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SUMMARY
Bats harbor high-impact zoonotic viruses often in the absence of disease manifestation. This restriction and
disease tolerance possibly rely on specific immunological features. In-depth molecular characterization of
cellular immunity and imprinting of age on leukocyte compartments remained unexplored in bats.We employ
single-cell RNA sequencing (scRNA-seq) and establish immunostaining panels to characterize the immune
cell landscape in juvenile, subadult, and adult Egyptian rousette bats (ERBs). Transcriptomic and flow cytom-
etry data reveal conserved subsets and substantial enrichments of CD79a+ B cells and CD11b+ T cells in ju-
venile animals, whereas neutrophils, CD206+ myeloid cells, and CD3+ T cells dominate as bats reach adult-
hood. Despite differing frequencies, phagocytosis of circulating and tissue-resident myeloid cells and
proliferation of peripheral and splenic lymphocytes are analogous in juvenile and adult ERBs. We provide
a comprehensive map of the immune landscape in ERBs and show age-imprinted resilience progression
and find that variability in cellular immunity only partly recapitulates mammalian archetypes.
INTRODUCTION

Despite belonging to one of the largest mammalian taxa, Chirop-

tera, with over 1,400 bat species described to date (Nowak and

Walker, 1994), the bat immune system remained largely enig-

matic until recently. An evolutionary paradigm of bats is their

propensity to harbor the deadliest viruses known to man without

displaying any clinical signs themselves. Zoonotic viruses origi-

nating from bats include rabies viruses, filoviruses such as Ebola

virus (EBOV) and Marburg viruses (MARV), paramyxoviruses like

Hendra virus (HeV) and Nipah virus (NiV), coronaviruses such as

Middle East respiratory syndrome-related coronavirus (MERS-

CoV), and presumably also severe acute respiratory syndrome

coronavirus-2 (SARS-CoV-2). This variety indicates a long his-

tory of co-evolution between bats and their viruses (Baker

et al., 2013), yet precise mechanisms underlying the propensity

of bats to maintain and shed multiple viral pathogens remain to

be elucidated. Several hypotheses have been postulated with

respect to their reservoir potential, including flight-dependent

regulation of anti-microbial immunity and reduced inflammation,

leading to disease tolerance. The body temperature and meta-

bolic rates of bats increase during flight (Kunz, 1982), which
C
This is an open access article und
may enhance immune responses to facilitate defense against

microbes. Regarding inflammatory responses, substantial differ-

ences in innate immunity have been reported. Bats detect and

respond to RNA viruses, while DNA sensing is dampened, due

to limited signaling via stimulator of interferon genes (STING)

(Xie et al., 2018), absence of members of the pyrin and hemato-

poietic interferon-inducible nuclear (HIN) domain (PYHIN) (Zhang

et al., 2013) gene family, and short pentraxins (Larson et al.,

2021). Interestingly, interferon (IFN) expression is constitutive in

steady state in several bat species (Bondet et al., 2021; Zhou

et al., 2016b). Moreover, inflammation appears to be restricted,

as shown by reduced activation of the NLR family pyrin domain

containing 3 (NLRP3) inflammasome (Ahn et al., 2019) and

limited bioactive interleukin (IL)-1b secretion (Ahn et al., 2019;

Goh et al., 2020). Regardless of these immune traits, viral repli-

cation is inhibited efficiently (He et al., 2014; Pavlovich et al.,

2018), and likely additional anti-viral features are peculiar to bats.

Studying bat immune systems has been severely hindered

due to paucity of available tools (Wang et al., 2021). Most bat

species are protected by law through federal nature conserva-

tion acts (Kingston et al., 2016), impeding sampling. Accordingly,

in vitro data based on investigation in cell lines prevail (Banerjee
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et al., 2020). Valuable in vivo insights have come from immune-

targeted investigations in the pteropid bats Eonycteris spelaea

and Pteropus alecto, both reservoirs for HeV (Edson et al.,

2019), lyssaviruses (Moore et al., 2010), and betacoronaviruses

(Vidgen et al., 2015). These bats have high frequencies of neutro-

phils (Becker et al., 2019; Martinez Gomez et al., 2016; Perias-

amy et al., 2019) and a majority of lymphocytes in blood, lymph

nodes, and bone marrow consist of CD4+ T cells, whereas CD8+

T cells dominate in the spleen (Martinez Gomez et al., 2016).

Moreover, T cells outnumber B cells in blood and spleen, and

both subsets are activated and proliferate upon mitogenic stim-

ulation in both species (Martinez Gomez et al., 2016). Details on

cellular immune compartments in other bats are unknown.

Considering the taxon richness, variations in size, diet, torpor

habits, and global distribution (Kingston et al., 2016), focusing

on a few species might bias knowledge of bat immunity and be

misleading. This pertains to reservoir function because not every

species supports maintenance and shedding of specific viruses

equally (Guito et al., 2021; Halpin et al., 2011; Middleton et al.,

2007; Williamson et al., 1998, 2000). The pteropid bat Rousettus

aegyptiacus (Egyptian rousette bat [ERB]) is themain reservoir of

MARV and susceptible to bat-specific influenza A viruses H9N2

and H18N11 (Kandeil et al., 2019). This species is used as an

infection model for various agents, underlining the necessity to

better understand its immune system. Immune cell subsets in

ERB have not been defined yet. Appealing hypotheses regarding

disease tolerance as a main mediator of ERB’s reservoir ability

await validation by comprehensive immunophenotyping ap-

proaches. Considering that tolerance restricts host-mediated

pathology in human infants (Kollmann et al., 2017), effects

of age on bat immunity also require careful consideration.

Given their social behavior, notably mixing in large colonies,

the distinct patterns of immunity in juvenile versus adult individ-

uals may facilitate viral maintenance; i.e., inexperienced immu-

nity enabling viral fitness.

Here, we implemented amultipronged approach to phenotype

the transcriptome and epitopes of immune cells at the single-cell

level of adult, subadult, and juvenile ERBs, and follow-up with

functional characterization by monitoring phagocytic and prolif-

erative capacity of defined cell types encompassing a total of 66

individuals (Figures S1A and S1B). Single-cell RNA sequencing

(scRNA-seq) allowed us to delineate 22 transcriptomically

different cell types and clusters of bat leukocytes, and flow cy-

tometry confirmed the prevalence of B cells in juvenile animals,

along with activated T cells. Myeloid cells with presumptive reg-

ulatory features were enriched in adult ERBs in both tissue and
Figure 1. scRNA-seq of circulating leukocytes in ERB blood

(A) Uniform Manifold Approximation and Projection (UMAP) representation of 21,

including whole-blood and PBMC samples; 20,500 single-cell transcriptomes we

clustering) were grouped and colored according to major cell type classification

(B) Feature plots displaying log-normalized expression of main marker genes us

(C) UMAP representation of the myeloid compartment after extracting transcripto

A total of 6,992 single-cell transcriptomes was recovered after doublet exclusion

(D) UMAP representation of the lymphoid compartment after extracting transcrip

total of 13,123 single-cell transcriptomes was recovered after doublet exclusion

(E) Dot plot recapitulating a gene signature for each identified cell type in the myelo

25 DEGs sorted by the lowest p values for each cell cluster. Dot size is proportion

Dot color is indicative of the average expression value for the indicated gene, sc
circulating blood. The diminished resilience patterns in juvenile

animals diverge from observations recorded for human infants

(Kollmann et al., 2017). Immunodevelopment (i.e., vulnerability

of the developing individual due to undergoing immune matura-

tion; Simon et al., 2015) and immunosenescence (Avery et al.,

2014; i.e., weakened immune responses in older individuals)

might adjust the spillover potential of adult and juvenile bats,

as described for MARV (Amman et al., 2012).

RESULTS

Transcriptomic landscape of circulating immune cells in
ERB blood
We performed scRNA-seq on freshly collected blood from four

adults, two subadults, and three juveniles to explore the diversity

of peripheral immune cells in ERB. Subsequent assays pheno-

typically and functionally characterized circulating and tissue-

resident immune cells (Figure S1). Viability of sorted and red

blood cell (RBC)-lysed leukocytes was assessed post sorting

(Figures S2A and S2B) and indicated negligible cell death

(around 5%–10%) and optimal cell recovery (above 95%) before

scRNA-seq processing (Figures S2B and S2C). Cells from juve-

nile and adult individuals were pooled to minimize batch effects.

