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Abstract

Insectivorous Old World horseshoe bats (Rhinolophus spp.) are the likely source of the

ancestral SARS-CoV-2 prior to its spillover into humans and causing the COVID-19 pan-

demic. Natural coronavirus infections of bats appear to be principally confined to the intes-

tines, suggesting fecal-oral transmission; however, little is known about the biology of

SARS-related coronaviruses in bats. Previous experimental challenges of Egyptian fruit

bats (Rousettus aegyptiacus) resulted in limited infection restricted to the respiratory tract,

whereas insectivorous North American big brown bats (Eptesicus fuscus) showed no evi-

dence of infection. In the present study, we challenged Jamaican fruit bats (Artibeus jamai-

censis) with SARS-CoV-2 to determine their susceptibility. Infection was confined to the

intestine for only a few days with prominent viral nucleocapsid antigen in epithelial cells, and

mononuclear cells of the lamina propria and Peyer’s patches, but with no evidence of infec-

tion of other tissues; none of the bats showed visible signs of disease or seroconverted.

Expression levels of ACE2 were low in the lungs, which may account for the lack of pulmo-

nary infection. Bats were then intranasally inoculated with a replication-defective adenovirus

encoding human ACE2 and 5 days later challenged with SARS-CoV-2. Viral antigen was

prominent in lungs for up to 14 days, with loss of pulmonary cellularity during this time; how-

ever, the bats did not exhibit weight loss or visible signs of disease. From day 7, bats had

low to moderate IgG antibody titers to spike protein by ELISA, and one bat on day 10 had

low-titer neutralizing antibodies. CD4+ helper T cells became activated upon ex vivo recall

stimulation with SARS-CoV-2 nucleocapsid peptide library and exhibited elevated mRNA

expression of the regulatory T cell cytokines interleukin-10 and transforming growth factor-

β, which may have limited inflammatory pathology. Collectively, these data show that Jamai-

can fruit bats are poorly susceptible to SARS-CoV-2 but that expression of human ACE2 in
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their lungs leads to robust infection and an adaptive immune response with low-titer antibod-

ies and a regulatory T cell-like response that may explain the lack of prominent inflammation

in the lungs. This model will allow for insight of how SARS-CoV-2 infects bats and how bat

innate and adaptive immune responses engage the virus without overt clinical disease.

Author summary

Bats are reservoir hosts of many viruses that infect humans, yet little is known about how

they host these viruses, principally because of a lack of relevant and susceptible bat experi-

mental infection models. Although SARS-CoV-2 originated in bats, no robust infection

models of bats have been established. We determined that Jamaican fruit bats are poorly

susceptible to SARS-CoV-2; however, their lungs can be transduced with human ACE2,

which renders them susceptible to the virus. Despite robust infection of the lungs and

diminishment of pulmonary cellularity, the bats showed no overt signs of disease and

cleared the infection after two weeks. Despite clearance of infection, only low-titer anti-

body responses occurred and only a single bat produced neutralizing antibody, consistent

with other experimental infection studies of bats. Assessment of the CD4+ helper T cell

response showed that activated cells expressed the regulatory T cell cytokines IL-10 and

TGFβ that may have tempered pulmonary inflammation.

Introduction

The ancestral severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in all likeli-

hood, originated in insectivorous bats prior to spillover to humans through one or more inter-

mediate bridge hosts in live animal markets in Wuhan, China [1–4]. SARS-CoV-2 is a

sarbecovirus (genus Betacoronavirus, subgenus Sarbecovirus) that uses angiotensin converting

enzyme 2 (ACE2) as a cellular entry receptor in humans. Although hundreds of distinct sarbe-

covirus sequences have been detected in bats in Asia and Europe, principally in horseshoe bats

(Rhinolophus spp.) [3,5–11], only some of these viruses can use ACE2 as an entry receptor

[12].

Field studies of natural coronavirus infections of bats show that infections are localized to

the gastrointestinal tract with likely shedding through feces [13], suggesting maintenance of

virus in natural bat populations is via fecal-oral transmission [1,5–7]. However, few studies

have experimentally examined coronavirus infections in bats, and those that have relied exclu-

sively on surrogate models. Experimental challenge determined that Jamaican fruit bats (Arti-
beus jamaicensis), one of the most abundant and largest bats in the Americas, are susceptible

to the merbecovirus, Middle East respiratory syndrome coronavirus (MERS-CoV) [14]. Viral

antigen and RNA were detected in several organs up to 14 days post challenge, and viral RNA

was detected in oral and rectal swabs up to 9 days post challenge. Despite clear evidence of

infection, no conspicuous disease occurred, only one bat seroconverted, and they remained

healthy. Inoculation of Jamaican fruit bat primary kidney cells (Ajk cells) led to robust virus

replication and cytopathic effect, with destruction of the Ajk cell monolayer. MERS-CoV likely

emerged from insectivorous bats in Africa [15–17] that used dromedary camels (Camelus dro-
medarius), which then became a secondary reservoir host species [18], as a bridge to humans.

Considering the wide species tropism of SARS-CoV-2, which includes mustelids, cervids,

felines, canines and cricetid rodents, including Syrian hamsters and North American deer
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mice [19–25], it might be expected that SARS-CoV-2 can readily infect a variety of bat species.

A significant limitation for conducting meaningful studies on the biology of bat-borne viruses

is the lack of relevant captive breeding colonies of specific pathogen-free (SPF) bats. A few

established colonies of SPF fruit bats and nectarivorous bats are available for infectious disease

studies [26–28]; however, it is substantially more difficult to establish breeding colonies of

insectivorous bats because of the need for live insect species that are often not natural food

sources of the bats. Thus, insectivorous bats are typically captured and used for one-off experi-

mental infection studies. Despite these limitations, previous work using Egyptian fruit bats

(Rousettus aegyptiacus), and insectivorous big brown (Eptesicus fuscus) and Brazilian/Mexican

free-tailed (Tadarida brasiliensis) bats have examined susceptibility to SARS-CoV-2 infections

[29–32]. Although Egyptian fruit bats were moderately susceptible without disease, with detec-

tion of virus in the respiratory tract for several days and transmission to one other bat, big

brown bats were not susceptible. There is conflicting evidence of susceptibility of Brazilian

free-tailed bats; one study suggested they are not susceptible [31], whereas another suggested

low susceptibility [32]. Thus, it is clear host specificity of SARS-CoV-2 infection cannot be

determined simply by taxonomic assignment of a given mammalian species. Without closed,

SPF breeding colonies of horseshoe bats and their sarbecoviruses, surrogate animal models

could provide information about how these viruses behave in bats.

Because we have had a closed SPF breeding colony of Jamaican fruit bats, a New World

bat species, we sought to determine its susceptibility to SARS-CoV-2. After determining

that infection was limited to the intestines for only a few days, we then used an adenovirus

vector to transduce cells of the lungs of bats with human ACE2 to determine infection and

host response, including helper T cells, that can be compared to human COVID-19 infec-

tions. Although surrogate infection models often do not recapitulate human or reservoir

infections, they permit examination of similarities and differences between humans and

animal models that may be useful for understanding virus biology in other species. Consid-

ering the paucity of infection studies performed in bats, the use of human gene transduction

performed herein permits a better understanding of bat responses to sarbecovirus

infection.

Results

SARS-CoV-2 causes restricted infection of Jamaican fruit bats that is

confined to the small intestine

Jamaican fruit bats intranasally inoculated with SARS-CoV-2 WA1 were serially euthanized

on days 2, 4, 7, 10, 14 and 21. No visible signs of disease and no weight loss occurred. However,

viral antigen was readily detected in intestinal sections on day 2 (Fig 1A) but not day 4 or

thereafter. Antigen was particularly prominent in the periphery of Peyer’s patches that are typ-

ically populated with macrophages, mononuclear cells of the lamina propria, and intestinal

crypts. No antigen was detected in intestinal sections of unchallenged bats (Fig 1B). Oral

swabs, but not rectal swabs, from bats were positive for viral RNA (vRNA) on days 2 and 4

post challenge (Fig 1C), but negative thereafter. Other organs were examined but no viral anti-

gen was detected; nasal passages, brain, stomach, lung, heart, kidney, liver, spleen, gall bladder,

pancreas. Despite clear evidence of antigen staining in intestines, both ELISA to recombinant

nucleocapsid antigen and virus neutralization assay were negative for antibodies. To determine

why virus was not detected in the lungs, we examined ACE2 gene expression levels and found

that it was very low (Fig 1D), suggesting this may be a restriction factor for infection in the

lungs.
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Fig 1. Immunohistochemistry of intestines of Jamaican fruit bats challenged with SARS-CoV-2. Eighteen bats

were inoculated with SARS-CoV-2 WA1 and groups of 3 bats euthanized on days 2, 4, 7, 10, 14 and 21. On day 2, 3

naïve contact bats were added to the cage of inoculated bats that were euthanized on day 21, and 3 negative control

bats were also euthanized on day 21 A. Two days after challenge, but not thereafter, antigen was detected in

mononuclear cells of the lamina propria and periphery of Peyer’s patches where macrophages are typically found.

Crypt cells also were infected. B. Unchallenged control bat intestine showed no antigen staining. C. SARS-CoV-2 E

gene vRNA was detected only on days 2 and 4 in oral swabs, and only on day 2 in jejunum. D. Endogenous ACE2

expression in lungs of Jamaican fruit bat appears to be low and may account for the lack of detectable virus in lungs.

No contact transmission was detected by qPCR of oral and rectal swab samples or viral antigen in tissues.

https://doi.org/10.1371/journal.ppat.1011728.g001
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Defective adenovirus encoding human ACE2 transduces Jamaican fruit bat

cells

A replication-defective adenovirus serotype 5 that encodes human ACE2 (Ad5/hACE2) has

been used to study SARS-CoV-1 and SARS-CoV-2 infections of nonsusceptible laboratory

mice [33,34]. Examination of the mouse receptor for Ad5, the coxsackievirus and adenovirus

receptor (CAR), revealed that it has 85% identity and 92% similarity to Jamaican fruit bat

CAR, suggesting that Jamaican fruit bats may be susceptible to Ad5. To test this hypothesis, we

inoculated primary Jamaican fruit bat kidney (Ajk) cells with Ad5/hACE that also encodes

eGFP and examined the cells daily. By 24 hours, florescence was observed and it was maximal

on days 2 through 6 when the study was terminated (Fig 2A). Ajk cells, transduced for 48

hours, and Vero E6 cells (positive control) were inoculated with 0.1 MOI of SARS-CoV-2 and

supernatants were collected at 1 hour and daily for 4 days, followed by titration on Vero E6

cells. No increase in SARS-CoV-2 was detected from hACE2-transduced Ajk cells (Fig 2B),

suggesting the cells were not permissive for SARS-CoV-2 replication.

Bat lung cells transduced with human ACE2 are susceptible to SARS-CoV-2

To determine if lung cells of Jamaican fruit bats transduced with human ACE2 become suscep-

tible to SARS-CoV-2, 21 bats were intranasally inoculated with 2.5x108 pfu of Ad5/hACE2 and

5 days later 18 were challenged with SARS-CoV-2 (Fig 3A) while 3 served as negative controls.

Groups of infected bats (four on days 2, 4, 7; two on days 10, 14, 21) were serially euthanized.

On day 2, lungs of all four euthanized bats had detectable vRNA; however, on days 4 and 7

only one bat from each group had vRNA, and none of the lungs from bats thereafter had

Fig 2. Adenovirus serotype 5 encoding human ACE2 (Ad5/hACE2) transduces Jamaican fruit bat cells in vitro. A. Transduction of

Jamaican fruit bat primary kidney epithelial (Ajk) cells with Ad5/hACE2/eGFP. Jamaican fruit bat primary kidney cells were inoculated with 10

MOI of Ad5/hACE2/eGFP for 1 hour, washed and incubated in fresh medium for 4 days. Most, but not all, cells exhibited fluorescence,

suggesting a heterogeneous population with some susceptible and some nonsusceptible cells. B. Ad5/hACE2 transduced Jamaican fruit bat

kidney cells are not productively infected with SARS-CoV-2. Ajk/hACE2 cells (blue) and Vero cells (red) were inoculated with 0.1 MOI of

SARS-CoV-2 WA1 for 1 hour, washed and cultured for 4 days. Supernatants were collected each day and titrated on Vero E6 cells to determine

virus titers. Despite evidence of human ACE2 expression on Ajk cells, inoculation failed to produce infectious virus, suggesting the cells were not

permissive.

https://doi.org/10.1371/journal.ppat.1011728.g002
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vRNA (Fig 3B). Serum antibody to recombinant spike was detected by ELISA in one bat on

day 4, and all bats euthanized thereafter, with peak response on day 10 (Fig 3C). Only one bat,

euthanized on day 10, had weak, but detectable, neutralizing antibody using a D614G VSV

pseudotype assay (S1 Fig); this bat also had the highest O.D. value on the ELISA (2.957). No

Fig 3. SARS-CoV-2 infection of Jamaican fruit bat lungs transduced with hACE2. Eighteen bats were transduced with

human ACE2 followed by SARS-CoV-2 challenge 5 days later. Groups of bats were euthanized; 4 on days 2, 4, 7; 2 on days

10, 14, 21. A. Experimental design. Jamaican fruit bats were intranasally inoculated with Ad5/hACE2, then challenged with

SARS-CoV-2 WA1. Groups of bats (n = red numerals) were euthanized at intervals and evaluated for infection. B. Viral RNA

was detected in all bats on day 2 but only one bat on each of days 4 and 7. C. Serum antibody titers to recombinant spike

antigen became elevated by day 4 in one bat, and all bats thereafter. D. Bats did not lose weight during the first ten days of the

study, nor did they show other signs of disease. E. Human ACE2 expression levels were not statistically different between

time points or between SARS-CoV-2-infected and uninfected bats.

https://doi.org/10.1371/journal.ppat.1011728.g003
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weight loss occurred in the bats (Fig 3D). Human ACE2 was detected in bats at a similar level

through day 21 of the study (Fig 3E).

