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Abstract: Immunological dysregulation in asthma is associated with changes in exposure to 16 

microorganisms early in life. Gammaherpesviruses (γHVs) are widespread human viruses that 17 

establish lifelong infection and profoundly shape host immunity. Using Murid herpesvirus 4 18 

(MuHV-4), a mouse γHV, we show that after infection, lung-resident and recruited innate 19 

lymphoid group 2 cells (ILC2s) exhibit a reduced ability to expand and produce type 2 cytokines 20 

in response to house dust mites, thereby contributing to protection against asthma. In contrast, 21 

MuHV-4 infection triggers GM-CSF production by those lung ILC2s, which orders the 22 

differentiation of monocytes (Mo) into alveolar macrophages (AMs) without promoting their type 23 

2 functions. In the context of γHV infection, ILC2s are therefore essential niche cells that imprint 24 

the tissue-specific identity of Mo-derived AMs and determine their function well beyond the initial 25 

acute infection. 26 

One Sentence Summary: Gammaherpesvirus infection subverts lung ILC2s thereby promoting 27 

Mo-derived AM differentiation with reduced type 2 orientation. 28 
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INTRODUCTION 29 

Asthma is a chronic inflammatory disease of the airways that affects more than 250 million 30 

people worldwide and causes around 500,000 deaths per year (1). Asthma is characterized by 31 

episodes of wheezing, coughing, chest tightness and shortness of breath. These symptoms are 32 

driven by aberrant airway inflammation and subsequent processes such as mucus hypersecretion, 33 

remodeling of the airway wall and bronchial hyperresponsiveness (2). The development and 34 

exacerbation of asthma are influenced by many environmental factors including infectious agents. 35 

Some respiratory viral infections can trigger severe adverse outcomes in patients at risk of asthma 36 

or with existing asthma (3). In particular, respiratory syncytial virus (RSV) and rhinovirus (RV) 37 

are the main drivers of asthma exacerbation in children and adults, respectively (4). While there is 38 

considerable epidemiological evidence to support these observations, the pathophysiological 39 

mechanisms are not well understood. In particular, the potential long-term effect of these infections 40 

on lung immune cells and the subsequent consequences on the development of asthma is not clear. 41 

Conversely, the “hygiene hypothesis” proposes that one reason for the dramatic increase in the 42 

occurrence of allergic diseases in western lifestyle countries could be linked to reduced exposure 43 

to microbes or microbial products during childhood (5–7). Epidemiological studies have shown 44 

that higher levels of circulating IgE were observed in children who were infected late with a human 45 

gammaherpesvirus (γHV), the Epstein Barr virus (EBV), compared to children who were infected 46 

early during childhood (8). In this context, we recently showed that Murid herpesvirus 4 (MuHV-47 

4), a mouse model for EBV, has long-term inhibitory effects on the development of house dust 48 

mites (HDM)-induced airway allergy (9). Specifically, MuHV-4 infection induced the replacement 49 

of resident alveolar macrophages (AMs) by monocyte-derived (Mo-) AMs that blocked the 50 

development of a type 2 T helper (TH2) response against HDM (9). However, the initial 51 

immunological mechanism underlying this observation is still completely unknown. 52 

Innate lymphoid cells (ILCs) are a heterogeneous family of cells that are particularly 53 

abundant at barrier surfaces where they act as first line innate immune sensors (10–12). Group 2 54 

ILCs (ILC2s) are the predominant ILC population in the lung at steady state (13). While ILC2s 55 

are essential to promote type 2 inflammation against helminths (14–16), they also control 56 

eosinophil homeostasis (17) and play a major role in chronic type 2 inflammatory diseases such as 57 

asthma (18–22). Thus, ILC2s are essential for the initiation and persistence of type 2 inflammation 58 

in protease and HDM-induced models of airway allergy (20, 22–24). ILC2s expand in response to 59 

various signals including epithelial cytokines (IL-25, IL-33 and thymic stromal lymphopoietin 60 

(TSLP)), lipid mediators and neurotransmitters (25–30). Based on the integration of these signals, 61 

ILC2s can affect the function of their neighboring cells through the cytokines they produce or via 62 

direct cell-cell interactions. Respiratory viruses associated with asthma exacerbation, such as RSV, 63 

RV or influenza virus, have been shown to increase the number of ILC2s and to promote their 64 

activation and production of type 2 cytokines (31). In contrast, the long-term impact of persistent 65 

viruses, such as MuHV-4, on ILC2s function is still unknown.  66 

In this study, we investigate how infection history shapes long-term lung immunity. We 67 

demonstrate that MuHV-4 infection modulates the dialogue between ILC2s and AMs in an IFN-68 

γ-dependent manner with major consequences for the development of asthma. Specifically, we 69 

demonstrate the key role of pulmonary ILC2s in conferring identity and functional specification 70 

of Mo-AMs after virus-induced niche depletion. We further show that ILC2-derived GM-CSF is 71 

necessary to promote differentiation of Mo-AMs after MuHV-4 infection. Our results reveal 72 
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important insights into ILC2-dependent AM plasticity following γHV infection with long-term 73 

consequences for host allergic susceptibility. 74 
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RESULTS 75 

MuHV-4 infection reduces the number of lung ILC2s and modifies their functional 76 

properties in response to subsequent HDM exposure 77 

To investigate whether γHV infection affects pulmonary ILC2s over the long term with 78 

possible consequences for the development of type 2 responses, BALB/c mice were infected or 79 

not with MuHV-4 and subjected to HDM-induced airway allergy (Fig. 1A). Lung innate immune 80 

response was analyzed by flow cytometry one day after the first HDM instillation (sensitization) 81 

and three days after the last instillation (challenge). As previously shown (9), MuHV-4 infection 82 

conferred protection against HDM-induced airway allergy as illustrated by the reduced 83 

eosinophilia observed in MuHV-4-infected mice (Fig. 1B). Lung ILC2s were identified as Lin-
84 

CD45+CD90.2+ ST2+CD25+ live cells (with lineage composed of B220, CD11c, CD3, CD4, 85 

CD49b, CD5, CD8α, F4/80, FcεR1, Gr1 and Siglec-F markers) (Fig. 1C) and pulmonary ILC1s 86 

and some ILC3s have been jointly identified as CD45+Lin-NKp46+ living cells (32). Interestingly, 87 

in contrast with mock infected mice, we did not observe an increase in lung ILC2 number in 88 

MuHV-4 infected mice after HDM challenge, an observation that was not associated with 89 

differences in ILC1s or ILC3s (Fig. 1D). Moreover, within MuHV-4 infected mice, ILC2s 90 

displayed decreased expression of GATA3 and reduced production of IL-13 and IL-5 upon ex vivo 91 

stimulation both at sensitization and challenge phases (Fig. 1, E-I), suggesting that mouse infection 92 

by MuHV-4 affects the functional properties of lung ILC2s upon HDM treatment. In order to 93 

directly assess IL-5 production in vivo, we repeated those experiments using IL-5 reporter mice 94 

(IL5-tdtomato-cre, also called Red5) (33) subjected to HDM-induced airway allergy (Fig. S1A) 95 

and analyzed the number and function of lung ILC2s (Fig. S1B). In line with the reduced lung 96 

eosinophilia (Fig. S1C), MuHV-4 infection blocked the increase of lung ILC2 number observed 97 

upon HDM challenge in mock infected mice (Fig. S1D). Similar to BALB/c mice, ILC2s from 98 

MuHV-4 infected Red5 C57BL/6 mice also displayed lower GATA3 expression and IL-5 99 

production compared to mock infected mice both at HDM sensitization and challenge (Fig. S1, E-100 

H). Furthermore, this also revealed a reduced expansion of IL-5-producing T cells in MuHV-4 101 

infected mice (Fig. S1I). Finally, these differences in the number of IL-5-producing cells were 102 

readily visible in lung sections in which numerous ILC2s were observed within the lung 103 

parenchyma of uninfected and HDM-challenged mice, while they were hardly found in lungs of 104 

corresponding MuHV-4 infected mice (Fig. S1, J and K). Overall, these observations revealed that 105 

the history of MuHV-4 infection profoundly modifies the pool of lung ILC2s and affects their 106 

ability to initiate and amplify an effective HDM-induced type 2 response.  107 

MuHV-4 infection impairs both the expansion and recruitment of pulmonary ILC2s 108 

While we did not observe any differences of ILC2 apoptosis or necrosis between groups 109 

(Fig. 1, J-K), we observed a significant difference in ILC2 ability to proliferate upon HDM 110 

challenge between groups, as demonstrated by the reduction of Ki67+ ILC2s (Fig. 1, J and L). We 111 

then assessed whether HDM treatment could induce the presence of ILC2 from a recruited origin 112 

(either recruitment of ILC progenitors (34) or of ILC2s from bone marrow (BM) or from other 113 

tissues (35)) and whether MuHV-4 infection could affect it. To this end, BALB/c CD45.2+ mice 114 

were lethally irradiated with the exception of the thoracic cavity to spare lung-resident cells. These 115 

recipient mice were transplanted with BM from CD45.1+ BALB/c congenic donors. Eight weeks 116 

after irradiation and BM transfer, mice were infected or not with MuHV-4 and then subjected to 117 
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HDM sensitization and challenge (Fig. 1M-P). As expected, MuHV-4 infection conferred 118 

protection against HDM-induced airway allergy as demonstrated by the reduced eosinophilia (Fig. 119 

1N). HDM challenge induced the presence of ILC2s from a recruited origin that were significantly 120 

reduced in MuHV-4 infected mice (Fig. 1O-P). Moreover, cells of both origins were similarly 121 

affected by MuHV-4 infection for their capacity to produce type 2 cytokines (Fig. 1O-P). Similar 122 

results were obtained in C57BL/6 mice upon HDM challenge (Fig. S1 L-Q). Taken together, these 123 

data demonstrate that MuHV-4 infection impairs the proliferation, recruitment and pro-TH2 124 

functions of lung ILC2s following HDM challenge, irrespective of the ontogeny of these ILC2s. 125 

MuHV-4 infection imprints substantial changes on lung ILC2 transcriptional program 126 

We then performed single-cell RNA sequencing on sorted ILC2s after MuHV-4 infection 127 

and/or HDM instillations, (Fig. 2A and Fig. S2, A-F). As ILC2s can acquire ILC1-like properties 128 

under the influence of the cytokine microenvironment (36), we assessed the potential plasticity of 129 

these cells by monitoring the expression of specific transcription factors following MuHV-4 130 

infection and HDM treatments. In contrast to previous studies on ILC2s after other respiratory 131 

viral infections (37), we did not observe increased expression of Tbx21 (T-bet) or Rorc (RORγt) 132 

in lung ILC2s from any group (Fig. 2B). Accordingly, no increase in T-bet or IFN-γ levels was 133 

observed by flow cytometry after MuHV-4 infection as compared to mock-infected mice (Fig. 134 

2C). In contrast, expression of Gata3 and Rorα (38) were significantly higher after HDM challenge 135 

in lung ILC2s from mock infected mice compared to their MuHV-4 counterparts (Fig. 2B), 136 

supporting the negative regulation of ILC2s by infection.  137 

In order to identify any potential effect of the infection on some specific ILC2 subsets, we 138 

partitioned transcriptionally distinct ILC2s into 5 clusters and projected cells in two dimensions, 139 

using Uniform Manifold and Projection (UMAP) (Fig. 2D). Then, we selected the top 10 genes 140 

differentially expressed (DE) across clusters to define the phenotypic heterogeneity underlying 141 

each cell cluster and their proportion within the different conditions (Fig. 2D-F). Unexpectedly, 142 

we did not observe any significant enrichment of any ILC2 subset over another upon MuHV-4 143 

infection alone or following HDM exposures (Fig. 2F). Bulk analysis of DE genes identified 144 

significant upregulation of genes associated with ILC2 activation such as Pdcd1 and Klrg1 in mock 145 

infected mice after HDM sensitization, and Il-13 after HDM challenge, within ILC2 from mock 146 

infected mice compared to MuHV-4 infected mice (Fig. 2G-H). Interestingly, expression of PD-1 147 

in ILC2s is an important regulator of the maturation marker KLRG1 in ILC2s (39, 40). These 148 

differences in expression of PD-1 and KLRG1 following HDM sensitization were also confirmed 149 

by flow cytometry analysis (Fig. 2I-J). At the same time, Ly6a expression, encoding the IFN-150 

inducible GPI-linked protein Sca-1 involved in cell-cell adhesion and signaling (41), was higher 151 

in ILC2s from MuHV-4 infected mice (Fig. 2J). Interestingly, some differences were already 152 

observed prior to any HDM stimulation, as shown by higher expression of genes involved in tissue 153 

repair (Areg) or response to IFN-γ (Ifrd1, Stat1) (Fig. 2G-H). In particular, ST2 expression 154 

(encoded by Il1rl1) appeared to be reduced in ILC2s from MuHV-4 infected mice prior to any 155 

HDM treatment (Fig. 2 G, I and J). This difference was even increased upon sensitization to HDM 156 

while IL-33 production was similar between infected and uninfected mice (Fig 2 K and L) 157 

providing a potential mechanistic explanation of the lower responsiveness of ILC2s in MuHV-4 158 

infected mice.  159 
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Finally, gene-set enrichment analysis of transcriptomic data, revealed that HDM challenge 160 

induced the upregulation of genes involved in TH2 immunity and lymphocyte migration in ILC2s 161 

from mock infected mice in comparison with ILC2s from MuHV-4 infected mice (Fig. 2M). In 162 

contrast, increased expression of genes playing a role in negative regulation of innate immune 163 

response was observed in ILC2s from infected mice upon HDM challenge (Fig. 2M). Especially, 164 

our analysis highlighted that infection with MuHV-4 induced substantially higher expression of 165 

genes involved in response to IFN-γ, which is a well-known inhibitor of ILC2s (42, 43) (Fig. 2M). 166 

