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SUMMARY

Bats are reservoirs for a large number of viruses which have potential to cause
major human disease outbreaks, including the current coronavirus disease 2019
(COVID-19) pandemic. Major efforts are underway to understand bat immune
response to viruses, whereas much less is known about their immune responses
to bacteria. In this study, MR1-restricted T (MR1T) cells were detected through
the use of MR1 tetramers in circulation and tissues of Pteropus alecto (Pa) bats.
PaMR1T cells exhibitedweak responses toMR1-presentedmicrobial metabolites
at resting state. However, following priming with MR1-presented agonist they
proliferated, upregulated critical transcription factors and cytolytic proteins,
and gained transient expression of Th1/17-related cytokines and antibacterial
cytotoxicity. Collectively, these findings show that the Pa bat immune system en-
compasses an abundant and functionally conserved population ofMR1T cells with
mucosal-associated invariant T-like characteristics, suggesting that MR1 and
MR1T cells also play a significant role in bat immune defense.

INTRODUCTION

Bats are a large group of mammals in the order of Chiroptera and the only mammals capable of sustained

and powered flights. Bats are divided into the suborders Yinpterochiroptera and Yangochiroptera (Tsag-

kogeorga et al., 2013), which formerly included megabats and most microbats, respectively. Apart from

other unique features including long life spans (Wilkinson and South, 2002) and low rate of tumorigenesis

(Wang et al., 2011), bats are reservoirs for pathogenic viruses of animal and human health significance, such

as severe acute respiratory syndrome (SARS), Ebola virus, and Nipah virus (Luis et al., 2013; Wynne and

Wang, 2013). The novel SARS coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease

2019 (COVID-19), appears to originate from bats (Andersen et al., 2020; Zhou et al., 2020), highlighting

the important role of bats in emerging infectious diseases. While bats are natural carriers of multiple path-

ogenic viruses, they do not usually display signs of disease (Luis et al., 2013; Wynne and Wang, 2013). Data

from a broad comparative genomic study indicate that bats are the only mammals to have lost the entire

pyrin and HIN domain gene family, which codes for DNA sensors important for dsDNA-triggered inflam-

mation (Ahn et al., 2016). There are also lower levels of apoptosis-associated speck-like protein containing

a CARD, caspase-1, as well as interleukin (IL)-1b secretion in bat immune cells following infection by various

zoonotic viruses (Ahn et al., 2019; Goh et al., 2020). In addition, nucleotide-binding domain leucine-rich

repeat and pyrin domain containing receptor 3 (NLRP3) activity appear to be reduced in the bat immune

cells compared to human andmurine counterparts (Ahn et al., 2019). These studies suggest that bats have a

dampened innate immune system (Xie et al., 2018). This may be linked to the evolutionary adaptation to

powered flight (Zhang et al., 2013).

Studies into bat immune systems have been hampered by the lack of bat-specific reagents. Nevertheless,

comparative genomic studies have previously identified conserved immune marker genes, facilitating the

identification and characterization of bat immune cells (Gamage et al., 2020; Martinez Gomez et al., 2016;

Periasamy et al., 2019). By using cross-reactive antibodies to specific markers for immune cells in other

mammals, and flow cytometry-fluorescence in situ hybridization (Flow-FISH) technology for gene
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expression at the mRNA level, both CD4+ and CD8+ T cells can be identified in pteropodid bats (Martinez

Gomez et al., 2016). In addition, subsets of B cells have been described in pteropodid bats by employing a

similar strategy of screening for suitable species cross-reactive antibodies (Periasamy et al., 2019). Lastly,

several subsets of blood monocytes and alveolar macrophages were identified using a similar approach

(Gamage et al., 2020).

The major histocompatibility complex (MHC)-Ib related protein (MR1) presents vitamin B2-related antigens

(Corbett et al., 2014; Kjer-Nielsen et al., 2012), to a group of unconventional innate-like T cell populations

expressing semi-invariant T cell receptor (TCR) rearrangements collectively known as MR1-restricted T

(MR1T) cells (Godfrey et al., 2019; Huang et al., 2005; Treiner et al., 2003). MR1 displays an extraordinary

level of evolutionary conservation among eutherian mammals (Huang et al., 2009; Mondot et al., 2016; Rie-

gert et al., 1998; Tsukamoto et al., 2013), with the corresponding invariant TCR rearrangements and MR1T

cell populations in eutherians where MR1 is present (Boudinot et al., 2016; Goldfinch et al., 2010; Rahim-

pour et al., 2015; Xiao et al., 2019). In contrast, specific lack of the corresponding invariant TCR rearrange-

ments and MR1T cell populations are noted in some mammals where the gene for MR1 is absent, such as

mammals belonging to the orders of Carnivora and Lagomorpha, as well as the armadillos (Xenarthra)

(Boudinot et al., 2016). Overall, these observations suggest that MR1 and MR1T cells have co-evolved un-

der selection pressure and implicate their importance in the immune system of eutherian mammals (Bou-

dinot et al., 2016; Godfrey et al., 2019; Huang et al., 2009).

