis |
mice 0 345678 . - b ol =) " Weighing
Day o °% 9 5 60 E
Lung analysis . . 2wl 20 2 ® mock WT® mock CCR2"~ © mock WT aPD-1aPD-L1
< 2% o a0 @ MuHV-4 WT ® MuHV-4 CCR2™@ MuHV-4 WT aPD-1aPD-L1
. 28.1%| | . S 7 ) !
T = 10 Q 810 015x10
S y A a o e} ke o ns
= e 5 ] = Eoxid (=R °
i = < ole Tl 1L 0l ; . e E’
" ~ 4x1
N P @t =R o
© " 8 5x
= 2x10 O
° =
0 0
F © MuHV-4 WT
110 ® MuHV-4 CCR2*
< 0 MuHV4 WT aPD-1aPD-L1
£ o 10°
=
K=y =
o
2 100 s
I W mock WT % 10°
:‘E W mock CCR2 _g
%5 90+ O mockaPD-1aPD-L1 §
= W MuHv-4 WT 5 10
B MuHv-4 CCR2 £
@ MuHV-4 WT aPD-1aPD-L1 o]
80— S
0 2 4 6 = 40°
Days p.i.
I J ® mock WT® mock CCR2"~ © mock WT aPD-1aPD-L1 K M mock WT Bl mock CCR2™"
® MuHV-4 WT @ MuHV-4 CCR2*@ MuHV-4 WT aPD-1aPD-L1 Emm‘f%“ﬁ%b;vr“ CCR2+
mock MuHV-4 ” J— [E MuHV-4 WT aPD-1aPD-L1
) k%] -
WT CCR2” aPD-1aPD-L1 WT CCR2™ aPD-1aPD-L1 ] 15 kK 15x10¢ Hkkk
5] 3] ° = Fxkx
- — e £
< < >
fa) Q10 o S 100
F b j=2} N
' 4 1 g S 5
] 4 ] 7 ] = b 5 [3 W 5x10°
R 8 2
(O] (O] 0 o
0.5% 0.4% 0.6% 5.6% o |9.4% = x 0-
i B - i N N
5 q 1%} ®
o hnd ‘ : 3 20 . g 50 . _.25% 10 ok
o = _— £ *k
: 30 H S \g 2 % 10°%
0.4% 0.4% 0.5% 3.6% 7.2% 9.5% 8 - 8 ;15*10‘7
4% .4% .5% 6% 2% .5%| o T
] o 20 L 2 z
g =1 S E L 1x10°]
< AM—] = < w
' '~ — T 5 4 oo
CD4 S z <
w o
& ol = o4
B ES

it mock or Tetramethylrhodamine-dextran

ranzyme B CD4 T cells MUHV-4 0 oot apoLs V- Nection
infection ) ¥
CSTBLEWT 3. U >
MuHV-4 2 ) . Q, or CCR27-
WT ; 1 . mice Dgy 45678
4 4 Lungs harvesting
—_— . 10 min after injection
MuHv-4 4 ¢ DAPI Tetramethylrhodamine-dextran
CCR2™ KO MuHV-4 WT MuHV-4 CCR2™ MuHV-4 WT oPD-10PD-L1
MuHV-4 A 4
aPD-1 i ; y
aPD-L1 { ; %
o S —oin—§ S
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two groups, Student’s two-tailed t test was used. For comparisons between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. ns,
not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars represent SEM. Pictures are representative of more than six lungs analyzed.
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regard to the ambivalent contribution of cytotoxic CD4 T cells to
beneficial or pathogenic immune responses, deciphering the regu-
lation of these super killer cells by MOs is of major importance.

IL-10 is a pleiotropic cytokine produced by multiple cell types
that restrain immune activation in response to infection (63). Many
herpesviruses manipulate the IL-10 pathway to facilitate host infec-
tion, latency establishment, and viral dissemination (64, 65). Con-
sistent with previous findings (66), we identified the CD4 T cell
population as the major source of IL-10 in the airways during the
early stages of MuHV-4 infection. In addition to classical Foxp3*
Treg CD4 T cells, we noticed a marked enrichment of FOX})T IL-10*
effector CD4 T cells. Furthermore, by infecting IL-10™"" mice or
CD4-cre IL-10"% with MuHV-4, we observed that an absence of
T cell-derived IL-10 during acute infection disrupts the host-virus
interaction and triggers a massive neutrophil infiltration and an un-
controlled release of proinflammatory cytokines including IFN-y. In
addition to dampening the overall inflammation, IL-10 produced
by CD4 T cells may be part of an autocrine feedback loop, regulat-
ing directly their effector properties, and especially their production
of IFN-y, as described for other infections (67).