Simultaneously, peripheral blood mononuclear cell (PBMC)

samples of two subadult and one adult animals were prepared

to investigate variations between whole-leukocyte and PBMC

fractions. These were also pooled prior to single-cell partitioning.

After sequencing and mapping to a recently published ERB

genome (Jebb et al., 2020), we applied Souporcell (Heaton

et al., 2020) to demultiplex the different individuals based on ge-

netic variants and assign each single cell to a donor identity.

Equal representation of each ERB individual was successfully

achieved (Figure S2D).

Overall, we recovered 21,973 transcriptomes to select highly

variable genes, performed dimensional reduction, and identified

cell populations by unsupervised graph-based clustering (Fig-

ure 1A). Low-quality cells and doublets were easily discriminated

by distinct clustering (Figures 1A and S2E) leaving 20,500 cells

for downstream analysis. Using differentially expressed genes

(DEGs), we assigned clusters to major immune cell types

(Figures 1A and 1B), and myeloid and lymphoid lineages were

further clustered separately to refine cell type annotation

(Figures 1C and 1D). We based our cluster annotations on

DEGs reported in the literature for human and mouse. Genes

used for annotating cell identity proved conserved across mam-

mals (Geirsdottir et al., 2019; La Manno et al., 2016; Papenfuss
973 cell transcriptomes from four adult, two subadult, and three juvenile ERBs,

re recovered after low-quality cell and doublet exclusion. Cell clusters (Leiden

based on main marker genes.

ed to define the major cell types in (A).

mes from the granulocyte, monocyte, and dendritic cell groups identified in (A).

.

tomes from the B cell, T cell, and cycling lymphocyte groups identified in (A). A

.

id and lymphoid compartments (C and D). Genes were selected among the top

al to the percentage of cells with detectable expression of the indicated gene.

aled across all identified clusters.
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et al., 2012). Overall, 22 different transcriptomic cell states could

be delineated (Figures 1C–1E), which are available under the

URL https://infection-atlas.org/Immubat-ERB-Blood/. B cell

clusters exhibited a high expression of both canonical markers

CD20 (MS4A1) and CD19, whereas T cells specifically ex-

pressed the components of the TCR-CD3 complex CD3D,

CD3E, and CD3G (Figures 1A and 1B). Remaining clusters

constituted the myeloid compartment with expression of mar-

kers such as ITGAM (CD11b) or SIRPA (CD172a). Monocytes

were identified as cells co-expressing CD68 and CSF1R. Two

different populations of granulocytes are present in ERB blood,

marked by the strong expression of CSF2RB and CSF3R,

respectively. Finally, the remaining myeloid clusters expressing

CD68 and notably the IRF8 transcription factor were annotated

as dendritic cells (DCs). The number of transcribed genes de-

tected per transcriptome was highly related to the cell type

and PBMC purification excluded granulocyte fractions, without

affecting other leukocyte subsets (Figure S2F). Fewer than

1,000 genes were detected for granulocytes, in line with their ex-

pected low RNA content, while up to 5,000 genes were recov-

ered frommonocyte and DC subsets (Figure S2G).We examined

DEGs to precisely annotate each of the 22 transcriptomic cell

states (Table S1). Of note, the current ERB reference genome

is incompletely annotated and many genes are only annotated

with a LOC identifier (identifier for genes with no defined ortho-

logs). When such genes were detected as differentially ex-

pressed, we performed BLAST (Blast Local Alignment Search

Tool) searches to find similar sequences in the human genome

and attribute them a human symbol name (Table S2). In case

of moderate-to-low homology to human orthologs, we caution

about assuming identical functions compared with their human

orthologs without further validation.

We first refined the annotation of myeloid cells (Figures 1C, 1E,

and S3A). The main granulocyte population is CSF3R positive

and corresponds to neutrophils expressing CCRL2, G0S2,

PTGS2, and LTF. The two granulocyte subclusters were corre-

lated with the number of expressed genes detected per cell

with no specific gene signature, reflecting variability or natural

aging of the circulating neutrophil population under steady state

rather than different cell states. The second granulocyte popula-

tion lacks expression of CSF3R but presents a distinct gene

expression signature, including matrix metalloproteinases

(MMP1 and MMP9), GAPT, and OLIG1. Other specific genes,

such as LTC4S, CCR3, and GATA1, were highly suggestive of

eosinophils or basophils. We finally annotated this cluster as eo-

sinophils based on the expression of CEBPE, CD24 (LOC107

516222), and PRG3 (LOC107518414). The granulocyte identity

of neutrophil and eosinophil clusters is further confirmed by their

depletion from PBMC fractions of corresponding samples (Fig-

ure S2F). Monocyte populations form two different clusters

defined by the expression of either CD14 or CD16 (LOC107

502476) (Figure S3A). CD14 monocytes had the highest expres-

sion of VCAN and MAFB, whereas CD16 monocytes expressed

CX3CR1 and TNFRSF8. DCs were readily classified as myeloid

cDC1 (CLEC9A, XCR1) or plasmacytoid pDCs (TCF4, CD8B,

IRF7). The increased resolution gained from focusing on the

myeloid compartment led to the identification of an additional

cluster merged with the CD14-expressing monocytes. Cells in
4 Cell Reports 40, 111305, September 6, 2022
this cluster do not express CD14 or CD16, therefore challenging

a monocytic identity. This cluster expressed IL18, HMGN3, and

TCEA3 and a transcriptomic profile close to cDC1. These obser-

vations, together with a high expression of various major histo-

compatibility complex class II (MHCII) components, are overall

compatible with myeloid cDC2 (Dutertre et al., 2019). Consid-

ering that ERBs are natural reservoirs for filoviruses, we evalu-

ated expression of host factors relevant for entry and replication

of these pathogens in immune subsets. Multiple mononuclear

myeloid subsets are enriched in factors endowing permissive-

ness for filoviruses, yet their levels differ for cDC versus mono-

cytes (Figure S2H).

Second, we investigated in-depth the lymphoid compartment

(Figures 1D, 1E, and S3B). We identified four B cell clusters, but

were unable to link them to commonly reported human B cell

subsets. A cell cluster highly expresses VPREB3, a protein likely

involved in the assembly of the pre-B cell receptor, AKAP12 and

CD72 (VPREB3/B cells). The second cluster was characterized

by the highest expression levels of LTB, IRF8, CD69 (LOC10

7502080), and CR2 within the B cell compartment (LTB/B cells).

The most abundant cluster is distinguished from the other B cell

subsets by the upregulation of PLAC8, FAM149A, and DPF1

(PLAC8/B cells). This cluster is also marked by an increased

expression of S100A4, S100A10, and S100A11 as well as

CD99 and CD44, two genes associated with B cell activation

(Hathcock et al., 1993; Park et al., 1999). Cells from the last

B cell cluster are very similar to the PLAC8 high cluster but

showed mainly specific expression of ZBTB32 and BHLHE41,

two transcription factors reported in activated/memory B cells

(ZBTB32/B cells). Remaining lymphoid clusters were character-

ized by high expression of CD3E, CD8A, and CD4 (LOC

107519796) as expected for T cells. Although CD4 and CD8

T cells appear to segregate within most of T cell clusters, we

did not find such separation for two clusters. Rather, expression

data suggested that cells from these clusters are co-expressing

both CD4 and CD8. Notably, these populations exhibit markers

specific to natural killer (NK) cells (NCR1, FCER1G, KLRB1,

and NKG2 as LOC107516556 and LOC107505617; KLRD1 as

LOC107505366 and LOC107505367) (Figure S3B). This combi-

nation of T cell and NK cell features prompted us to annotate

these two clusters as NKT-like cells. These cells are also likely

to exert a cytotoxic function (PRF1, CTSW, GZMM, and GZMB

found as LOC107513518 or LOC107513519). The more abun-

dant cluster (NKT-like 1) expresses GNLY and shows increased

TBX21,CX3CR1, andGZMB levels. The smaller NKT-like cluster

(NKT-like 2) is characterized by the expression of XCL1 (LOC107

512753), CD160 (an activating NK receptor), and TCF7. The re-

maining T cell population was refined based on CD4 and CD8

expression. We delineated a total of eight T cell clusters. The

cluster of naive T cells is marked by the expression of FST and

presents the highest expression of naive marker genes (TCF7,

LEF1, CCR7) while being populated by both CD8 and CD4

T cells. The regulatory T cell (Treg) population exhibits a typical

signature including the particular transcription factor FOXP3.