In mice and humans, classical mucosal-associated invariant T (MAIT) cells expressing an invariant TCR with

the TRAV1-2 segment represent the vast majority of MR1T cells (Godfrey et al., 2019). MAIT cells recognize

vitamins B2 (riboflavin) and B9 (folic acid)-related microbial metabolites and are an antimicrobial T cell pop-

ulation present in high abundance in tissues and circulation (Godfrey et al., 2019). MAIT cells rapidly

perform a range of effector responses following MR1-restricted recognition of antigen, including cytokine

production, cytotoxicity, antimicrobial activity, and tissue repair (Boulouis et al., 2020b; Constantinides

et al., 2019; Dusseaux et al., 2011; Gibbs et al., 2017; Hinks et al., 2019; Lamichhane et al., 2019; Leeansyah

et al., 2013; Leng et al., 2019; Meierovics et al., 2013). MAIT cell development and functional characteristics

are under the control of the master transcription factor promyelocytic leukemia zinc finger (PLZF, or zinc

finger and BTB domain containing 16, ZBTB16), the Th17-associated retinoid-related orphan receptor

(ROR) gt, as well as the T cell transcription factors eomesodermin (eomes) and T box transcription factor

21 (TBX21, or T-bet) (Dusseaux et al., 2011; Koay et al., 2016, 2019; Leeansyah et al., 2014, 2015; Martin

et al., 2009; Savage et al., 2008). Evidence from human in vitro and challenge studies, as well as murine

and non-human primate models of infectious diseases, strongly support an important role of MAIT cells

in various bacterial and viral infections (Boulouis et al., 2020b; Ellis et al., 2020; Howson et al., 2018; Le Bour-

his et al., 2010; Meierovics et al., 2013; Salerno-Goncalves et al., 2017; van Wilgenburg et al., 2018; Wang

et al., 2018, 2019). Interestingly, this includes the recent observation that MAIT cells respond strongly to

SARS-CoV-2 infection in humans (Flament et al., 2020; Jouan et al., 2020; Parrot et al., 2020). Altogether,

these characteristics strongly support the notion that MR1 and MR1T cells perform critical functions in

the immune system of placental mammals.

In the current study, we investigated the phenotypic and functional characteristics of MR1T cells in a model

pteropodid bat, the fruit-eating black flying fox Pteropus alecto (Pa) belonging to the suborder Yinptero-

chiroptera. We provide here the first evidence of a highly abundant MR1T cell population with MAIT cell-

like characteristics in the pteropodid bats, including reactivity, proliferation, cytokine production, and cyto-

toxicity in response to stimulation by an agonist MR1-binding ligand and the model microbe Escherichia

coli. The execution of MAIT-like effector functionality of Pa MR1T cells is tightly regulated with rapid onset

of action and rapid resolution, potentially minimizing the risk of immune pathology, and supporting the

notion of enhanced innate immune tolerance in bats. The abundance of MAIT cell-like MR1T cells in this

species supports the concept that MR1 and MR1T cells may play important roles in bat immune systems.
RESULTS

MR1 Is Highly Conserved in Various Bat Species

The human hMR1 whole genomic and translated full-length amino acid sequences were compared with

those of bat species from the suborder Yinpterochiroptera and Yangochiroptera, as well as with those of

various other placental mammals (Figures S1A–S1C). Strong gene and protein sequence similarity

(85–88% and 80–83% homology, respectively) was noted for MR1 from various Yinpterochiropterans and
2 iScience 23, 101876, December 18, 2020
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Yangochiropterans versus human origin (Figures S1B and S1C). Furthermore, MR1 genes in the various bat

species displayed greater sequence similarity with hMR1 than with those of house mouse (Mus musculus),

brown rat (Rattus norvegicus), and cattle (Bos taurus) (Figures S1B and S1C). MR1 sequences from bats also

tended to cluster within their own respective suborders of Yinpterochiroptera and Yangochiroptera (Fig-

ure S1A). The closest MR1 sequence phylogenetic distance to the bats belong to those of the odd-toed

ungulate horse (Equus caballus), in agreement with the thymocyte transcript data set on the relative ge-

netic similarity between pteropodid bats and the horse (Papenfuss et al., 2012), followed by those of the

even-toed ungulates cattle and pig (Sus scrofa), and then those of human and chimpanzee (Pan troglo-

dytes) (Figure S1A). The rodent and amphibian MR1 sequences were phylogenetically more distant to

MR1 sequences from bats (Figure S1A). Overall, these results suggest the presence of the riboflavin and

folic acid-related metabolite restriction element MR1 in various bat species and are consistent with the

notion of high conservation of MR1 among placental mammals (Huang et al., 2009; Mondot et al., 2016;

Riegert et al., 1998; Tsukamoto et al., 2013). Importantly, these results highlight the relatively close

sequence similarities between hMR1 and MR1 from the various bat species.