SARS-CoV-2 lung pathology and localization in hACE2-transduced bats

Infection of the lungs was principally localized around the main stem bronchia, with destruc-

tion of cilia corresponding with neutrophil infiltration, and lymphoid follicle formation (Fig

4A). Perinuclear SARS-CoV-2 nucleocapsid antigen was readily detected in the lungs of chal-

lenged bats for up to 14 days, whereas in unchallenged bats no antigen was detected (Fig 4B).

On day 21, all bats were negative for nucleocapsid antigen, suggesting viral clearance. Epithelial,

goblet and parenchymal cells had perinuclear staining for nucleocapsid antigen through day 14,

suggesting these cells were susceptible to the Ad5 transduction of human ACE2 (Fig 4C).

SARS-CoV-2 infection of bats expressing hACE2 leads to diminished

cellular population within lung tissue

Total cellular quantification of whole lung tissue in control, Ad5/hACE2, and Ad5/hACE2/

SARS-CoV-2 groups revealed temporal alterations in cellular populations that were dependent

upon hACE2 expression and subsequent infection with SARS-CoV-2 (Fig 5). Time course

analysis of DAPI+ nuclei within the lung parenchyma (Fig 5A) showed reduction in total cellu-

lar density over time where the greatest variance from the hACE2 group was observed at 4 DPI

when compared to the Ad5/hACE2/SARS-CoV-2 group, and variance from control was

detected in the Ad5/hACE2/SARS-CoV-2 group at 10 DPI (Fig 5A and 5B). Driving factors of

variance between groupings was attributed to the following: the combination of hACE2,

SARS-CoV-2, and time (p = 0.0468, F(4,28) = 2.768); hACE2 and SARS-CoV-2 (p = 0.0002, F

(2,28) = 11.62) (Fig 5B). Time course assessment of DAPI+ bronchial epithelial cells (Fig 5C

and 5D) revealed unremarkable changes where trending variance was observed from the com-

bined analysis of hACE2 and SARS-CoV-2 infection (p = 0.0514, F(2,28) = 3.307).

CD4+ T cells responded to SARS-CoV-2 in infected bats

CD4+ helper T cells control and orchestrate immune responses to viruses by secreting cyto-

kines that dictate the activities of other cells. To determine if helper T cells responded to

SARS-CoV2, we adopted an activation-induced marker (AIM) test to identify CD4+ T cell

responses (32–34). This assay relies on increased expression of CD154 on helper T cells that

occurs within hours of TCR engagement of MHC-II/peptide and its signal-to-noise ratio is

augmented by blocking CD40 on the antigen presenting cells.

We screened several commercially-available anti-CD4 monoclonal antibodies (mAb) for

cross reactivity; however, none were useful. Therefore, we generated a mAb (designated 1-D5)

using a Jamaican fruit bat CD4 peptide (ENRKVSVVKTRQDRR) that was predicted to be

extracellular and solvent-accessible, conjugated to KLH for mouse immunizations (S2 Fig).

Based upon structural homology (S3 Fig), we determined that commercially available anti-

mouse CD40 (Tonbo, clone FGK45) and anti-human CD154 (Tonbo, clone 5C8) monoclonal

antibodies were cross reactive with Jamaican fruit bat orthologs (S4 Fig).

Four bats transduced with Ad5/hACE2 and challenged with SARS-CoV-2 were euthanized

12 days later (Fig 6A). Splenocytes were cultured with or without SARS-CoV-2 nucleocapsid

peptide library and anti-CD40 blocking antibody in duplicate for 6 hours. The cells were then

co-stained for CD4 and CD154. CD4+ CD154+ splenocytes were gated as follows: Intact

Lymphocytes > Single Cells > Live Cells > CD4+ > CD154+. CD4 and CD154 gates were

drawn using florescent minus one controls (FMOs) (S5 Fig). CVS files of CD4+CD154+ cells

were then exported from FlowJo to obtain fluorescent intensities of CD154 on each cell for
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statistical analysis in Graph Pad Prism 9 (S5 Fig), and evaluated for CD154 expression by flow

cytometry. The FSC and SSC profile of CD4+ CD154+ T cells support that these are lympho-

cytes (S6 Fig). Less than 2% of the CD4+ splenocytes also expressed CD154 (S5 Fig), which was

Fig 4. SARS-CoV-2 infection of Jamaican fruit bat lungs transduced with hACE2. A. Histopathology of Jamaican

fruit bat lungs transduced with Ad5/hACE2 and infected with SARS-CoV-2, 4 DPI. Cilia destruction, neutrophil

infiltration, and lymphoid expansion occurred. B. Fluorescent imaging of Ad5/hACE2 bat lung sections on day 7

infected with SARS-CoV-2 (left) or uninfected (right) showed perinuclear nucleocapsid antigen staining (red) (200x).

C. Main stem bronchi (100x) in bats that received Ad5/hACE2 but no SARS-CoV-2 (I, IV) and bats that received Ad5/

hACE2 followed by viral infection with SARS-CoV-2 at post-infection day 14 (14 DPI; II, III, V, VI). Asterisks identify

goblet cells within the respiratory epithelium. Arrowheads identify cells that contain positive perinuclear SARS-CoV-2

nucleocapsid staining, that are composed of epithelium, goblet cells and cells of the lung parenchyma. White outlines

highlight the respiratory epithelial layer (including goblet cells) of the bronchi for reference (IV, V, VI).

https://doi.org/10.1371/journal.ppat.1011728.g004
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significantly elevated on these cells that were stimulated by peptide (p<0.0001) compared to

paired samples without peptide stimulation (Fig 6B). Replicate cells from the bats were cul-

tured 24 hours with or without peptide library and RNA extracted for RT-qPCR for T cell

gene expression profiling. Three of the four bats had increased expression of several genes;

however, bat 3 did not exhibit changes in gene expression (Fig 6C). This bat also had minimal

CD154 expression (Fig 6B), suggesting it was not responsive to antigen. Excluding this bat, IL-

10 (2.44-fold, p = 0.042), TGFβ (2.12-fold, p = 0.007), and CD4 (2.61-fold, p = 0.036) expres-

sion were significantly elevated compared to splenocytes incubated without peptide library,

and CXCR4 was nearly significant (2.58-fold, p = 0.078). IL-21 expression was significantly

downregulated (1.82-fold, p = 0.031), and IL-2 (1.54-fold, p = 0.108) and IL-4 (1.67-fold,

p = 0.174) expression were substantially, but not signficiantly, downregulated compared to

splenocytes cultured without peptide library (Fig 6D).

Discussion

A significant limitation for studying coronavirus infections of bats is the lack of captive colo-

nies of relevant bat species and the availability of coronaviruses that are naturally hosted by

Fig 5. SARS-CoV-2 infection of hACE2 transduced bats leads to reduced numbers of cells in the lung parenchyma that is time-dependent. Time course

analysis of total DAPI+ cellular populations of whole tissue montage images within the lung parenchyma (A, B) and bronchial epithelium (C, D) of no human

ACE2 control bats (grey), hACE2 bats (blue), and hACE2 + SARS-CoV-2 bats (pink). n = 2–5 lung sections per animals/group. **p<0.01.

https://doi.org/10.1371/journal.ppat.1011728.g005
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those species. Sarbecoviruses are naturally hosted by insectivorous horseshoe bats (Rhinolo-
phus spp.) and there are more than 80 species in the genus. Until such colonies are established,

research on bats and coronaviruses will require surrogate bat models, similar to how the labo-

ratory mouse is routinely used as a surrogate model. We established a breeding colony of

Jamaican fruit bats in 2006 and have used bats from this colony for a number of infection stud-

ies with several viruses, including MERS-CoV [14,35–37].

The initial challenge study determined that SARS-CoV-2 replicated poorly in Jamaican

fruit bats for only a few days without visible signs of disease, is confined to the intestine with

Fig 6. Activation of CD4+ Helper T cells in SARS-CoV-2-infected Jamaican fruit bats. Four bats were transduced with human ACE2 and infected 5 days

later. After 12 days, splenocytes were recovered for AIM testing and gene expression analsysis. A. Splenocytes from hACE2-transduced bats 12 days post

infection with SARS-CoV were cultured with or without SARS-CoV-2 nucleocapsid peptide library for 6 hours in the presence of anti-CD40 blocking antibody

(AIM testing) or 24 hours without anti-CD40 blocking antibody (cellular RNA). B. Cells were stained with anti-CD154 and anti-CD4 and analyzed by flow

cytometry. Violin plots for the individual bats, plus the pooled sample and rank data. In the presence of peptide, CD154 expression was significantly increased

on splenocytes (red) compared to no peptide controls (blue) (Wilcoxon rank sum test). C. Heat map of splenocyte qPCR (ΔΔCq) gene expression in response

to peptide stimulation determined 3 of the 4 bats expressed a profile consistent with a regulatory T cell response. D. Peptide-induced gene expression changes

in splenocyte cultures of bats 1, 2 and 4 from panel C; IL-10, TGFβ and CD4 gene expression were significantly elevated, whereas CXCR4 was nearly significant

(two-tailed t-test).

https://doi.org/10.1371/journal.ppat.1011728.g006
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detection of virus in the Peyer’s patches and mononuclear cells of the intestinal lamina propria,

no apparent shedding in feces, and without a detectable antibody response, even by highly sen-

sitive ELISA to nucleocapsid antigen. The lack of detectable virus in the lungs is consistent

with what is known about coronavirus circulation in wild bat populations, where virus is typi-

cally found in the intestines and shed through feces. One possible explanation for this is that

very low levels of endogenous ACE2 mRNA was detected in Jamaican fruit bat lungs. The only

other experimental SARS-CoV-2 challenges of bats have yielded varying results. An experi-

mental challenge of Egyptian fruit bats led to a limited infection without visible signs of dis-

ease, but with detectable virus in several tissues, including lungs and lymph nodes, and

transmission to one contact bat [29]. Challenge of big brown bats did not lead to infection

[30]; however, two studies of Mexican/Brazilian free-tail bats were contradictory, with one

suggesting they were susceptible but not the other [31,32]. ACE2 residues that are thought to

be important in SARS-CoV-2 spike binding [38,39] are more conserved in Egyptian fruit bats

(16/20 residues with human), substantially less in big brown bats and Mexican/Brazilian free-

tailed bats (11/20 residues), with Jamaican fruit bats intermediate (13/20 residues) (S1 Table).

The conservation of these ACE2 residues varies substantially among several horseshoe bat spe-

cies; thus, it may be that certain horseshoe bat species may favor evolution of sarbecoviruses

that are more likely to infect humans based upon similarity of ACE2 contact residues. If so,

then such conservation may be predictive of which horseshoe bat species should be monitored

for sarbecoviruses with spillover potential. Currently, only 13 horseshoe bat species ACE2

sequences are available in GenBank, which is a fraction of the number species in the genus.

Field studies to determine sequences of ACE2 from other horseshoe bats may be useful for

identifying potential sarbecoviruses with pandemic potential.

It may be that SARS-CoV-2 spike protein, which mediates cellular attachment to ACE2, is

substantially different compared to its ancestral virus because of the likely route of passage

through one or more intermediate bridge hosts before spillover into humans, and subsequent

adaptations as it transmitted among humans. As SARS-CoV-2 has continued to circulate

among humans, new variants that have emerged are likely to be more divergent from the

ancestral virus, such that SARS-CoV-2 may now be more of a “human virus” than a “bat

virus.” Ideally, the original bat virus that spilled over into the bridge host(s) is required to fully

understand the biology of the virus. However, it is unlikely the virus will ever be found because

by now it may have gone extinct or has undergone substantial recombination with other sarbe-

coviruses, a common occurrence of coronaviruses [1,13], such that it no longer exists in

nature. The earliest SARS-CoV-2 isolate available to us was WA1, which was isolated from a

patient in Washington state, USA. It may be that earlier isolates, such as the initial Wuhan iso-

lates, behave differently in Jamaican fruit bats. The results presented here suggest that (i)

SARS-CoV-2 has limited ability to bind Jamaican fruit bat ACE2 (AjACE2) (poor susceptibil-

ity), which is consistent with a report demonstrating spike binding to AjACE2 [40]; (ii) it is

unable to replicate in Jamaican fruit bat cells (poor permissibility); (iii) the innate response

controls infection; or (iv) a combination of these features.