We identified a T cell cluster with nearly no detectable expres-

sion of bothCD4 andCD8 (Figure 1E), whichwe refer to hereafter

as double-negative (DN) T cells. They exhibit an uncommon pro-

file, but aremarked by the expression of PI3, ID4, LIMA1, and the

https://infection-atlas.org/Immubat-ERB-Blood/
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macrophage colony-stimulating factor (CSF1). HumanDNT cells

have been reported with potential for immunosuppressive func-

tions (Haug et al., 2019). We distinguished three supplementary

clusters within the CD4 population. One cluster was marked by

an increased expression of GZMK, GZMB, TBX21, NKG7, and

CXCR6 (involved in T cell maintenance at inflammation sites;

Wein et al., 2019) as well as various activation markers

(CX3CR1, CCL5, and CCL4 as LOC107503311; CCL3 as

LOC107506475). We refer to this population as CD4 effector

memory (CD4 EM). The two other CD4 clusters were identified

as central memory cells based on the expression of SELL and

TCF7. We distinguished two different subsets marked by the

expression of CD40LG and CXCR3 (CD4 CM1) or BATF3 and

CCR10 (CD4 CM2). The CD8 population could be separated in

two clusters corresponding to effector and central memory cells

analogously to CD4 cells. The CD8 EM cluster presents a profile

similar to CD4 EM but specifically expresses PRF1 and IL10,

while CD8 CM are characterized by the expression of CD160,

CD7, and CXCR3. Finally, we found in the lymphoid compart-

ment a cluster including a mixture of cycling lymphocytes with

high expression of numerous genes related to cell cycle, such

as PCLAF, CLSPN, or KIF15.

After characterizing the different cell clusters present in ERB

blood, we investigated differences in abundancy of each anno-

tated cell type upon maturation (Figures 2A and 2B). We per-

formed a compositional analysis with scCODA, a tool tailored

for single-cell analysis relying on a Bayesian approach to identify

credible changes in cell type composition (Buttner et al., 2021).

scCODA allows circumvention of the compositional biases

inherent to single-cell experiments as the cell type counts reflect

the proportion of each cell type in the sampled cell pool and are

not representative of the absolute cell counts in ERB blood. We

chose the cDC1 population for reference in the compositional

analysis, as it is a cluster maximizing presence in all ERB individ-

uals with minimal variation in abundancy. scCODA found four

cell clusters compatible with differences between adult, sub-

adult, and juvenile ERBs (Figures 2A and 2B). Neutrophils were

more abundant in adults, whereas PLAC8+ and LTB+ B cell sub-

sets were enriched in subadult and juvenile ERB (Figure 2B).

VPREB3+ B cells appeared to be less abundant in adults, but

this discrepancy reached statistical significance only in compar-

ison with juveniles. Therefore, B cells generally have a dimin-

ished presence among circulating leukocytes in adults.

Flow cytometry unveils variability in cell frequency and
phenotype of the myeloid compartment
As scRNA-seq revealed that major lineage markers are

conserved, we next aimed to establish flow cytometry panels

enabling cost-effective ERB leukocyte phenotyping and cell

type-specific sorting/isolation, which is a necessary prerequisite

for various functional assays. Such assays can provide valuable

information that are not recovered from scRNA-seq data alone.

We screened 47 commercially available antibody clones

(Table S3) and identified eight antibodies exhibiting cross-reac-

tivity with bat leukocytes. These encompassed antibodies tar-

geting surface (CD206,MHCII, CD11b, CD172a) and intracellular

molecules (CD3, CD79a, Ki-67, T-bet [not shown]). Furthermore,

amino acid sequences of antibodies that were cross-reactive to
ERB leukocytes were aligned to human and mouse orthologs.

While consensus ranged from 32.7% to 86.1%, identity between

bat and human was slightly higher than bat to mouse (Table S4).

We mapped the genes coding the cross-reactive molecules us-

ing the scRNA-seq cellular identities previously established

(Figures 1B and 3A). An antibody targeting mouse and human

cell adhesion molecule ITGAM (CD11b), which is a universal

marker for myeloid cells and stains a subset of activated

T cells (Christensen et al., 2001), cross-reacted with the ERB or-

tholog and was expressed in all myeloid clusters (Figures 1A

and 3A). Further identification of myeloid cells was conducted

utilizing antibodies targeting bovine signal regulatory protein a

(SIRPa, CD172a) and human mannose receptor (CD206). The

transcript of CD172a could be found in nearly all myeloid clus-

ters, and CD206 is expressed by a small fraction within the

monocyte cluster (Figures 1A and 3A). Based on the clusters ex-

pressing the respective transcripts, bat monocytes and DCs

were defined in flow cytometry as CD11b+CD172a+ and an addi-

tional CD206+ mononuclear myeloid cell (MMC) subset could be

identified (Figure 3B). An antibody recognizing mouse MHCII

only partly cross-reacted with bat MHCII (Figure S4A), presum-

ably due to variability of the haplotypes in tested animals, and

hence facilitated analyses when the staining was successful.

For validation of antibody cross-reactivity, the following cell

subsets were sorted and analyzed by microscopy: CD11b+

CD172a�, CD11b+CD172a+, CD172a�, and FSChighSSChigh

cells. In addition, PCR was used to evaluate expression of

several markers; i.e., CD3 (pan T cell), CD44, CD11b (pan

myeloid), CD14 (monocyte), CD45 (PTPRC, pan leukocyte),

CD68 (macrophage), CD79a (pan B cell), CD163 (monocyte/

macrophage), and CD172a (monocyte/DC) in sorted cells (Fig-

ure S4B). CD11b+CD172a+ cells were spherical cells with an

approximate nucleus to cytoplasm ratio of 3:1, indicating mono-

cytic identity (Figure 3C), and this was further supported by gene

transcript analysis; e.g., SIRPA, CD163, and CD14 (Figure S4B).

After extensive validation, we immunophenotyped mononuclear

cells in ERB blood and found, in line with scRNA-seq observa-

tions, similar abundances of monocytes and DCs in both age

groups (Figure 3D). However, frequencies of CD206+ MMCs

were significantly increased in adult bats and suggestive

of enrichment of cells showing an M2-like phenotype and regu-

latory features in this group.

To gain deeper insights into immune cell abundances in

various ERB tissues, we analyzed myeloid cells in blood, spleen,

mesenteric lymph node (mLN), and lungs of adult and juvenile fe-

male bats (Figures 3E and 3F). CD11b+CD172a+ monocytes/

macrophages and DCs (Figure 3E) were quantified in unperfused

tissue. They were more abundant in lung compared with spleen

and mLNs. CD206+ myeloid cells, potentially macrophages,

were predominantly found in the lung, andmore in adult animals.

Interestingly, both age groups displayed high and comparable

frequencies of CD206+ cells in the spleen.

To facilitate granulocyte identification in absence of cross-

reactive antibodies, we used a gating strategy based on

morphometric features of these cells. Granulocytes were defined

as FSChighSSChigh (subsequently detected to also be CD11b+

CD172a+) and positive for the viability stain, which originated

from autofluorescence (Watt et al., 1980) (Figure 3G). FSChigh
Cell Reports 40, 111305, September 6, 2022 5
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adult (n = 4) subadult (n = 2) juvenile (n = 3)

Figure 2. scRNA-seq-based compositional analysis of circulating leukocytes in adult and juvenile ERBs

(A) UMAP representations for bothmyeloid and lymphoid compartments. Cells are colored according to the age of donor bats (red, adults; green, subadults; blue,

juveniles).

(B) Box plots of percentages of each identified cell type per age (four adults versus two subadults versus three juveniles). Significant differences detected by

scCODA are indicated as stars (**FDR <0.05, *FDR < 0.1).
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SSChigh cells showed a segmented nucleus and azurophilic

granules, resembling neutrophils (Figure 3H). To confirm granu-

locyte identity, detection of neutrophil cytosolic factor expres-

sion by PCR (NCF1; Figure S4B) was used, as CD66b is absent
6 Cell Reports 40, 111305, September 6, 2022
in the latest ERB genome annotation, and no satisfactory primer

pairs could be obtained for CD56 or CD15 detection. Detection

of CD16 (LOC107502476, mRouAeg1; Jebb et al., 2020; Fig-

ure S4B) rendered positive results for the fractions CD11b+



(legend on next page)
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and CD11b+CD172a+, but not FSChighSSChigh. In line with the

transcriptomics data, frequencies of circulating granulocytes

were significantly enriched inwhole blood of adult bats (Figure 3I)

but showed appreciable variation in the population we tested.