MR1T Cells Are Present in the Circulation and Tissues of Pteropus alecto

Because the MR1 sequence is present in various bat species, the presence of T cells reactive to the restric-

tion element MR1 was investigated using a model pteropid bat, the fruit-eating black flying fox Pa. Due to

the higher sequence similarity of Pa MR1 at the amino acid level with that of human than mouse (Fig-

ure S1C), hMR1 tetramers loaded with the MR1 ligands 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil

(5-OP-RU) or 6-formyl pterin (6-FP) were used to stain mononuclear cells (MNCs) derived from Pa peripheral

blood (PB), spleen, and bone marrow (BM), compared with PBMC controls from healthy adult humans.

Initially, Pa spleen MNCs were stained with titrated concentrations of hMR1-5-OP-RU tetramer to deter-

mine an optimal staining concentration. Human MR1-5-OP-RU tetramer staining occurred at high dilutions

(Figure S2A), suggesting specific and high-affinity binding of the 5-OP-RU-loaded hMR1 tetramer. While

hMAIT cells predominantly did not bind the hMR1-6-FP tetramer, the Pa hMR1-5-OP-RU+ T cells stained

weakly positive for hMR1-6-FP tetramer (Figure S2B). The staining with hMR1-6-FP tetramer was gradually

lost at lower concentrations (Figure S2C). The specificity of hMR1-5-OP-RU tetramer binding was confirmed

in pre-blocking experiments with titrated hMR1-6-FP tetramer followed by staining with a fixed concentra-

tion of hMR1-5-OP-RU tetramer. Here, pre-blocking with hMR1-6-FP tetramers had no detectable effect on

hMR1-5-OP-RU tetramer binding to Pa CD3+ T cells (Figure 1A, top panel and 1B). In contrast, pre-blocking

with titrated hMR1-5-OP-RU tetramer completely abolished hMR1-6-FP binding at the highest hMR1-5-OP-

RU tetramer concentration (Figure 1A, bottom panel and 1B). These results indicate that the weak binding

of Pa CD3+ T cells to 6-FP-loaded hMR1 tetramer was of low-affinity, whereas the strong binding to 5-OP-

RU-loaded hMR1 tetramer was highly specific.

By using hMR1-5-OP-RU tetramer, 5-OP-RU-reactive cells were detected within the CD3+ T cell population

of the wild Pa PB, BM, and spleen (Figures 1C and 1D), at levels higher than those observed for PB hMAIT

cells (Figure 1D). The vast majority of hMR1-5-OP-RU+ T cells in humans are TRAV1-2+ (TCR Va7.2+) MAIT

cells. Prior to the discovery of the MR1 ligands, hMAIT cells were routinely identified by the co-expression

of TCR Va7.2 and high levels of the C-type lectin receptor CD161 on T cells (Martin et al., 2009). However,

the anti-Va7.2 mAb clone 3C10 did not stain Pa hMR1-5-OP-RU+ T cells (Figure S2D). Furthermore, neither

of the two mAb clones commonly used to detect hCD161, DX12 and HP-3G10, stained Pa hMR1-5-OP-RU+

T cells (Figure S2E). Altogether, these findings indicate that the hMR1 tetramers can identify MR1T cells in

the circulation and tissues of the pteropid bat. Throughout this study, PaMR1T cells are defined by hMR1-5-

OP-RU tetramer staining on Pa CD3+ T cells, irrespective of binding toward hMR1-6-FP tetramer. Moreover,

because of the limited availability of Pa PB and spleen tissue samples, BM tissue samples were selected to

characterize MR1T cell phenotypic and functional characteristics hereafter, with spleen tissues included as

a comparison where available.

Pa MR1T Cells Express Classical and Innate-Like T-Cell-Associated Transcription Factors

Human MAIT cells express the innate-like T cell transcription factor PLZF, alongside with the Th17 master

transcription factor RORgt and the classical T cell transcription factors T-bet and Eomes (Dias et al., 2017a;

Gherardin et al., 2016; Leeansyah et al., 2015) (Figure 1E). Pa BM and spleen MR1T cells also expressed

these transcription factors (Figures 1E, 1F, and S2F). MR1T cells in both spleen and BM of Pa expressed

higher levels of RORgt, T-bet, and Eomes compared to those of Pa non-MR1T cells (Figures 1E, 1F, and

S2F). However, PLZF was detected at similar levels between Pa MR1T and non-MR1T cells. Pa ex vivo
iScience 23, 101876, December 18, 2020 3



Figure 1. MR1T Cells Are Present in Circulation and Tissues of P. alecto

(A) Representative histogram of Pa bone marrow (BM) mononuclear cells (MNCs) either pre-blocked with titrated

concentrations of hMR1-6-FP or hMR1-5-OP-RU tetramer as indicated, followed by incubation with a fixed concentration

of hMR1-5-OP-RU tetramer (top panel) or hMR1-6-FP tetramer (bottom panel), respectively (n = 3).