In parallel to the IL-10-dependent regulatory pathway, we found
the specific expression of PD-L1 by MOs recruited in response to
YHV infection as an important adaptive mechanism that minimizes
immunopathology. Overexpression of immune checkpoint proteins
leading to T cell exhaustion is a key immune evasion strategy ex-
ploited by many tumor cells. Because “old friend viruses” have con-
verged to exploit a similar immune evasion strategy, a thorough
understanding of the mechanisms regulating PD-L1/PD-1 signal-
ing could provide important insights for both antitumor and antivi-
ral therapies. The impact of PD-L1/PD-1 axis in chronic infection is
well described, whereas its role during the acute phase of viral infec-
tion is less clear (68). Given the diversity of biological functions of
the PD-L1/PD-1 pathway, including suppression of T cell receptor
or costimulatory signaling (69) and the regulation of development,
maintenance, and function of IL-10-producing T cells (70), further
studies are needed to reveal the precise molecular cascades mediated
by PD-L1-expressing MOs during MuHV-4 infection. Our results
highlight the importance of PD-L1 expression by MOs in controlling
the cytotoxic profile of CD4 T cells and in modulating their degran-
ulation. Because cytotoxic CD8 T cells can also express PD-1, it
would be of great interest to study whether a similar regulation of
PD-1" CD8 T cells by PD-L1* MOs takes place and limits tissue
damage after MuHV-4 infection.

This research also provides substantial insights for clinical find-
ings in human. Notable observations are the severe immune-related
adverse events (irAEs) that occur in some patients treated with check-
point inhibitors and that exhibit uncontrolled T cell activation (71).
Although the molecular basis of irAEs is poorly defined, EBV-
induced cytotoxic CD4 T cells have been pointed out as the main
culprit in anti-PD-L1/PD-1-associated encephalitis, supporting a
link between yYHYV infections and irAEs. In other contexts, EBV in-
fection has been identified as a major risk factor to develop severe
immunopathologies such as multiple sclerosis or hemophagocytic
lymphobhistiocytosis (72). Therefore, it would be interesting to de-
termine whether a possible failure in the MO-CD4 T cell synergy is
involved in the development of such immunopathological manifes-
tations in humans.

The early age of YHV infection and the multiple confounding
factors encountered during life make it very complicated to study

Maquet et al., Sci. Inmunol. 7, eabn3240 (2022) 15 July 2022

YHV immune imprinting in humans. In contrast, mice serve as
valuable animal models of YHV infection for which genetic and mi-
crobiological variables can be tested. Although one of the limita-
tions of the study is that it is confined on the mouse model, it will be
interesting in the future to investigate similar immune signatures
and regulatory pathways in human samples. Furthermore, because
this work has only focused on the importance of the MO-CD4 reg-
ulatory axis, further studies are needed to determine the importance
of a similar regulatory interplay between MOs and cytotoxic CD8
T cells.

Opverall, this work has dissected the complex interplay between
MuHV-4-imprinted MOs and CD4 T cells recruited in the airways
during YHV infection. This study has revealed the importance of
the IL-10 and PD-L1/PD-1 signaling pathways in curbling patho-
logical inflammation before the development of severe respiratory
injury and systemic disease. Although PD-1 agonism deserves in-
creased attention in the control of autoimmunity (73), this study
may open new perspectives, beyond the context of YHV infection,
in the therapeutic management of various viral immunopathologies.