Frequencies (Figure 3J) and numbers (Figure 3K) of granulocytes

were high in spleen and lung and did not differ between the age

groups. To validate granulocyte identity and also gain insights

into subsets that are elusive in flow cytometry, blood smears of

seven adult and nine juvenile ERBs were evaluated (Figures

S5A and S5B). This analysis confirmed enrichment of neutrophils

in adult bats and predominance of lymphocytes in juvenile ERBs

(Figure S5A). Size and morphology of blood leukocytes did not

differ between the age groups (Figure S5B).

Professional phagocytes largelymaintain their activities
with age in ERB
Phagocytic capacity of human granulocytes (Butcher et al., 2001;

Simell et al., 2011; Wenisch et al., 2000) and monocytes/macro-

phages (Hearps et al., 2012; Plowden et al., 2004) declines with

age. So far, studies in Yinpterochiroptera assessed phagocytic

activity solely of bone marrow-derived macrophages but not pri-

mary phagocytes of differently aged individuals (Zhou et al.,

2016a).We amended the gating strategy formyeloid cells to allow

quantifying phagocytosis of Escherichia coli bioparticles (Fig-

ure 4A). In blood and lung samples, we observed increasing

phagocytic rates over time for granulocytes (Figure 4B). Patterns

of phagocytosis in monocytes and macrophages were similar to

those detected in granulocytes (Figure 4C). For all populations

evaluated, mean phagocytosis defined by geometric mean fluo-

rescence intensity (gMFI) of internalized E. coli bioparticles did

not differ significantly between the adult and juvenile groups (Fig-

ure S5C). Overall, abundances of blood phagocytes, which

engulfed E. coli bioparticles, exceeded those recorded for lung

samples, with the exception of the CD206+ subsets, which may

representalveolarmacrophages (Figure4D).A tendency forhigher

activity in adults compared with juveniles was observed irrespec-

tive of tissue and phagocyte population (except the CD206+ sub-

set in blood), but failed to reach statistical significance.

Abundances of circulating T and B lymphocytes are age
dependent in ERB
We further established a panel to identify T and B cells in ERB

by flow cytometry. T cells were detected with an antibody tar-
Figure 3. Identification of ERB myeloid cells in blood and organs by flo
(A) Gene expression of ITGAM, SIRPA, and MRC1 across myeloid cells color co

Figure 1.

(B) Gating strategy for identification of monocytes/DCs and CD206+ mononuc

granulocytes [PMNs] �) were defined as monocytes/DCs (CD11b+CD172a+) and

(C) Cytomorphology of sorted CD11b+CD172a+ MNCs.

(D) Frequencies of monocytes/DCs (CD11b+CD172a+) and CD206+ MMCs in the

(E and F) (E) Frequencies and (F) numbers of monocytes/DCs (CD11b+CD172a+) a

(n = 4/group).

(G) Gating strategy to identify ERB PMNs.

(H) Cytomorphology of sorted FSChighSSChigh PMNs.

(I) Frequencies of circulating PMNs (adults, n = 23; juvenile, n = 21).

(J) Frequencies of PMNs in blood, spleen, mLN, and lung (n = 4/group).

(K) Numbers of PMNs in spleen, mLN, lung, and blood. Individuals are represen

represented by a specific symbol, bars depict group mean (E, F, J, and K). *p <
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geting the cytoplasmic ε chain of the human T cell co-receptor

CD3 with wide cross-reactivity to CD3 of mammalian species.

Given the failure to detect the main T cell subsets (i.e., CD4

and CD8), we employed CD11b to identify putative activated

T/effector cells, which express this integrin on subsets of acti-

vated CD8+ cells (Christensen et al., 2001; McFarland et al.,

1992). We further screened antibodies recognizing antigens

specific for B cells and identified an antibody targeting the cyto-

plasmic a chain of human B cell receptor (CD79a). As CD3E

transcripts mapped to T cell clusters and CD79A transcripts

to the B cell clusters, respectively (Figures 1B and 5A), T cells

were identified using CD3 as a universal marker for T cells

and CD79a as a pan B cell marker (Figure 5B). To confirm T

and B cell identity, CD3+ and CD79a+ cells were sorted and vali-

dated for expression of lineage-specific cell markers via PCR

(Figure S4B).

We observed significant differences in the abundance of

circulating T and B cells in adult and juvenile bats. While fre-

quencies of investigated leukocyte subsets (PMN, T, and B

cells) did not differ between males and females (Figure S5D),

adult ERBs displayed significantly higher frequencies of

T cells compared with juvenile animals. Juvenile bats had

more circulating B cells (Figure 5C). The results from adult

ERBs are in line with data from P. alecto and E. spelaea (Ga-

mage et al., 2020; Periasamy et al., 2019). As both specimens

were caught from the wild and partly housed for at least

6 months prior to experiments (E. spelaea, Periasamy et al.,

2019), the exact age of these bats was unknown. Presumably,

P. alecto and E. spelaea bats already reached adulthood, since

no thymus could be identified in these animals. In our study, the

frequency of CD3+CD11b+ T cells was significantly increased in

juvenile bats (Figure 5C).

To gain a deeper insight into distribution of T andB cells in ERB

tissues, we sampled various organs in addition to quantitative

analysis of circulating lymphocytes; i.e. spleen, mLN, and lung

in adult and juvenile animals (Figures 5D and 5E). Frequencies

and absolute cell counts concurred for peripheral lymphocytes.

Significant differences in frequencies were confirmed for both

T andB cells. Total cell numbers further substantiated these find-

ings for both circulating subsets. In the spleen, the patterns of T

and B cell distribution matched those detected in peripheral

blood. Adult ERBs displayed a similar frequency but higher

total cell number of T cells in the spleen than juveniles. For
w cytometry
ded and projected on the UMAP representation of scRNA-seq as detailed in

lear myeloid cells (MMCs). Live mononuclear cells (MNCs) (Zombie� cells,

a CD206+ MMC subset was additionally evaluated.

blood (adult, n = 12; juvenile, n = 10).

nd CD206+MMCs from blood, spleen, mesenteric lymph node (mLN), and lung

ted by dots, median ± interquartile range (IQR) (D and I) or each individual is

0.05, **p < 0.01, defined by unpaired t test.



Figure 4. Functional characterization of ERB phagocytes
(A) Gating strategy to identify myeloid cells phagocytosing fluorescein-labeled E. coli bioparticles. Fluorescein isothiocyanate-positive (FITC+) monocytes/DCs

(CD11b+PMN-1), CD206+ MMCs, and granulocytes (PMNs) were analyzed.

(B–D) Frequencies of PMNs (B), monocytes/DCs (C), and CD206+MMCs (D) that internalized E. coli bioparticles (n = 4/group). Each individual is represented by a

specific symbol, bars depict group mean.
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splenocytes, matching observations from blood samples, the

pattern for B cells was the opposite. In lymph nodes, a tendency

for enrichment of B cells in juvenile animals was noticed,

whereas abundances of B cells in the lung were comparable in

the different age groups. Tissue specificities relative to variability

in lymphocyte subsets (i.e., observable in blood and spleen, but

not in lung) is of note in ERBs of variable age. Both frequency and

absolute numbers of activated T cells (CD11b+) were signifi-

cantly higher in the lungs of juvenile ERBs (Figure 5D), whereas
this subset was significantly higher in blood of juveniles in eval-

uation of absolute numbers (Figure 5E). Thus, progression to

adulthood changes T/B cell ratio and possibly limits expansion

of activated T cells.