Interestingly, ILC2s from MuHV-4 infected mice appeared to display reduced orientation of their 167 

metabolism towards aerobic respiration in comparison with ILC2s from mock infected mice, 168 

suggestive of the involvement of metabolism in regulating their function.  169 

IFN-γ directs the functional impairment of pulmonary ILC2s after MuHV-4 infection 170 

MuHV-4 latency is associated with elevated levels of IFN-γ (9, 44) and BubbleGUM 171 

analysis revealed a strong IFN-γ related alteration on MuHV-4 ILC2s (Fig. 2M). To determine 172 

whether inhibition of pulmonary ILC2s was directly dependent on IFN-γ signaling, we generated 173 

mixed BM chimeras, in which C57BL/6 CD45.1.2+ mice were exposed to a complete lethal 174 

irradiation protocol and then transplanted with a mix (1:1) of BM cells from C57BL/6 CD45.1+ 175 

and from C57BL/6 IFN-γR-/- CD45.2+ congenic donors. 8 weeks after BM transplantation, mice 176 

were subjected to MuHV-4 infection and subsequent HDM treatment (Fig. 3A). The mixed 177 

chimera model allowed us to track the production of type 2 cytokines from wild-type (WT) ILC2s 178 

and from ILC2s lacking IFN-γ receptor in the same mouse. Interestingly, reduced production of 179 

IL-5 and IL-13 by ILC2s following infection was only observed in WT cells while ILC2s lacking 180 

IFN-γ receptor produced more IL-5 or IL-13 than WT ILC2s (Fig. 3 B and C), indicating that IFN-181 

γ sensing by ILC2s blocks type 2 cytokine production by these cells and plays a role in the 182 

protection conferred against HDM-induced airway allergy. Accordingly, in those mice, we did not 183 

observe any reduction in the number of ILC2s following MuHV-4 infection or protection against 184 

lung eosinophilia (Fig. 3 D and E). Altogether, these data revealed that inhibition of ILC2 185 

responses following MuHV-4 infection was dependent on direct IFN-γ sensing.  186 

In BALF, a peak of IFN-γ production occurs at day 8 after MuHV-4 infection (Fig. 3F) 187 

(45). We therefore assessed the impact of MuHV-4 infection on lung ILC2s before any HDM 188 

treatment (Fig. 3 G-I). The phenotype of ILC2s was altered as early as 5 days post-infection with 189 

a transient increased expression of Sca1 and PD-1 (Fig. 3I). Interestingly, PD-1 acts as a metabolic 190 

checkpoint in ILC2s to restrain inflammation (46). This was associated with a decrease in the 191 

percentage of IL-13+ ILC2s correlating with the peak of IFN-γ (Fig. 3H). Using the same mixed 192 

chimera model as in Fig. 3A, we confirmed a major role of IFN-γ in inhibiting lung ILC2s at early 193 

time points post-infection (Fig. 3, J-L). Importantly, protection against airway allergy was 194 

maintained even 3 months post-infection and was associated with a decrease in proliferation and 195 

cytokine production by lung ILC2s in the infected groups subjected to allergic challenge (Fig. 3, 196 

M-P). Moreover, these modifications were also observed after infection with a latency-deficient197 

MuHV-4 mutant (47) (Fig. 3, M-P), demonstrating that functional changes in ILC2s persist even198 

in the absence of long-term IFN-γ production. This observation underlines the imprinting effect of199 

infection on ILC2s associated with the peak of IFN-γ released into the airway during acute200 

infection.201 
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Monocyte-derived alveolar macrophages reconstituting the alveolar niche after infection are 202 

in close contact with lung ILC2s  203 

We have previously demonstrated the necessary and sufficient role of Mo-AMs in the 204 

protection conferred by MuHV-4 against allergic asthma (9). Therefore, we investigated a possible 205 

link between MuHV-4-imprinted ILC2s and the functional properties of AMs reconstituting the 206 

alveolar niche after infection. As observed previously, day 8 post-MuHV-4 infection correlates 207 

with the depletion of the AM niche and the recruitment of Mos associated with MHC-II 208 

overexpression and Siglec-F downregulation (Fig. 4, A-C). To assess first whether ILC2s and AMs 209 

are able to interact closely, we performed imaging of lungs from IL-5 reporter mice at days 0, 5, 210 

8, 14 and 28 post-infection and observed ILC2s and AMs in close contact at all post-infection 211 

times (Fig. 4, D-H). MuHV-4 infection induced a massive infiltration of immune cells in the 212 

bronchovascular areas at day 8 post-infection (Fig. 4E). In those clusters, we observed T cells 213 

(CD3+), myeloid cells (CD68+) and ILC2s (CD3-IL-5+). 28 days post-infection, inflammation was 214 

resolved with some remaining T cells observed (Fig. 4E). In order to better define the cell-cell 215 

interactions upon infection, we distinguished resident AMs (CD68+CD11c+) from Mos 216 

(CD68+CD11b+) and Mo-derived AMs (CD68+CD11c+CD11b+) (Fig. 4 F-G) and quantified the 217 

distance between these subsets and ILC2s, in comparison to the distance with another cell type as 218 

control. We observed that 50% of ILC2s were at least in close contact (shortest distance <5µm) 219 

with myeloid cells (Fig. 4G) and most of them were even closer (shortest distance <1µm), a 220 

distance that had been shown to allow direct cell contacts (48) (Fig. 4H and Supplementary Movie 221 

1), with temporal changes correlating with AM niche depletion and replenishment. On the 222 

contrary, such close interactions were not observed so frequently with control cells (neutrophils 223 

identified as CD68-, CD11b+) (Fig. 4, G), suggesting that the close contacts observed between 224 

ILC2s and myeloid cells may have biological relevance for the immune landscape of the alveolar 225 

niche after MuHV-4 infection.  226 

MuHV-4 infection induces concomitant changes in the transcriptional profiles of AM and 227 

ILC2, suggestive of key cell-cell interactions underlying AM differentiation and identity 228 

To assess the modifications induced by MuHV-4 infection on ILCs and AMs and a possible 229 

crosstalk between those cells, ILCs and AMs were sorted and profiled by scRNA-sequencing at 230 

different times post-infection (Fig. 5 A-B and Fig. S2, G-M). Lung ILC2s represented more than 231 

95% of the lung ILC populations and this proportion was maintained throughout the infection (Fig. 232 

5C). As early as 5 days after infection, ILC2 activation was observed as indicated by increased 233 

expression of Klrg1, Il-5 and Il-13 (Fig. S3A). Moreover, lung ILC2s also seemed to play a role 234 

in lung homeostasis following MuHV-4 infection based on production of Areg, essential for 235 

maintaining epithelial integrity and airway remodeling to restore lung function (49). Nevertheless, 236 

we detected a subsequent downregulation of Pdcd1 (PD-1), Klrg1 and Arg1, reduction of cytokine 237 

production correlating with upregulation of Ifit1 and Ifitm3 genes related to IFN-γ signaling by 238 

lung ILC2s from day 8 post-infection (Fig. S3A). Analysis of phenotypic molecular signatures 239 

with BubbleGUM confirmed that infection with MuHV-4 induced a higher expression of genes 240 

negatively regulating immune system processes and genes involved in response to viral infection, 241 

tolerance and response to IFN-γ. Finally, genes implicated in cellular respiration were 242 

downregulated in ILC2s from MuHV-4 infected mice, which could imply reduced aerobic 243 

respiration (Fig. S3B). Clustering of ILC2s showed that ILC2s producing Areg (cluster 0) were 244 

proportionally more abundant at day 8 post-infection (Fig. 5, D-F). This highlights a possible role 245 
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of ILC2s in tissue repair after initial acute infection, as found for influenza virus infection (49) 246 

confirming that MuHV-4 infection affects lung ILC2s much earlier than HDM instillations. 247 

Next, we performed clustering of AMs to better define changes in AM heterogeneity upon 248 

MuHV-4 infection. We identified 7 different subsets characterized by distinct transcriptional 249 

profiles and whose proportion varied over time (Fig. 5, G and H). To infer transcriptional dynamics 250 

between these cell subsets, we applied RNA velocity analysis (50) (Fig. 5I). This analysis clearly 251 

showed a transition from subsets 3-4 to subsets 1-2 and then to subsets 0-5 (Fig. 5I). Based on the 252 

relative proportion of the different subsets over time (Fig. 5I), and on canonical phenotypic 253 

markers such as SiglecF, ApoE and CCR2 (9, 45), we identified recruited Mos (subsets 3-4), 254 

differentiated AMs (subsets 0 and 5) and cells differentiating into AMs (subsets 1-2) (Fig. 5, J and 255 

K). Interestingly, clusters 0 and 5, identified as differentiated AMs, is present before infection, 256 

disappears and is then re-enriched on day 28 (Fig. 5 G and H). The low level of Ki67 expression 257 

in most of these clusters (except cluster 5) reinforce the view that these are recruited cells 258 

differentiating in situ as suggested by the velocity analysis (Fig. 5 I) but that do not multiply. In 259 

contrast, cluster 5 expressing high level of Ki67 (Fig. 5 K) potentially represents a self-renewing 260 

subpopulation of resident AMs. Bulk transcriptome analysis over the different time points showed 261 

that AMs from mock infected mice displayed a M2/resting profile, as shown by the overexpression 262 

of genes such as Marco, CD36, Chil3 and Fabp4 (Fig. S3C). In contrast, AMs from MuHV-4 263 

infected mice exhibited a shift towards classical macrophage activation (M1), overexpression of 264 

MHC-II and downregulation of SiglecF (Fig. S3C). BubbleGUM analysis confirmed these 265 

observations and highlighted regulatory properties associated with production of IL-10 at days 5 266 

and 8 post-infection (Fig. S3D). Altogether, this analysis highlights that, following MuHV-4 267 

infection, resident AMs displaying a M2 phenotype are progressively and mainly replaced by Mo-268 

derived AMs displaying M1 and regulatory properties. 269 

In allergic asthma or in early life, ILC2s coordinate the polarization of AMs to a M2 270 

phenotype (51, 52). To assess a potential crosstalk between ILC2s and myeloid cells (differentiated 271 

AMs, Mo differentiating into AMs and Mos) during MuHV-4 infection, we extrapolated putative 272 

interactions from transcriptomic data using NicheNET analysis (53). This analysis allowed us to 273 

characterize ligands expressed by ILC2s and  myeloid cells, their associated receptors and the 274 

target genes activated by these interactions (Fig. 5L and M). Interestingly, our analysis highlighted 275 

that production of GM-CSF (Csf2) by ILC2s (Fig. 5L) could educate incoming Mos towards AMs 276 

as this cytokine is essential for AM development in early life (54). Furthermore, 5 days post-277 

infection, they might produce Cxcl10 (Cxcl10), also known as IFNƔ-induced protein 10, that could 278 

induce the chemotaxis of Mos from the BM (55, 56) (Fig. S3A and E). Twenty-eight days post-279 

infection, interaction seems to rely on Ptprc expression by ILC2s and CD44 by Mos differentiating 280 

into AMs and AMs (Fig S3F). This interaction is known to regulate AM homeostasis and lung 281 

inflammation (57). Conversely, long-term Il-1β production by Mo-derived AMs may contribute to 282 

control lung ILC2s as previously shown (36) (Fig. 5M). These data further point to a complex 283 

crosstalk between MuHV-4-imprinted ILC2s and Mo-derived AMs that may shape long-term 284 

alveolar niche immunity. 285 

MuHV-4 infection inhibits the capacity of lung ILC2s to polarize AMs towards a "M2-286 

phenotype" ex vivo. 287 
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We next confirmed the potential role of lung ILC2s on AM maturation in ex vivo co-288 

cultures (Fig. 6A and Fig. S4A). To obtain Mos in the process of differentiation into AMs, we first 289 

co-cultured BM Mos with lung epithelial cells (ECs) from naïve mice for 3 days (Fig. 6 and S4). 290 

ILC2s from mock or MuHV-4 infected mice were then added (Fig. 6A). ILC2s from MuHV-4 291 

infected mice maintained their expression of Sca1 (Fig. 6B). A substantial fraction of BM-Mos 292 

differentiated into AM-like cells, as observed by the expression of CD11c (Fig. 6C). As previously 293 

described (51), Mo-derived macrophages acquired the M2 marker Arg1 when co-cultured with 294 

ILC2s from mock infected mice (Fig. 6C). In contrast, Mo-derived macrophages in culture with 295 

ILC2s from MuHV-4 infected mice showed less expression of Arg1 and an increased expression 296 

of MHC-II (Fig. 6C). AMs isolated from BALF and co-cultured with ILC2s do not show such 297 

phenotypic plasticity, suggesting a greater sensitivity of differentiating Mos to education by ILC2s. 298 

(Fig. S5). 299 

We then performed transcriptomic analysis of ex vivo differentiated Mo-derived 300 

macrophages (defined as Ly6G-, Ly6C-, autofluorescent, CD11c+ living cells) in the presence of 301 

lung ECs and cultured or not with lung ILC2s from mock or MuHV-4 infected mice. Macrophage 302 

identity was confirmed by the expression of associated genes (Fig. 6D). Principal component 303 

analysis revealed major differences depending mainly on the presence or absence of ILC2s (Fig. 304 