Several adenovirus serotypes use the coxsackievirus and adenovirus receptor (CAR, Cxadr)
for cellular entry. We determined that Jamaican fruit bat CAR protein shares 86% identity and

92% similarity with the laboratory house mouse ortholog, suggesting it could be used for ade-

novirus transduction of human ACE2. To address this possibility, we adopted an approach

previously developed for the assessment of SARS-CoV-1 and SARS-CoV-2 infection of labora-

tory mice, in which a replication-defective serotype 5 adenovirus (Ad5), which uses CAR for

cellular entry, was generated that expresses human ACE2 (Ad5/hACE2) [33,34,41,42]. Upon

transduction of Jamaican fruit bat primary kidney epithelial (Ajk) cells with Ad5/hACE2/

eGFP, sustained fluorescence was observed for several days. However, inoculation of the cells
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with SARS-CoV-2 did not lead to detectable virus replication, suggesting the cells are not per-

missive. It is also possible that the cells lacked a suitable protease, such as TMPRSS2, that can

facilitate SARS-CoV-2 penetration of the plasma membrane, or that adenovirus transduction

activated antiviral pathways in the cells that restricted SARS-CoV-2 replication. Alternatively,

SARS-CoV-2 can infect certain cells, such as Vero E6, via endosomal entry where cathepsin L

facilitates endosomal escape of the genomic RNA into the cytoplasm [43]. A recent study

determined that cell lines from several insectivorous bat species were not permissive to SARS-

CoV-2 replication despite expression of endogenous bat ACE2 on some of these cells. One of

the cell lines tested was from a patagium biopsy of a greater horseshoe bat (Rhinolophus ferru-
mequinum), a member of the genus that harbors sarbecoviruses [1]; however, it was unclear

whether these cells expressed endogenous ACE2, or whether a lack of sufficient RfACE2 bind-

ing residues may impair spike binding (12/20 residues, S1 Table), and attempts to transduce

this cell line with human ACE2 failed [44]. Transduction of human ACE2 led to low-level,

nonproductive SARS-CoV-2 infection in four of the other bat cell lines, but none were of kid-

ney origin like Ajk cells. One of the lines appeared to produce virus particles; however, electron

microscopy indicated the viruses were unable to complete exocytosis. The authors postulated

that tetherin, which appears to be under strong selective pressure in bats [45], may account for

this observation. In the other cells, expression of Oas1 and Ifih1 (MDA-5) transcripts were ele-

vated during SARS-CoV-2 infection and may have impaired virus replication.

Despite the discouraging results of the Ajk cells, we proceeded with hACE2 transduction of

cells in the lungs of Jamaican fruit bats to determine susceptibility. Transduced bats challenged

with 105 TCID50 equivalents of SARS-CoV-2 WA1 did not show visible signs of disease and

they did not lose weight (Fig 3D). BALB/c mice similarly transduced with hACE2 and chal-

lenged with SARS-CoV-2 exhibited significant weight loss of 10–25% during the first week but

recovered thereafter [33]. It possible that the detected virus (Fig 3B) represents residual input

virus; Hassan et al. detected low levels of viral RNA in the lungs of SARS-CoV-2 challenged

BALB/c mice that had not been transduced with hACE2 [33]. Regardless, clear pathology was

present in hACE-transduced and infected bat lungs (Fig 4A), antigen was readily detected in

the main stem bronchi of challenged bats for up to 14 days, and clear but low-titer antibody

responses occurred beginning on day 7 (Figs 3C and S1). This is consistent with work by us

and others showing that bats typically produce low-titer antibody responses to viral infections

[29,35,37,46–50]. We cannot exclude the possibility that adenovirus transduction elicited an

innate response that could have augmented control of SARS-CoV-2 infection; however,

mouse studies have shown innate stimulation from transduction subsides within a day of inoc-

ulation with the vector [51].

Total cellular quantification conducted in the bronchial epithelium and parenchyma

revealed significant decreases in the amount of total cellular populations at 4 DPI and 10 DPI

that recovered to baseline at 21 DPI in animals that were transduced with hACE2 adenovirus

and subsequently challenged with SARS-CoV-2 (Fig 5). Notably, SARS-CoV-2 infection in

other animal models and reports of clinical cases showed compelling histopathological evi-

dence that SARS-CoV-2 infection leads to immune cell infiltration of the lung parenchyma

and collapse of bronchial airways, evident through loss of bronchial epithelium [52–55]. The

recruitment of immune cells to the lung in SARS-CoV-2 infection can occur as early as 2 DPI

and is often progressive and results in permeant lung damage, severe disease, fibrosis, and/or

death [54]. However, the reduction in total cellular populations within the lung parenchyma in

concert with the retention of bronchial epithelium in bats transduced with hACE2 and then

challenged with SARS-CoV-2 shows that these bats become susceptible to viral infection

within the lungs only if hACE2 is present. Despite this, the apparent pathology does not appear

to be as severe as in other mammalian model systems or clinical patients [52–55]. These results
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provide compelling evidence that although expression of hACE2 in bats allowed infection, the

immune response of the bats likely mitigated severe pathological outcome and hypercellularity

within the lungs. We are unable to determine if the moderate cellular destruction in the bat

lungs is a result of direct viral infection, or whether it is caused by immune cells (e.g., CTL,

NK). Monoclonal antibodies to markers found on these cells will be required to determine

what events are occurring in the tissues.

We also determined that CD4+ helper T cells responded to SARS-CoV-2 infection in the

hACE2 bats. Antigen-reactive T cells typically are rare in infected animals, usually fewer than

2% of T cells even days or weeks after infection, making assessment of ex vivo T cell responses

challenging. However, because CD154 (CD40L) is an activation marker of helper T cells, its

expression can be used to identify the rare helper T cells activated by antigen by flow cytometry

[56,57]. We found a significant increase in CD154 expression on CD4+ helper T cells when

stimulated with a SARS-CoV-2 nucleocapsid peptide library (Fig 6B). In humans, abundant

CD4+CD154+ T cells are associated with severe COVID-19, particularly in T cells producing

abundant proinflammatory cytokines, including interferon-γ (IFNγ), tumor necrosis factor,

interleukin-2 (IL-2) and/or interleukin-21 (IL-21) [58,59]. In the splenocytes of 3 of 4 bats cul-

tured 24 hours with nucleocapsid peptide library antigen, IL-10 and TGFβ expression were sig-

nificantly elevated more than two-fold (Fig 5C and 5D) despite the low frequency (<2%) of

antigen-specific helper T cells in the splenocyte cultures, whereas IL-21 transcripts were signif-

icantly repressed. IL-10 and TGFβ are typically produced by regulatory T cell subsets that sup-

press inflammatory responses [60], whereas IL-21 is expressed by T follicular helper (Tfh) cells

and facilitates lymphatic germinal center formation and B cell class switching and affinity mat-

uration [61–63]. Expression of Th1 IL-2 and IFNγ transcripts and Th2 IL-4 and IL-13 tran-

scripts trended lower than basal level expression. Fox-p3 and CXCR5 expression were not

substantially elevated, which could be explained by low levels of expression of this transcrip-

tion factor and cell surface receptor, respectively, in the few antigen-reactive T cells (i.e., low

signal-to-noise ratios). Identification or development of monoclonal antibodies for these bat

orthologs could enhance their detection using flow cytometry, particularly to determine

whether the Treg-like cells are expressing both IL-10 and TGFβ, or if there are two populations

expressing each cytokine. Transcripts of helper T cell markers CD4 and CXCR4, which is sub-

stantially elevated in patients with severe COVID-19 [64], were both elevated, suggesting that

CXCR4 activity may be less in bats compared to humans, or it may have a different role in

bats. The study also determined that Treg cell responses during COVID-19 may lead to more

severe outcomes in humans, which is seemingly contradictory considering IFNγ- and IL-

21-expressing T cells appeared to contribute to immunopathology [59]. Thus, there appear to

be similar responses, yet clear differences in helper T cell activities or subsets in bats and

humans infected with SARS-CoV-2 in which Treg cells may limit inflammation in bats such

that no meaningful disease occurs. The T cells from bat 3 did not have elevated expression of

any gene in the qPCR array (Fig 5C). Repeated testing of the duplicate samples from this bat

yielded similar results; thus, we are confident the RNA was properly extracted. It is also possi-

ble that the nucleocapsid peptide library was not added when the splenocytes were plated;

however, because each T cell culture from each bat was performed in duplicate we think this is

unlikely because replicates from both had similar Ct values. It may be that other genes not on

the qPCR array were expressed by these T cells; RNA-Seq could clarify this question.

CD4+ helper T cells are instrumental for many effector functions and they provide the high-

est level of command and control of adaptive immune responses. Upon in vitro engagement

between a CD4+ helper T cell receptor (TCR) and antigen presenting cell MHC class II/peptide

complex, CD154 is transiently expressed on the T cell surface for about 6 hours, then declines.

During this time, it can be assessed by flow cytometry as an activation maker and a surrogate
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for TCR/MHC/peptide engagement. Indeed, engagement of Th cell CD154 with B cell CD40

leads to T cell help, including IL-21 production from Tfh cells in germinal centers [63], for

class switching and somatic hypermutation/affinity maturation. In the present study, we only

detected low titer antibody responses in the bats, even at 21 days post infection, and the reduc-

tion of IL-21 expression may be one reason why antibody titers, which are principally a func-

tion of affinity maturation, are poor. In our previous experimental infection studies of

Tacaribe virus-infected Jamaican fruit bats, which causes a fatal disease, RNA-Seq analysis

identified genes required for somatic hypermutation in spleens, including activation-induced

cytidine deaminase; however, they were not differentially expressed in infected bats [36]. Thus,

it may be that bats have such robust innate immune responses that they are less dependent on

antibody responses. However, prior to the present work, no studies have been published

describing virus-specific helper or cytotoxic T cells in bats, principally because of a lack of

tools for the study of bat adaptive immunity; thus, it is unclear what roles bat T cells play in

immunity to viruses. It may be that bats have a greater dependency on regulatory T cells that

could temper inflammatory pathology, which is consistent with the observation that bats typi-

cally have low or no inflammatory responses during viral infections [35,46,65,66]. This also

parallels what occurs in rodent reservoirs of hantaviruses, in which TGFβ-expressing regula-

tory T cells predominate to what are otherwise innocuous infections [67,68]. Further studies

requiring the development of new reagents and methods for bats will be needed to address

these questions, particularly studies for examining individual T cells (e.g., T cell culturing, flow

cytometry, single-cell RNA-Seq, etc.).

There are limitations of this study that should be addressed in future research, principally

that this is a surrogate animal model that likely does not faithfully recapitulate the biology of

sarbecovirus infections of their natural reservoir hosts. Viruses are likely fine-tuned to their

reservoirs, thus the ideal sarbecovirus model would be one that uses the virus’ natural reservoir

host horseshoe bat species. This would require obtaining a sarbecovirus or its complete

genome, along with capture, quarantine and establishment of a SPF breeding colony of the res-

ervoir bat species. One such model could be BANAL-236 CoV, which was isolated from a Mar-

shall’s horseshoe bat (Rhinolophus marshalli) captured in Laos [13]. It is also important to note

that tissue-specific immune responses can differ in natural reservoirs of viruses [69] and that

mesenteric T cell responses in naturally-infected horseshoe bats may be substantially different

than what occurs in the spleens because of the intestinal tropism of coronaviruses in bats. AIM

tests have been developed for cytotoxic T lymphocytes by assessing elevated CD134 expression

on CD8+ T cells [70]. However, we have been unable to identify a monoclonal antibody that

recognizes Jamaican fruit bat CD8, thus one will need to be developed. Identification of cross-

reactive antibodies to CD134 will also be necessary; otherwise, monoclonal antibodies to it will

also need to be generated. It will be necessary to examine the kinetics of the T cell response

using various time points and larger sample sizes for AIM testing and cytokine gene expres-

sion. Bats are of low fecundity and female Jamaican fruit bats give birth to one pup at 6-month

intervals, limiting their availability for large sample size studies.