MATERIALS AND METHODS

Study design }

This study was designed to understand the function of Ly6C™ MOs
in modulating inflammation induced by respiratory YHV infection.
To this end, we compared the development of the acute post-infection
immune response between WT, MC21-depleted, and MO-deficient
(CCRZ_/_) mice. To clarify the cellular and molecular mechanisms,
we generated genetically modified mice. Mechanisms of immuno-
pathology were investigated during peak disease symptoms in mice
at day 8 after infection. Endpoint analyses included flow cytometry,
ELISA, quantitative polymerase chain reaction (QPCR), scRNA-seq,
and histology. All experiments used randomly assigned mice with-
out investigator blinding. All data points and n values reflect biolog-
ical replicates. The specific numbers and genotypes of the mice and
the statistics performed are included in the legend of each figure.

Mice

This study was conducted in strict accordance with guidelines of the
European Convention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes (CETS 123). The
protocol was approved by the Committee on the Ethics of Animal
Experiments of ULiége (permit numbers 2015 and 2215). All efforts
were made to minimize suffering, and all inoculations were per-
formed under isoflurane anesthesia. Dissections were performed
after euthanasia of the animals.

Female BALB/c, C57BL/6 WT, C57BL/6 CD45.1, and C57BL/6
albino mice were purchased from Charles River (L’ Arbresle, France).
CCR27"", IL-107", TL-10"9%1°x, IL-10-B-lactamase reporter (ITIB),
and CD4-Cre mice were provided by F. Bureau, T. Marichal, and
C. Desmet (ULiége). These mice are available at the Jackson Labo-
ratory or were described elsewhere (38). PD-L1" mice (CD274™Pf)
were originally obtained from P.G.F. (Trinity Biomedical Sciences
Institute, Dublin). Ccr2-creER™? mKate2 mice (37) were originally
obtained from B. Becher (Institute of Experimental Immunology,
Zurich University). All cre strains were heterozygous. Six- to 8-week-
old female littermates were randomly assigned to experimental groups.
During experiments, four to five female mice were cohoused per cage,
and food and water were provided ad libitum. All the animals were
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bred and/or housed in the ULiége Department of Infectious Diseases
or at GIGA animal facility.

Cell lines and cell culture

BHK-21 (baby hamster kidney) fibroblasts (American Type Culture
Collection, CCL-10, RRID:CVCL_1915) were cultured in Dulbecco’s
modified Eagle’s medium, supplemented with 2 mM glutamine,
penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% fetal calf
serum (FCS) in 5% CO; at a 37°C incubator. Cells were free of my-
coplasma contamination.

Viruses

The WT MHV-68 strain of MuHV-4 (74) and a luciferase-expressing
MuHV-4 strain (75) (MuHV-4-Luc) were used and propagated
on BHK-21 cells. Cells and supernatant were harvested at about
4 days after infection (~85% of lysis), and debris were removed by
low-speed centrifugation (1000g, 10 min, 4°C). Virions present in
the supernatant were harvested by ultracentrifugation (100,000g for
2 hours at 4°C) and purified through a 30% (w/v) sucrose cushion
(100,000¢ for 2 hours at 4°C), washed in phosphate-buffered saline
(PBS) before being stored in PBS at —80°C. Viral titers were deter-
mined by plaque assay on BHK-21 cells. Briefly, BHK-21 cell mono-
layers were incubated with 10-fold dilution of viral stock at 37°C
and 5% CO, for 3 hours. Inoculum was then replaced by semisolid
medium containing 0.6% carboxymethylcellulose. Cells were fur-
ther incubated for 4 days and then fixed in 4% paraformaldehyde
(PFA) and stained for plaque counting.

Infection model

Intranasal or intratracheal administration of virions was performed
under isoflurane anesthesia, with 1 x 10* plaque-forming units (PFU)
of MuHV-4 WT or MuHV-4-Luc in 50 ul of PBS. As control, mock-
infected mice received 50 ul of PBS. Clinical scoring was performed
after infection, based on a customized clinical evaluation grid.

For MuHV-4-Luc infection, light emission was monitored by
in vivo bioluminescence imaging using the IVIS Spectrum In Vivo
Imaging System (PerkinElmer) after p-luciferin (150 mg/kg of body
weight; PerkinElmer) intraperitoneal injection. Living Image v4.1
software (PerkinElmer) was used to obtain the total flux (photons
per second) using a fixed-sized region of interest or average radi-
ance (photons per second per square centimeter per steradian).