6E). In particular, lung ILC2s induced expression of genes related to macrophage differentiation 305 

and activation (Csf1, Pparg, Il4ra) and chemotaxis (Ccr7) (Fig. 6F). Genes that were differentially 306 

expressed between the conditions were classified with PANTHER (Fig. 6G). This revealed highly 307 

significant enrichments for pathways such as macrophage differentiation, activation or 308 

chemotaxis. In total, we observed 112 differentially expressed genes (P < 0.05) between Mos 309 

cultured with ILC2s from mock or infected mice (Fig. 6F). While ILC2s from mock infected mice 310 

promoted Mo-derived AMs differentiation (Pparg) and a M2 polarization phenotype (Arg1, Chil3, 311 

Ear2, Fabp4, Il1r2), macrophages cultured with ILC2s from MuHV-4 infected mice, in addition 312 

to not overexpressing M2-gene profiles, displayed expression of genes related to 313 

immunosuppression such as Csf3r, or to regulatory orientation such as Socs3 (Fig. 6, H and I). 314 

Altogether, these data indicate that, in vitro, besides positively regulating macrophage 315 

differentiation, lung ILC2s from MuHV-4 infected mice are not able to prone a M2 phenotype of 316 

Mo-derived AMs.  317 

Lung ILC2s from MuHV-4 infected mice promote Mo-AM differentiation through GM-CSF 318 

with subsequent in vivo consequences for HDM-induced airway allergy. 319 

As our NicheNet analysis highlighted that GM-CSF may be a major mediator of crosstalk 320 

between ILC2s and Mos differentiating into AMs after MuHV-4 infection (Fig. 5L), we 321 

investigated the role of GM-CSF in this context. To this end, Mos from BM or BALF AMs from 322 

naïve mice were co-cultured with lung ECs along with ILC2s from mock- or infected-mice during 323 

three days, with or without antibody blocking GM-CSF activity (Fig. 7A). As already observed 324 

(Fig. 6), Mos undergo a wave of differentiation into AMs, with several stages of differentiation 325 

identifiable after 3 days of co-culture (Fig. 7, B and C). Interestingly, ILC2s from infected mice 326 

were found to be more effective in inducing Mo differentiation into AMs, as indicated by their 327 

higher expression of CD11c compared to ILC2s from mock-infected mice (Fig. 7F). While GM-328 

CSF neutralizing antibodies did not affect the numbers of AMs, Mos or Mo-derived AMs when 329 

these cells were cultured with ECs alone (Fig. 7, D and E), they strongly blocked the increase in 330 

numbers of these cells observed in the presence of ILC2s. This effect was particularly marked in 331 
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the presence of ILC2s from MuHV-4 infected mice (Fig. 7, E-G), demonstrating that lung ILC2s 332 

from MuHV-4 infected mice promote the differentiation of Mo-derived AMs through GM-CSF 333 

production. Importantly, ex vivo co-culture of ILC2s, from mock infected or MuHV-4 infected 334 

mice, failed to polarize resident AMs from mock infected mice towards a M2 phenotype (Fig. S5) 335 

whereas Mo-derived AMs were sensitive to ILC2-induced polarization (Fig. 6). MuHV-4 336 

promoted the production of GM-CSF by lung ILC2s and simultaneously decreased production of 337 

type 2 cytokines (such as IL-13) by ILC2s 8 days post-infection (Fig. 3L). We therefore examined 338 

the effects of IL-13, as its production has been described to polarize AMs to a M2 phenotype with 339 

homeostatic functions (52). Repeated instillations of rIL-13 in MuHV-4 infected mice were 340 

sufficient to polarize AMs from infected mice to a M2 phenotype (Fig. 7, H and I), supporting that 341 

decreased production of IL-13 by ILC2s contributes to the absence of M2 phenotype of Mo-342 

derived AMs following MuHV-4 infection.  343 

Afterwards, to assess the importance of the ILC2-AM crosstalk in the context of in vivo 344 

replenishment of the alveolar niche by incoming Mos, we used ILC2s deficient mice (Rorαlox/lox 
345 

Il7rCre/+) (58), infected or not with MuHV-4, and subjected to HDM sensitization and challenge 346 

(Fig. 7J). In mock infected littermates, AMs expressed M2 markers such as YM1/CHIL3 at steady 347 

state as described (59). In contrast, decreased expression of these markers was observed in the 348 

absence of ILC2s (Fig. 7K). Similarly, the M2 marker RELMα was not increased in ILC2-deficient 349 

mice following HDM instillations (Fig. 7L). The absence of eosinophilia observed following 350 

HDM-induced airway allergy highlighted the essential role of ILC2s in allergic challenge (Fig. 351 

7M-N). This was associated with the lack of an M2 phenotype of AMs following HDM challenge, 352 

based on the expression of RELMα and Arg1 (Fig. 7O). These findings confirmed that ILC2s were 353 

essential to promote a M2-AM profile at steady state, and after HDM instillations in mock infected 354 

mice. Conversely, upon MuHV-4 infection, AMs from infected littermate mice showed the same 355 

profile as those from ILC2-deficient mice, meaning an absence of M2 polarization irrespective of 356 

HDM stimulation (Fig. 7, K, L and O).  357 

Finally, we performed AM transfer to address their functionality in the absence or presence of lung 358 

ILC2s (Fig. 7P). AMs from WT or ILC2s deficient mice, infected or not with MuHV-4, were 359 

transferred intranasally to recipient mice expressing CD45.1 and then subjected to HDM 360 

sensitization and challenge (Fig. 7P). As already described (9), AMs from MuHV-4 infected mice 361 

maintained their phenotypic changes including overexpression of MHC-II and downregulation of 362 

Siglec-F (Fig. 7Q).  AM transfer from littermate mock mice amplified the type 2 immune response, 363 

as indicated by increased BALF eosinophils counts (Fig. 7R). Remarkably, this amplification did 364 

not occur with AM transfer from mock infected ILC2s deficient mice (Fig. 7R), confirming that 365 

ILC2s instruct AMs toward M2 polarization profile and amplify a type 2 immune response. AMs 366 

from WT and ILC2-deficient MuHV-4 infected mice were similarly sufficient to provide 367 

protection against HDM-induced airway allergy, attesting again the absence of TH2 properties of 368 

ILC2s from MuHV-4 infected mice (Fig. 7R).   369 
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DISCUSSION  370 

ILC2s are key players in the initiation and maintenance of allergic asthma (20, 24). Viruses 371 

known to trigger or exacerbate asthmatic symptoms, such as RV or RSV are associated with 372 

expansion and activation of ILC2s (60–62). In contrast, the effect of persistent viruses, such as 373 

herpesviruses, on ILC2s was unknown. Here, we showed that ILC2s from γHV infected mice 374 

displayed long-term decreased expression of canonical type 2 markers but were able to promote 375 

the differentiation of Mo-derived AMs without promoting their type 2 functions. 376 

We observed that ILC2s from MuHV-4 infected mice have a reduced capacity to expand 377 

in response to type 2 stimuli, due to reduced recruitment and proliferation. In asthmatic human, 378 

circulation of ILC2s into the blood has been described (63), suggesting recruitment of ILC2s to 379 

specific tissues. Although the recruitment of ILC2s has been described in mice (35), this is not 380 

clear if it occurs in allergic asthma. Thus, some authors did not detect any recruitment of ILC2s in 381 

the lungs after administration of HDM (64), while others observed that the administration of HDM 382 

activated IL-33 responsive ILC2s in the BM suggesting potential mobilization and tissue 383 

recruitment (65). The partial chimera model used here definitely demonstrated the recruitment of 384 

ILC2s into the lung after HDM challenge. However, different ILC2 populations could not be 385 

identified through sc-trancriptomics. On the contrary, modifications of gene expression within 386 

ILC2s was rather uniform, with activation in the early post-infection period, and then, a gradual 387 

return to the baseline situation with the maintenance of a reduced number of transcriptomic 388 

changes (Fig. 5 and Fig. S3). Comparison of corresponding groups in the two scRNAseq 389 

experiments, performed on BALB/c and C57BL/6 mice respectively, revealed important 390 

similarities. In particular, the transcriptome modifications in response to MuHV-4 infection were 391 

homogeneous within ILC2s and mainly marked by the expression of genes associated with the 392 

negative regulation of innate immune responses and with response to IFN-γ (Fig. 2, Fig. 5 and Fig. 393 

S3). 394 

IFN-γ is a known inhibitor of ILC2s (42, 43, 66). However, while IFN-γ release induces a 395 

transient ILC2 counter regulation during influenza infection (67), we observed that MuHV-4  396 

infection, irrespective of latency establishment (Fig. 3 M-P), sustains long-term regulation of those 397 

cells. It therefore seems that it is the initial peak of IFN-γ rather than its long-term production that 398 

impacts the functions of ILC2s. In the future, it will be interesting to investigate the role of IFN-γ 399 

on ILC2s as a trigger for a long-term trained immunity state. The maintenance of this effect could 400 

also rely on a dialogue between ILC2s and Mo-derived AMs. For example, Mo-derived AMs 401 

produced IL-1β, a critical regulator of ILC2 function and plasticity (68) and  PD-L1 that could 402 

interact with PD-1 at the ILC2 surface. Several recent studies, have indeed demonstrated the 403 

crucial role played by recruited monocytes in the regulation of the lung microenvironment after 404 

viral infections (45, 69). 405 

Besides the influence of extrinsic factors, intrinsic intracellular alterations, induced at early 406 

time points post-infection, could play a key role in sustaining ILC2 functional profile. In that 407 

context, epigenetic and metabolic modulation are now well-established as sources of long-term 408 

changes in the immunological phenotype of innate immune cells (70, 71). Thus, cytomegalovirus 409 

infection has been described to drive adaptive epigenetic diversification of NK cells with altered 410 

effector functions (72). This has not yet been shown for ILC2s, even if more than 300 asthma-411 

associated genetic polymorphisms identified in genome-wide association studies have been 412 
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localized to H3K4Me2 gene regulatory elements in ILC2s (73). Interestingly, epigenetic 413 

modifications in innate lymphoid progenitor induce glycolysis which in turn decreases ST2 414 

expression and inhibits ILC2s activation by IL-33 (62). Similarly, we observed a reduction of ST2 415 

expression by ILC2s following MuHV-4 infection (Fig. 2 I-J).  416 

In addition to the direct influences on lung immunity, we showed important role for ILC2s 417 

in shaping the alveolar landscape upon infections. Tissue resident macrophages, such as AMs, 418 

display unique transcriptomic profiles (74, 75). However, how they acquire these profiles is still 419 

poorly understood. During physiological lung development, crosstalk between ILC2s, basophils 420 

and alveolar type II ECs seems to modulate the development of AMs (76, 77). This crosstalk occurs 421 

notably during first breath after birth when the alveolar expansion correlates with production of 422 

IL-33, which expands and activates ILC2s. In these conditions, ILC2s produce IL-13 that polarizes 423 

newly differentiating AMs to a M2 phenotype with homeostatic functions (52). How circulating 424 

Mos acquire macrophage properties and establish in tissues later in life is much largely unknown 425 

(77).  426 

The macrophage niche model states that embryonic or adult macrophage precursors have an 427 

almost identical potential to develop into tissue-resident macrophages, while competing for a restricted 428 

number of niches (78). However, pathways promoting macrophage replenishment and phenotype could 429 

rely on immune shaping by specific microbes. Here, we showed that MuHV-4 imprinted-ILC2s were 430 

able to coordinate the differentiation of recruited Mo into Mo-derived AMs, but did not confer 431 

them a M2 polarization as it could have been expected (52, 76). Indeed, we established that ILC2s 432 

and ECs alone can reproduce in vitro an alveolar niche, which is sufficient to promote the 433 

differentiation of Mos into AM-like cells as revealed by the expression of PPAR-γ (Fig. 6 and 7), 434 

a transcription factor essential for the identity and function of AMs (79). Crucially, we highlighted 435 

the importance of GM-CSF production by MuHV-4-imprinted ILC2s to optimize the 436 

differentiation of Mo into mature AMs. Previous work has identified the function of GM-CSF, 437 

restricted to alveolar type 2 cells, in instructing AM fate, establishing the postnatal AM 438 

compartment, and maintaining AM pool in adult lungs (80). While these data have been described 439 

in steady state, we highlighted here, in the context of depletion of the alveolar niche by MuHV-4 440 

infection, the necessary and sufficient role of ILC2 derived GM-CSF in driving Mo-AM 441 

differentiation. Further work is required to dissect the role of GM-CSF across macrophage subsets 442 

during inflammation and infection. Thus, while alterations in the ILC2/AM axis could explain part 443 

of the differences in susceptibility to the development of allergic asthma, they could also be 444 

involved in immunopathologies induced by viral infections such as COVID-19. Indeed, 445 

insufficient GM-CSF production in the airways of patients severely affected by SARS-CoV2 446 

infection has been reported (81). Interestingly, clinical trials seem to show that early treatments 447 

with inhaled GM-CSF could restore alveolar gas exchange and simultaneously boost anti-SARS-448 