(B) The mean fluorescent intensity (MFI) levels of hMR1-5-OP-RU tetramer following hMR1-6-FP pre-blocking, and hMR1-

6-FP teramer following hMR1-5-OP-RU pre-blocking (n = 3). See also Figures S2A–S2C.

(C and D) (C) Identification and (D) enumeration of MR1T cells in the circulation, spleen (spl), and BM of Pa (n = 6-14).

Human peripheral blood (PB) MAIT cells were included as a comparison (n = 57). See also Figures S2D and S2E.

(E and F) (E) Representative histrograms and (F) expression of the transcription factors PLZF, RORgt, T-bet, and Eomes as

well as the cytolytic protein perforin (Prf) in MR1T cells and non-MR1T cells in BM tissues of Pa bats (n = 7-12) and in human

MAIT cells. See also Figure S2F. Data presented as a line graph with error bars represents the mean and standard error.

Box and whisker plots show all data points, median, and the interquartile range. See also Figure S2. Statistical significance

was determined using the Kruskal-Wallis ANOVA followed by Dunn’s multiple comparison test followed post-hoc test

(D), Wilcoxon’s signed-rank test (E; PLZF), or paired t test (F; RORgt, T-bet, Eomes, Prf). ****p < 0.0001,

***p < 0.001,**p < 0.01,*p < 0.05. ns, not significant.
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MR1T cells expressed low levels of the pore-forming protein perforin (Prf), although significantly more than

Pa non-MR1T cells (Figures 1E, 1F, and S2F). This is reminiscent of hMAIT cell Prf expression (Kurioka et al.,

2015; Le Bourhis et al., 2013; Leeansyah et al., 2015) and suggests that Pa MR1T cells may have poor cyto-

toxic capacity at resting state. Taken together, these findings indicate that Pa MR1T cells resemble hMAIT

cells with regards to expression of Prf as well as innate-like and classical T cell-associated transcription

factors.

Pa MR1T Cells Proliferate following Stimulation with Synthetic Riboflavin-Related MAIT Cell

Antigen and Riboflavin Synthesis-Competent E. coli

Given that Pa MR1T cells bind strongly to 5-OP-RU-loaded and weakly to 6-FP-loaded hMR1 tetramers, Pa

MR1T cells may potentially be reactive to both riboflavin (5-OP-RU)-related and folic acid (6-FP)-related

metabolites. To evaluate this possibility, MNCs from Pa BM and spleen were cultured in the presence of

5-OP-RU (Mak et al., 2017), acetyl(Ac)-6-FP, or mildly fixed riboflavin synthesis – competent RibA+ and –

incompetent RibA� strains of E. coli. Due to the unavailability of commercial Pa-specific T cell-supportive

cytokines, cultures were supplemented with recombinant human (rh)IL-2 and (rh)IL-7. Assessments on day

5 post-stimulation demonstrated that PaMR1T cells specifically proliferated in response to stimulation with

the riboflavin-related intermediate 5-OP-RU and RibA+ riboflavin synthesis-competent strains of E. coli but

significantly less so to the folic acid metabolite Ac-6-FP and a RibA� riboflavin-synthesis-deficient strain of

E. coli (Figures 2A–2D). Further analyses indicated that the low-level Pa MR1T cell proliferation to Ac-6-FP

and a RibA� strain of E. coli stimulations was likely due to the proliferative response to rhIL-2+IL-7 supple-

mentation alone (Figures 2B–2D). The Pa MR1T cell proliferative pattern was similar to that of hMAIT cells

(Figure 2B), although hMAIT cells appeared to have stronger proliferative responses toward 5-OP-RU and

RibA+ E. coli (Figures S2G and S2H). Interestingly, Pa non-MR1T cells displayed relatively strong prolifer-

ative responses to rhIL-2+IL-7 supplementation regardless of antigenic stimulations (Figures 2B–2D).

Collectively, these findings indicate that PaMR1T cells display a specific proliferative response toward ribo-

flavin-related metabolite antigens similar to that of hMAIT cells. Moreover, despite the weak binding to

hMR1-6-FP tetramer, Pa MR1T cells did not appear to proliferate in response to folic acid-related metab-

olite stimulation.