Viral quantification

Viral genome loads were measured using a TagMan-based real-time
PCR (CFX). DNA was extracted from lungs using a QIAamp DNA
Mini kit (Qiagen), and 50 ng per sample was used in iQ Supermix
(Bio-Rad) to amplify a MuHV-4-specific sequence (genomic coor-
dinates 43,015 to 43,138, NC_001826.2): gene ORF25 with primers
5'-atggtatagccgectttgtg-3’ (ORF25fwd) and 5'-acaagtggatgaagggttge-3’
(ORF25rev) and probe 5’-6-carboxyfluorescein [FAM]-caaccactg-
gatcagcataaaacttatgaa-black hole quencher [BHQ1]-3". Standard curves
were obtained using pGEMT-easy (Promega) plasmid templates in
which MuHV-4 ORF25 was cloned.

Respiratory mechanics

Mice were anesthetized with sodium pentobarbital (Nembutal) in-
traperitoneally at a dose of 50 mg/kg. The trachea was isolated via
dissection of the neck area and cannulated using an 18-gauge blunt
metal cannula (typical resistance of 0.18 cmH,Os/ml), which was
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secured in place with a nylon suture. The mouse was then connected
to the flexiVent computer-controlled piston ventilator (SCIREQ)
via the cannula, which was attached to the FX adaptor Y-tubing.
Mice were ventilated using default settings for mice, which consisted
of a positive end expiratory pressure at 3 cmH,O, a tidal volume of
10 ml/kg, a respiratory rate of 150 breaths per minute, and a frac-
tion of inspired oxygen of 0.21 (that is, room air). Respiratory me-
chanics were assessed using the forced oscillation technique, using
the latest version of the flexiVent operating software (flexiWare
version 8.1.3).

Antigen-specific antibody titers

Nunc Maxisorp ELISA plates (Nalgene Nunc) were coated over-
night at 4°C with MuHV-4 virions [10° PEU/ml of carbonate buffer
(pH 9.5) containing 0.1% Triton X-100] before being incubated for
1 hour in wash/blocking buffer [0.1% Tween 20 and 3% bovine se-
rum albumin (BSA) in PBS] at room temperature (RT). Plates were
then incubated with mouse sera (serial dilutions) in wash/blocking
buffer for 2 hours at RT. After incubation for 1 hour at RT with bi-
otinylated goat anti-mouse IgG or IgG2A, detection was performed
using streptavidin-alkaline phosphatase in wash/blocking buffer
for 1 hour at RT. Chromogenic reaction was performed using
p-nitrophenylphosphate (Sigma-Aldrich) and stopped in 1 M NaOH
before absorbance was read at 405 nm using an iMark ELISA plate
reader (Bio-Rad).

Antibody-mediated in vivo depletion

CCR2" MOs were systemically depleted using the rat anti-mouse
CCR2 antibody, MC21 (23). Mice were injected intraperitoneally
with 20 or 100 pg of MC21 or isotype control (dissolved in 200 pl of
PBS) at the indicated times after infection and were weighed until
euthanasia.

Neutrophils were depleted by intraperitoneal injection of 100 ug
of anti-Ly6G antibody (InVivoMab, anti-mouse Ly6G, clone 1A8,
BioXCell) at the indicated times after infection. PD-1/PD-L1 axis
was blocked by intranasal and intraperitoneal injection of 100 pug of
anti-PD-1 neutralizing antibody (InVivoMab, anti-mouse PD-1,
clone RMP1-14, BioXCell) and/or anti-PD-L1 neutralizing anti-
body (InVivoMab, anti-mouse PD-L1, clone 10F.9G2, BioXCell).

Tamoxifen treatment

Tamoxifen (Sigma-Aldrich, T5648) was dissolved in corn oil to
10 mg/ml and administered in 200-ul doses via intraperitoneal in-
jection (2 mg per dose) at the indicated times after infection.