The findings here also show that serotype 5 adenovirus vectors are important tools for

addressing viral infections of bats, including SARS-CoV-2 variants. It is likely that SARS-CoV-

2 originated in horseshoe bats, thus it should be possible to address questions of SARS-CoV-2

and other sarbecovirus susceptibility and infection of Jamaican fruit bats transduced with

ACE2 from horseshoe bat species. Although work with cells expressing various bat ACE2 pro-

teins have been performed [40], a better understanding of how these viruses behave in bats,

particularly adaptive immune responses which require live bats, could shed light on the biol-

ogy of coronaviruses. A limitation of adenovirus use is that gene transduction is confined to

the respiratory tract and not the intestines, where natural bat coronaviruses are typically
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found. Nonetheless, this approach offers a means to more fully dissect the role of a variety of

viral infections of bats and how the adaptive immune system responds to those viruses.

Materials and methods

Ethics statement

This study was performed with approval from the Colorado State University Institutional Ani-

mal Care and Use Committee (protocol 1787).

Jamaican fruit bats

Bats of both sexes were used; however, more males than females were used (2:1) because of low

fecundity (one pup at 6 month intervals for reproductive females). The bat colony is main-

tained in a free-flight facility; however, infected bats were confined to bird cages under BSL-3

containment upon challenge with SARS-CoV-2.

Generation of anti-Jamaican fruit bat CD4 monoclonal antibody

The Jamaican fruit bat CD4 protein was submitted to Phyre2 molecular modeling server and

the generated structure file provided several candidate solvent-accessible peptides. An extracel-

lular membrane-proximal sequence from residues 236–277 (ENRKVSVVKTRQDRR) with an

N-terminal cysteine was generated and covalently linked to KLH (Genscript). BALB/c mice

were intraperitoneally-immunized with 25 μg of the KLH-peptide conjugate emulsified in

incomplete Freund’s adjuvant (IFA) and boosted at 1 month intervals (in IFA) for 3 months.

Sera from mice were reactive to Jamaican fruit bat splenocytes. A final boost in PBS was

administered and 4 days later splenocytes were fused with Sp2/10 Ag14 cells (ATCC CRL-

1581) and cultured overnight prior to concurrent cloning and HAT selection on methylcellu-

lose plates (ClonaCell-HY, StemCell Technologies). After 14 days of incubation at 37˚C, clones

were picked for expansion. Supernatants were screened by flow cytometry to identify reactive

monoclonal antibodies. Several were identified and one, 1-D5 was selected for fluorescent

labeling.

Identification of cross reactive anti-CD40 and anti-CD154 antibodies: In

silico protein homology

Jamaican fruit bat CD40 (NCBI, XP_037020498) and CD154 (NCBI, XP_037012946) polypep-

tide sequences were submitted to Phyre2 molecular modeling server to generate PDB files

[71]. The generated Jamaican fruit bat protein PDB structures, mouse CD40 (UniProt,

P27512), and human CD154 (UniProt, P29965) PDB files were imported into Geneious Prime

for the assessment of protein homology by Blocks Substitution Matrix 62 (BLOSUM62) align-

ment [72]. The three-dimensional structures were then annotated for the transmembrane

domains and identical amino acid residues to identify putative conserved regions to which

commercially-available monoclonal antibodies might bind to Jamaican fruit bat orthologs.

Identification of cross reactive anti-CD40 and anti-CD154 antibodies: Flow

cytometry

One naïve male Jamaican fruit bat was euthanized and a single-cell suspension of its spleen

was generated by mechanical disassociation in cold 10 ml PBS with 5 mM EDTA by passage

through a 70μm cell strainer. Splenocytes were then placed in a 15 ml conical tube and centri-

fuged at 4˚C for 5 minutes at 350 g and supernatant was decanted. Splenocytes were then
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resuspended in cold 10 ml ammonium chloride solution (150mM NH4Cl, 10mM NaHCO3,

10mM EDTA in cell culture grade water) and incubated for 10 minutes on an orbital rotator

to lyse red blood cells. The cells were washed and resuspended in 10 ml PBS, 5 mM EDTA

splenocytes were then counted using a hemocytometer and trypan blue and resuspended in

cryopreservation media (90% FBS, 10% DMSO) at 5x106 cells/ml, and 1 ml aliquots dispensed

into cryovials. Cryovials were then stored in -80˚C for 2 days, then transferred to liquid

nitrogen.

One cryovial was retrieved from liquid nitrogen, thawed in a 37˚C water bath, transferred

to 15 ml conical tube and washed with 10 ml PBS, 5 mM EDTA. 106 cells were transferred to

wells of a 96 well V-bottom plate for the unstained control. Splenocytes were washed and

resuspended in 5 ml of a 1:5,000 dilution of primary amine viability dye (Ghost DyeTM Red

780) in PBS with 5 mM EDTA solution and incubated in the dark at 4˚C for 30 minutes. Sple-

nocytes were then centrifuged at 4˚C for 5 minutes at 350 g and supernatant was decanted,

then washed in 10 ml FACS buffer (PBS, 1% BSA, 0.5% sodium azide, 5 mM EDTA) centri-

fuged at 4˚C for 5 minutes at 350 g and supernatant was decanted. Cells were then resus-

pended in FACS buffer, and 1 million splenocytes were added to 96 well v-bottom plate per

test sample. Splenocytes were then centrifuged at 4˚C for 3 minutes at 350 g and supernatant

was decanted. Splenocytes were then resuspended in 100 μl Fc receptor blocker (Innovex,

ready-to-use) and incubated for 30 minutes at 4˚C in the dark. Splenocytes were then centri-

fuged at 4˚C for 3 minutes at 350g and supernatant was decanted. Test samples were then

resuspended in a 1:20 dilution of anti-mouse CD40 PE (Tonbo, clone FGK45), or anti-human

CD154 PE (Tonbo, clone 5C8) in FACS buffer and incubated for 30 minutes at 4˚C in the

dark. Splenocytes were then centrifuged at 4˚C for 5 minutes at 350 g and supernatant was

decanted. Splenocytes were washed 2x with 150μl FACS buffer centrifuged at 4˚C for 5 min-

utes at 350g and supernatant was decanted each time. Splenocytes were then resuspended in

100μl FACS buffer. A 4 laser Cytek Auora (16V-14B-10YG-8R) cytometer was used to acquire

the FCS files. The unmixed FCS files were then analyzed using FlowJo 10.8.1.

Initial SARS-CoV-2 challenge study

The WA1 isolate of SARS-CoV-2 was used for this study and was obtained from BEI Resources

and passaged twice in Vero E6 cells to generate a stock. For the initial study, 18 bats were inoc-

ulated with 105 TCID50 of virus while holding the bats in a contralateral position to ensure

delivery to the trachea and the esophagus (i.e., lungs and GI tracts) with 105 TCID50 equiva-

lents per bat in 50 μl in sterile PBS. Oral and rectal swabs were collected from bats on days 2, 4,

7, 10, 14 and 21 post-inoculation (PI) for detection of virus by qPCR. Three naïve bats added 2

days later for contact transmission, and 3 uninoculated control bats were separately housed

(total of 24 bats). On days 2, 4, 7, 10, 14 and 21, oral and rectal swabs were collected from all

bats and three inoculated bats were euthanized on these days, whereas the 3 contact bats and

negative control bats were euthanized on day 21.

Virus detection

For virus isolation, frozen lungs and intestines were homogenized with a Tissue Lyser II in

10% FBS DMEM, centrifuged at 8,000g for 5 min, then passed through a 0.2 μm filter to

remove bacterial contaminants. Log10 dilution series were made for each sample and added to

replicate 96 wells of Vero E6 cells and scored for CPE 5 days later to calculate TCID50. For

qPCR, RNA was extracted from frozen tissues (Qiagen RNEasy kit) and TCID50 equivalents

determined using a SARS-CoV-2 E gene detection kit (Promega) based upon the Berlin

primer/probe set [73].
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Adenovirus transduction of Jamaican fruit bat kidney cell line with human

ACE2

A serotype 5 defective adenovirus encoding the human ACE2 gene (Ad5CMVhACE2) pur-

chased from the University of Iowa Viral Vector Core was used for this study. The E1 gene is

replaced with human ACE2, rendering the virus incapable of replication. For in vitro studies,

Jamaican fruit bat Ajk cells were inoculated with 1 MOI of a GFP-expressing virus

(Ad5CMVACE2-IRESeGFP) for 1 hour, followed by removal of inoculum and 2x washing in

2% FBS-DMEM. For SARS-CoV-2 challenge, cells were inoculated with virus without GFP

(Ad5CMVhACE2) as above and at 48 hours inoculated with 0.1 MOI of SARS-CoV-2. Super-

natants were collected at 1 hr and daily thereafter for titration on Vero E6 cells.

SARS-CoV-2 challenge of Jamaican fruit bats transduced with hACE2

For in vivo experiments, 21 bats were intranasally inoculated with 2.5x108 pfu in 50 μl of

serum-free DMEM. SARS-CoV-2 challenge of 18 of these bats was performed 5 days later. The

remaining 3 hACE2 transduced bats that were not challenged with SARS-CoV-2 were used as

controls, with one bat euthanized on days 4, 10 and 21. Groups of hACE2/SARS-CoV-2-chal-

lenged bats were euthanized (four on days 2, 4, 7; two on days 10, 14, 21; Fig 3A schematic) for

necropsy with portions of lungs and intestine collected and frozen for viral RNA and virus iso-

lation, and the remaining tissues collected in buffered formalin.

Histopathology and Immunohistochemistry

Tissues and carcasses with open abdomens were collected in 10% neutral buffered formalin for

3 days prior to removal from the BSL-3 and transferred to the Colorado State University Diag-

nostic Laboratories for trimming. Oral cavity, salivary glands, olfactory bulb, cerebrum, cere-

bellum, and brain stem were thoroughly inspected for gross lesions. Additionally, lungs,

spleens, kidneys, large and small intestines, liver, gall bladder, stomach and bladder were col-

lected. Decalcified skulls and visceral organs were processed, embedded in paraffin wax and

4–5 μm sections were stained with hematoxylin and eosin for blinded evaluation by the pathol-

ogist using a Nikon i80 microscope (Nikon Microscopy).

Sections were stained using ultraView universal alkaline phosphatase red detection kit.

Heat-induced epitope retrieval was performed on a Leica Bond-III IHC automated stainer

using Bond Epitope Retrieval solution for 20 minutes. Viral nucleocapsid antigen was detected

with a purified rabbit polyclonal antibody. Labeling was performed on an automated staining

platform. Fast Red was used as chromogen and slides were counterstained with hematoxylin.

Immunoreactions were visualized by a single pathologist in a blinded fashion. In all cases, nor-

mal and reactive mouse brain sections incubated with primary antibodies was used as a posi-

tive immunohistochemical control. Negative controls were incubated in diluent consisting of

Tris-buffered saline with carrier protein and homologous nonimmune sera. All sequential

steps of the immunostaining procedure were performed on negative controls following

incubation.

Fluorescent microscopy

Paraffin embedded tissue sections were stained for SARS-CoV-2 nucleocapsid protein (1:500)

using a Leica Bond RXm automated staining instrument following permeabilization using

0.01% Triton X diluted in Tris-buffered saline (TBS). Blocking was performed with 1% donkey

serum diluted in TBS. Sections were stained for DAPI (Sigma) and mounted on glass cover-

slips in ProLong Gold Antifade mounting medium and stored at ambient temperature until
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imaging. Images were captured using an Olympus BX63 fluorescence microscope equipped

with a motorized stage and Hamamatsu ORCA-flash 4.0 LT CCD camera. Images were col-

lected and regions of interest quantified with Olympus cellSens software (v 1.18) using an

Olympus X- line apochromat 10X (0.40 N.A.), 20X (0.8 N.A.) or 40X (0.95 N.A.) air objectives,

or Uplan Flour X100 oil immersion (1.3 N.A.) objective.

Automated high-throughput immunofluorescence staining and imaging of

tissue sections

Paraffin embedded lung tissue was sectioned at 10 μm thickness and mounted onto poly-ionic

slides (Colorado State University Diagnostic Laboratory). Tissue sections were deparaffinized

and immunofluorescently labeled using a Leica Bond RXm automated robotic staining system.

Antigen retrieval was performed by using Bond Epitope Retrieval Solution 2 for 20 minutes in

conjunction with heat application. Sections were then incubated with primary antibodies

diluted in 0.1% triton-X containing tris-buffered saline (TBS): rabbit anti-SARS-CoV-2 nucle-

ocapsid protein (Novus Biologicals; 1:100) and goat anti-human angiotensin converting

enzyme 2 (ACE2; R&D Systems; 1:500). Appropriate species-specific secondary antibodies

conjugated to AlexaFluor555 and/or AlexaFluor647 were applied for fluorescent detection.

Sections were stained with DAPI (Sigma, 1:5,000) and mounted on glass coverslips in ProLong

Gold Antifade hard set mounting medium and stored at 4˚C until time of imaging.