PaMR1T Cells Upregulate Effector Transcription Factors and Perforin following AgonistMR1

Ligand and Cytokine Stimulation

In humans, MAIT cells upregulate critical transcription factors as well as cytolytic effector proteins following

antigen-specific and cytokine stimulations (Leeansyah et al., 2015). Pa BMMR1T cells progressively over the

10-day culture period upregulated PLZF, RORgt, T-bet, Eomes, and Prf following proliferation in response

to 5-OP-RU stimulation in the presence of exogenous hIL-2+IL-7 (Figures 3A and 3B). Pa non-MR1T cells did

not upregulate these transcription factors and Prf to the same extent (Figures 3C and 3D), indicating higher

sensitivity of Pa MR1T cells to this stimulation. Further analyses indicated that cytokine stimulation alone

appeared to be sufficient to induce the upregulation of these transcription factors and Prf in Pa MR1T cells

(Figures 3E and 3F), consistent with the pattern observed in hMAIT cells (Kurioka et al., 2015; Leeansyah

et al., 2015). Interestingly, cognate TCR stimulations further increased Prf expression, but not PLZF, RORgt,

T-bet, or Eomes (Figures 3E and 3F). Taken together, these data indicate that Pa MR1T cells resemble

hMAIT cells in their expression of transcription factors and the cytolytic protein Prf following TCR and cyto-

kine stimulation.

Antigen-Expanded Pa MR1T Cells Produce TNF and IL-17

In humans and mice, MAIT cells produce Th1/Th17-like cytokines, including IFNg, TNF, and IL-17 (God-

frey et al., 2019). To evaluate whether Pa MR1T cells also produce these cytokines, resting ex vivo Pa

MR1T cells without previous priming or expansion were incubated with the riboflavin-related metabolite

5-OP-RU or mildly fixed RibA+ E. coli overnight. The downregulation of the hMAIT cell surface TCR can

be used as an alternative means to measure hMAIT cell activation following cognate TCR-dependent

stimulations (Dias et al., 2016, 2017a). Pa MR1T cells exhibited modest TCR downregulation following

cognate stimulations (Figures 4A and 4B). The levels of TCR downregulation by Pa MR1T cells were

significantly less than those of hMAIT cells (Figure 4C), suggesting less activation of unprimed Pa

MR1T cells following cognate stimulations. Short-term incubations with phorbol ester and calcium iono-

phore did not significantly down-regulate surface TCR expression on either Pa MR1T or hMAIT cells (Fig-

ures 4A and 4B), but the degree of such downregulation was still weaker in Pa MR1T cells than that of

hMAIT cells (Figure 4C). Surprisingly, very little TNF or IL-17 expression was detected in unprimed
iScience 23, 101876, December 18, 2020 5



Figure 2. Pa MR1T Cells Specifically Proliferate to Riboflavin-Related Metabolite MR1 ligands.

(A and B) (A) Identification of Pa MR1T cells and (B) representative histograms of CellTrace Violet (CTV) dilution after 5

days in vitro culture with the MR1 ligands 5-OP-RU and Ac-6-FP, as well as riboflavin synthesis-autotroph E. coli RibA+

1100-2 and riboflavin synthesis-deficient E. coli RibA� BSV18 in the presence of recombinant human (rh)IL-2 and IL-7 or

control medium.

(C and D) (C) Expansion and (D) proliferation indices of Pa MR1T cells and non-MR1T cells following 5 days culture with

variousMR1 ligands and E. coli RibA+ EC120S and 1100-2 and E. coli RibA�BSV18 based on CTV dilution using the FlowJo

v 9.9 software (n = 7-13). See also Figures S2G and S2H. Box and whisker plots show all data points, median, and the

interquartile range. Statistical significance was determined using the Mann-Whitney test for comparisons between

control medium and medium supplemented with rhIL-2+IL-7, and between Ac-6-FP and 5-OP-RU (C and D). The

Wilcoxon’s signed-rank test was used to determine significance between E. coli RibA+ and RibA� strains (C and D).

****p < 0.0001, ***p < 0.001,**p < 0.01,*p < 0.05. ns, not significant. iCD3, intracellular CD3.
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ex vivo Pa MR1T cells stimulated with 5-OP-RU or riboflavin-producing E. coli (Figures 4D–4F and S3A),

despite uptake of E. coli by Pa BM MNC (Figure S3B) and surface TCR downregulation (Figures 4A–4C).

However, under identical stimulations conditions, unprimed hMAIT cells produced significant amounts of

TNF and IL-17 (Figures 4D–4F and S3A). Negligible cytokine production by Pa MR1T and hMAIT cells was

observed following Ac-6-FP and riboflavin-deficient E. coli stimulations (Figure S3A). Nevertheless, strong

stimulation using phorbol ester and calcium ionophore provoked TNF and IL-17 expression by resting,

non-expanded Pa MR1T cells at comparable levels to those of hMAIT cells in this limited set of experi-

ments (Figures 4D–4F and S3A). Furthermore, the resting unprimed Pa MR1T cells also did not express

TNF and IL-17 at higher bacterial doses (Figure S3C), although non-significantly increased levels were

observed during longer incubations (Figure 4G). Expression of caspase 3 appeared to increase in un-

primed Pa MR1T cells stimulated with 5-OP-RU- or mildly-fixed RibA+ E. coli, but this increase was com-

parable to what was observed in hMAIT cells (Figure S3D). Altogether, these findings indicate a lack of

robust pro-inflammatory cytokine expression by resting unprimed Pa MR1T cells following agonistic

stimulations.
6 iScience 23, 101876, December 18, 2020



Figure 3. Pa MR1T Cells Upregulate Effector Transcription Factors Following Proliferation.