CoV2 immunity potentially through Mo-derived AMs instruction (82). The role of ILC2s in the 449 

education of Mo-derived AMs and the resulting functional consequences should also be 450 

investigated in the context of influenza virus infection, as it has recently been shown that these 451 

cells determine the severity of the disease associated with this infection (69). Investigating 452 

potential functional alterations of lung ILC2s in these contexts could therefore open new 453 

therapeutic perspectives. 454 

In the end, ILC2s are probably not the only cells that contribute to the functional education 455 

of Mo-derived AMs. Indeed, the transfer of Mo-derived AMs from ILC2s-deficient mice is still 456 
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accompanied by protection against allergic asthma, indicating that other factors are probably 457 

involved. Accordingly, our previous observation of phenotypic changes in Mos within the BM 458 

following MuHV-4 infection (9) suggests the existence of central imprinting of Mos in addition to 459 

their peripheral education. 460 

Overall, this work substantially expands the understanding of γHV imprinting of lung 461 

immunity. In particular, it reveals the central importance of ILC2s to confer AM identity to Mos 462 

filling the niche following viral infection. As such, MuHV-4 imprinted ILC2s exhibit long-term 463 

alterations regulating the in vivo phenotypic and functional dynamics of AMs during allergic 464 

asthma. From a more general point of view, these results also suggest a central role for ILC2s in 465 

maintaining the delicate equilibrium between γHVs and the host immune system. 466 
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MATERIALS AND METHODS 467 

Study design 468 

The main goal of this study was to explore the long term effect of a γHV infection on lung ILC2s 469 

and the potential consequences on lung type 2 immune responses. The experiments were 470 

performed in mice using mouse genetics and molecular and cellular immunology approaches. In 471 

most of the experiments, 4 to 10 mice per group per time point were used to identify differences 472 

between groups with at least 80% power and 5% significance level. No data were excluded from 473 

the analysis and all replication gave similar readout. Allocation of animals into groups was done 474 

randomly at the start of the experiments. The specific numbers and genotypes of mice, the 475 

experimental replicates and the statistics performed are included in each figure legend.  476 

Mice.  477 

This study was conducted in accordance with guidelines of the European Convention for the 478 

Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (CETS 123). 479 

Animal experiments were performed as specified in protocols approved by Committee on the 480 

Ethics of Animal Experiments of the University of Liege (permit number: 1845). All inoculations 481 

were performed under isoflurane anesthesia and every effort was made to minimize suffering.  482 

Female BALB/c or C57BL/6 WT mice were purchased from Charles River (l'Arbresle, France). 483 

Red5 (IL5-tdtomato-cre), ‘Great’ (IFN-gamma reporter) and BALB/c CD45.1+ mice were from 484 

Jackson Laboratories (030926-017580-006584) (Maine, United States). C57BL/6 Rorafl/sg Il7rCre 485 

were provided by A. McKenzie (Cambridge, UK) and H. Rodewald (Heidelberg, Ger) and 486 

C57BL/6 IFN-γR-/- by E. Muraille (ULB). C57BL/6 CD45.1.2+ and CD45.1+ were bred in the 487 

GIGA animal facility (ULiege, Belgium). Except where otherwise stated, all mice used were 8-12 488 

weeks of age. Animals were housed in the University of Liege.  489 

Viruses.  490 

The WT MHV-68 strain of MuHV-4 (83) and the latency-deficient mutant (MuHV-4 Del73) (47) 491 

were grown on BHK (baby hamster kidney) cells and were purified and titrated as described (84). 492 

Mouse infection.  493 

Intranasal or intratracheal infection was performed under isoflurane anesthesia, with 1 × 104 494 

MuHV-4 PFU in 50 µl of PBS . 495 

Administration of HDM extracts. 496 

Anesthetized mice received intranasal instillation of PBS or HDM in 50 µL. To induce airway 497 

allergy, two different protocols were used. In the high-dose protocol, mice were treated with 100 498 

µg HDM extracts on day 0 and were subsequently challenged with 100 µg HDM on days 7 and 499 

14. In the HDM low-dose protocol, mice were sensitized with 10 µg HDM on day 0 and were500 

subsequently challenged with 10 µg HDM on days 7 to 8 or on days 7 to 11. In both models,501 

analyses were performed 3 days after the final HDM administration. As BALB/c and C57BL6502 

mice strains exhibit different sensitivities to HDM-induced airway allergy, the HDM high-dose503 

model was used in BALB/c mice only while the HDM low-dose model was used in both genetic504 

backgrounds. To assess the early innate response to HDM, mice were sensitized with 10 or 100 µg505 

HDM and were euthanized after one day.506 

Immunofluorescence microscopy. 507 
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After euthanasia, 1 mL of 2% PFA were injected intratracheally and lungs were perfused through 508 

the right ventricle with 5 mL of 2% PFA. Tissues were harvested and fixed for 2 h in 2% PFA, 509 

washed for 4 h with PBS, cryoprotected overnight with 30% of sucrose, and embedded in OCT 510 

(Scigen) prior to freezing. Sections were processed on a Leica CM 3050S cryomicrotome (7-10 511 

μm), dried on slides for 30 min, and kept at -80°C until staining. Tissues were blocked with 3% 512 

goat serum and 2% BSA and maintained in PBS + 0.2% triton X100 throughout antibody 513 

treatments. For multispectral analyses, endogenous biotin-blocking kit was used (ThermoFisher) 514 

before. Primary antibodies (rabbit IgG anti-dsRed (Takara, 1:200), rat IgG2b anti-CD3 (17A2, 515 

Biolegend, 1:100), rat IgG2a anti-CD68 (FA-11, Invitrogen, 1:100)) were incubated for 4h at 4°C 516 

and secondary antibodies (1:500 or 1:1000 dilution, conjugated to AF488, AF555, AF594, AF647 517 

or biotin (ThermoFisher)) for 45 min at RT followed, when necessary, by secondary streptavidin 518 

(Brilliant Violet 421 Streptavidin (BioLegend, 1:700)) for 30 min at RT and primary antibodies 519 

(hamster IgG anti-CD11c AF488 conjugated (ThermoFisher, 1:200) and rat IgG2bkappa anti-520 

CD11b eF660 conjugated (ThermoFisher, 1:100)) overnight. Slides were mounted with 521 

ProLongTM Gold or Diamond Antifade (ThermoFisher) with DAPI (BioLegend). Samples were 522 

rinsed 3 times in PBS between each steps. Slides were examined with a Nikon A1R confocal 523 

microscope or, for multispectral analysis with a Zeiss LSM980 inverted confocal microscope using 524 

a Plan-Apochromat 20x/0.8 or a LD C-Apochromat 40x/1.1 W objective. All fluorophores were 525 

excited simultaneously at 405/488/561/639 nm using main beam splitters at 405, 488, 561, 639 526 

nm. The emission spectra were collected with a spectral detector 32 channels GaAsP 527 

Photomultiplier tube (PMT) in lambda mode at 8.8 nm bins from 411 to 694 nm. Then we perform 528 

a spectral unmixing process based on the monostaining spectra. Analysis was performed with 529 

ImageJ software for image calculator or IMARIS (Bitplane) software for the spatial colocalisation. 530 

BAL, cytology and cytokine measurement. 531 

After euthanasia, trachea was catheterized and BAL was performed by two consecutive flushes of 532 

the lungs with 1 mL of ice-cold PBS containing protease inhibitors (Complete, Roche). Cell 533 

density was evaluated using a hemocytometer after staining with Tuerk solution (Sigma-Aldrich). 534 

Cytokine production was measured by specific ELISA (Ready-SET-Go, eBioscience). 535 

Cell suspension preparation from organs. 536 

To harvest lung cells, mice were perfused with ice-cold PBS through the right ventricle. Then, 537 

lung lobes were collected into a C-Tube (Miltenyi) containing complete RPMI medium, 50 μg/mL 538 

liberase TM (Roche) and 100 µg/mL DNase I (Roche), before being processed with a gentleMACS 539 

dissociator (Miltenyi) and, finally incubated for 30 min at 37 °C. For ECs sorting, lung were 540 

previously digested 10 min at RT in DMEM medium with 10 U/mL of Dispase (Sigma-Aldrich) 541 

before C-Tube process. BM cells were obtained from adult mice by crushing the femurs and tibiae. 542 

Blood was acquired by cardiac puncture and was immediately suspended in ice-cold PBS 543 

complemented with 5 mM EDTA. Suspensions of cells were finally washed and treated for lysis 544 

of erythrocytes (1X RBC Lysis Buffer, ThermoFisher). For all preparations, cells were finally 545 

strained through a 70-µm filter. 546 

Flow cytometry. 547 

For intracellular staining, single-cell suspensions were stimulated for 4 h at 37°C in RPMI with 50 548 

ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich), 1 μg/mL ionomycin (Sigma-Aldrich), 8 549 

mg/mL monensin and brefeldin (BD Biosciences) and 2 mM β-mercaptoethanol (Sigma-Aldrich). 550 
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Cells were firstly blocked with anti-FcR antibody (CD16/32, Biolegend) during 20 min. Labeling 551 

of single-cell suspensions was performed on ice in PBS containing 0.5% BSA and 0,1% Sodium 552 

azide with various panels of fluorochrome-conjugated antibodies for 30min. Antibodies to 553 

B220/CD45R (clone RA3-6B2, APC),  CD11b (clone M1/70, BV605 and FITC), CD11c (clone 554 

N418, APC), CD19 (clone 6D5, APC/Cyanine7), CD25 ( clone PC61, Alexa Fluor 700), CD274 555 

(clone 10F.9G2, BV711 and APC), CD279 (clone 29F.1A12, APC/Fire750), CD3e (clone 145-556 

2C11, APC, BV421 and FITC), CD4 (clones RM 4-5 GK1.5, APC and FITC), CD45 (clone 30-557 

F11, BV510 and PE/Cyanine7), CD45.1 (clone A20, BV421 and APC), CD45.2 (clone 104, 558 

BV510 and PE/Cyanine7), CD49b (clone DX5, APC), CD5 (clone 53-7.3, APC), CD86 (clone 559 

GL-1, APC/Cyanine7), CD8α (clone 53-6.7, APC and PerCP/Cyanine5.5), CD90.2 (53-2.1, 560 

BV421), F4/80 (clone BM8, APC), FCεRIα (clone MAR-1, APC), Gr-1 (clone RB6-8C5, APC), 561 

I-A/I-E (clone M5/114.15.2, FITC and PE/Cyanine7), IFN-γ (clone XMG1.2, BV711), IL-5 (clone562 

TRFK5, BV421 and PE), Ki-67 (clone 16A8, Alexa Fluor 488 and PE), KLRG1 (clone 2F1,563 

BV711), Ly6A/E (clone D7, FITC), Ly6C (clone HK1.4, BV785), Siglec-F (clone E50-2440,564 

APC) and ST2 (clone DIH9, BV421 and PE) all from Biolegend; antibodies to CD11b (clone565 

M1/70, BV711), CD3e (clone 145-2C11, APC-Cy7), CD90.2 (clone 53-2.1, BV711), KLRG1566 

(clone 2F1, BV786), Ly6G (clone 1A8, APC-Cy7), Siglec-F (clone E50-2440, PE and PE-CF594),567 

Streptavidin (APC) all from BD Biosciences; antibodies to Arginase 1 (clone AexF, PE-568 

Cyanine7), CD11c (clone N418, Alexa Fluor 700), GATA-3 (clone TWAJ, PE), IL-13 (clone569 

eBio13A, Alexa Fluor 488), iNOS (clone CXNFT, PE), Ly6C (clone HK1.4, PE), NK1.1 (clone570 

PK136, PE-Cyanine7), RELM alpha (clone DS8RELM, PE), T-bet (clone eBio4B10, PE) and571 

Streptavidin (FITC) all from ThermoFisher and antibody to YM1/Chitinase 3-like 3 (Biotinylated)572 

from R&D Systems. The gating strategy to identify the different cell populations included573 

successive forward- and side-scatter gating, exclusion of multiplets and selection of living cells574 

with the viability marker Zombie Aqua™ or Violet™ (Biolegend) or Fixable Viability Dye575 

eFluor™ 780 (eBioscience). Annexin V FITC and 7-AAD were purchased from Biolegend and576 

apoptosis/necrosis assays were performed according to manufacturer’s instructions. The Foxp3577 

Transcription Factor Staining kit was purchased from eBioscience and used for intranuclear578 

staining. Samples were processed on a BD LSR Fortessa X-20 equipped with 50-mW violet 405-579 

nm, 50-mW blue 488-nm, 50-mW yellow-green 561-nm and 40-mW red 633-nm lasers and an580 

ND1.0 filter in front of the FSC photodiode.581 

Cytokine treatment. 582 

Recombinant murine IL-13 (Biolegend) was administered intratracheally (1 µg into 50µL) from 583 

day 8 post-infection for 5 days and analysis was performed one day after the last instillation. 584 

Real-time quantitative PCR. 585 

Lung tissue were homogenized in TRIzol (ThermoFisher) and RNA extracted using RNeasy Mini 586 

Kit (Qiagen). RNA was reverse transcribed using iScript™ cDNA Synthesis Kit (Bio-Rad) and 587 

real-time qPCR was performed using SYBR Green IQ supermix (Bio-Rad) and primers detailed 588 

in Table S1. The comparative ΔCt method was used to represent relative expression normalized to 589 

the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  590 

Generation of BM chimeras. 591 

BM chimeras were constructed by exposure of BALB/c CD45.2+ or C57BL/6 CD45.1.2+ mice to 592 

a lethal irradiation protocol (see below) that preserves or not the thoracic cavity. These recipient 593 

mice were then given intravenous injection of 5 × 106 BM cells isolated from the femur and tibia 594 
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of BALB/c CD45.1+ WT or a mix (1:1) of C57BL/6 CD45.1+ WT and C57BL/6 IFN-γR-/- CD45.2+
595 

congenic BM cells. The host mice were given broad-spectrum antibiotics (endotrim, Ecuphar, 1.5 596 

mg/ml), for 4 weeks in drinking water. Experimental manipulations on chimeric mice were 597 

allowed 8 weeks after the BM transplantation.  598 

Mouse irradiation. 599 

A dose of 6 Gy was delivered to the whole body and 7,5 Gy when the thoracic cavity was spared 600 

with a dedicated small animal radiotherapy device (SmART Irradiator from Precision X-Ray Inc). 601 