Artificial intelligence neural network detection and quantification of total

nuclei in whole tissue sections

Whole lung section montage images were acquired on a fully automated motorized stage scan-

ning VS200 microscope (Evident, Waltham, MA USA) equipped with a Hamamatsu ORCA--

Fusion camera (Hamamatsu Photonics, Shizuoka, Japan) and imaged with at 200X resolution

using an extended apochromat X-line 20X air (0.8 N.A.) using Olympus CellSens (v.3.2). All

slides were stained and imaged simultaneously using consistent exposure times and CCD gain

and binning parameters to reduce variability in intensity measurements. Images were then

imported into Visiopharm Software (v.2022.09.0.12417) and the immunofluorescence nuclear

detection application was modified to accommodate intensity range and average area of cells

within the lung sections. Regions of interest (ROIs) were generated around whole lung sec-

tions based on DAPI positive staining intensity, where total nuclei detected within the tissue

was normalized to the total area of whole tissue to minimize variation observed between differ-

ing sizes of sectioned lung. Multi-group and time-point comparisons were analyzed by 2-way

ANOVA with Bonferroni post hoc analysis for intra-group statistical analysis.

Serum IgG ELISA

The SARS-CoV-2 spike (S) ectodomain containing the prefusion stabilizing hexapro muta-

tions [74] and a mutated furin cleavage site was produced and purified from Expi293 cells as

previously described [75]. The SARS-CoV-2 S protein was diluted to 0.003 mg/mL in PBS and

used to coat 384-well Nunc Maxisorp plates (Thermo Fisher) overnight at room temperature.

The plates were slapped dry and blocked for 1 hour at 37˚C using Casein in PBS (Thermo

Fisher). Following blocking, the plates were again slapped dry and sera from infected bats was

added to the plates beginning at a 1:30 dilution in TBST followed by a 1:3 serial dilution there-

after. Plates were incubated for 1 hour at 37˚C, slapped dry, and washed four times with TBST.

Recombinant protein A/G conjugated to HRP (Thermo Fisher) diluted 1:500 in TBST was

added each well and the plates were incubated for 1 hour at 37˚C then washed four times with
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TBST. To measure binding titers, TMB Microwell Peroxidase (Seracare) was added to each

well and, after 2 minutes, the reaction was quenched with 1 N HCl. The absorbance at 450 nm

was measured using a BioTek Neo2 plate reader and analyzed in GraphPad Prism 9 with ED50

values being determined using a four-parameter logistic regression model. Two technical repli-

cates were performed for each sample.

Neutralization assays

VSV particles pseudotyped with the SARS-CoV-2 S protein harboring the D614G mutation

were produced as previously described [76,77]. To perform the neutralization assays, 20,000

Vero-TMPRSS2 cells were seeded into each well of a 96-well plate and grown overnight until

they reached approximately 80–90% confluency. Sera from infected bats were diluted in

DMEM (Gibco) beginning at a 1:10 dilution followed by a 1:3 serial dilution thereafter. The

diluted sera were then incubated for 30 minutes at room temperature with SARS-CoV-2 S

pseudotyped VSV diluted 1:25 in DMEM along with an anti-VSV-G antibody (I1-mouse

hybridoma supernatant diluted 1:25, from CRL-2700, ATCC) to block entry of any residual

VSV G pseudotyped virus. The Vero-TMPRSS2 cells were washed three times with DMEM

and the virus-sera mixture was added to the cells. Two hours after infection, an equal volume

of DMEM supplemented with 20% FBS and 2% PenStrep was added to each well. The cells

were incubated for 20–24 hours after which ONE-GloEX (Promega) was added to each well

and the plates were incubated for 5 minutes. Luminescence values measured in relative light

units (RLU) were recorded using a BioTek Neo2 plate reader. The values were normalized in

GraphPad Prism 9 with the RLU values from uninfected cells to determine 0% infectivity and

the RLU values from cells infected with pseudovirus only to determine 100% infectivity. ID50

values were determined from the normalized data using a [inhibitor] vs. normalized response–

variable slope model. Neutralization assays were performed in duplicate and replicated with

two distinct batches of pseudovirus.

Activation-induced marker test

Four bats were transduced with hACE2 and 5 days later inoculated with SARS-CoV-2. Twelve

days later, the bats were euthanized and spleens collected to make single cell suspensions. Red

blood cells were lysed with ammonium chloride buffer and 106 splenocytes from each bat were

cultured with 1 μg of SARS-CoV-2 PepTivator1 SARS-CoV-2 Prot_N peptide library

(15mers with 12 residue overlaps, Miltenyi) for 6 hours in 5% FBS Clicks medium (Fujifilm/

Irvine Scientific) and 1 μg of anti-mouse CD40 monoclonal antibody (FGK45, Tonbo/Cytek,

to block CD154 ligation) at 37˚ C in duplicate. Identical wells were set up in duplicate without

peptide library to provide baseline marker levels. Cells were collected, washed and stained with

viability dye (Ghost Dye Violet 450, Tonbo/Cytek, 1:5,000 dilution). Cells were then washed

and stained with anti-Jamaican fruit bat CD4 (1:100 dilution) and anti-human CD154 (5C8,

Tonbo/Cytek, 1:20 dilution). Cells were fixed in paraformaldehyde and examined by flow

cytometry. CD4+ CD154+ splenocytes were gated as follows: Intact Lymphocytes > Single

Cells > Live Cells > CD4+ > CD154+. CD4 and CD154 gates were drawn using florescent

minus one controls (FMOs) (S5 Fig). CVS files of CD4+CD154+ cells were then exported from

FlowJo to obtain the mean fluorescent intensity (MFI) of CD154 was determined. MFI were

evaluated between groups using Wilcoxon signed-rank test.

Immune gene expression profiling

Identical cultures described in the AIM test were examined for immune gene expression. Sple-

nocytes (5x106) were cultured in 24 well plates with 5 μg of SARS-CoV-2 PepTivator1
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SARS-CoV-2 Prot_N peptide library for 24 hours. Identical cultures without peptide library

were used to determine baseline gene expression. Duplicate splenocyte cultures were examined

for changes in gene expression by SYBR Green qPCR array as previously described [22,68,78].

Briefly, total RNA was extracted from the cells (RNEasy kit, Qiagen) and cDNA produced

(QuantiTech RT, Qiagen). Primers for Jamaican fruit bat genes (S2 Table) and qPCR was per-

formed (QuantiTech SYBR Green, Qiagen). Within sample gene normalization was performed

on Rps18 (ΔCq), and fold-chage determined by comparing each gene from the peptide-stimu-

lated cells to the unstimulated cells from the same bat (ΔΔCq).

Supporting information

S1 Fig. Neutralizing antibody titers from hACE-tranduced Jamaican fruit bats. Only bat 64

produced antibodies that neutralized VSV pseudotype virus expressing SARS-CoV-2 spike.

(TIF)

S2 Fig. (A) Predicted extracellular structure of Jamaican fruit bat CD4 with immunizing pep-

tide in orange, and (B) flow cytometric staining of naive bat splenocytes with monoclonal anti-

body 1-D5.

(TIF)

S3 Fig. Protein homology of Jamaican fruit bat, mouse, and human CD40 and CD154.

CD40 protein structures mouse (top left) and Jamaican fruit bat (top right). CD154 protein

structures human (bottom left) and Jamaican fruit bat (bottom right). Protein structures are

represented with signal peptides removed and transmembrane domains (magenta) highlighted

for orientation. Jamaican fruit bat CD40 and mouse CD40 protein alignment identified 90

identical extracellular sites (red) or 53.39% identical extracellular domains with a BLOSUM62

value of 71.3%. Jamaican fruit bat CD40 and mouse CD40 protein alignment identified 39

identical cytoplasmic sites (cyan) or 72% identical cytoplasmic domains with a BLOSUM62

value of 84%. Jamaican fruit bat CD154 and human CD154 protein alignment identified 190

identical extracellular sites (red) or 88.4% identical extracellular domains with a BLOSUM62

value of 92.1%. Jamaican fruit bat CD154 and mouse CD154 protein alignment identified 18

identical cytoplasmic sites (cyan) or 61.9% identical cytoplasmic domains with a BLOSUM62

value of 73%.

(TIF)

S4 Fig. Anti-mouse CD40 (FGK45) and anti-human CD154 (5C8) PE conjugated antibody

staining of Jamaican fruit bat splenocytes. Gating strategy: Intact > Live > Single

Cells > AF-> PE+. Anti-mouse CD40 cross reactive antibody demonstrated 20.7% positive

splenocytes. Anti-human CD154 cross reactive antibody demonstrated 1.69% positive spleno-

cytes.

(TIF)

S5 Fig. Gating strategy to obtain CD4+ CD154+ splenocytes. Concatenated no peptide sam-

ples and FMOs (left) and concatenated peptide samples (right) were gated as follows: Intact

Lymphocytes > Single Cells > Live Cells > CD4+ > CD154+. CVS files of CD4+CD154+ cells

were then exported from FlowJo to obtain fluorescent intensities of CD154 on each cell for sta-

tistical analysis in Graph Pad Prism 9.

(TIF)

S6 Fig. Forward (FSC) and side (SSC) scatter profiles of CD4+CD154+ cells (red dots)

overlayed on all events (black dots) of concatenated peptide and concatenated no peptide
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flow cytometry data files.

(TIF)

S1 Table. Alignment of 20 ACE2 residues important for SARS-CoV-2 spike binding

(cyan). Residues identical to human are noted in black, whereas differences in red font. Species

that are susceptible to SARS-CoV-2 are in red font, not susceptible in blue font, unknown sus-

ceptibility in black font.

(XLSX)

S2 Table. Immune gene expression primers, 5’ to 3’.

(XLSX)

Acknowledgments

We thank Corey Campbell for assistance with statistical analysis.

Author Contributions

Conceptualization: Bradly Burke, David Veesler, Tony Schountz.

Data curation: Bradly Burke, Tony Schountz.

Formal analysis: Bradly Burke, Savannah M. Rocha, Tawfik Aboellail, Tony Schountz.

Funding acquisition: Juergen A. Richt, David Veesler, Tony Schountz.

Investigation: Bradly Burke, Savannah M. Rocha, Shijun Zhan, Miles Eckley, Clara Reasoner,

Amin Addetia, Juliette Lewis, Anna Fagre, Phillida A. Charley, Susan R. Weiss, Tawfik

Aboellail, Tony Schountz.

Methodology: Bradly Burke, Savannah M. Rocha, Miles Eckley, Amin Addetia, Juliette Lewis,

Anna Fagre, Phillida A. Charley, Ronald B. Tjalkens, David Veesler, Tawfik Aboellail.

Project administration: Tony Schountz.

Resources: Bradly Burke, Juergen A. Richt, Susan R. Weiss, Ronald B. Tjalkens, David Veesler,

Tawfik Aboellail, Tony Schountz.

Supervision: Tawfik Aboellail, Tony Schountz.

Validation: Bradly Burke, Amin Addetia, Tawfik Aboellail, Tony Schountz.

Visualization: Savannah M. Rocha, Tawfik Aboellail, Tony Schountz.

Writing – original draft: Tawfik Aboellail, Tony Schountz.

Writing – review & editing: Bradly Burke, Savannah M. Rocha, Tawfik Aboellail, Tony

Schountz.

References
1. Hu B, Zeng LP, Yang XL, Ge XY, Zhang W, Li B, et al. Discovery of a rich gene pool of bat SARS-related

coronaviruses provides new insights into the origin of SARS coronavirus. PLoS pathogens. 2017; 13

(11):e1006698. Epub 2017/12/01. https://doi.org/10.1371/journal.ppat.1006698 PMID: 29190287;

PubMed Central PMCID: PMC5708621.

2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a

new coronavirus of probable bat origin. Nature. 2020; 579(7798):270–3. Epub 2020/02/06. https://doi.

org/10.1038/s41586-020-2012-7 PMID: 32015507; PubMed Central PMCID: PMC7095418.

3. Zhou H, Ji J, Chen X, Bi Y, Li J, Wang Q, et al. Identification of novel bat coronaviruses sheds light on

the evolutionary origins of SARS-CoV-2 and related viruses. Cell. 2021; 184(17):4380–91 e14. Epub

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 21 / 26

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011728.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011728.s008
https://doi.org/10.1371/journal.ppat.1006698
http://www.ncbi.nlm.nih.gov/pubmed/29190287
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
https://doi.org/10.1371/journal.ppat.1011728


2021/06/21. https://doi.org/10.1016/j.cell.2021.06.008 PMID: 34147139; PubMed Central PMCID:

PMC8188299.

4. Worobey M, Levy JI, Malpica Serrano L, Crits-Christoph A, Pekar JE, Goldstein SA, et al. The Huanan

Seafood Wholesale Market in Wuhan was the early epicenter of the COVID-19 pandemic. Science.