(A and B) (A) Flow cytometry plots and (B) expression of the transcription factors PLZF, T-bet, and Eomes as well as RORgt

and the cytolytic protein Prf from separate, independent experiments, respectively, along with CTV dilution by Pa MR1T

cells on day 0, 5, and 10 following stimulation with 5-OP-RU supplemented with rhIL-2+IL-7 (n = 4-9).

(C and D) (C) Histograms of the transcription factors PLZF, RORgt, T-bet, and Eomes, and the cytolytic protein Prf at

resting and following culture with 5-OP-RU supplemented with rhIL-2+IL-7 and (D) expression of the same effector

transcription factors and cytolytic protein by Pa MR1T cells and Pa non-MR1T cells on day 10 of culture (n = 7-8).

(E and F) (E) Histograms and (F) levels (MFI) of the transcription factors PLZF, RORgt, T-bet, and Eomes, and the cytolytic

protein Prf at day 7–10 of culture in medium alone, medium supplemented with rhIL-2+IL-7, or with various MR1 ligands,

riboflavin-producing or -deficient E. coli strains in the presence of rhIL-2+IL-7 (n = 47-8). Data presented as a line graph

with error bars represent the mean and standard error. Box and whisker plot shows all data points, median, and the

interquartile range. Statistical significance was determined using the paired t test (RORgt, Eomes, Prf) (D), or Wilcoxon’s

signed-rank test (PLZF and T-bet) (D), between Ac-6-FP and 5-OP-RU (F), and between E. coli RibA+ and RibA� strains (F),

or Mann-Whitney’s test between medium and rhIL-2+IL-7 (F). ****p < 0.0001, **p < 0.01,*p < 0.05, [*] p < 0.1. FMO,

fluorescence minus one; ns, not significant.
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Figure 4. Unprimed PaMR1T CellsWere Incapable in Producing TNF and IL-17 following Stimulation with Agonist

MR1 ligands.

(A and B) (A) Concatenation and levels (B) of Pa MR1T or hMAIT cell hMR1-5-OP-RU staining intensity (MFI) from following

stimulation with 5-OP-RU, riboflavin synthesis-competent E. coli, or PMA/ionomycin (n = 6 each).

(C) Comparison of hMR1-5-OP-RU staining intensity (MFI) between Pa MR1T cells and hMAIT cells following stimulations

relative to unstimulated controls (n = 6). (D) Representative flow cytometry plots of (E) TNF and (F) IL-17 expression by

freshly thawed (day 0) Pa BM MR1T cells or hMAIT cells following 24 h culture with MR1 ligand 5-OP-RU or E. coli EC120S

(n = 6). PMA/ionomycin treatment for 6 h were used as positive controls. (G) TNF and IL-17 production by freshly thawed

Pa BM MR1T cells at indicated time points following incubation with MR1 ligand 5-OP-RU or E. coli EC120S (n = 2-6). See

also Figures S3A–S3D. Data presented as a line graph with error bars represent the mean and standard error. Box and

whisker plot shows all data points, median, and the interquartile range. Statistical significance was determined

using the Friedman test followed with Dunn’s multiple comparison test (B), and Mann-Whitney’s test (C, E, and F).

**p < 0.01,*p < 0.05, [*] p < 0.1. ns, not significant.
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Next, whether the relative lack of cytokine production in resting Pa MR1T cells also extends to antigen- and

cytokine-primed and proliferating Pa MR1T cells was evaluated. To that end, expansion cultured Pa MR1T

cells were incubated with MNC from the same Pa animals pre-pulsed with the riboflavin-related metabolite

5-OP-RU, the folate-related metabolite Ac-6-FP, or riboflavin–autotroph RibA+ and –auxotroph RibA�

strains of E. coli. The addition of autologous MNC was necessary to provide antigen-presenting cells

(APCs), which were lost during culture (Figure 2A). Using this approach (Figure S3E), the expansion cultured

and primed Pa MR1T cells expressed TNF and IL-17 already at 8 h following stimulation with APC pulsed
8 iScience 23, 101876, December 18, 2020



Figure 5. Expanded Pa MR1T Cells Produce TNF and IL-17 following Stimulation with Agonist MR1 Ligands.