Radiation was delivered using a photon beam (maximum energy of 225 kV and 13 mA), which 602 

provided a dose rate of 3 Gy/min. The planning system SmART-plan (version 1.3.9 Precision X-603 

ray, North Branford, CT) was used to establish and deliver the treatment. To target the whole body 604 

except the thoracic cavity, we used two opposite beams to irradiate the head and the same schedule 605 

to irradiate the abdominal cavity. The dose delivered was almost 0 Gy to the lungs, 7.5 Gy to the 606 

soft tissue and 20.5 Gy to the bones. Fluoroscopy was used to check mouse positioning before 607 

each beam to avoid thoracic irradiation. During irradiation, mice received continuous isoflurane 608 

anesthesia. 609 

AM isolation and transfer. 610 

AMs were purified by positive CD11c MACS selection (Miltenyi Biotech) from BALF of mock- 611 

or MuHV-4-infected mice (C57BL/6) 30 days after infection. AM purity was checked by flow 612 

cytometry (autofluorescent CD11c+ living cells) and was confirmed to be >95%. For transfer 613 

experiments, 8 × 105 AMs in 75 µl of PBS were injected intranasally into naive CD45.1+ congenic 614 

C57BL/6 mice under isoflurane anesthesia.  615 

Cell sorting of ILC2s, ILCs, AMs, Mos and ECs. 616 

Lung ILC2s (defined as Lin-CD45+CD127+CD90.2+ST2+CD25+ living cells) were sorted after 617 

negative enrichment against lineage markers (B220, CD11c, CD3, CD4, CD49b, CD5, CD8α, 618 

F4/80, FcεR1, Gr1 and Siglec-F) using MojoSort™ Mouse anti-APC Nanobeads (Biolegend) and 619 

magnetic separation using LD columns (Miltenyi). Lung ILCs (defined as Lin-CD45+CD90.2+
620 

living cells) were sorted after negative enrichment against lineage markers (B220, CD11c, CD3, 621 

CD4, CD5, CD8α, F4/80, FcεR1, Ly6G and Siglec-F) using MojoSort™ Mouse anti-APC 622 

Nanobeads and magnetic separation using LD columns (Miltenyi). AMs from BALF were defined 623 

as autofluorescent, FSC-Ahigh living cells. Lung ECs were sorted (CD45-CD31-Epcam+ live cells) 624 

after depletion of CD45+ cells using using MojoSort™ Mouse anti-CD45 Nanobeads (Biolegend). 625 

BM Mos were sorted (CD19-CD3-CD11b+Ly6C+ living cells), after depletion of Ly6G+ and 626 

B220+ cells using MojoSort™ Mouse anti-APC Nanobeads (Biolegend) and magnetic separation 627 

using LD columns (Miltenyi). All cells were sorted on a FACSAria IIIu (BD Biosciences).  628 

Ex vivo culture. 629 

50,000 BM Mos and 5,000 lung ECs were co-cultured in 200 μL of RPMI 1640 medium containing 630 

Glutamax-I with 10% FCS, 1% MEM, 50 µM 2-mercaptoethanol, 100 U/ml penicillin, 100 mg/ml 631 

streptomycin and 10 ng/ml recombinant murine GM-CSF (Peprotech). Directly or 3 days after the 632 

start of the co-culture, 2,500 ILC2s from mock- or MuHV-4 infected C57BL/6 mice (sorted as 633 

described above) were added with IL-2 (final concentration 10 ng/mL) and anti-mouse GM-CSF 634 

(BE0259, BioXcell, 15 µg/mL) when specified. Cells were analyzed 3 days after the addition of 635 

ILC2s and supernatant was used for analyzing cytokine levels.  636 
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Bulk RNA sequencing. 637 

From ex vivo co-culture, cells were harvested using Cell Dissociation Buffer (ThermoFisher) for 638 

15 min in 37°C and then macrophages (FSC-Ahigh, CD11c+ living cells) were sorted and kept in 639 

TRIzol at -80°C. RNA from macrophages was extracted using the RNeasy Mini kit (Qiagen), and 640 

quality was assessed on Agilent RNA 6000 Pico. cDNA was prepared using SmartSeq HT (1ng). 641 

RNA-Seq libraries were prepared using the Illumina Nextera XT DNA Library Preparation Kit. 642 

Libraries were quantified and normalized by qPCR. Libraries were finally sequenced using 643 

Illumina NovaSeq6000 and bioinformatics analysis was performed. Approximately 25 × 106 75-644 

base single-end reads were generated per sample. Subsequent analysis used R bioconductor 645 

(v.4.0.3). The nf-core/rnaseq pipeline (v.3.0) was used to generate the QC of the raw data and the 646 

count matrix (85). The DESeq2 package was used to process the count matrix in order to get 647 

differentially expressed genes (86). The vsn package was used to generate a variance stabilizing 648 

transformation out of the count matrix for visualization and clustering (87). List of DE genes 649 

between were uploaded on PANTHER and GO biological process complete was selected. The 650 

results with a FDR ≤ 0.05 were considered as significant.  651 

652 

Single cell RNA sequencing. 653 

Libraries preparations for single-cell immune profiling, sequencing, and post-processing of the 654 

raw data were performed at the GIGA-Genomics Core Facility (Belgium). Sorted cells were 655 

washed with PBS (calcium and magnesium free) containing BSA (400 μg/mL). 12,800 cells were 656 

loaded on Chromium Controller (10x Genomics). Samples were further processed for droplet-657 

based RNA sequencing and libraries were prepared using Chromium Single Cell 3’ Reagent Kits 658 

v3 (10x Genomics). Amplified cDNA quality controls were performed with an Agilent bioanalyzer 659 

(Agilent) and final library profile were checked on Qiaxcel (Qiagen). Sequencing libraries were 660 

loaded an Illumina Novaseq sequencer with NovaSeq SP 100 v1 kit (Illumina, CA, USA) using 661 

the following read lengths: 28 bp for Read1 (18 bp Barcode + 10 bp Randomer), 8 bp for Sample 662 

Index and 88 bp for Read2. Library quantification was processed with KAPA Library 663 

quantification kit (KAPA Biosystems). Analysis of scRNA-seq samples is described in 664 

supplementary Material and Methods.  665 

Quantification and statistical analysis. 666 

Statistical tests are described in the figure legends. Data were analyzed using Prism software 667 

(GraphPad10, San Diego, CA). For RNA or scRNA sequencing data, statistical analyses were 668 

performed in R v.4.0.3 and various Bioconductor packages. No statistical methods were used to 669 

predetermine sample size prior to experiments.  670 
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Figures: 1170 

1171 

Fig. 1. MuHV-4 infection reduces the number of lung ILC2s and modifies their functional 1172 

properties after HDM treatment. 1173 

(A) Experimental layout of MuHV-4 infection and high-dose HDM sensitization or challenge in1174 

8-week-old-BALB/c mice (n= 4-8 in each group).1175 

(B) Percentage and absolute numbers of eosinophils (out AMs (autofluorescent CD11c+SSC-Ahigh) 
1176 

Siglec-F+CD11b+ living cells) from BALF.1177 

(C) Strategy for the identification of lung ILC2s by flow cytometry. Lineage was defined as B220,1178 

CD11c, CD3, CD4, CD49b, CD4, CD8α, F4/80, FcεRI, Gr1 and Siglec-F. ILC2s are identified as1179 

Lin-CD45+ST2+CD90.2+CD25+ living cells.1180 

(D) Absolute numbers of lung ILC2s and ILC1-3s (Lin-CD45+ST2+CD90.2+ Nkp46+ living cells).1181 

(E) Representative flow cytometry plots and histograms of GATA3 staining in lung ILC2s.1182 

(F) Mean fluorescence intensity (MFI) of GATA3 staining in lung ILC2s.1183 

(G) Representative flow cytometry of intracellular staining of IL-5 and IL-13 pre-gated on lung1184 

ILC2s, numbers indicate the percentage of positive cells in each quadrant.1185 

(H-I) Percentage and absolute numbers of IL-5+ (H) and IL-13+ (I) ILC2s in lung.1186 

(J-L) 8 week-old-BALB/c mice were infected or not with MuHV-4 and subjected to a low-dose1187 

HDM sensitization or challenge (n= 5 in each group).1188 

(J) Experimental layout.1189 

(K) Quantification of necrosis (Annexin-V and 7-AAD double positive) and early apoptosis1190 

(Annexin-V positive and 7-AAD negative) in lung ILC2s.1191 

(L) Percentage of Ki67+ cells among lung ILC2s.1192 

(M-P) 8 week-old-CD45.2+ BALB/c mice were lethally irradiated, sparing the thoracic area, and1193 

transplanted with CD45.1+ BM before being infected or not with MuHV-4 and subjected to a low-1194 

dose HDM challenge (n= 5 in each group).1195 

(M) Experimental layout.1196 

(N) Percentage of eosinophils (out AMs (autofluorescent CD11c+SSC-Ahigh) Siglec-F+CD11b+
1197 

living cells) from BALF.1198 

(O) Representative cytometry plots for the evaluation of chimerism between recipient (CD45.2+)1199 

ad donor (CD45.1+) cells in lung ILC2s.1200 

(P) Absolute numbers of CD45.1+ and CD45.2+ cells among lung ILC2s.1201 

For comparisons between two groups, Student’s two-tailed t test was used. For comparisons1202 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests.1203 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.1204 

Error bars represent SEM. Data are representative of at least three independent experiments.1205 

1206 

Fig. 2. MuHV-4 infection imprints changes on lung ILC2 transcriptional program. 1207 

8-week-old-BALB/c mice (n= 7 in each group) were infected or not with MuHV-4 and subjected1208 

to high-dose HDM sensitization or challenge before droplet-based single cell RNA-sequencing of1209 

ILC2s.1210 

(A) Experimental layout.1211 

(B) Violin plots of ILC1s, ILC2s and ILC3s canonical transcription factors expression in lung1212 

ILC2s.1213 

(C) MFI of T-bet and IFN-γ staining of lung ILC2s of mock or MuHV-4 infected mice, treated or1214 

not with HDM measured by flow cytometry.1215 
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(D) Non-linear representation (UMAP) of the top 15 principal components (PCs) of 24,449 ILC2s 1216 

split between the 6 conditions, cells are coloured by cluster. 1217 

(E) Heatmap representing the 10 most expressed genes for each cluster.1218 

(F) Proportion of condition within each cluster of (D).1219 

(G) Differentially expressed genes (y axis) by condition (x axis) in lung ILC2s. Dot size represents1220 

the fraction of cells in the cluster that express the gene and colour indicates the mean expression1221 

(logTPX (see Methods)) relative to each gene.1222 

(H) Volcano plot comparison of whole transcriptome gene expression of ILC2s (defined as1223 

statistically significant adjusted false-discovery rate (FDR) <0.05).1224 

(I) Representative flow cytometry plots of ST2 and KLRG1 expression in lung ILC2s (gated1225 

CD45+Lin-CD90.2+CD25+ living cells) 24h after intranasal instillation of high-dose HDM in1226 

mock- or MuHV-4 infected mice.1227 

(J) Percentage of KLRG1, PD-1, Sca1 and ST2 expression in lung ILC2s from mock- or MuHV-1228 

4 infected mice subjected to high-dose HDM sensitization or challenge.1229 

(K) ELISA measurement of IL-33 in BALF from mock- or MuHV-4 infected mice 24h after1230 

intranasal instillation of high-dose HDM (n= 10 in each group).1231 

(L) Expression of IL-33 analyzed by RT-qPCR in lung from mock- or MuHV-4 infected-mice (n=1232 

5 in each group) 2 or 6h after intranasal instillation of high-dose HDM.1233 

(M) Enrichment for transcriptomic fingerprints specific for 12 Gene Ontology sets by gene set1234 

enrichment analysis with BubbleGum software in lung ILC2s. The color indicates the cell subset1235 

showing enrichment for the gene set. The surface area of the dots is proportional to the absolute1236 

value of the normalized enrichment score (NES). The color intensity indicates the false-discovery1237 

rate (FDR). Numbers in parentheses indicate the number of genes in each gene-set. NS, not1238 

significant1239 

For comparisons between two groups, Student’s two-tailed t test was used. For comparisons1240 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests.1241 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.1242 

. Error bars represent SEM. Analyses were performed using R.1243 

1244 

Fig. 3. IFN-γ directs the functional impairment of pulmonary ILC2s after MuHV-4 infection 1245 

(A-C) CD45.1.2+ C57BL/6 mice were exposed to lethal irradiation protocol (6Gy) before being 1246 

transplanted with a mix (1:1) of CD45.1+ WT and CD45.2+ IFN-γR-/- congenic donor BM cells. 8 1247 

weeks after transfer, those mice were subjected to MuHV-4 infection and then to HDM low-dose 1248 

sensitization and challenge (n= 4-5 in each group). 1249 

(A) Experimental layout.1250 

(B) Representative flow cytometry plots of IL-5 and IL-13 staining in lung. WT and IFN-γR-/- lung1251 

ILC2s from the same mouse are shown. Numbers indicate the percentage of positive cells in each1252 

quadrant.1253 

(C) Percentage of IL-5+ and IL-13+ cells among donor and host lung ILC2s.1254 

(D-E) Absolute numbers of ILC2s (D) in lung and eosinophils (E) in BALF.1255 

(F) ELISA measurement of IFN-γ in BALF at indicated times post-MuHV-4 infection in C57BL/61256 

mice (n= 4 in each group).1257 

(G-I) C57BL/6 were subjected to MuHV-4 infection and analyzed at indicated times post-infection1258 