Lymphocyte proliferation capacity is unchanged with
age
Previous studies performed in P. alecto and E. spelaea indicated

that lymphocyte-driven immune responses in bats are more
Cell Reports 40, 111305, September 6, 2022 9
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similar to those in humans than in mice (Martinez Gomez et al.,

2016). To clarify the proliferative potential of ERB lymphocytes,

PBMCs and splenocytes of adult and juvenile bats were stimu-

lated ex vivo with either concanavalin A (ConA), lipopolysaccha-

ride (LPS), or staphylococcal enterotoxin B (SEB) to specifically

induce T and/or B cell proliferation. Proliferation was assessed

using an amended version of the gating strategy of bat lympho-

cytes (Figures 5B and 6A). T cells proliferated upon ConA and

SEB stimulation, and B cells expanded after LPS and SEB treat-

ment (Figures 6B and 6C), as evaluated by Ki-67 staining. Ki-67-

defined proliferation rendered overall more accurate results for

splenocytes than PBMCs. Mitogenic stimulation resulted in a

significant proliferation of splenic T cells irrespective of age (Fig-

ure 6B). Significant B cell proliferation was detectable in both

groups (Figure 6C). Generally, the proliferative capacity of pe-

ripheral T and B cells was lower compared with splenic T and

B cells in both adult and juvenile bats (Figures 6B, 6C, and S6).

As internal control, we included the fluorescent cell staining

dye carboxyfluorescein succinimidyl ester (CFSE) to detect pro-

liferation (Figure S6). Interestingly, splenic and peripheral B cells

responded to SEB, in addition to LPS, although to a lesser extent

than T cells. Notably, analysis of CFSElow cells delivered more

precise results for PBMCs over splenocytes. Significant prolifer-

ation in peripheral T cells of both adult and juvenile ERBs was

observed upon mitogenic stimulation (Figure S6). These findings

demonstrate the value of using concurrent CFSE and Ki-67

staining to accurately assess the proliferative activity of bat lym-

phocytes and highlight that mitogen-induced proliferation is un-

coupled from age in ERB.

DISCUSSION

Deciphering host-pathogen interactions in natural reservoirs is

critical for the understanding and containment of emerging zoo-

notic diseases, highlighting the importance of studies of bat im-

munity (Wang et al., 2021). Using a combined approach, we

delineated seven myeloid and 15 lymphoid subsets with

scRNA-seq and further characterized by flow cytometry seven

immune cell populations, including T and B cells, monocytes,

macrophages, granulocytes, and DCs in blood and organs of

adult and juvenile ERBs. Our study unveils substantial differ-

ences in abundances and phenotypes of major immune cell

types in relation to age in ERBs. These findings indicate that dis-

ease tolerance may establish upon reaching adulthood and

could modulate pathogen dynamics in individual animals and

possibly pathogen spread.

Studies on the morphology of bat lymphocytes date back to

the late 1980s, describing lymphocyte-like cells in Pteropus

giganteus (Chakravarty and Paul, 1987). More recent investiga-

tions focusing on P. alecto lymphocytes provided the first evi-
Figure 5. Identification of ERB lymphocytes in blood and organs by flo

(A) Gene expression of CD3E, CD79A, and ITGAM across lymphoid cells color c

Figure 1.

(B) Gating strategy to identify bat T (CD3+CD79a�) and B (CD3�CD79a+) cells, a
(C) Frequencies of lymphocytes in blood (adult, n = 12; juvenile, n = 10).

(D and E) (D) Frequencies and (E) numbers of lymphocytes in blood, spleen, mLN,

each individual is represented by a specific symbol, bars depict groupmean (D an
dence for a delayed response upon mitogenic stimulation

compared with mice (Chakravarty and Sarkar, 1994; Martinez

Gomez et al., 2016; Sarkar and Chakravarty, 1991). We em-

ployed various mitogens and proliferation assays and observed

that T and B cell proliferative responses are largely similar in

adult and juvenile ERB, and comparable with adult individuals

of other bat species (Martinez Gomez et al., 2016). Interestingly,

splenic B cells consistently reacted to mitogenic stimulation only

in juvenile bats, which indicates the presence of tissue-specific

reactogenic B cells in association with an incomplete immune

maturation process (Piatosa et al., 2010). Similar observations

are frequently reported in other species, i.e. humans, especially

in the context of vaccination and administration of common

adjuvants (Burny et al., 2017). This finding may explain poor anti-

body responses upon experimental infection of ERB with EBOV/

MARV (Guito et al., 2021; Paweska et al., 2016) and development

of higher titers in very young ERBs after MARV challenge (Storm

et al., 2018). These findings suggest that bats evolved toward

tolerating viral replication, as confirmed by high viral loads in

EBOV/MARV-infected ERBs, rather than viral clearance; e.g.,

by humoral immunity. Recent studies have provided essential

insights into cross-reactivities of commercially available anti-

bodies to P. alecto and E. spelaea immune cells, as well as in-

depth phenotypic and functional characterization ofmajor leuko-

cyte populations in both species (Martinez Gomez et al., 2016;

Periasamy et al., 2019). We found limited cross-reactivity with

immune cell epitopes of ERBs. Bats are the second largest

mammalian taxon with global distribution. Thus, immunological

differences among species are to be expected given species-

specific physiology possibly shaped by microbiomes and habi-

tats. In addition, most studies rely on samples derived from

wild-caught individuals (Gamage et al., 2020; Martinez Gomez

et al., 2016; Periasamy et al., 2019). This inevitably leads to

higher variances and obstacles in data interpretation, affecting

reproducibility due to differing immune statuses and unknown

age of wild-caught individuals (Periasamy et al., 2019). Since

age shapes frequencies and subset distribution of leukocytes,

as we found for ERBs, it must be carefully considered when

analyzing immune parameters in wild bats. We profiled ERB im-

mune cells from a captive colony maintained under constant cli-

matic conditions and a supervised health status. ERB-specific

age variations may be modulated by environmental and physio-

logical factors, including stress. This is of particular interest, as

clean housing alters immune cell development, as demonstrated

for neutrophils in mice (Ince et al., 2018; Keresztes et al., 2007).

Extension of our findings to wild-living ERBs is now feasible

based on herein-reported profiling strategies. Our findings

describe fundamental variations in immune cell profiles of adult

and juvenile ERB blood and selected tissues; however, evalua-

tion of additional organs should be considered in future studies.
w cytometry

oded and projected on the UMAP representation of scRNA-seq as detailed in

nd an activated T cell subset (CD3+CD79a�CD11b+).

and lung (n = 4/group). Individuals are represented by dots, median ± IQR (C) or

d E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, defined by unpaired t test.
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Current investigations of bat immunity at genomic and tran-

scriptional level led to striking findings like constitutive IFN

expression and dampened DNA sensing in some bats (Ahn

et al., 2016, 2019; Xie et al., 2018), yet knowledge about bat im-

mune cell phenotypes and functions is scarce. Whole-genome

sequences and transcriptomes of different bat species enabled

in silico analyses of the bat immune system (Jebb et al., 2020;

Lee et al., 2015; Papenfuss et al., 2012; Pavlovich et al., 2018).

Whole-genome sequencing (WGS) data revealed that the overall

phenotype of bat immune cells resembles the one known from

human and mice. However, only high-resolution methods like

scRNA-seq could successfully unveil elusive leukocyte subsets;

e.g. 2 NKT-like subsets in the periphery of adult and juvenile

ERBs. The captured transcripts facilitate generation of mono-

clonal antibodies for accurate leukocyte identification in ERBs,

as ERB-specific monoclonal antibodies for CD14 and CD19

could already be generated successfully elsewhere (Guito

et al., 2021). Furthermore, building the landscape of circulating

immune cells in ERBs advances the current understanding about

cellular immunity in bats. The strategy for cluster annotation as-

sumes that marker genes are correctly annotated and execute

functions comparable with their human orthologs. Similar ap-

proaches have been applied to mammalian species other than

mice and humans, i.e., domestic pigs (Herrera-Uribe et al.,

2021) and horses (Patel et al., 2021), or wildlife species such

as the naked mole-rat (Hilton et al., 2019). Moreover, human im-

mune genes are phylogenetically closer to bat than to rodent or-

thologs (Gamage et al., 2020). We enriched the annotation of the

reference ERB genome with BLAST searches of the top DEGs.

While these genes provided support to annotate clusters, we

were cautious about assuming identical functions compared

with their human orthologs without further validation, particularly

when we found a moderate or low homology (Table S2). The

incomplete annotation of the current ERB genome requires

consideration for annotation processes. Specific immune cell

markers (e.g., CD16) lack proper annotation and can only be de-

tected by mapping the LOC sequence to CD16 sequences in

other species.