2022; 377(6609):951–9. Epub 2022/07/27. https://doi.org/10.1126/science.abp8715 PMID: 35881010;

PubMed Central PMCID: PMC9348750.

5. Lau SK, Woo PC, Li KS, Huang Y, Tsoi HW, Wong BH, et al. Severe acute respiratory syndrome coro-

navirus-like virus in Chinese horseshoe bats. Proceedings of the National Academy of Sciences of the

United States of America. 2005; 102(39):14040–5. https://doi.org/10.1073/pnas.0506735102 PMID:

16169905.

6. Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, et al. Bats are natural reservoirs of SARS-like coronavi-

ruses. Science (New York, NY). 2005; 310(5748):676–9. Epub 2005/10/01. https://doi.org/10.1126/

science.1118391 PMID: 16195424.

7. Poon LL, Chu DK, Chan KH, Wong OK, Ellis TM, Leung YH, et al. Identification of a novel coronavirus

in bats. J Virol. 2005; 79(4):2001–9. Epub 2005/02/01. https://doi.org/10.1128/JVI.79.4.2001-2009.

2005 PMID: 15681402; PubMed Central PMCID: PMC546586.

8. Ge XY, Li JL, Yang XL, Chmura AA, Zhu G, Epstein JH, et al. Isolation and characterization of a bat

SARS-like coronavirus that uses the ACE2 receptor. Nature. 2013; 503(7477):535–8. Epub 2013/11/

01. https://doi.org/10.1038/nature12711 PMID: 24172901; PubMed Central PMCID: PMC5389864.

9. Delaune D, Hul V, Karlsson EA, Hassanin A, Ou TP, Baidaliuk A, et al. A novel SARS-CoV-2 related

coronavirus in bats from Cambodia. Nat Commun. 2021; 12(1):6563. Epub 2021/11/11. https://doi.org/

10.1038/s41467-021-26809-4 PMID: 34753934; PubMed Central PMCID: PMC8578604.

10. Wacharapluesadee S, Tan CW, Maneeorn P, Duengkae P, Zhu F, Joyjinda Y, et al. Evidence for

SARS-CoV-2 related coronaviruses circulating in bats and pangolins in Southeast Asia. Nat Commun.

2021; 12(1):972. Epub 2021/02/11. https://doi.org/10.1038/s41467-021-21240-1 PMID: 33563978;

PubMed Central PMCID: PMC7873279.

11. Ruiz-Aravena M, McKee C, Gamble A, Lunn T, Morris A, Snedden CE, et al. Ecology, evolution and

spillover of coronaviruses from bats. Nat Rev Microbiol. 2022; 20(5):299–314. Epub 2021/11/21.

https://doi.org/10.1038/s41579-021-00652-2 PMID: 34799704; PubMed Central PMCID:

PMC8603903.

12. Letko M, Marzi A, Munster V. Functional assessment of cell entry and receptor usage for SARS-CoV-2

and other lineage B betacoronaviruses. Nat Microbiol. 2020; 5(4):562–9. Epub 2020/02/26. https://doi.

org/10.1038/s41564-020-0688-y PMID: 32094589; PubMed Central PMCID: PMC7095430.

13. Temmam S, Vongphayloth K, Baquero E, Munier S, Bonomi M, Regnault B, et al. Bat coronaviruses

related to SARS-CoV-2 and infectious for human cells. Nature. 2022; 604(7905):330–6. Epub 2022/02/

17. https://doi.org/10.1038/s41586-022-04532-4 PMID: 35172323.

14. Munster VJ, Adney DR, van Doremalen N, Brown VR, Miazgowicz KL, Milne-Price S, et al. Replication

and shedding of MERS-CoV in Jamaican fruit bats (Artibeus jamaicensis). Sci Rep. 2016; 6:21878.

Epub 2016/02/24. https://doi.org/10.1038/srep21878 PMID: 26899616; PubMed Central PMCID:

PMC4761889.

15. van Boheemen S, de Graaf M, Lauber C, Bestebroer TM, Raj VS, Zaki AM, et al. Genomic characteriza-

tion of a newly discovered coronavirus associated with acute respiratory distress syndrome in humans.

mBio. 2012; 3(6). https://doi.org/10.1128/mBio.00473-12 PMID: 23170002; PubMed Central PMCID:

PMC3509437.

16. Annan A, Baldwin HJ, Corman VM, Klose SM, Owusu M, Nkrumah EE, et al. Human betacoronavirus

2c EMC/2012-related viruses in bats, Ghana and Europe. Emerging infectious diseases. 2013; 19

(3):456–9. Epub 2013/04/30. https://doi.org/10.3201/eid1903.121503 PMID: 23622767; PubMed Cen-

tral PMCID: PMC3647674.

17. Ithete NL, Stoffberg S, Corman VM, Cottontail VM, Richards LR, Schoeman MC, et al. Close relative of

human Middle East respiratory syndrome coronavirus in bat, South Africa. Emerging infectious dis-

eases. 2013; 19(10):1697–9. Epub 2013/09/21. https://doi.org/10.3201/eid1910.130946 PMID:

24050621; PubMed Central PMCID: PMC3810765.

18. Reusken CB, Haagmans BL, Muller MA, Gutierrez C, Godeke GJ, Meyer B, et al. Middle East respira-

tory syndrome coronavirus neutralising serum antibodies in dromedary camels: a comparative serologi-

cal study. Lancet Infect Dis. 2013; 13(10):859–66. Epub 2013/08/13. https://doi.org/10.1016/S1473-

3099(13)70164-6 PMID: 23933067; PubMed Central PMCID: PMC7106530.

19. Chan JF, Zhang AJ, Yuan S, Poon VK, Chan CC, Lee AC, et al. Simulation of the Clinical and Pathologi-

cal Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model: Impli-

cations for Disease Pathogenesis and Transmissibility. Clin Infect Dis. 2020; 71(9):2428–46. Epub

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 22 / 26

https://doi.org/10.1016/j.cell.2021.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34147139
https://doi.org/10.1126/science.abp8715
http://www.ncbi.nlm.nih.gov/pubmed/35881010
https://doi.org/10.1073/pnas.0506735102
http://www.ncbi.nlm.nih.gov/pubmed/16169905
https://doi.org/10.1126/science.1118391
https://doi.org/10.1126/science.1118391
http://www.ncbi.nlm.nih.gov/pubmed/16195424
https://doi.org/10.1128/JVI.79.4.2001-2009.2005
https://doi.org/10.1128/JVI.79.4.2001-2009.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681402
https://doi.org/10.1038/nature12711
http://www.ncbi.nlm.nih.gov/pubmed/24172901
https://doi.org/10.1038/s41467-021-26809-4
https://doi.org/10.1038/s41467-021-26809-4
http://www.ncbi.nlm.nih.gov/pubmed/34753934
https://doi.org/10.1038/s41467-021-21240-1
http://www.ncbi.nlm.nih.gov/pubmed/33563978
https://doi.org/10.1038/s41579-021-00652-2
http://www.ncbi.nlm.nih.gov/pubmed/34799704
https://doi.org/10.1038/s41564-020-0688-y
https://doi.org/10.1038/s41564-020-0688-y
http://www.ncbi.nlm.nih.gov/pubmed/32094589
https://doi.org/10.1038/s41586-022-04532-4
http://www.ncbi.nlm.nih.gov/pubmed/35172323
https://doi.org/10.1038/srep21878
http://www.ncbi.nlm.nih.gov/pubmed/26899616
https://doi.org/10.1128/mBio.00473-12
http://www.ncbi.nlm.nih.gov/pubmed/23170002
https://doi.org/10.3201/eid1903.121503
http://www.ncbi.nlm.nih.gov/pubmed/23622767
https://doi.org/10.3201/eid1910.130946
http://www.ncbi.nlm.nih.gov/pubmed/24050621
https://doi.org/10.1016/S1473-3099%2813%2970164-6
https://doi.org/10.1016/S1473-3099%2813%2970164-6
http://www.ncbi.nlm.nih.gov/pubmed/23933067
https://doi.org/10.1371/journal.ppat.1011728


2020/03/28. https://doi.org/10.1093/cid/ciaa325 PMID: 32215622; PubMed Central PMCID:

PMC7184405.

20. Oreshkova N, Molenaar RJ, Vreman S, Harders F, Oude Munnink BB, Hakze-van der Honing RW,

et al. SARS-CoV-2 infection in farmed minks, the Netherlands, April and May 2020. Euro Surveill. 2020;

25(23). Epub 2020/06/20. https://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005 PMID:

32553059; PubMed Central PMCID: PMC7403642.

21. Sia SF, Yan LM, Chin AWH, Fung K, Choy KT, Wong AYL, et al. Pathogenesis and transmission of

SARS-CoV-2 in golden hamsters. Nature. 2020; 583(7818):834–8. Epub 2020/05/15. https://doi.org/

10.1038/s41586-020-2342-5 PMID: 32408338; PubMed Central PMCID: PMC7394720.

22. Fagre A, Lewis J, Eckley M, Zhan S, Rocha SM, Sexton NR, et al. SARS-CoV-2 infection, neuropatho-

genesis and transmission among deer mice: Implications for spillback to New World rodents. PLoS

pathogens. 2021; 17(5):e1009585. Epub 2021/05/20. https://doi.org/10.1371/journal.ppat.1009585

PMID: 34010360; PubMed Central PMCID: PMC8168874.

23. Griffin BD, Chan M, Tailor N, Mendoza EJ, Leung A, Warner BM, et al. SARS-CoV-2 infection and

transmission in the North American deer mouse. Nat Commun. 2021; 12(1):3612. Epub 2021/06/16.

https://doi.org/10.1038/s41467-021-23848-9 PMID: 34127676; PubMed Central PMCID:

PMC8203675.

24. Hale VL, Dennis PM, McBride DS, Nolting JM, Madden C, Huey D, et al. SARS-CoV-2 infection in free-

ranging white-tailed deer (Odocoileus virginianus). bioRxiv. 2021. Epub 2021/11/19. https://doi.org/10.

1101/2021.11.04.467308 PMID: 34790982; PubMed Central PMCID: PMC8597885.

25. van Aart AE, Velkers FC, Fischer EAJ, Broens EM, Egberink H, Zhao S, et al. SARS-CoV-2 infection in

cats and dogs in infected mink farms. Transbound Emerg Dis. 2021. Epub 2021/06/04. https://doi.org/

10.1111/tbed.14173 PMID: 34080762; PubMed Central PMCID: PMC8242445.

26. Schountz T. Immunology of bats and their viruses: challenges and opportunities. Viruses. 2014; 6

(12):4880–901. https://doi.org/10.3390/v6124880 PMID: 25494448; PubMed Central PMCID:

PMC4276934.

27. Amman BR, Jones ME, Sealy TK, Uebelhoer LS, Schuh AJ, Bird BH, et al. Oral shedding of Marburg

virus in experimentally infected Egyptian fruit bats (Rousettus aegyptiacus). Journal of wildlife diseases.

2015; 51(1):113–24. https://doi.org/10.7589/2014-08-198 PMID: 25375951; PubMed Central PMCID:

PMC5022530.

28. Foo R, Hey YY, Jia Ng JH, Chionh YT, Chia WN, Kong PS, et al. Establishment of a Captive Cave Nec-

tar Bat (Eonycteris spelaea) Breeding Colony in Singapore. J Am Assoc Lab Anim Sci. 2022; 61

(4):344–52. Epub 2022/06/11. https://doi.org/10.30802/AALAS-JAALAS-21-000090 PMID: 35688608;

PubMed Central PMCID: PMC9674015.

29. Schlottau K, Rissmann M, Graaf A, Schon J, Sehl J, Wylezich C, et al. SARS-CoV-2 in fruit bats, ferrets,

pigs, and chickens: an experimental transmission study. Lancet Microbe. 2020; 1(5):e218–e25. Epub

2020/08/25. https://doi.org/10.1016/S2666-5247(20)30089-6 PMID: 32838346; PubMed Central

PMCID: PMC7340389.

30. Hall JS, Knowles S, Nashold SW, Ip HS, Leon AE, Rocke T, et al. Experimental challenge of a North

American bat species, big brown bat (Eptesicus fuscus), with SARS-CoV-2. Transbound Emerg Dis.

2021; 68(6):3443–52. Epub 2020/12/10. https://doi.org/10.1111/tbed.13949 PMID: 33295095.

31. Bosco-Lauth AM, Porter SM, Fox KA, Wood ME, Neubaum D, Quilici M. Experimental Infection of Bra-

zilian Free-Tailed Bats (Tadarida brasiliensis) with Two Strains of SARS-CoV-2. Viruses. 2022; 14(8).

Epub 2022/08/27. https://doi.org/10.3390/v14081809 PMID: 36016431.