BAL, cytology, and cytokine measurement

After euthanasia, the trachea was catheterized and bronchoalveolar
lavage was performed by two consecutive flushes of the lungs with
1 ml of ice-cold PBS containing cOmplete Protease Inhibitor Cocktail
(Roche). One tablet of inhibitor cocktail was dissolved in 50 ml of
ice-cold PBS. Cell density in BALF was evaluated using a hemocytometer
after Tuerk solution staining (Sigma-Aldrich). Cytokine production
(IFN-y and GrzB) was measured by specific ELISA (Ready-SET-Go,
eBioscience) according to the manufacturer’s instructions.

In vivo lung vascular permeability assay

TRITC assay

Mice were intravenously injected with TRITC-dextran 10 min be-
fore euthanasia (50 mg/kg; Thermo Fisher Scientific, D3307). After
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euthanasia, lungs were perfused, collected, fixed in 4% PFA-PBS over-
night, and embedded in paraffin. Five-micrometer-thick sections were
deparaffinized, rehydrated, and mounted with 4’,6-diamidino-2-
phenylindole (DAPI) Fluoromount-G. Sections were imaged using
an OLYMPUS VS§200 ASW 3.2 scanner and analyzed using the
OLYMPUS OlyVIA software.

Miles assay

Mice were intravenously injected with Evans blue (50 mg/kg;
Sigma-Aldrich, E2129) 30 min before euthanasia. After euthanasia,
BALF was collected as described. Lungs were perfused before harvest-
ing. Evans blue concentrations from lungs and BALF were measured
with a spectrophotometer (620 nm) after 24 hours of formamide
extraction.

Lung histology

Lungs were fixed in 5% formalin, paraffin-embedded, and cut into
5-um sections that were then stained with hematoxylin and eosin
(H&E) before analysis.

Cell suspension preparations from organs

To harvest lung cells, mice were perfused with ice-cold PBS through
the right ventricle. Then, lung lobes were collected into a C-tube
(Miltenyi) containing complete Hanks’ balanced salt solution medium,
collagenase D (1 mg/ml; Roche), and deoxyribonuclease I (50 pg/ml;
Roche). These lung lobes were processed with a gentleMACS disso-
ciator (Miltenyi) and, finally, were incubated for 30 min at 37°C. BM
cells were obtained from adult mice by crushing the femurs and tibiae.
Blood was collected by cardiac puncture and was immediately sus-
pended in ice-cold PBS complemented with 5 mM EDTA. Suspensions
of cells were finally washed and treated for erythrocyte lysis (1x RBC
Lysis Buffer, eBioscience). To obtain MLN cells, MLNs were harvested
after euthanasia, and single-cell suspensions were prepared by crushing
them using a sterile syringe plunger. For all preparations, cells were
finally strained through a 70-um filter. Cell density was evaluated using
a hemocytometer after trypan solution staining (Sigma-Aldrich).

MHC-tetramer stainings

Lung cells were processed as described above from C57BL/6 WT
and CCR2™~ mice. Cells were incubated with BV421-conjugated
tetramers H-2D"-ORF6'**** (AGPHNDMEI, 90 nM) and H-2K"-
ORF61°*'"*! (TSINFVKI, 45 nM) (National Institutes of Health
Tetramer Core Facility) for 30 min at RT before further staining.
Samples were analyzed on a BD LSRFortessa X-20 flow cytometer
(BD Biosciences).

Assessment of IL-10 expression in ITIB mice

To assess IL-10 expression using IL-10-pB-lactamase reporter ITIB
mice, BALF and lung cells isolated from IL-10-B-lactamase reporter
ITIB and control WT mice were resuspended in a CCF4-AM (Thermo
Fisher Scientific, catalog no. K1028)-containing solution supple-
mented with probenecid (Thermo Fisher Scientific, catalog no.
P36400) prepared according to the manufacturer’s instructions and
incubated for 90 min at 29°C. CCF4-AM is a lipophilic ester derivative
that consists of a cephalosporin core bridging a 7-hydroxycoumarin
to a fluorescein. Exciting intact CCF4 at 405 nm induces fluores-
cence resonance energy transfer (FRET) from the coumarin to the
fluorescein that subsequently emits green light. IL-10 expression is
evaluated by detection of a 450-nm fluorescence (blue fluorescent
product of the cleaved CCF4 substrate by B-lactamase, under the
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control of the IL-10 gene promoter) in CCF4-loaded cells. Protocol
for flow cytometry surface staining was classically used before anal-
ysis. CCF4-loaded WT cells were used as negative controls.