Our single-cell dataset complements previous studies con-

ducted on PBMCs with flow cytometry. Overall, we found similar

proportions of leukocyte populations to E. spelaea (Gamage

et al., 2020). A subset of circulating monocytes was reported

to express CD206 and MHCII, matching the cDC2 population

we identified in ERB via scRNA-seq. The major population of

circulating T cells in P. alecto lacks TBX21 (T-bet), EOMES,

and GATA3 (Martinez Gomez et al., 2016). Considering our

RNA expression data, this population possibly corresponds to

naive T cells. Interestingly, we found that NKT-like cells co-ex-

pressing TBX21 and EOMES are the dominating T cell subtype

in ERB.We note a balanced representation ofCD4- andCD8-ex-

pressing T cells in ERB, while CD4+ T cells are nearly absent in

Rhinolophus sinicus (Ren et al., 2020). In P. alecto CD4+ T cells
Figure 6. Assessment of proliferative capacity of ERB lymphocytes up

(A) Gating strategy to identify Ki-67+ proliferating lymphocytes.

(B and C) Proliferative activity of CD3+ T cells (B) and CD79a+ B cells (C) upon stim

4/group). Each individual is represented by a specific symbol, bars depict group

adult and juvenile bats. *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001 defined
are predominant. Variations in leukocyte abundances across

bat species should be validated by comparative evaluation of

RNA and protein expression profiles. Thus, findings in specific

species should be cautiously extended to other bats. Strikingly,

adult ERBs showed high T cell abundances, while juveniles had

higher frequencies and absolute numbers of B cells in all tested

tissues. These age-related lymphocyte frequency patterns have

been reported for humans (Piatosa et al., 2010; Valiathan et al.,

2016). However, the differences between frequencies and abso-

lute numbers are more distinctive in bats and could possibly

affect their roles as reservoirs for human pathogens. Further-

more, juvenile bats exhibited higher frequencies and absolute

numbers of CD11b+ T cells, presumably activated CD8+ T cells

(McFarland et al., 1992), indicating an immune maturation pro-

cess the adult specimens already completed (Christensen

et al., 2001). Although we identified four B cell clusters, anno-

tating them precisely remained challenging. Gene patterns pre-

sented in a recent study of peripheral human B cells suggest

that VPREB3, LTB, and PLAC8 clusters could correspond to

transitional, naı̈ve, and activated B cells, respectively (Stewart

et al., 2021). B cell phenotypes can be partially discriminated

through the detection of IgH class switching. However, the IGH

locus is not annotated in the current ERB reference genome,

thus hampering the annotation of B cell subsets with confidence.

Future studies could refine ERBB cell identities, as the IGH locus

is further characterized (Larson et al., 2021) and adequate tools

to determine immunoglobulin secretion and function are estab-

lished. Besides the general enrichment in B cells for juveniles,

we found a particular interest for the VPREB3-expressing B

cell cluster as it seems to be almost absent in adult specimens.

The granulocyte frequencies we observed in the periphery of

both adult and juvenile ERBs drastically differ from those

reported in P. alecto (Periasamy et al., 2019). This might be

explained by species-specific differences. Moreover, ERBs at

our institute are housed in quarantine conditions, whereas

P. alecto specimens were wild-caught and then subjected to ex-

periments (Periasamy et al., 2019). Hygiene and housing of ani-

mals greatly influence the number of circulating granulocytes, as

reported for mice (Abolins et al., 2017). The frequencies we

recorded might not reflect the proportion of circulating granulo-

cytes in wild ERBs and this should be validated in future compar-

ative studies. Previous reports described contradictory findings

with significantly higher leukocyte counts in captive ERBs. How-

ever, animals reported as captive in the study were wild-caught

and housed for several weeks, which most likely resulted in

leukocytosis due to stress (Van Der Westhuyzen, 1988). Of

note, especially for adult ERBs included in this study, a great

variance in frequencies of circulating granulocytes was obvious,

indicating that environmental factors related to breeding and

maintenance, e.g., sampling-related stress, could greatly alter

the frequency of circulating granulocytes, as reported for

humans and mice (Ince et al., 2018; Keresztes et al., 2007).
on mitogenic stimulation

ulation with ConA, LPS, or SEB was assessed for PBMCs and splenocytes (n =

mean, and histograms show representative mean fluorescence intensities for

by paired t test.
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Additionally, the significantly higher abundance of circulating

granulocytes in adult compared with juvenile ERBs could reflect

an increase with maturation, as already described for human in-

fants and elderly (Valiathan et al., 2016). The phagocytic activity

of bat granulocytes was slightly lower compared with that

described in mice and humans (Gupta-Wright et al., 2017).

Whether this relies on species-specific differences or the impair-

ing effect of isoflurane-based sedation during blood withdrawal

on cellular activity (Markovic et al., 1993) remains to be validated.

Overall, ERB granulocytes can successfully be assigned utilizing

the gating strategy defined here, and future studies should

address potential differences in reactivity between adult and ju-

venile ERB neutrophils. Thus, evaluation of microbial killing in

comparative approaches is mandatory to further elucidate the

impact of age on functional variability.

Overall, the age-related findings are of relevance, because

MARV infections reported in several African countries (Bausch

et al., 2006; Timen et al., 2009), were found to correlate with

ERB birthing periods (Amman et al., 2012; Towner et al.,

2007, 2009). Levels of active MARV infection range from 15%

in 6-month-old juveniles to 2% in adults. These differences in

active viral infection observed in juvenile and adult bats rein-

force the hypothesis of bats prioritizing immune resilience

over excessive inflammation upon maturation (Irving et al.,

2021). This is supported by reports of naturally and experimen-

tally infected bats displaying no clinical signs of disease upon

infection with EBOV, bat coronavirus, MERS-CoV, and NiV,

while mounting a humoral immune response and exhibiting

high viral loads (Middleton et al., 2007; Munster et al., 2016;

Swanepoel et al., 2007; Watanabe et al., 2010). These studies

indicate that the immune system of bats evolved toward toler-

ating viral infection rather than actively reducing it, which might

not be feasible due to high metabolic demands during flight.

Age may be critical in balancing energy demands for growth

and host defense versus physiologic behavior in bats and

thus tailor cellular effectors to specific response patterns,

notably disease resistance versus disease tolerance. Evidence

for disease tolerance comes from findings related to humoral

immunity in ERB (Larson et al., 2021). Our findings further sub-

stantiate the tolerance hypothesis by establishing proof that it

is potentially linked to immunodevelopment in bats and

embedded in cellular components as well, as indicated by a

higher abundance of putative regulatory CD206+ myeloid cells

in adults and putative activated CD11b+ T cells and PLAC8 ex-

pressing B cells in juveniles.

Our study provides fundamental insights into the immunolog-

ical fingerprint of ERB uponmaturation, a natural reservoir for zo-

onotic viruses. The age imprinting on immune features highlights

that immune maturation and resilience could modulate spillover

events and must be considered in investigations focusing on

host-pathogen interplay in ERB, andmore generally in otherChi-

roptera species.

Limitations of the study
While scRNA-seq unveiled blood cellular cluster composition,

subset definition remained limited by the use of lineage markers

previously known from humans and mice, which could impair

identification of possible ERB-specific markers and subsets.
14 Cell Reports 40, 111305, September 6, 2022
Along this line, our study is restricted by the paucity of ERB-spe-

cific or cross-reactive antibodies, hampering in-depth and

comprehensive functional characterization of cell subsets iden-

tified by scRNA-seq. Validation of the findings in other bat spe-

cies is required in order to put the age dependency into a broader

chiropteran context. Our study assessed immune populations in

selected ERB organs, but does not provide an immune cell atlas

for all tissues. It is limited with respect to the sample size, partic-

ularly for analyses focusing on tissue profiling. Increasing the

number of individuals is of particular importance, also because

captive bat colonies may not recapitulate the genetic heteroge-

neity and microbial experience of wild-living animals. Analysis of

wild ERBs could in addition provide essential insight into aged

animals; i.e., above 10 years old. Due to breeding and colony

management, the individuals kept at research colonies do not

reach the average life expectancy of ca. 25 years of captive

ERBs. Sampling wild-living bats thus would be essential to

extend the findings to genetically diverse ERBs as well as to

cover a broader age spectrum.
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Cell Reports 40, 111305, September 6, 2022 e2

mailto:anca.dorhoi@fli.de
https://github.com/NBISweden/AGAT
https://biorender.com/
https://support.10xgenomics.com/single-cell-gene-expression
https://support.10xgenomics.com/single-cell-gene-expression
https://support.10xgenomics.com/single-cell-gene-expression
https://www.flowjo.com/
https://www.flowjo.com/
http://mitos2.bioinf.uni-leipzig.de/index.py
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://eu.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://eu.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://eu.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://eu.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerQuest%2FHome%2FIndex
https://eu.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerQuest%2FHome%2FIndex
https://eu.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerQuest%2FHome%2FIndex
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.python.org/
https://satijalab.org/seurat/
https://github.com/cole-trapnell-lab/leidenbase
https://github.com/cole-trapnell-lab/leidenbase
https://www.r-project.org/
https://sccoda.readthedocs.io/en/latest/
https://github.com/wheaton5/souporcell


Article
ll

OPEN ACCESS
Materials availability
This study did not generate new unique reagents.