(A–D) (A) Representative flow cytometry plots of (B) TNF and (C) IL-17 expression by Pa MR1T cells, Pa non-MR1T cells, or

hMAIT cells following 8 h co-culture or (D) at indicated time points of expanded (day 15–17) Pa BM MNC or hMAIT cells

with freshly-thawed, autologous resting Pa BMMNC or hPBMC, respectively, that had been pulsed with MR1 ligands Ac-

6-FP or 5-OP-RU, or E. coli strains EC120S, 1100-2 (both RibA+), or BSV18 (RibA-) (n = 4-7 (B and C), 2–6 (D)). PMA/

ionomycin treatment for 8 h on expanded Pa BM MNC alone were used as positive controls.

(E) Flow cytometry plots and expression of IL-17 in TNF� and TNF+ Pa MR1T cells co-cultured with freshly-thawed,

autologous resting Pa BM MNC pre-pulsed with 5-OP-RU (n = 6).

(F) Histograms and levels of TNF (mean fluorescence intensity; MFI) within IL-17- TNF+ and IL-17+ TNF+ Pa MR1T cell

subsets following co-culture with freshly thawed, autologous resting Pa BM MNC pre-pulsed with 5-OP-RU (n = 6). See

also Figures S3E–S3J. Box and whisker plot shows all data points, median, and the interquartile range. Data presented as

a line graph with error bars represent the mean and standard error. Statistical significance was determined using the

Mann-Whitney test (B and C), Wilcoxon’s signed-rank test (E), or paired t test (F). **p < 0.01,*p < 0.05, [*] p < 0.1. ns, not

significant.

ll
OPEN ACCESS

iScience
Article
with 5-OP-RU or riboflavin-autotroph RibA+ strains of E. coli (Figures 5A–5C, S3F, and S3G). No significant

cytokine expression was detected from those stimulated with Ac-6-FP or riboflavin-deficient RibA� strains

of E. coli (Figures 5A–5C). This pattern resembled that of expanded hMAIT cells, albeit hMAIT

cells produced somewhat less TNF and IL-17 using this experimental approach (Figure 5A). Notably, the

peak of cytokine expression by expanded Pa MR1T cells occurred relatively early between 6 and 12 h

post-stimulation, and decreased rapidly over the 24–48 h period (Figure 5D). No commercially available
iScience 23, 101876, December 18, 2020 9



Figure 6. Expanded Pa MR1T Cells Kill Target Epithelial Cell Lines Pulsed with Agonist MR1 Ligands.

(A) Histograms and (B) levels (MFI) of the MR1-5-OP-RU tetramer staining of expanded (d15-17) Pa MR1T cells or hMAIT

cells following 24 h co-culture with Pa kidney (PaKi) cell line fed with Ac-6-FP, 5-OP-RU, E. coli RibA� (BSV18), or E. coli

RibA+ (1100-2 or EC120S) (n = 6-13).
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Figure 6. Continued

(C and D) (C) Flow cytometry plots and (D) expression of active caspase (Casp)3 and amine-reactive cytoplasmic dye (dead

cell marker; DCM) by the PaKi target cells fed with various antigens as indicated following 24 h co-culture with expanded

(d15-17) Pa MR1T or hMAIT cells (n = 6-22).

(E and F) Correlation between frequency of Pa MR1T cells within the expanded culture and frequency of Casp3+ and/or

DCM + PaKi cell lines fed with (E) 5-OP-RU or E. coli RibA+ (1100-2 or EC120S) (n = 19), or (F) Ac-6-FP or E. coli RibA�

(BSV18) (n = 6-9).

(G, H, and I) Histograms andMFI of the MR1-5-OP-RU tetramer staining of expanded PaMR1T cells or hMAIT cells (G) and

5-OP-RU-pulsed 293T-hMR1 target cells apoptosis (H and I) following 24 h co-culture, in the presence of anti-hMR1 mAb

or IgG2a isotype control (n = 5-6). See also Figure S4. Box and whisker plot shows all data points, median, and the

interquartile range. Statistical significance was determined using unpaired t test (B) and the Mann-Whitney test (D and I).

Correlations were assessed using the Spearman rank correlation (E and F). ***p < 0.001, **p < 0.01,*p < 0.05. ns, not

significant.

ll
OPEN ACCESS

iScience
Article
anti-IFNg was able to detect IFNg production by Pa MR1T cells, with a representative clone shown in

Figure S3H.

Further analyses of 5-OP-RU-stimulated expanded PaMR1T cells indicated that IL-17 wasmostly expressed

by TNF+ Pa MR1T cells (Figure 5E). Moreover, IL-17+ Pa MR1T cells produced higher levels of TNF (Fig-

ure 5F), suggesting a pro-inflammatory propensity of IL-17-producing Pa MR1T cells. Pa non-MR1T cells

did not respond to the bacterial riboflavin- and folate-related metabolite stimulations used (Figures 5A–

5C). Polyclonal stimulation using PMA/ionomycin triggered expression of TNF by both Pa MR1T and

non-MR1T cells (Figures 5A and 5B). However, IL-17 expression following PMA/ionomycin stimulation

was predominantly observed in Pa MR1T cells (Figures 5A and 5C), suggesting Pa MR1T cells are pro-

grammed toward higher IL-17 production. Finally, there was a similar level of TNF production by Pa splenic