Analysis of cytokine concentrations

Two different panels were used: 13-plex antivirus mouse panel of
cytokines/chemokines and 13-plex customized mouse panel from
LEGENDplex bead array (BioLegend) according to the manufac-
turer’s protocol on BALF samples. All samples were run on a BD
LSRFortessa X-20 flow cytometer, and analysis was performed us-
ing LEGENDplex analysis software (BioLegend).

Flow cytometry

Labeling of single-cell suspension was performed on ice in PBS con-
taining 2% FCS and 2 mM EDTA. Cells were first incubated for
20 min with a purified rat IgG2a anti-mouse CD16/CD32 antibody
(BioLegend) to block Fc binding. Flow cytometry staining was per-
formed for 30 min at 4°C in PBS containing 0.5% BSA with various
panels of fluorochrome-conjugated antibodies. The gating strategy
to identify the different cell populations included successive forward-
and side-scatter gating, exclusion of multiplets, and selection of living
cells with the viability markers Zombie Aqua or Violet (BioLegend).
The Foxp3 Transcription Factor Staining kit was purchased from
eBioscience and used for intranuclear staining. Samples were pro-
cessed on a BD LSRFortessa X-20 equipped with 50-mW violet 405-nm,
50-mW blue 488-nm, 50-mW yellow-green 561-nm, and 40-mW red
633-nm lasers and an ND1.0 filter in front of the FSC (forward scatter)
photodiode. Gating strategy used to identify MO and CD4 T cell
populations is described in the Supplementary Materials (fig. S9).

Ex vivo restimulation and cytokine production

For IL-10 intracellular staining, single-cell suspensions were stimu-
lated in complete RPMI medium containing 2 uM monensin and
2 uM brefeldin (BD Biosciences) and 50 uM B-mercaptoethanol
(Life Technologies) for 4 hours at 37°C. Depending on conditions,
we added LPS (10 ng/ml; Sigma-Aldrich) for MO intracellular
staining or purified CD28 antibody (1 ug/ml; BioLegend) and puri-
fied CD3e antibody (2 ug/ml; BioLegend) for CD4 T cell intracellular
staining. For IFN-y intracellular staining, single-cell suspensions were
stimulated in complete RPMI medium containing 2 uM monensin
and 2 uM brefeldin (BD Biosciences) and 50 uM B-mercaptoethanol
(Life Technologies) for 4 hours at 37°C with purified CD28 anti-
body (1 pg/ml; BioLegend) and purified CD3e antibody (2 pg/ml;
BioLegend). For GrzA and GrzB intracellular stainings, single-cell
suspensions were accumulated in complete RPMI medium contain-
ing 2 uM monensin and 2 pM brefeldin (BD Biosciences) and 50 uM
B-mercaptoethanol (Life Technologies) for 4 hours at 37°C. For Prf-1
intracellular staining, single-cell suspensions were stimulated in
complete RPMI medium containing 2 pM monensin and 2 uM
brefeldin (BD Biosciences) and 50 uM B-mercaptoethanol (Life
Technologies) for 4 hours at 37°C with purified CD28 antibody
(1 ug/ml; BioLegend), purified CD3e antibody (2 ug/ml; BioLegend),
purified CD49d antibody (1 pg/ml; BioLegend), and allophycocyanin
anti-mouse CD107a (0.5 pg/ml; LAMP-1) antibody (BioLegend).