Data and code availability
d scRNA-seq datasets that were generated for this study have been deposited in Gene Expression Omnibus (GEO: GSE183925).

All scRNA-seq expression data can be browsed on a user-friendly dedicated webinterface: https://infection-atlas.org/

Immubat-ERB-Blood/.

d R and python scripts used for analysis of the scRNA-seq data are available on GitHub: https://github.com/Christophe29-BZH/

ImmuBat_ERB_Blood

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and animal housing
Male and female ERB were kept in captive breeding colonies of 20m2 per aviary under quarantine conditions according to current

German Animal Welfare Regulations. Bats were classified as adult (3-6 years of age, n = 28), subadult (1-2 years old, n = 6) and ju-

venile (%1 year of age, n = 32) and were kept in colonies of approx. 20 animals per room in a Biosafety Level 1 facility, at 24-26�C and

60-70% humidity, and light between 6 am and 6 pm including a dimming phase. Diet comprises varying fruits and vegetables. Only

limited number of staff have access to the rooms, encouraging bats to trust known caretakers in order to reduce stress level. Sam-

pling and necropsies were approved by the local authorities (LALLF 7221.3-2-042/17). All experiments were carried out according to

ARRIVE guidelines (https://arriveguidelines.org) and each group/room is represented equally in the data presented in this study.

METHOD DETAILS

Blood and tissue sampling
Peripheral blood frommale and female ERB was obtained during short time sedation with Isoflurane (CP Pharma) and puncture of the

uropatagial vein. 4 adult and 4 juvenile ERB females were euthanized and afterward lung, spleen andmLNswere immediately collected

for cell enrichment. Samples from 12 adult and 10 juvenile ERBwere subjected to phenotyping via flow cytometry. Samples from addi-

tional 11 adult (older than three years) and juvenile (around one year of age) ERBwere used for assessment of granulocyte frequencies.

For scRNA-seq ofwhole blood, samples from4adult, 2 subadults and 3 juvenile ERBwere used; scRNA-seqof ERBPBMCwas carried

out with samples from one adult and two subadult ERB. Mostly female ERB were used in this study, which is due to the natural ratio of

male to female bats within a colony. The FLI breeding colony is maintained according to wild counterparts, where few adult dominant

males are present. To ensure successful breeding and genepool diversity, adult males were not subjected to necropsy.

Tissue preparation
Single cell suspensions from spleen and mLNs were obtained by carefully grinding the tissue through a 100 mm cell strainer (Fisher

Scientific) with ice-cold homemade PBS supplemented with 0.5% EDTA (Roth) (PBS-EDTA). Lung tissue was cut into small pieces

and digested with 800 mg/mL Collagenase IV (Worthington Biochemical Corporation) and 125 mg/mL DNAse I (Roche) in serum-free

DMEM. The mixture was incubated at 37�C for 1 h, diluted in PBS-EDTA and filtered through a 100 mm cell strainer. Single cell sus-

pensions were centrifuged at 3503g for 15min at 4�Cand pellets were resuspended in PBS-EDTA or FACS buffer (PBS, 0.1%EDTA,

1% murine serum, 1% rat serum, 1% fetal-calf serum (FCS)).

Processing of blood cells for scRNA-seq
300 mL of ERB whole blood was collected and directly subjected to RBC lysis using 10X RBC lysis buffer (BioLegend) diluted 1:10 in

endotoxin-freewater (Sigma-Aldrich). All washing stepswere carried out in DPBSwithout calcium andmagnesium (Thermo Fisher Sci-

entific), supplementedwith 20 mg/mLUltraPureTM BSA (Thermo Fisher Scientific). For PBMC isolation, 400 mL of whole bloodwas each

diluted in PBSwith 20 mg/mLBSA. Diluted bloodwas added to 3mL Ficoll-Paque PLUS (1.077 g/mL, Cytiva) and centrifuged at 7603g

for 30min without brakes or acceleration. PMBCswere collected andwashedwith PBSwith 20 mg/mLBSA. Cells were filtered through

70mmFlowmi�cell strainers (SigmaAldrich)andsortedwitha100mmnozzle todepleteplateletsusing the lowestflowrateand thesingle

cell setting of the cell sorter FACSAria Fusion (BD Biosciences). Cells sorted in Protein LoBind tubes (Eppendorf) pre-coated with FCS

were kept on ice until sample collectionwas complete and subsequently centrifuged at 4003g and 4�C for 15min. After centrifugation,

the cell count was set at 1000 cells/mL in 1xPBS +20 mg/mL UltraPureTM BSA. A small aliquot was used to determine cell viability.

Chromium GEM and library generation for scRNA-seq
Chromium Next GEM Single Cell 30 Reagents Kits v3.1 were used to generate libraries for sequencing. A total of 13,000 cells was

added to each well and the manufacturer’s protocol was followed. All material needed for single cell sequencing, but not provided

in the kits, was obtained according to recommendations from 103 Genomics.
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Sequencing of scRNA-seq libraries, data pre-processing and custom cellranger genome generation
All Next GEM Single Cell 30 v3.1 (103 Genomics) libraries were sequenced as multiplexed pools on an Illumina NovaSeq 6000 in

paired-end mode (28 cycles for Read 1 and 91 cycles for Read 2). To pre-process sequencing data, we used the pipelines included

in Cellranger (v3.1.0, 103 Genomics). Raw sequencing data were demultiplexed and converted to fastq files with cellranger mkfastq

and default parameters. Mapping to the reference genome, UMI counting and generation of the gene expression matrices were per-

formed with cellranger count and default parameters. We chose a recently published genome of R. aegyptiacus with extensive gene

annotation as reference for cellranger count (RefSeq accession: GCF_014176215.1 (Jebb et al., 2020)). To enrich it for scRNA-seq

analysis, we also used themitochondrial genomic sequence provided by the same authors (GenBank accession: CM024382.1), sub-

jected it to automatic annotation by MITOS (Donath et al., 2019) and converted the output bed file to a gene annotation gtf file with

AGAT (Jacques Dainat and Pascal 2021). To ensure compatibility with Cellranger, the obtained mitochondrial gtf file had to be modi-

fiedmanually, first to add exonic features covering the whole genes, second to keep only the 30 end of CO1 since this gene was over-

lapping both "ends" of themitochondrial "chromosome". Finally, both genomic files fromR. aegyptiacus andmitochondrial genomes

and both gtf files were concatenated together and inputed to cellranger mkref to generate a Cellranger-compatible genome.

In silico analysis
Protein sequences from R. aegyptiacus [Raegyp2.0], the house mouse (Mus musculus, GRCm39) and human (Homo sapiens,

GRCh38.p13) were obtained from the NCBI database. Sequence alignment and consensus analysis was performed using ClustalW

alignment in Geneious Prime, Version 2021.0.1 by Biomatters.

Validation of antibody specificity
Blood samples of ERB females were stained andCD11b+ cells, CD172a+cells, granulocytes and corresponding negative populations

were purified using the FACSAria Fusion cell sorter (BDBiosciences). To ensure successful RNA extraction after fixation, sortedCD3+

andCD79a+ cells were fixedwith a 3%glyoxal solution, pH 4-5 (prepared from 40%glyoxal (Sigma-Aldrich) and stained as described

elsewhere (Channathodiyil and Houseley, 2021)). For myeloid cells, droplets of 20 mL cell suspension were carefully placed on a glass

slide and subsequently stainedwith DiffQuick Kit (Fisher Scientific), followingmanufacturer’s instructions. Cells were visualized using

a Nikon microscope and 100Xmagnification. To investigate immune cell marker expression, sorted cells were lysed with homemade

Trizol; the RNA was extracted according to the ThermoSci protocol and subsequently transcribed into cDNA using a LunaScript RT

SuperMix Kit (New England BioLabs). PCR reactions were carried out using a GoTaq Flexi DNA Polymerase Kit (Promega). Primers

were designed and screened for secondary structures using the PrimerQuest and OligoAnalyzer Tools (Integrated DNA Technolo-

gies), sequences are listed in Table S5. To confirm amplicon identity, bands were cut and products purified using the QIAquick

Gel Extraction Kit (Qiagen) following manufacturer’s instructions with exception of eluting DNA from the column membrane with

buffer heated to 37�C rather than room temperature. Purified products were subsequently sequenced (Eurofins TubeSeq Service)

and results aligned to corresponding sequences in the NCBI database.