32. Hall JS, Hofmeister E, Ip HS, Nashold SW, Leon AE, Malave CM, et al. Experimental infection of Mexi-

can free-tailed bats (Tadarida brasiliensis) with SARS-CoV-2. bioRxiv. 2022. Epub 2022/07/29. https://

doi.org/10.1101/2022.07.18.500430 PMID: 35898345; PubMed Central PMCID: PMC9327625.

33. Hassan AO, Case JB, Winkler ES, Thackray LB, Kafai NM, Bailey AL, et al. A SARS-CoV-2 Infection

Model in Mice Demonstrates Protection by Neutralizing Antibodies. Cell. 2020; 182(3):744–53 e4. Epub

2020/06/20. https://doi.org/10.1016/j.cell.2020.06.011 PMID: 32553273; PubMed Central PMCID:

PMC7284254.

34. Sun J, Zhuang Z, Zheng J, Li K, Wong RL, Liu D, et al. Generation of a Broadly Useful Model for

COVID-19 Pathogenesis, Vaccination, and Treatment. Cell. 2020; 182(3):734–43 e5. Epub 2020/07/

10. https://doi.org/10.1016/j.cell.2020.06.010 PMID: 32643603; PubMed Central PMCID:

PMC7284240.

35. Cogswell-Hawkinson A, Bowen R, James S, Gardiner D, Calisher CH, Adams R, et al. Tacaribe virus

causes fatal infection of an ostensible reservoir host, the Jamaican fruit bat. Journal of virology. 2012;

86(10):5791–9. Epub 2012/03/02. https://doi.org/10.1128/JVI.00201-12 PMID: 22379103; PubMed

Central PMCID: PMC3347293.

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 23 / 26

https://doi.org/10.1093/cid/ciaa325
http://www.ncbi.nlm.nih.gov/pubmed/32215622
https://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005
http://www.ncbi.nlm.nih.gov/pubmed/32553059
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1038/s41586-020-2342-5
http://www.ncbi.nlm.nih.gov/pubmed/32408338
https://doi.org/10.1371/journal.ppat.1009585
http://www.ncbi.nlm.nih.gov/pubmed/34010360
https://doi.org/10.1038/s41467-021-23848-9
http://www.ncbi.nlm.nih.gov/pubmed/34127676
https://doi.org/10.1101/2021.11.04.467308
https://doi.org/10.1101/2021.11.04.467308
http://www.ncbi.nlm.nih.gov/pubmed/34790982
https://doi.org/10.1111/tbed.14173
https://doi.org/10.1111/tbed.14173
http://www.ncbi.nlm.nih.gov/pubmed/34080762
https://doi.org/10.3390/v6124880
http://www.ncbi.nlm.nih.gov/pubmed/25494448
https://doi.org/10.7589/2014-08-198
http://www.ncbi.nlm.nih.gov/pubmed/25375951
https://doi.org/10.30802/AALAS-JAALAS-21-000090
http://www.ncbi.nlm.nih.gov/pubmed/35688608
https://doi.org/10.1016/S2666-5247%2820%2930089-6
http://www.ncbi.nlm.nih.gov/pubmed/32838346
https://doi.org/10.1111/tbed.13949
http://www.ncbi.nlm.nih.gov/pubmed/33295095
https://doi.org/10.3390/v14081809
http://www.ncbi.nlm.nih.gov/pubmed/36016431
https://doi.org/10.1101/2022.07.18.500430
https://doi.org/10.1101/2022.07.18.500430
http://www.ncbi.nlm.nih.gov/pubmed/35898345
https://doi.org/10.1016/j.cell.2020.06.011
http://www.ncbi.nlm.nih.gov/pubmed/32553273
https://doi.org/10.1016/j.cell.2020.06.010
http://www.ncbi.nlm.nih.gov/pubmed/32643603
https://doi.org/10.1128/JVI.00201-12
http://www.ncbi.nlm.nih.gov/pubmed/22379103
https://doi.org/10.1371/journal.ppat.1011728


36. Gerrard DL, Hawkinson A, Sherman T, Modahl CM, Hume G, Campbell CL, et al. Transcriptomic Signa-

tures of Tacaribe Virus-Infected Jamaican Fruit Bats. mSphere. 2017; 2(5). https://doi.org/10.1128/

mSphere.00245-17 PMID: 28959737; PubMed Central PMCID: PMC5615131.

37. Malmlov A, Bantle C, Aboellail T, Wagner K, Campbell CL, Eckley M, et al. Experimental Zika virus

infection of Jamaican fruit bats (Artibeus jamaicensis) and possible entry of virus into brain via activated

microglial cells. PLoS Negl Trop Dis. 2019; 13(2):e0007071. Epub 2019/02/05. https://doi.org/10.1371/

journal.pntd.0007071 PMID: 30716104; PubMed Central PMCID: PMC6382173.

38. Luan J, Jin X, Lu Y, Zhang L. SARS-CoV-2 spike protein favors ACE2 from Bovidae and Cricetidae. J

Med Virol. 2020; 92(9):1649–56. Epub 2020/04/03. https://doi.org/10.1002/jmv.25817 PMID:

32239522; PubMed Central PMCID: PMC7228376.

39. Wan Y, Shang J, Graham R, Baric RS, Li F. Receptor Recognition by the Novel Coronavirus from

Wuhan: an Analysis Based on Decade-Long Structural Studies of SARS Coronavirus. Journal of virol-

ogy. 2020; 94(7). Epub 2020/01/31. https://doi.org/10.1128/JVI.00127-20 PMID: 31996437; PubMed

Central PMCID: PMC7081895.

40. Yan H, Jiao H, Liu Q, Zhang Z, Xiong Q, Wang BJ, et al. ACE2 receptor usage reveals variation in sus-

ceptibility to SARS-CoV and SARS-CoV-2 infection among bat species. Nat Ecol Evol. 2021; 5(5):600–

8. Epub 2021/03/03. https://doi.org/10.1038/s41559-021-01407-1 PMID: 33649547.

41. Rathnasinghe R, Strohmeier S, Amanat F, Gillespie VL, Krammer F, Garcia-Sastre A, et al. Compari-

son of transgenic and adenovirus hACE2 mouse models for SARS-CoV-2 infection. Emerg Microbes

Infect. 2020; 9(1):2433–45. Epub 2020/10/20. https://doi.org/10.1080/22221751.2020.1838955 PMID:

33073694; PubMed Central PMCID: PMC7655046.

42. Wong LR, Li K, Sun J, Zhuang Z, Zhao J, McCray PB Jr., et al. Sensitization of Non-permissive Labora-

tory Mice to SARS-CoV-2 with a Replication-Deficient Adenovirus Expressing Human ACE2. STAR

Protoc. 2020; 1(3):100169. Epub 2020/12/31. https://doi.org/10.1016/j.xpro.2020.100169 PMID:

33377063; PubMed Central PMCID: PMC7757354.

43. Simmons G, Gosalia DN, Rennekamp AJ, Reeves JD, Diamond SL, Bates P. Inhibitors of cathepsin L

prevent severe acute respiratory syndrome coronavirus entry. Proc Natl Acad Sci U S A. 2005; 102

(33):11876–81. Epub 2005/08/06. https://doi.org/10.1073/pnas.0505577102 PMID: 16081529;

PubMed Central PMCID: PMC1188015.

44. Aicher SM, Streicher F, Chazal M, Planas D, Luo D, Buchrieser J, et al. Species-Specific Molecular Bar-

riers to SARS-CoV-2 Replication in Bat Cells. J Virol. 2022; 96(14):e0060822. Epub 2022/07/22.

https://doi.org/10.1128/jvi.00608-22 PMID: 35862713; PubMed Central PMCID: PMC9327701.

45. Hayward JA, Tachedjian M, Johnson A, Irving AT, Gordon TB, Cui J, et al. Unique Evolution of Antiviral

Tetherin in Bats. J Virol. 2022; 96(20):e0115222. Epub 2022/09/30. https://doi.org/10.1128/jvi.01152-

22 PMID: 36173189; PubMed Central PMCID: PMC9599465.

46. Halpin K, Hyatt AD, Fogarty R, Middleton D, Bingham J, Epstein JH, et al. Pteropid bats are confirmed

as the reservoir hosts of henipaviruses: a comprehensive experimental study of virus transmission. Am

J Trop Med Hyg. 2011; 85(5):946–51. https://doi.org/10.4269/ajtmh.2011.10-0567 PMID: 22049055;

PubMed Central PMCID: PMC3205647.

47. Paweska JT, Jansen van Vuren P, Masumu J, Leman PA, Grobbelaar AA, Birkhead M, et al. Virological

and serological findings in Rousettus aegyptiacus experimentally inoculated with vero cells-adapted

hogan strain of Marburg virus. PloS one. 2012; 7(9):e45479. Epub 2012/10/03. https://doi.org/10.1371/

journal.pone.0045479 PMID: 23029039; PubMed Central PMCID: PMC3444458.

48. Schuh AJ, Amman BR, Sealy TK, Spengler JR, Nichol ST, Towner JS. Egyptian rousette bats maintain

long-term protective immunity against Marburg virus infection despite diminished antibody levels. Sci

Rep. 2017; 7(1):8763. Epub 2017/08/20. https://doi.org/10.1038/s41598-017-07824-2 PMID:

28821722; PubMed Central PMCID: PMC5562751.

49. Ciminski K, Ran W, Gorka M, Lee J, Malmlov A, Schinkothe J, et al. Bat influenza viruses transmit

among bats but are poorly adapted to non-bat species. Nat Microbiol. 2019; 4(12):2298–309. Epub

2019/09/19. https://doi.org/10.1038/s41564-019-0556-9 PMID: 31527796; PubMed Central PMCID:

PMC7758811.

50. Schuh AJ, Amman BR, Sealy TK, Kainulainen MH, Chakrabarti AK, Guerrero LW, et al. Antibody-Medi-

ated Virus Neutralization Is Not a Universal Mechanism of Marburg, Ebola, or Sosuga Virus Clearance

in Egyptian Rousette Bats. J Infect Dis. 2019; 219(11):1716–21. Epub 2018/12/28. https://doi.org/10.

1093/infdis/jiy733 PMID: 30590775; PubMed Central PMCID: PMC6519049.

51. Zhang Y, Chirmule N, Gao GP, Qian R, Croyle M, Joshi B, et al. Acute cytokine response to systemic

adenoviral vectors in mice is mediated by dendritic cells and macrophages. Mol Ther. 2001; 3(5 Pt

1):697–707. Epub 2001/05/18. https://doi.org/10.1006/mthe.2001.0329 PMID: 11356075.

52. Leng L, Cao R, Ma J, Mou D, Zhu Y, Li W, et al. Pathological features of COVID-19-associated lung

injury: a preliminary proteomics report based on clinical samples. Signal Transduct Target Ther. 2020; 5

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 24 / 26

https://doi.org/10.1128/mSphere.00245-17
https://doi.org/10.1128/mSphere.00245-17
http://www.ncbi.nlm.nih.gov/pubmed/28959737
https://doi.org/10.1371/journal.pntd.0007071
https://doi.org/10.1371/journal.pntd.0007071
http://www.ncbi.nlm.nih.gov/pubmed/30716104
https://doi.org/10.1002/jmv.25817
http://www.ncbi.nlm.nih.gov/pubmed/32239522
https://doi.org/10.1128/JVI.00127-20
http://www.ncbi.nlm.nih.gov/pubmed/31996437
https://doi.org/10.1038/s41559-021-01407-1
http://www.ncbi.nlm.nih.gov/pubmed/33649547
https://doi.org/10.1080/22221751.2020.1838955
http://www.ncbi.nlm.nih.gov/pubmed/33073694
https://doi.org/10.1016/j.xpro.2020.100169
http://www.ncbi.nlm.nih.gov/pubmed/33377063
https://doi.org/10.1073/pnas.0505577102
http://www.ncbi.nlm.nih.gov/pubmed/16081529
https://doi.org/10.1128/jvi.00608-22
http://www.ncbi.nlm.nih.gov/pubmed/35862713
https://doi.org/10.1128/jvi.01152-22
https://doi.org/10.1128/jvi.01152-22
http://www.ncbi.nlm.nih.gov/pubmed/36173189
https://doi.org/10.4269/ajtmh.2011.10-0567
http://www.ncbi.nlm.nih.gov/pubmed/22049055
https://doi.org/10.1371/journal.pone.0045479
https://doi.org/10.1371/journal.pone.0045479
http://www.ncbi.nlm.nih.gov/pubmed/23029039
https://doi.org/10.1038/s41598-017-07824-2
http://www.ncbi.nlm.nih.gov/pubmed/28821722
https://doi.org/10.1038/s41564-019-0556-9
http://www.ncbi.nlm.nih.gov/pubmed/31527796
https://doi.org/10.1093/infdis/jiy733
https://doi.org/10.1093/infdis/jiy733
http://www.ncbi.nlm.nih.gov/pubmed/30590775
https://doi.org/10.1006/mthe.2001.0329
http://www.ncbi.nlm.nih.gov/pubmed/11356075
https://doi.org/10.1371/journal.ppat.1011728


(1):240. Epub 2020/10/17. https://doi.org/10.1038/s41392-020-00355-9 PMID: 33060566; PubMed

Central PMCID: PMC7557250.