Immunostainings and confocal microscopy analyses

Lungs were collected from C57BL/6 WT and CCR2”~ mice. After
euthanasia, 1 ml of OCT (optimal cutting temperature) compound
(Scigen) was injected intratracheally and lungs were embedded in
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OCT compound before freezing in blocks. Sections were processed
on a Leica CM3050S cryomicrotome (7 to 10 um), dried on slides
for 30 min, and kept at —80°C until staining. Tissue sections were
then fixed in 4% PFA for 10 min at RT, permeabilized or not in a
solution composed of 0.4% (v/v) Triton X-100 (Sigma-Aldrich) and
125 mM glycine (Sigma-Aldrich) for 10 min at RT, and blocked in
PBS containing 5% (v/v) BSA (Sigma-Aldrich) for 1 hour at RT. Sec-
tions were first stained with the following primary antibodies de-
pending on the panels: rat IgG2a anti-mouse CD68 (1:50; Thermo
Fisher Scientific; 14-0681-82) or polyclonal rabbit IgG anti-mouse
MHCII (1:500; Invitrogen, PA5-116876), rat IgG2b anti-mouse CD4
(1:50; Thermo Fisher Scientific, 14-0041-82), and polyclonal goat
IgG anti-mouse GrzB (1:100; R&D Systems, AF1865) for 2 hours at
RT. Sections were then stained with the following secondary anti-
bodies: anti-rat IgG2a AF488 (1:500; Abcam; ab172332) or anti-rabbit
IgG AF555 (1:1000; Thermo Fisher Scientific; A-21428), anti-rat IgG2b
AF647 (1:500; BioLegend; 408208), and NL557-conjugated anti-goat
antibody (1:1000; R&D Systems; NL0O1) for 1 hour at RT. Cell
nuclei were counterstained with DAPI (BioLegend) for 10 min at RT.
Sections were mounted with Prolong Diamond Antifade Mountant
(Thermo Fisher Scientific) and stored for at least 5 hours at RT.
Samples were rinsed three times in PBS between each of the above-
mentioned steps. Regarding GrzB staining, two distinct immuno-
fluorescence staining protocols were used: the classical protocol, as
described above including the permeabilization and staining steps
with Triton X-100, and an alternative protocol excluding permeabi-
lization steps and the use of Triton X-100. The alternative surface
labeling process allows the distinction of proteins expressed only at
the level of the cell surface and released in the extracellular medium
separately from the proteins expressed within the cell. Images were
acquired on a Leica TCS SP5 Confocal Laser Scanning Microscope
and analyzed using the Fiji software. For the quantification of lung
GrzB* CD4 T cells in the vicinity of MHCII" endothelial and epi-
thelial cells, GrzB* CD4 T cells were quantified and categorized as
“being in close contact with MHCII" endothelial and epithelial cells,”
when the distance between the two was <10 um. Quantification was
performed on 10 different areas on lung sections for each condition.

Generation of BM chimeras

BM chimeras were constructed by exposure of C57BL/6 CD45.1.2"
mice to a whole-body lethal irradiation protocol (Gammacell 40 Ex-
actor, 6 Gy). The next day, recipient mice were reconstituted by in-
travenous injection of 5 x 10® BM cells isolated from femurs and
tibias of donor CD45.1* WT and CD45.2* IL-10~ or CCR2™~ mice
and mixed at a 1:1 ratio. From 1 week before to 3 weeks after irradi-
ation, mice were given broad-spectrum antibiotherapy (Emdotrim
10% SOL, Emdoka). Mice were left untreated for 8 weeks to allow
complete reconstitution, and chimerism of the different blood
leukocyte populations was then confirmed by flow cytometry.

Single-cell RNA sequencing

Library preparations for single-cell immune profiling, sequencing,
and postprocessing of the raw data were performed at the GIGA-
Genomics Core Facility (Belgium). Sorted cells were washed with
1x PBS (calcium and magnesium free) containing 0.04% (w/v) BSA
(400 pg/ml). BALF and lung cells were pooled together within each
condition after cell hashing with barcoded antibodies (BioLegend).
We equalized numbers of cells between conditions for scRNA-seq
profiling, cell concentration was adjusted to 1000 total cells/ul, and
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16,000 cells were loaded on Chromium Controller (10x Genomics).
Samples were further processed for droplet-based RNA-seq, and
libraries were prepared using Chromium Single Cell 3’ Reagent Kits
v3 according to the manufacturer’s protocol (10x Genomics). Am-
plified complementary DNA (cDNA) quality controls were per-
formed with an Agilent bioanalyzer (Agilent), and final library
profile was checked on Qiaxcel (Qiagen). Sequencing libraries were
loaded an Illumina NovaSeq sequencer with a NovaSeq SP 100 v1
kit (Illumina, CA, USA) using the following read lengths: 28 base
pairs (bp) for Readl (18-bp barcode + 10-bp randomer), 8 bp for
sample index, and 88 bp for Read2. Library quantification was pro-
cessed with a KAPA Library quantification kit (KAPA Biosystems).
Gene counts were obtained by aligning reads to the mm10 genome
using CellRanger software (10x Genomics).