(n=5 in each group).1259 

(G) Experimental layout.1260 

(H) Percentage of IL-13+ cells among lung ILC2s.1261 
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(I) Representative flow cytometry plots of Sca1 and PD-1 expression in lung ILC2s. Numbers 1262 

indicate the percentage of positive cells in each quadrant. 1263 

(J-L) CD45.1.2+ C57BL/6 mice were exposed to lethal irradiation protocol (6Gy) before being 1264 

transplanted with a mix (1:1) of CD45.1+ WT and CD45.2+ IFN-γR-/- congenic donor BM cells. 8 1265 

weeks after transfer, those mice were subjected to MuHV-4 infection (n= 4 in each group). 1266 

(J) Experimental layout. 1267 

(K) Absolute numbers of ILC2s in lung. 1268 

(L) Percentage of IL-5+ and IL-13+ cells among donor and host lung ILC2s. 1269 

(M-P) 8-week-old-BALB/c mice (n= 5 in each group) were infected or not with MuHV-4 WT or 1270 

with latency-deficient viral mutant (Del73 strain).  1271 

(M) Experimental layout.  1272 

(N) Absolute numbers of eosinophils (out AMs (autofluorescent CD11c+SSC-Ahigh) Siglec-1273 

F+CD11b+ living cells) from BALF. 1274 

(O) Percentage of Ki67+ cells among lung ILC2s. 1275 

(P) Percentage of IL-13+ and IL-5+ ILC2s in lung.  1276 

For comparisons between two groups, Student’s two-tailed t test was used. For comparisons 1277 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. 1278 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1279 

Error bars represent SEM. 1280 

 1281 

Fig. 4. Monocyte-derived alveolar macrophages reconstituting the alveolar niche after 1282 

infection are in close contact with lung ILC2s. 1283 

(A-C) 8-week-old BALB/c mice were infected or not with MuHV-4 (n= 4 in each group).  1284 

(A) Experimental layout.  1285 

(B) Percentage of AMs (described as autofluorescent CD11c+ living cells) and absolute numbers 1286 

of Mos (described as CD11b+Ly6C+ living cells) from BALF.  1287 

(C) MFI of MHC-II and Siglec-F in BALF AMs.  1288 

(D-H) 8 week-old IL-5 reporter mice (Red5) were infected or not with MuHV-4, and lungs tissues 1289 

were subjected to immunostaining and imaged at different times post-MuHV-4 infection. 1290 

(D) Experimental layout.  1291 

(E) 2D thin-cut images from the indicated conditions. Red circles highlight close contact between 1292 

ILC2s and myeloid cells. Images are representative of 3 mice.  1293 

(F) Immunostaining for ILC2s (CD3- IL-5+ cells), T cells (CD3+ cells), resident AMs 1294 

(CD68+CD11c+ cells), Mos (CD68+CD11b+ cells), Mo-derived AMs (CD68+CD11b+CD11c+ 1295 

cells) and Neutrophils (CD68-CD11b+ cells). 1296 

(G) Unsupervised quantification of the distance between CD68+ cells and ILC2s or neutrophils. 1297 

(H) Unsupervised quantification of the percentage of different subtypes of myeloid cells in shortest 1298 

distance < 5μm to ILC2s (I). 1299 

For comparisons between two groups, Student’s two-tailed t test was used. For comparisons 1300 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. 1301 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1302 

Error bars represent SEM. 1303 

 1304 

Fig. 5. MuHV-4 infection induces changes in the transcriptional profiles of AM and ILC2, 1305 

reflecting key cell-cell interactions underlying AM differentiation and identity. 1306 
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Lung ILC2s (gated as CD45+Lin-CD90.2+ living cells) and BALF AMs (gated as autofluorescent 1307 

CD11c+ living cells) from mock or MuHV-4 infected-8-week-old at different times post-infection. 1308 

(A) Experimental layout.1309 

(B) Non-linear representation (UMAP) of the top 20 principal components (PCs) of 6,291 ILC2s,1310 

244 ILC1-3s and 9,833 AMs pooled from the different time points.1311 

(C) Proportions of lung ILC2s and ILC1-3s based on the transcriptomic data at different times1312 

post-infection.1313 

(D) UMAP of the top 20 PCs of ILC2s, cells are colored by cluster. Heatmap represents the 101314 

most expressed genes for each cluster.1315 

(E) Proportion of clusters in (D) at different times post-infection.1316 

(F) Feature plots of the expression of the indicated genes in ILC2s, mapped to the UMAP in (D).1317 

(G) UMAP of the top 20 PCs of myeloid cells. The cells were clustered into 7 groups, based on1318 

common genes expression profiles. Heatmap representing the 10 most expressed genes for each1319 

cluster.1320 

(H) Proportion of clusters in (G) at different times post-infection.1321 

(I) RNA velocity in macrophages, mapped to the UMAP in (G).1322 

(J) Grouping of clusters in indicated populations based on the genes expression profiles and RNA1323 

velocity.1324 

(K) Feature plots of the expression of indicated genes in macrophages, mapped to the UMAP in1325 

(G).1326 

(L) Circular plot of the putative interactions between ILC2s’ ligands (top), AMs’ receptors1327 

(bottom) and the target genes activated by these interactions (up- or down-regulated) in AMs based1328 

on their expression at day 14 post-MuHV-4 infection. Opacity of the link correlates with the1329 

interaction score (alpha from 0.25 to 1).1330 

(M) Circular plot of the putative interactions between AMs’ ligands (top), ILC2s’ receptors1331 

(bottom) and the target genes activated by these interactions (up- or down-regulated) in ILC2s1332 

based on their expression at day 28 post-MuHV-4 infection. Opacity of the link correlates with the1333 

interaction score (alpha from 0.25 to 1).1334 

Analyses were performed using R.1335 

1336 

Fig. 6. MuHV-4 infection inhibits the capacity of lung ILC2s to polarize AMs towards a "M2-1337 

phenotype" ex vivo. 1338 

BM Mos and lung epithelial cells (ECs) from mock infected mice were cultured ex vivo for three 1339 

days before addition or not of lung ILC2s from mice mock or MuHV-4 infected 8 days before. 1340 

Flow cytometry analysis and bulk RNA sequencing of sorted Mo-derived macrophages (gated as 1341 

autofluorescent CD11c+ living cells) were performed 3 days after addition of ILC2s.  1342 

(A) Experimental layout.1343 

(B) Sca1 expression in ILC2s from the indicated conditions.1344 

(C) MFI of CD11c, Siglec-F, Arg1 and MHC-II expression in Mos from the indicated conditions.1345 

(D) Relative expression of genes associated with cell differentiation in Mo-derived macrophages1346 

isolated from the different co-cultures.1347 

(E) Principal-component analysis (PCA) of Mo-derived macrophages isolated from the different1348 

co-cultures.1349 

(F) Expression of all genes expressed differentially (FDR<0,05; change in expression of over1350 

twofold) in Mo-derived macrophages isolated from the different co-cultures.1351 
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(G) Biological processes identified by Panther analysis of DE upregulated genes between Mos 1352 

cultured or not with ILC2s from mock-infected mice (FDR ≤ 0,05).  1353 

(H-I) Volcano plot for differentially expressed (DE) genes (FDR<0.05) by Mos cultured or not 1354 

with ILC2s from mock-infected mice (H) or cultured with ILC2s of mock- or MuHV-4 infected 1355 

mice (I). 1356 

For comparisons between two groups, Student’s two-tailed t test was used. For comparisons 1357 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. 1358 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1359 

Error bars represent SEM. 1360 

 1361 

Fig. 7. Lung ILC2s from MuHV-4 infected mice maintain a “non M2-phenotype” of Mo-1362 

derived AMs, which requires GM-CSF and has subsequent consequences for HDM-induced 1363 

airway allergy. 1364 

(A-G) BM Mos or resident AMs and ECs from mock infected mice were cultured ex vivo with or 1365 

without lung ILC2s from mice mock or MuHV-4 infected 8 days before. 1366 

(A) Experimental layout. 1367 

(B) Representative flow cytometry plots of indicated cell populations. 1368 

(C) Proportion of indicated cell populations in the indicated conditions. 1369 

(D-E) Total count of AMs (D) and indicated cell populations (E) of the indicated conditions. 1370 

(F) MFI of CD11c of indicated cell populations of the indicated conditions. 1371 

(G) Representative flow cytometry plots of indicated conditions, numbers indicate the percentage 1372 

of gated population in each quadrant. 1373 

(H-I) 8-week-old C57BL/6 mice were infected or not with MuHV-4 and subjected to five daily 1374 

instillations of rIL-13 and analyses were before one day after the last instillation (n= 5 in each 1375 

group). 1376 

(H) Experimental layout. 1377 

(I) Percentage of RELMα+  and Arg1+ AMs from BALF from the indicated conditions.  1378 

(J-L) 8-week-old-ILC2s deficient mice (n= 5-6 in each group) were infected or not with MuHV-4 1379 

and subjected to low-dose HDM sensitization or challenge before analysis. 1380 

(J) Experimental layout.  1381 

(K-L) Percentage of YM1+ (K) or RELMα+ (L) AMs from BALF from the indicated conditions.  1382 

(M-O) 8-week-old-ILC2s deficient mice (n= 5 to 10 in each group) were infected or not with 1383 

MuHV-4 and subjected to low-dose HDM challenge before analysis. Absolute numbers of 1384 

eosinophils from BALF.  1385 

(M) Experimental layout.  1386 

(N) Absolute numbers of eosinophils (out AMs (autofluorescent CD11c+SSC-Ahigh) Siglec-1387 

F+CD11b+ living cells) from BALF. 1388 

(O) Percentage of RELMα+ and Arg1+ AMs from BALF from the indicated conditions.  1389 

(P-R) AMs were transfer from 8-week-old-ILC2s deficient mice or not, infected or not with 1390 

MuHV-4, to 8-week-old-CD45.1 C57BL.6 mice subjected to a low-dose challenge of HDM 3 days 1391 

after cell transfer (n= 5-10 in each group).  1392 

(P) Experimental layout.  1393 

(Q) Representative flow cytometry plots for the evaluation of the AMs transfer between recipient 1394 

(CD45.1+) and donor (CD45.2+) cells AMs. Expression of MHC-II and SiglecF by transferred 1395 

(donor) AMs from indicated conditions.  1396 

(R) Absolute numbers of eosinophils in BALF from indicated conditions.  1397 
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For comparisons between two groups, Student’s two-tailed t test was used. For comparisons 1398 

between multiple groups, one-way or two-way ANOVA was used with multiple-comparison tests. 1399 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1400 

Error bars represent SEM. 1401 
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Supplementary Material and Methods 

 

Analysis of scRNA-seq samples.  
Cell Ranger software (v.3.0.2) (10x Genomics) was used to demultiplex Illumina BCL files to FASTQ files 

(cellranger mkfastq), to perform alignment to mouse GRCm38/mm10 genome, filtering, UMI counting and to 

produce gene–barcode matrices (cellranger count). Subsequent analysis used R bioconductor (v.4.0.3) and the R 

package Seurat (v.2.1.5) (1). First, individual data sets were read into R as count matrices and converted into 

Seurat objects (min.cells = 3, min.features = 200 genes) cells with ≤ 200 ≥ 1500 (HDM data) or ≥ 6000 (MuHV-

4 data) distinct genes and ≥ 5% (HDM data) or 8% (MuHV-4 data) of mitochondrial reads were filtered out. Each 

matrix were integrated using FindIntegrationAnchors with anchor.features = 2000 and dims = 1:30 options. Based 

on an elbow plot, principal components 1:10 (HDM data) or 1:20 (MuHV-4 data) were used in the subsequent 

analyses.  

Cell types identification.  
Cells were grouped in metacells (123 for HDM data and 102 for MuHV-4 data) using the FindCluster function 

of Seurat with a resolution of 10. Identification was made using the SingleR package (2). 

UMAP representation.  
Nonlinear dimensional reduction with UMAP was used to visualize the data sets, using the top 10 or 20 PCs 

(HDM and MuHV-4 data respectively). Non-integrated UMAP representations were generated based on the RNA 

assay of the Seurat object. The data were scaled on all the genes and the FindVariableFeatures with default option 

was run. Cells were clustered using the FindClusters function with a resolution of 0.2, 0.1, and 0.16 for HDM, 

MuHV-4 ILC2s, and MuHV-4 myeloid data respectively giving 5, 3, and 7 clusters respectively. In MuHV-4 

data, the cluster 6 of myeloid cells was discarded, and clusters 0 and 5, 1 and 2, 3 and 4 were each grouped 

together, based on the gene expression profile and the scVelo analysis, into differentiated AMs, Mos 

differentiating into AMs, and Mos respectively. 

RNA velocity analysis. 

Kallisto (v.0.46.1) was used to perform pseudoalignment of RNA sequences. Loompy (v.3.0.6) was used to build 

a genome index with separate sequence fragments representing unspliced and spliced transcripts and to create a 

loom file including spliced and unspliced layers and metadata for genes and cells for each sample. The loom files 

were then processed in R to fuse samples, filter cells and map them to the existing UMAP, and convert the object 

into a h5ad file using Seurat, SeuratWrappers (v.0.3.0), SeuratDisk (v.0.0.0.9019), and velocyto.R (v.0.6) 

packages. The final figure was obtained using scVelo (v.0.2.4) in Jupyter notebook (v.6.2.0). 