Blood smears
One droplet of whole blood per animal (adult n = 7, juvenile n = 9) was directly processed on a glass slide and stained with the

DiffQuick Kit according to manufacturer’s instructions. The cells were analysed with a Nikon Eclipse TS2 microscope (Nikon) and

a 100X objective. At least 100 cells per slide were counted and cells were identified based on their morphological properties and size.

Flow cytometry
Cells and whole blood were washed with FACS buffer. All centrifugation steps were carried out at 350 3g for 5 min at 4�C and all

incubation steps were performed at 4�C in the dark for 15 min unless stated otherwise. Antibodies used for cell-surface staining

are indicated in the KRT and Table S6. Fixable viability dye Zombie Aqua (BioLegend) was included to identify dead cells. RBC lysis

was performed on whole blood and organ samples containing a visible amount of erythrocytes using a validated lysis buffer (1.55 M

NH4Cl, 12.7 mM Na4EDTA, 100 mM KHCO3, pH 7.4 in double distilled water). Prior to intracellular staining, cells were fixed using the

True-Nuclear Transcription Factor Buffer Set (BioLegend) and incubated with antibodies for 30 min at 4�C. Samples and data was

acquired on a BD LSRFortessa Cytometer, running with FACS DIVA 9.0.1 Software (BD Biosciences) and analyzed using FlowJo

10.5.3 software (BD Biosciences).

Phagocytosis assay
Whole blood was diluted 1:1 with RPMI-1640 supplemented with 2% FCS, 1% HEPES (Gibco), 0.05% b-mercaptoethanol (Gibco)

and 1% L-Glutamine (Gibco). Fluorescein-labeled E. coli bioparticles (Invitrogen) were processed according to vendor’s instructions

and cells were incubated under rocking at 37�C for 10 min and 60 min, respectively. Samples were subjected to cell surface and

intracellular staining for subsequent flow cytometry measurements.

Mitogenic cell stimulation
PBMC and splenocytes were purified using Ficoll-Paque PLUS (Cytiva) according tomanufacturer’s protocol. Afterwards, cells were

washed with cold PBS-EDTA. To track proliferation, cells were labeled with CFSE (Invitrogen). CFSElow cells or Ki-67+ cells were
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defined as proliferating cells. PBMCs and splenocytes were washed and incubated with either 5 mg/mL ConA (Sigma), 5 mg/mL LPS

(Sigma), 100 ng/mL SEB (Sigma) or DMEMas a control for 5 days at 37�C. All cells were collected and subjected to intracellular stain-

ing including proliferation marker Ki-67 as well as T and B cell markers for subsequent flow cytometry measurements.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of scRNA-seq data
Individual demultiplexing

Since each library consists of a cell mixture from 3 individuals, we used Souporcell to determine the donor origin of each single cell

(Heaton et al., 2020). Briefly, Souporcell relies on the detection of genetic variants as of single nucleotides polymorphisms, to infer

genotypes present in the cell mixture. Each single cell can be attributed to a particular individual afterwards. Cell doublets detected

by Souporcell were leveraged to identify biases during downstream analysis. In addition, we assigned a sex to each individual based

on the expression patterns of LOC107502967, LOC107506326 and LOC107502043 (putative genes for XIST, TMSB4Y and DDX3Y

respectively).

Dataset integration

We used the popular Seurat package for R (v4.0 (Satija et al., 2015)) as our basic framework for scRNA-seq analysis. Prior to inte-

gration, genes detected in less than 3 cells and cells with less than 200 detected genes were excluded. The gene expressionmatrixes

from all four libraries weremerged together within a single Seurat object.We followed the integration workflow implemented in Seurat

to integrate together the data from all 9 individuals and mitigate inter-individual specificities that might obscure the identification of

shared cell types (Stuart et al., 2019). Briefly, the dataset was split based on the 9 individuals identified by Souporcell (43 adults, 23

subadults and 33 juveniles). UMI counts were scaled by a 10,000 factor and log-normalized. The 3,000 most highly variable genes

(HVGs) were identified for each individual and HVGs detected repeatedly across the different individuals were used as anchor for the

integration.

Dimensionality reduction and visualization

Log-normalized counts of HVGs used for integration were scaled before performing principal component analysis (PCA) to capture

the principal components (PCs) explaining the highest amount of variation in the data. The top 25 PCs were further compacted into 2

dimensions by UMAP (Becht et al., 2018) for visualization.

Clustering

We applied a graph-based unsupervised machine learning procedure to identify group of single cells with similar transcriptomes, i. e.

clusters. Briefly, the top 25 PCswere used to build a KNN graph (k = 20) followed by detection of highly inter-connected group of cells

by the Leiden algorithm (Traag et al., 2019). We used the C implementation for R of the Leiden algorithm (leidenbase v0.1.3, Trapnell

Lab) with a resolution set at 0.003. Clustering results were used to label cells on the UMAP representation.

Separated analysis of myeloid and lymphoid cells

After establishing the myeloid or lymphoid filiation for each cluster identified in the full dataset, we separated cells from both lineage

and repeated the scRNA-seq analysis workflow to obtain a finer cluster resolution. The integration procedure was rerun with 2000

HVGs for myeloid cells and 3000 HVGs for lymphoid cells. The top 12 and 18 PCs were kept after dimensionality reduction for

UMAP and clustering, while the resolution parameter of the Leiden algorithm was set to 0.003 or 0.002, respectively for the myeloid

and lymphoid cells.

Reclustering of T cell clusters

To focus on T cell subsets, we excluded cells from the B cells, NK-like and Cycling lymphocytes clusters in the lymphoid compart-

ment and repeated the scRNA-seq analysis workflow. The integration procedure was rerun with the top 1,500 HVGs. The top 10 PCs

were kept to build the KNN graph (k = 15). Clustering was performed with Leiden (resolution = 0.025) and results were included in the

lymphoid UMAP.

Differential gene expression testing

To identify gene markers of each cluster, we performed a Wilcoxon Rank-Sum Test through the FindAllMarkers function of Seurat.

Only upregulated genes that were expressed in at least 20%of the cells from a given cluster, with a log2 fold-change > 0.5 compared

to the average expression in cells from all other clusters and a Bonferroni corrected p-value < 0.05 were considered as differentially

expressed. Since this approach is sensitive to the composition of the dataset and mainly allows the detection of the most obvious

gene markers, we also performed pairwise tests through the FindMarkers function when investigating fine differences between clus-

ters from a same putative cell type. Putative annotations inferred from DEGs were used to label clusters on the UMAP

representations.

Compositional analysis across ages

For compositional analysis, we used the recently reported scCODA framework (Buttner et al., 2021) to test for differentially abundant

cell clusters in the blood of adult, subadult and juvenile ERBs. We used the recommended parameters, except for the generation of

the model for which the num_results and num_burnin parameters were set to 50,000 and 10,000 respectively. We queried significant

differences for all pairwise comparisons across ages.
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Analysis of flow cytometry data
Analysis was performed using GraphPad Prism 8 (GraphPad Software Inc., USA). Shapiro-Wilk normality test was used to assess

data distribution. Analysis of data consisting of two groupswas performedwith paired and unpaired t-tests. For three ormore groups,

One-Way ANOVAwas used, for statistical analysis of leukocyte frequencies and numbers in various organs of adult and juvenile ERB,

two-Way ANOVAwas applied. Formultiple comparisons, the Holm-�Sidák’s post-hoc test was applied for correction. Statistically sig-

nificant differences were defined as p < 0.05 (*), p < 0.01(**), p < 0.001(***), and p < 0.0001 (****). n represents the number of ERB

samples included in experiments, exact value of n is provided in each figure legend.
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