Analysis of scRNA-seq samples

CellRanger software (v.3.0.2) (10x Genomics) was used to demulti-
plex Illumina BCL files to FASTQ files (cellranger mkfastq); to per-
form alignment to mouse GRCm38/mm10 genome, filtering, and
unique molecular identifier (UMI) counting; and to produce gene-
barcode matrices (cellranger count). Subsequent analysis used R
(v.4.1.0) and the R package Seurat (v.4.0.3). First, individual data-
sets were read into R as count matrices and converted into Seurat
objects (min.cells = 3, min.features = 200 genes), and cells with
<200 distinct genes and >10% mitochondrial reads were filtered
out. Each matrix was integrated using FindIntegrationAnchors
with anchor.features = 2000 and dims = 1:30 options. On the basis
of an elbow plot, principal components (PCs) 1:20 were used in the
subsequent analyses.

Cell type identification

Cells were grouped in 82 metacells using the FindCluster function
of Seurat with a resolution of 10. Identification was made using the
SingleR package.

UMAP representation

Nonlinear dimensional reduction with UMAP was used to visualize
the datasets, using the top 20 PCs. The integrated object of the data
of all conditions was scaled on the top 2000 variables used for the
integration. The clusters were calculated using the FindClusters
function with a resolution of 0.10.

BubbleGUM analysis

BubbleGUM (47) analysis was used as described previously with
default settings, and the gene sets (containing between 20 and
500 genes) from Gene Ontology and gene set were arbitrarily deter-
mined on the basis of the literature (10). The results with a false
discovery rate (FDR) of <0.25 were considered as significant.
NicheNet

To study intercellular communication, the NicheNet package for
R was used (36). The top 20 ligands were kept, and “mouse” was
selected for option organism in the function nichenet_seuratobj_
aggregate.

Potential interaction scores

To link NicheNet analysis with our data, we created the potential
interaction score based on the average expression of ligand x aver-
age expression of receptor/target gene x weight of the interaction
provided by the NicheNet package. The average expression of a
gene is based on the Seurat package default calculation: log; P (RNA
count for this gene/total RNA count x 10,000). The weight of an
interaction is retrieved from the corresponding databases of the
NicheNet package.
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Circlize

The circular visualization was made with the R package circlize
(76). The intensity of the color of the link between ligands and re-
ceptors is proportional to the score of the ligand-receptor link for
each sender cell type (alpha from 0.25 to 1). The genes were chosen
on the basis of the literature.

Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware. Results were expressed as means + SEM. Student’s two-tailed
t test was done to compare two groups. For comparisons of means
between more than two experimental groups, two-way analysis of
variance (ANOVA) or one-way ANOVA was used as appropriate.
P > 0.05 was considered not significant (ns); P < 0.05 was consid-
ered significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Each dot represents one mouse. For scRNA-seq data, all statistical
analyses were performed in R (v.4.1.0) and with various Bioconduc-
tor packages.

SUPPLEMENTARY MATERIALS
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Ly6Chi monocytes balance regulatory and cytotoxic CD4 T cell responses to
control virus-induced immunopathology
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Monocyte mediator

Gammaherpesviruses (#HVs) coevolved with their hosts in a manner that allows for the lifelong persistence of these
viruses in immunocompetent individuals. The presence of latent #HVs in host organisms has been shown to shape
adaptive immunity, and here, Maquet et al. observed that pulmonary infection of mice with a murine #HV (MuHV-4)
leads to recruitment of Ly6Chi monocytes (MOs) to airways. These #HV-imprinted Ly6Chi MOs recruit CD4 T cells to
airways followed by engagement of the immunosuppressive PD-1/PD-L1 signaling pathway, which limits pathological
cytotoxic CD4 T cell responses. These findings highlight a role for #HV-imprinted Ly6Chi MOs in shaping CD4 T cell
functions and suggest a potential pathway for the development of therapeutics that target respiratory viral infections.
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