53. Molenaar RJ, Vreman S, Hakze-van der Honing RW, Zwart R, de Rond J, Weesendorp E, et al. Clinical

and Pathological Findings in SARS-CoV-2 Disease Outbreaks in Farmed Mink (Neovison vison). Vet

Pathol. 2020; 57(5):653–7. Epub 2020/07/15. https://doi.org/10.1177/0300985820943535 PMID:

32663073.

54. Dinnon KH 3rd, Leist SR, Okuda K, Dang H, Fritch EJ, Gully KL, et al. SARS-CoV-2 infection produces

chronic pulmonary epithelial and immune cell dysfunction with fibrosis in mice. Sci Transl Med. 2022; 14

(664):eabo5070. Epub 2022/07/21. https://doi.org/10.1126/scitranslmed.abo5070 PMID: 35857635;

PubMed Central PMCID: PMC9273046.

55. Rocha SM, Fagre AC, Latham AS, Cummings JE, Aboellail TA, Reigan P, et al. A Novel Glucocorticoid

and Androgen Receptor Modulator Reduces Viral Entry and Innate Immune Inflammatory Responses

in the Syrian Hamster Model of SARS-CoV-2 Infection. Front Immunol. 2022; 13:811430. Epub 2022/

03/08. https://doi.org/10.3389/fimmu.2022.811430 PMID: 35250984; PubMed Central PMCID:

PMC8889105.

56. Chattopadhyay PK, Yu J, Roederer M. A live-cell assay to detect antigen-specific CD4+ T cells with

diverse cytokine profiles. Nat Med. 2005; 11(10):1113–7. Epub 2005/09/28. https://doi.org/10.1038/

nm1293 PMID: 16186817.

57. Frentsch M, Arbach O, Kirchhoff D, Moewes B, Worm M, Rothe M, et al. Direct access to CD4+ T cells

specific for defined antigens according to CD154 expression. Nat Med. 2005; 11(10):1118–24. Epub

2005/09/28. https://doi.org/10.1038/nm1292 PMID: 16186818.

58. Weiskopf D, Schmitz KS, Raadsen MP, Grifoni A, Okba NMA, Endeman H, et al. Phenotype and kinet-

ics of SARS-CoV-2-specific T cells in COVID-19 patients with acute respiratory distress syndrome. Sci

Immunol. 2020; 5(48). Epub 2020/06/28. https://doi.org/10.1126/sciimmunol.abd2071 PMID:

32591408; PubMed Central PMCID: PMC7319493.

59. Pusnik J, Richter E, Schulte B, Dolscheid-Pommerich R, Bode C, Putensen C, et al. Memory B cells tar-

geting SARS-CoV-2 spike protein and their dependence on CD4(+) T cell help. Cell Rep. 2021; 35

(13):109320. Epub 2021/06/20. https://doi.org/10.1016/j.celrep.2021.109320 PMID: 34146478;

PubMed Central PMCID: PMC8192958.

60. Dikiy S, Rudensky AY. Principles of regulatory T cell function. Immunity. 2023; 56(2):240–55. Epub

2023/02/16. https://doi.org/10.1016/j.immuni.2023.01.004 PMID: 36792571.

61. Avery DT, Bryant VL, Ma CS, de Waal Malefyt R, Tangye SG. IL-21-induced isotype switching to IgG

and IgA by human naive B cells is differentially regulated by IL-4. Journal of immunology. 2008; 181

(3):1767–79. Epub 2008/07/22. https://doi.org/10.4049/jimmunol.181.3.1767 PMID: 18641314.

62. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, et al. IL-21 acts directly on B

cells to regulate Bcl-6 expression and germinal center responses. J Exp Med. 2010; 207(2):353–63.

Epub 2010/02/10. https://doi.org/10.1084/jem.20091738 PMID: 20142429; PubMed Central PMCID:

PMC2822609.

63. Zotos D, Coquet JM, Zhang Y, Light A, D’Costa K, Kallies A, et al. IL-21 regulates germinal center B cell

differentiation and proliferation through a B cell-intrinsic mechanism. J Exp Med. 2010; 207(2):365–78.

Epub 2010/02/10. https://doi.org/10.1084/jem.20091777 PMID: 20142430; PubMed Central PMCID:

PMC2822601.

64. Neidleman J, Luo X, George AF, McGregor M, Yang J, Yun C, et al. Distinctive features of SARS-CoV-

2-specific T cells predict recovery from severe COVID-19. Cell Rep. 2021; 36(3):109414. Epub 2021/

07/15. https://doi.org/10.1016/j.celrep.2021.109414 PMID: 34260965; PubMed Central PMCID:

PMC8238659.

65. Guito JC, Prescott JB, Arnold CE, Amman BR, Schuh AJ, Spengler JR, et al. Asymptomatic Infection of

Marburg Virus Reservoir Bats Is Explained by a Strategy of Immunoprotective Disease Tolerance. Curr

Biol. 2021; 31(2):257–70 e5. Epub 2020/11/07. https://doi.org/10.1016/j.cub.2020.10.015 PMID:

33157026.

66. Kirejczyk SGM, Amman BR, Schuh AJ, Sealy TK, Albarino CG, Zhang J, et al. Histopathologic and

Immunohistochemical Evaluation of Induced Lesions, Tissue Tropism and Host Responses following

Experimental Infection of Egyptian Rousette Bats (Rousettus aegyptiacus) with the Zoonotic Paramyxo-

virus, Sosuga Virus. Viruses. 2022; 14(6). Epub 2022/06/25. https://doi.org/10.3390/v14061278 PMID:

35746749; PubMed Central PMCID: PMC9227259.

67. Easterbrook JD, Zink MC, Klein SL. Regulatory T cells enhance persistence of the zoonotic pathogen

Seoul virus in its reservoir host. Proceedings of the National Academy of Sciences of the United States

of America. 2007; 104(39):15502–7. https://doi.org/10.1073/pnas.0707453104 PMID: 17878294;

PubMed Central PMCID: PMC2000529.

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 25 / 26

https://doi.org/10.1038/s41392-020-00355-9
http://www.ncbi.nlm.nih.gov/pubmed/33060566
https://doi.org/10.1177/0300985820943535
http://www.ncbi.nlm.nih.gov/pubmed/32663073
https://doi.org/10.1126/scitranslmed.abo5070
http://www.ncbi.nlm.nih.gov/pubmed/35857635
https://doi.org/10.3389/fimmu.2022.811430
http://www.ncbi.nlm.nih.gov/pubmed/35250984
https://doi.org/10.1038/nm1293
https://doi.org/10.1038/nm1293
http://www.ncbi.nlm.nih.gov/pubmed/16186817
https://doi.org/10.1038/nm1292
http://www.ncbi.nlm.nih.gov/pubmed/16186818
https://doi.org/10.1126/sciimmunol.abd2071
http://www.ncbi.nlm.nih.gov/pubmed/32591408
https://doi.org/10.1016/j.celrep.2021.109320
http://www.ncbi.nlm.nih.gov/pubmed/34146478
https://doi.org/10.1016/j.immuni.2023.01.004
http://www.ncbi.nlm.nih.gov/pubmed/36792571
https://doi.org/10.4049/jimmunol.181.3.1767
http://www.ncbi.nlm.nih.gov/pubmed/18641314
https://doi.org/10.1084/jem.20091738
http://www.ncbi.nlm.nih.gov/pubmed/20142429
https://doi.org/10.1084/jem.20091777
http://www.ncbi.nlm.nih.gov/pubmed/20142430
https://doi.org/10.1016/j.celrep.2021.109414
http://www.ncbi.nlm.nih.gov/pubmed/34260965
https://doi.org/10.1016/j.cub.2020.10.015
http://www.ncbi.nlm.nih.gov/pubmed/33157026
https://doi.org/10.3390/v14061278
http://www.ncbi.nlm.nih.gov/pubmed/35746749
https://doi.org/10.1073/pnas.0707453104
http://www.ncbi.nlm.nih.gov/pubmed/17878294
https://doi.org/10.1371/journal.ppat.1011728


68. Schountz T, Prescott J, Cogswell AC, Oko L, Mirowsky-Garcia K, Galvez AP, et al. Regulatory T cell-

like responses in deer mice persistently infected with Sin Nombre virus. Proceedings of the National

Academy of Sciences of the United States of America. 2007; 104(39):15496–501. Epub 2007/09/19.

https://doi.org/10.1073/pnas.0707454104 PMID: 17875986.

69. Schountz T, Acuna-Retamar M, Feinstein S, Prescott J, Torres-Perez F, Podell B, et al. Kinetics of

immune responses in deer mice experimentally infected with Sin Nombre virus. Journal of virology.

2012; 86(18):10015–27. https://doi.org/10.1128/JVI.06875-11 PMID: 22787210; PubMed Central

PMCID: PMC3446614.

70. Ferragut F, Cruz KM, Gallardo JP, Fernandez M, Hernandez Vasquez Y, Gomez KA. Activation-

induced marker assays for identification of Trypanosoma cruzi-specific CD4 or CD8 T cells in chronic

Chagas disease patients. Immunology. 2022. Epub 2022/12/27. https://doi.org/10.1111/imm.13622

PMID: 36567491.

71. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for protein modeling,

prediction and analysis. Nat Protoc. 2015; 10(6):845–58. Epub 2015/05/08. https://doi.org/10.1038/

nprot.2015.053 PMID: 25950237; PubMed Central PMCID: PMC5298202.

72. Henikoff S, Henikoff JG. Amino acid substitution matrices from protein blocks. Proceedings of the

National Academy of Sciences of the United States of America. 1992; 89(22):10915–9. Epub 1992/11/

15. https://doi.org/10.1073/pnas.89.22.10915 PMID: 1438297; PubMed Central PMCID: PMC50453.

73. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al. Detection of 2019 novel corona-

virus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 2020; 25(3). Epub 2020/01/30. https://doi.org/

10.2807/1560-7917.ES.2020.25.3.2000045 PMID: 31992387; PubMed Central PMCID: PMC6988269.

74. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K, et al. Structure-based

design of prefusion-stabilized SARS-CoV-2 spikes. Science. 2020; 369(6510):1501–5. Epub 2020/07/

25. https://doi.org/10.1126/science.abd0826 PMID: 32703906; PubMed Central PMCID:

PMC7402631.

75. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, Function, and Antigenicity

of the SARS-CoV-2 Spike Glycoprotein. Cell. 2020; 181(2):281–92 e6. Epub 2020/03/11. https://doi.

org/10.1016/j.cell.2020.02.058 PMID: 32155444; PubMed Central PMCID: PMC7102599.

76. McCallum M, Bassi J, De Marco A, Chen A, Walls AC, Di Iulio J, et al. SARS-CoV-2 immune evasion by

the B.1.427/B.1.429 variant of concern. Science. 2021; 373(6555):648–54. Epub 2021/07/03. https://

doi.org/10.1126/science.abi7994 PMID: 34210893.

77. McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, et al. Molecular basis of immune

evasion by the Delta and Kappa SARS-CoV-2 variants. Science. 2021; 374(6575):1621–6. Epub 2021/

11/10. https://doi.org/10.1126/science.abl8506 PMID: 34751595.

78. Oko L, Aduddell-Swope B, Willis D, Hamor R, Coons TA, Hjelle B, et al. Profiling helper T cell subset

gene expression in deer mice. BMC Immunol. 2006; 7:18. https://doi.org/10.1186/1471-2172-7-18

PMID: 16916450.

PLOS PATHOGENS Human ACE2 renders Jamaican fruit bats susceptible to SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011728 October 19, 2023 26 / 26

https://doi.org/10.1073/pnas.0707454104
http://www.ncbi.nlm.nih.gov/pubmed/17875986
https://doi.org/10.1128/JVI.06875-11
http://www.ncbi.nlm.nih.gov/pubmed/22787210
https://doi.org/10.1111/imm.13622
http://www.ncbi.nlm.nih.gov/pubmed/36567491
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1073/pnas.89.22.10915
http://www.ncbi.nlm.nih.gov/pubmed/1438297
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387
https://doi.org/10.1126/science.abd0826
http://www.ncbi.nlm.nih.gov/pubmed/32703906
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32155444
https://doi.org/10.1126/science.abi7994
https://doi.org/10.1126/science.abi7994
http://www.ncbi.nlm.nih.gov/pubmed/34210893
https://doi.org/10.1126/science.abl8506
http://www.ncbi.nlm.nih.gov/pubmed/34751595
https://doi.org/10.1186/1471-2172-7-18
http://www.ncbi.nlm.nih.gov/pubmed/16916450
https://doi.org/10.1371/journal.ppat.1011728