BubbleGUM analysis.  
Bubblegum (3) analysis was used with default settings and the gene sets (containing between 20 and 500 genes) 

from Gene Ontology (13/11/2020) and gene set arbitrarily determined based on literature (4). The results with a 

FDR ≤ 0.25 were considered as significant. 

NicheNet.  
To study intercellular communication the NicheNet package for R was used (5). The top 20 ligands were kept 

and ‘mouse’ was selected for option organism in the function nichenet_seuratobj_aggregate. 

Potential interaction scores. 

In order to link NicheNet analysis with our data, we created the potential interaction score based on: average 

expression of ligand x average expression of receptor/target gene x weight of the interaction provide by the 

NicheNet package. The average expression of a gene is based on the Seurat package default calculation: log1p 
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(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.  

Circlize.  
The circular visualisation was made with the R package circlize (top 5% of the ligand-target genes scores and 

50% top ligand-receptor scores) (6, 7). The intensity of the colour of the link between ligands and receptors is 

proportional to the score of the ligand-receptor link for each sender cell type (alpha from 0.25 to 1). 
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Fig. S1. MuHV-4 infection affects the number and function of pulmonary ILC2s in C57BL/6 mice. 
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Fig. S1. MuHV-4 infection affects the number and function of pulmonary ILC2s in C57BL/6 mice. 
8-week-old-Red5 (IL5-tdtomato-cre) reporter mice (n= 5 to 10 in each group) were infected or not with MuHV-4 and submitted to low-
dose HDM sensitization or challenge before analysis.  
(A) Experimental layout.  
(B) Strategy for the identification of lung ILC2s by flow cytometry. Lineage was defined as B220, CD11c, CD3, CD49b, CD4, CD8α, F4/80, 
FcεRI, Gr1 and Siglec-F. ILC2s were described as Lin-CD45+ST2+CD90.2+CD25+ living cells.  
(C) Absolute numbers of eosinophils (gated as gated as out AMs (autofluorescent CD11c+SSC-Ahigh) Siglec-F+CD11b+ living cells) in BALF.  
(D) Absolute numbers of ILC2s in lung.  
(E) Representative histograms of GATA 3 staining in lung ILC2s.  
(F) MFI of GATA 3 staining in lung ILC2s. 
(G) Flow cytometry plots of tdTomato/IL-5 fluorescence in lung ILC2s. Numbers indicate the percentage of positive cells in each 
quadrant.  
(H) Percentage and total number of tdTomato/IL-5 positive cells among lung ILC2s.  
(I) Circular diagrams of IL-5+ lung cells of the indicated conditions. Area correspond to the relative amount of IL-5+ cells in comparison 
with mock-infected mice. Numbers represent the percentage of ILC2s or T cells among tdTomato/IL-5 positive cells.  
(J) Lungs of mock and MuHV-4 infected HDM challenged mice were submitted to 2D thin-cut, immunostained and imaged with ILC2s 
(CD3- IL-5+ cells) and T-lymphocytes (CD3+ cells). Images are representative of 3 mice.  
(K) Numbers of ILC2s (CD3- IL-5+ cells) observed in slides of indicated conditions.  
(L-Q) 8 week-old-CD45.2+ C57BL/6 mice were lethally irradiated, sparing the thoracic area, and transplanted with CD45.1+ BM before 
being infected or not with MuHV-4 and submitted to a low-dose HDM challenge (n= 6 in each group).  
(L) Experimental layout.  
(M) Absolute numbers of eosinophils (out AMs (autofluorescent CD11c+SSC-Ahigh) Siglec-F+CD11b+ living cells) from BALF.  
(N) Absolute numbers of CD45.1+ and CD45.2+ cells among lung ILC2s.   
(O) Percentage of IL-5 positive ILC2s in lung.  
(P) Percentage of IL-5 positive ILC2s from resident or recruited lung ILC2s. 
(Q) Absolute numbers of IL-5 positive lung ILC2s. 
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. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Bars show mean 

values ± SEM. Data represent two independent experiments with similar results.  
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Fig. S2. Single cell transcriptomic analysis of lung ILCs and AMs from mock- or MuHV-4 infected-mice 

after HDM treatment and at different times post-infection. 
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Fig. S2. Single cell transcriptomic analysis of lung ILCs and AMs from mock- or MuHV-4 infected-mice after HDM treatment and at 
different times post-infection. 
(A-F) Lung ILC2s from mock- or MuHV-4 infected mice submitted or not to HDM sensitization or challenge were profiled by droplet-
based single cell RNA-sequencing.  
(A) Experimental layout.  
(B) Strategy for FACS sorting of lung ILC2s after MACS negative enrichment against lineage markers (B220, CD11c, CD3, CD4, CD49b, 
CD5, CD8α, F4/80, FcεR1, Gr1 and Siglec-F). ILC2s were identified as Lin-CD45+ST2+CD90.2+CD25+ living cells. (n = 7 pooled mice per 
group). Cells from a mock-infected mouse are shown.  
(C-D) Gene counts, Unique Molecular Identifiers (UMI) counts and percentage of mitochondrial genes detected in the indicated 
conditions before (C) and after (D) selection and filtering as described in the methods, presented as violin plots (individual dots 
representing individual cells). 
(E) Non-linear representation (UMAP) of the top 15 PCs of all data, cells’ identification was performed by the SingleR package. 
(F) Violin plots of indicated genes expression for the 6 merged conditions.  
(G-M) Lung ILC2s and BALF AMs from mock- or MuHV-4 infected C57BL/6 mice were profiled by droplet-based single cell RNA-
sequencing.  
(G) Experimental layout.  
(H-I) Strategy for FACS sorting of lung ILCs after MACS negative enrichment against lineage markers (B220, CD11c, CD3, CD4, CD5, 
CD8α, F4/80, FcεR1, Gr1 and Siglec-F) and of BALF AMs. ILCs were identified as Lin-CD45+CD90.2+ living cells (H) and AMs were 
identified as live large autofluorescent cells (I). One MuHV-4-infected (D14 p.i) mouse is shown. scRNA seq analysis was performed on 
cells from 7 pooled mice per group.  
(J-K) Gene counts, Unique Molecular Identifiers (UMI) counts and percentage of mitochondrial genes detected in the indicated 
conditions before (J) and after (K) selection and filtering as described in the methods, presented as violin plots (individual dots 
representing individual cells). 
(L) Non-linear representation (UMAP) of the top 20 PCs of all data, cells’ identification was performed by the SingleR package. 
(M) Violin plots of indicated genes expression for the 5 merged conditions. 
Analyses were performed using R. 
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Fig. S3. Transcriptional profiles of AMs and pulmonary ILC2s are modified following MuHV-4 infection 

and highlight potential interactions between these cells. 
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Fig. S3. Transcriptional profiles of AMs and pulmonary ILC2s are modified following MuHV-4 infection and highlight potential 
interactions between these cells. 
Lung ILC2s (gated as CD45+Lin-CD90.2+ living cells) and BALF AMs (gated as autofluorescent CD11c+ living cells) from mock or MuHV-
4 infected-8-week-old at different times post-infection. 
(A, C) Relative expression of the 10 most expressed genes (y axis) at each different times post-infection (x axis) in ILC2s (A) and AMs 
(C).  
(B, D) Enrichment for transcriptomic fingerprints specific for Gene Ontology sets by gene set enrichment analysis with BubbleGum 
software in ILC2s (C) and AMs (D). The color indicates the cell subset showing enrichment for the gene set. The surface area of the 
dots is proportional to the absolute value of the normalized enrichment score (NES). The color intensity indicates FDR. Numbers in 
parentheses indicate the number of genes in each gene set. NS, not significant.  
(E-F) Circular plot of the putative interactions between ILC2s’ ligands (top), AMs’ receptors (bottom) and the target genes activated 
by these interactions (up- or down-regulated) in AMs based on their expression at day 8 (E) and 28 (F) post-MuHV-4 infection. Opacity 
of the link correlates with the interaction score (alpha from 0.25 to 1). 

  



11 
 

Fig. S4. ILC2s promote maturation of Mos into AM like cells. 
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Fig. S4. ILC2s promote maturation of Mos into AM-like cells. 
Lung Mos, ECs and ILC2s from mock- or MuHV-4 infected-mice were co-cultured as described in Figure 7.  
(A) Gating strategy for FACS sorting of lung ECs, described as CD45-CD31-Epcam+ living cells after CD45 MACS depletion.  
(B) Gating strategy for FACS sorting of BM Mos, described as SSC-AlowLy6C+CD11b+ living cells after exclusion of neutrophils 
(Ly6G+CD11b+), B cells (MHCII+CD11b-), T cells (CD3+ CD11b-) after cell enrichment through MACS negative selection (L6G and B220).  
(C) Flow cytometry plots for AMs-like and ILC2s on the indicated conditions.  
(D-E) Heatmap of all genes differentially expressed (FDR<0,05; change in expression of over twofold) (two to three biological replicates) 
in Mos.  
(F) Sequence reads and mapping statistics for raw Illumina data. 
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Fig. S5. ILC2s failed to polarize resident AMs 

 

 

Fig. S5. ILC2s failed to polarize resident AMs. 
BALF AMs and ILC2s from mock- or MuHV-4 infected-mice were co-cultured ex-vivo during 2 days. 
(A) Experimental layout. 
(B) Strategy for FACS sorting of lung ILC2s after MACS negative enrichment against lineage markers (B220, CD11c, CD3, CD4, CD49b, 
CD5, CD8α, F4/80, FcεR1, Gr1 and Siglec-F). ILC2s were identified as Lin-CD45+ST2+CD90.2+CD25+ living cells. (n = 7 pooled mice per 
group). Cells from a mock-infected mouse are shown. 
(C) MFI of Sca1 staining in lung ILC2s. 
(D) Gating strategy for FACS sorting of BALF AMs, described as Autofluorescent CD11c+ living cells after CD11c MACS enrichment. 
(E) Histograms of MHC-II and Siglec-F staining in BALF AMs. 
(F) Flow cytometry plots for AMs and ILC2s on the indicated conditions. 
(G) MFI of MHC-II and percentage of Arg1 in AMs. 
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. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
Bars show mean values ± SEM. 
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Table S1. Key resources used in this study 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-mouse Arginase 1, PE-Cy7, 
eBioscience™ (clone: A1exF5) 

Thermo Fisher 
Scientific 

Cat# 25-3697-82,  
RRID: AB_2734841 

Anti-mouse CD11b, BV605 (clone M1/70) BioLegend 
Cat# 101237, 
RRID:AB_11126744 

Anti-mouse CD11b, FITC (clone M1/70) BioLegend 
Cat# 101205,  
RRID: AB_312788 

Anti-mouse CD11b, BV711 (clone M1/70) BD Biosciences 
Cat# 563168,  
RRID: AB_2716860 

Anti-mouse CD11b, eF660 (clone M1/70) 
Thermo Fisher 
Scientific 

Cat# 50-0112-82,  
RRID: AB_11218507 

Anti-mouse CD11c, APC (clone N418) BioLegend 
Cat# 117309, RRID: 
AB_313778 

Anti-mouse CD11c, Alexa Fluor 488, 
eBioscience™ (clone N418) 

Thermo Fisher 
Scientific 

Cat# 56-0114-82, 
RRID: AB_493992  

Anti-mouse CD11c, Alexa Fluor 700, 
eBioscience™ (clone N418) 

Thermo Fisher 
Scientific 

Cat# 56-0114-82, 
RRID: AB_493992  

Anti-mouse CD16/32, Fc block (clone 93) BioLegend 
Cat# 101301, 
RRID:AB_312800 

Anti-mouse CD19, APC/Cyanine7 (clone 
6D5) 

BioLegend 
Cat# 115529, 
RRID:AB_830706 

Anti-mouse CD25, Alexa Fluor 700 (clone 
PC61) 

BioLegend 
Cat# 102024, 
RRID:AB_493709 

Anti-mouse CD274, APC (clone 10F.9G2) BioLegend 
Cat# 124311, 
RRID:AB_10612935 

Anti-mouse CD274, BV711 (clone 10F.9G2) BioLegend 
Cat# 124319, RRID: 
AB_2563619 

Anti-mouse CD279, APC/Fire (clone 
29F.1A12) 

BioLegend 
Cat# 135239, RRID: 
AB_2563619 

Anti-mouse CD3 (clone 17A2) BioLegend 
Cat# 100201; RRID: 
AB_312658 

Anti-mouse CD3e, APC-Cy7 (clone 145-
2C11) 

BD Biosciences 
Cat# 557596,  
RRID: AB_396759 

Anti-mouse CD3e, BV421 (clone 145-2C11) BD Biosciences 
Cat# 100335, RRID: 
B_10898314 

Anti-mouse CD3e, FITC (clone 145-2C11) BioLegend 
Cat# 100306, 
RRID:AB_312671 

Anti-mouse CD3e, APC (clone 145-2C11) BioLegend 
Cat# 100311, RRID: 
AB_312676 

Anti-mouse CD31, PE (clone: MEC13.3) BioLegend 
Cat# 102507, 
RRID:AB_312914 

Anti-mouse CD326 (Ep-CAM), Alexa Fluor 
488 (clone: G8.8) 

BioLegend 
Cat# 118210, 
RRID:AB_ 1134099 

Anti-mouse CD4, APC (clone RM 4-5) BioLegend 
Cat# 100515, 
RRID:AB_312718 

Anti-mouse CD4, BV421 (clone GK1.5) BioLegend 
Cat# 100405, RRID: 
AB_312690 

Anti-mouse CD45, BV510 (clone 30-F11) BioLegend 
Cat# 103137, 
RRID:AB_2561392 

Anti-mouse CD45, PE/Cyanine7 (clone 30-
F11) 

BioLegend 
Cat# 103114, 
RRID:AB_312979 
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Anti-mouse CD45.1, APC (clone A20) BioLegend 
Cat# 110713, 
RRID:AB_313502 

Anti-mouse CD45.1, BV421 (clone A20) BioLegend 
Cat# 110731, RRID: 
AB_10896425 

Anti-mouse CD45.2, BV510 (clone 104) BioLegend 
Cat# 109837, 
RRID:AB_2561393 

Anti-mouse CD45.2, PE/Cy7 (clone 104) BioLegend 
Cat# 109837, RRID: 
AB_1186103 

Anti-mouse CD45R/B220, APC (clone RA3-
6B2) 

BioLegend 
Cat# 103211, RRID: 
AB_312996 

Anti-mouse CD49b, APC (clone DX5) BioLegend 
Cat# 108910, 
RRID:AB_313417 

Anti-mouse CD5, APC, (clone: 53-7.3) BioLegend 
Cat#100625, 
RRID: AB_2563928 

Anti-mouse CD68 purified (clone FA-11) 
Thermo Fisher 
Scientific 

Cat# 14-0681-82, 
RRID:AB_2572857 

Anti-mouse CD8α, APC (clone 53-6.7)  BioLegend 
Cat# 100711, 
RRID:AB_312750 

Anti-mouse CD8α, PerCP/Cyanine5.5 (clone 
53-6.7) 

BioLegend 
Cat# 100733, 
RRID:AB_2075239 

Anti-mouse CD86, APC/Cy7, (clone: GL1) BioLegend 
Cat# 105029,  
RRID: AB_2074993 

Anti-mouse CD90.2, BV421 (clone 53-2.1)  BioLegend 
Cat# 140327, RRID: 
AB_2686992 

Anti-mouse CD90.2, BV711 (clone 53-2.1)  BD Biosciences 
Cat# 740647, RRID: 
AB_2740336 

Anti-mouse F4/80, APC (clone BM8)  BioLegend 
Cat# 123115, RRID: 
AB_893493 

Anti-mouse FCεRIα, APC (clone MAR-1)  BioLegend 
Cat# 134315, RRID: 
AB_10640726 

Anti-mouse FOXP3, PE, eBioscience™ 
(clone: FJK-16S) 

Thermo Fisher 
Scientific 

Cat#12-5773-80, 
RRID: AB_465935 

Anti-mouse GATA-3, PE, eBioscience™ 
(clone: TWAJ) 

Thermo Fisher 
Scientific 

Cat# 12-9966-42, 
RRID: AB_1963600 

Anti-mouse I-A/I-E, FITC (clone M5/114.15.2) BioLegend 
Cat# 107605,  
RRID: AB_313320 

Anti-mouse iNOS, PE, eBioscience™ (clone: 
CXNFT) 

Thermo Fisher 
Scientific 

Cat# 12-5920-82, 
RRID: AB_2572642 

Anti-mouse I-A/I-E, PE/Cyanine7 (clone 
M5/114.15.2) 

BioLegend 
Cat# 107630, 
RRID:AB_2069376 

Anti-mouse IFN-γ, BV711 (clone XMG1.2) BioLegend 
Cat# 505836, 
RRID:AB_2650928 

Anti-mouse IL-5, BV421 (clone: TRFK5) BioLegend 
Cat# 504311, 
RRID: AB_2563161 

Anti-mouse IL-5, PE (clone: TRFK5) BioLegend 
Cat# 504303 
RRID: AB_315327 

Anti-mouse IL-13, Alexa Fluor 488, 
eBioscience™ (clone: eBio13A) 

Thermo Fisher 
Scientific 

Cat#53-7133-82, 
RRID: AB_2016708 

Anti-mouse Ki-67, Alexa Fluor 488 (clone: 
16A8) 

BioLegend 
Cat# 652417, 
RRID:AB_2564236 

Anti-mouse Ki-67, Alexa Fluor 488 (clone: 
16A8) 

BioLegend 
Cat# 652403, RRID: 
AB_2561524 

Anti-mouse KLRG1, BV711 (clone: 2F1) BioLegend 
Cat# 138427, RRID: 
AB_2629721 

Anti-mouse KLRG1, BV86 (clone: 2F1) BD Biosciences 
Cat# 561620, RRID:  
AB_10895798 

Anti-mouse Ly6A/E, FITC (clone D7) BioLegend 
Cat# 122506, 
RRID:AB_756191 
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Anti-mouse Ly6C, BV785 (clone HK1.4) BioLegend 
Cat# 128041, 
RRID:AB_2565852 

Anti-mouse Ly6C, PE, eBioscience™ (clone: 
HK1.4) 

Thermo Fisher 
Scientific 

Cat# 12-5932-82, 
RRID: AB_10804510 

Anti-mouse Ly-6G/Ly-6C (Gr-1), APC (clone 
RB6-8C5) 

BioLegend 
Cat# 108411,  
RRID: AB_313376 

Anti-mouse Ly6G, APC-Cy7 (clone 1A8) BD Biosciences 
Cat# 560600, 
RRID:AB_1727561 

Anti-mouse NK1.1, PE-Cy7, eBioscience™ 
(clone: PK136) 

Thermo Fisher 
Scientific 

Cat# 25-5941-82, 
RRID: AB_469665 

Anti-mouse RELMα, PE, eBioscience™ 
(clone: DS8RELM) 

Thermo Fisher 
Scientific 

Cat# 12-5441-82, 
RRID: AB_2762682 

Anti-mouse SiglecF, APC (clone S17007L) BioLegend 
Cat# 155507, RRID: 
AB_2750236 

Anti-mouse SiglecF, PE (clone E50-2440) BD Biosciences 
Cat# 552126, RRID: 
AB_394341 

Anti-mouse SiglecF, PE-CF594 (clone E50-
2440) 

BD Biosciences 
Cat# 562757, RRID: 
AB_2687994 

Anti-mouse ST2, BV421 (clone DIH9) BioLegend 
Cat# 145309, RRID: 
AB_2565634 

Anti-mouse ST2, PE (clone DIH9) BioLegend 
Cat# 145303, RRID: 
AB_2561914 

Anti-mouse T-bet, PE, eBioscience™ (clone: 
eBio4B10) 

Thermo Fisher 
Scientific 

Cat# 12-5825-82,  
RRID: AB_925761 

Anti-rat IgG2a, Secondary Antibody, Alexa 
Fluor® 594  

BioLegend 
Cat# 407509 RRID: 
AB_2650845 

Anti-Rat IgG2b, Secondary Antibody, Biotin BioLegend 
Cat# 408203; RRID: 
AB_492999  

Goat Anti-mouse YM1/Chitinase 3-like 3 
Biotinylated Antibody 

R&D Systems 
Cat# BAF2446 ,  
RRID: AB_2260451  

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 594 

Thermo Fisher 
Scientific 

Cat# A-11012; 
RRID: AB_2534079 

Living Colors® DsRed Polyclonal Antibody  Takara 
Cat# 632496; RRID: 
AB_10013483 

Bacterial and Virus strains   

MHV-68 pHA3 strain (MuHV-4)   Stevenson Laboratory Adler et al., 2000 

MuHV-4 del73 Stevenson Laboratory Fowler et al., 2004 

Chemicals, peptides, and recombinant 
proteins 

  

1X  RBC Lysis Buffer 
Thermo Fisher 
Scientific 

Cat# 00433357 

7-AAD BioLegend Cat# 420403 

Annexin V FITC BioLegend 
Cat# 640905, RRID: 
AB_2561291 

Brefeldin A Solution BioLegend Cat# 420601 

Cell Dissociation Buffer, enzyme-free, PBS Thermo Fisher 
Scientific  

Cat# 13151014 

cOmplete™ Protease Inhibitor Cocktail Roche Cat# 11697498001 

DAPI (4',6-Diamidino-2-Phenylindole, 
Dilactate) 

BioLegend Cat# 422801 

Dispase Sigma-Aldrich Cat# D4818 

DNase I Roche Cat# 11284932001 
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Liberase Roche Cat# 5401127001 

Emdotrim 10% SOL Emdoka N/A 

Fixable Viability Dye eFluor 780 
Thermo Fisher 
Scientific 

Cat# 65-0865-14 

Extracts of lyophilized HDM 
(Dermatophagoides farina) 

Greer Laboratories Cat# XPB81D3A2.5 

InVivoMAb anti-mouse GM-CSF (MP1-22E9) BioXCell Cat# BE0259 

Ionomycin Sigma-Aldrich Cat# I9657 

Monensin Solution BioLegend Cat# 420701 

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat# 79346 

ProLongTM Gold Antifade Mountant 
mounting media 

Thermo Fisher 
Scientific 

Cat# P10144 

SYTOX™ Blue Dead Cell Stain 
Thermo Fisher 
Scientific 

Cat#S34857 

Scigen O.C.T. Compound Cryostat 
Embedding Medium 

Thermo Fisher 
Scientific 

Cat# 23-730-625 

SIGMAFAST™ p-Nitrophenyl phosphate 
Tablets 

Sigma-Aldrich Cat# N-1891 

Recombinant mouse IL-2 BioLegend Cat# 575402 

Recombinant mouse IL-13 BioLegend Cat# 575904 

Streptavidin APC BD Biosciences Cat# 554067 

Streptavidin BV421 BioLegend Cat# 405226 

Streptavidin FITC 
Thermo Fisher 
Scientific 

Cat# SA1001 

TRIzol 
Thermo Fisher 
Scientific 

Cat# 15596026 

Tuerk solution Sigma-Aldrich Cat# 93770 

Zombie Aqua Fixable Viability Kit BioLegend Cat# 423101 

Zombie Violet Fixable Viability Kit BioLegend Cat# 423113 

β-mercaptoethanol Sigma-Aldrich Cat# 3148 

Critical commercial assays   

CD11c MicroBeads UltraPure, mouse Miltenyi Cat# 130-125-835 

FoxP3/transcription factor staining buffer kit 
Thermo Fisher 
Scientific 

Cat# 00-5523-00 

GentleMACS C tube Miltenyi Cat# 130-093-237 

iQ™ Supermix Bio-Rad Cat# 170-8860 

iScript™ cDNA Synthesis Kit Bio-Rad Cat# 170-8897 

LD columns Miltenyi Cat# 130-042-901 

MojoSort™ Mouse anti-APC Nanobeads BioLegend Cat# 480071 
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MojoSort™ Mouse anti-CD45 Nanobeads BioLegend Cat# 480028 

Mouse IFN gamma ELISA Ready-SET-Go Fisher Scientific 
Cat# 88-7314-88, 
RRID:AB_2575070 

Mouse IL-5 ELISA Ready-SET-Go Fisher Scientific 
Cat# 88-7054-86, 
RRID: AB_2574979 

Mouse IL-13 ELISA Ready-SET-Go Fisher Scientific 
Cat# 88-7439-22, 
RRID: AB_2575122 

RNeasy mini kit Qiagen Cat# 74106 

Experimental models: Cell lines   

Baby hamster kidney (BHK)-21 cells ATCC ATCC Cat# CCL-10, 
RRID:CVCL_1915 

Experimental models: Organisms/strains   

Mouse : C57BL/6J (JAX™) Charles River Cat# JAX:000664, 
RRID:IMSR_JAX:00
0664) 

Mouse: C57BL/6 Il5tm1.1(icre)Lky (Red5/R5 or 
IL5-tdtomato-cre) 

The Jackson 
Laboratory 

Cat#030926, 
RRID: 
IMSR_JAX:030926 

Mouse : BALB/cByJ CD45.1+ The Jackson 
Laboratory 

Cat#006584, 
RRID: 
IMSR_JAX:006584 

Mouse : BALB/cAnNCrl  Charles River Cat# CRL:028, 
RRID:IMSR_CRL:02
8 

Mouse : C57BL/6 CD45.1+  Charles River Cat# CRL:494, 
RRID:IMSR_CRL:49
4 

Mouse : C57BL/6 CD45.1+.2+ GIGA N/A 

Mouse : C57BL/6 IFN-γR-/- The Jackson 
Laboratory 

Cat# JAX :004999, 
RRID:IMSR_JAX:00
4999 

Mouse : C57BL/6 Ifngtm3.1Lky (Great mice) The Jackson 
Laboratory 

Cat# JAX :017580, 
RRID:IMSR_JAX:01
7580 

Mouse: C57BL/6 Rorafl/sg Il7rCre Prof. A. N.J. McKenzie 
(Cambridge, UK) and 
Prof. H. Rodewald 
(Heidelberg, Ger) 

Olifant et al., 2014 

Oligonucleotides   

IL-33 reverse : TTG-TGA-AGG-ACG-AAG-
AAG-GC  

Eurogentec N/A 

IL-33 forward : GAT-GGG-AAG-AAG-CTG-
ATG-GTG 

Eurogentec N/A 

Software and algorithms   

FlowJo software v10 Three Star https://www.flowjo.co
m 

GraphPad Prism 7  GraphPad https://www.graphpa
d.com/scientific-
software/prism/ 

Fiji software ImageJ https://imagej.net/sof
tware/fiji/ 

R (v.4.1.0), R package Seurat (v.4.0.3) The R Foundation http://www.r-
project.org/ 

Fiji software ImageJ https://imagej.net/sof
tware/fiji/ 
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Imaris Microscopy Image Analysis Software OXFORD instruments https://imaris.oxinst.c
om/ 

 


	abl9041_ArticleContent_v6
	Fig.1
	Fig.2
	Fig.3
	Fig.4
	Fig.5red
	Fig.6
	Fig.7
	Supplementary Materials_Loos