MR1T cells following PMA/ionomycin stimulation to that of Pa BMMR1T cells (Figures S3I and S3J). Overall,

these findings indicate that Pa tissue MR1T cells display a Th1/17-like functional profile in response to TCR-

dependent recognition of riboflavin-related bacterial metabolite antigens.
Antigen-Expanded Pa MR1T Cells Kill Cell Lines of Bat and Human Origin Pulsed with

Riboflavin-Related Bacterial Metabolites

Pa MR1T cells readily expressed Prf following 5-OP-RU-stimulation and proliferation (Figure 3), suggesting

the capacity to mediate cytotoxicity. Therefore, the next set of experiments evaluated the ability of Pa

MR1T cells to kill multiple epithelial cell lines of bat and human origin pulsed with 5-OP-RU, folate-related

metabolite Ac-6-FP, and riboflavin-synthesis-competent RibA+ or riboflavin-synthesis-deficient RibA�

strains of E. coli. Human MAIT cells release cytolytic proteins to kill infected cells, a process readily detect-

able by measuring the levels of the degranulation marker CD107a (Boulouis et al., 2020b; Dias et al., 2016;

Leeansyah et al., 2015). However, while hMAIT cells strongly degranulated when co-cultured with 5-OP-RU-

or RibA+ E. coli-pulsed Pa kidney (PaKi) cell line, no CD107a expression was detected in PaMR1T cells using

the same anti-human CD107a mAb, likely due to lack of mAb cross-reactivity (Figure S4A). Thus, Pa MR1T

cell activation was assessed by measuring surface TCR downregulation. By using this approach, Pa MR1T

cells clearly downregulated TCR expression following stimulation with PaKi cell line pulsed with 5-OP-RU or

riboflavin-synthesis-autotroph RibA+ strains of E. coli, but not in response to Ac-6-FP or riboflavin-synthe-

sis-deficient RibA� strains of E. coli (Figures 6A and 6B). Likewise, hMAIT cells downregulated the TCR

expression following similar stimulations (Figure 6A), consistent with the upregulation of CD107a (Fig-

ure S4A). These findings indicate that TCR downregulation can be used to measure TCR-dependent acti-

vation of Pa MR1T cells.

In line with these observations, Pa MR1T cells directly killed PaKi cells pulsed with 5-OP-RU or riboflavin

synthesis-competent strains of E. coli, but only minimally killed PaKi cells pulsed with Ac-6-FP or a riboflavin

synthesis-deficient strain of E. coli (Figures 6C and 6D). Similar results were observed when using Pa lung

(PaLu) cell line as the target cells (Figure S4B), suggesting that Pa MR1T cells are able to kill multiple cell

types of Pa origin. Interestingly, Pa MR1T cells also efficiently killed epithelial cell lines of human origin

pulsed with 5-OP-RU or riboflavin-autotrophic strains of E. coli, including HeLa cells expressing endoge-

nous levels of hMR1 and 293T cells over-expressing hMR1 (293T-hMR1) (Figures S4C and S4D). Thus, Pa

MR1T cells were capable of mediating cytotoxicity against cell lines of both Pa and human origins pulsed

with riboflavin-related bacterial metabolite antigens, but not when pulsed with folic acid-related metabo-

lites (Figure S4E). The ability of Pa MR1T cells to mediate cytotoxicity was not restricted by the tissues of
iScience 23, 101876, December 18, 2020 11
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origin, as Pa MR1T cells isolated from BM and spleen were equally capable in killing antigen- or bacteria-

pulsed cells (Figure S4F). Activated hMAIT cells likewise efficiently killed PaKi cells expressing endogenous

level of Pa MR1 pulsed with the riboflavin-related metabolite 5-OP-RU and riboflavin-synthesis competent

strains of E. coli (Figure 6C), consistent with strong degranulation (Figure S4A) and TCR downregulation

(Figure 6A) following identical stimulations. Intriguingly, resting ex vivo Pa MR1T cells were not capable

of mediating cytotoxicity within the duration of the assay, despite their apparent activation as suggested

by the mild down-regulation of the cognate TCR levels (Figures S4G–S4I). This observation is consistent

with the lack of the pore-forming cytolytic protein Prf expression by resting, ex vivo Pa MR1T cells (Figures

1E and 1F). Furthermore, this was in line with the observation that unprimed Pa MR1T cells expressed very

low levels of TNF and IL-17 following similar stimulations (Figure 4).

Further analyses showed killing of PaKi cells pulsed with 5-OP-RU or riboflavin synthesis-competent

E. coli strains correlated well with the proportion of Pa MR1T cells present in the co-culture following

the in vitro expansion (Figure 6E). However, no such correlation was observed for PaKi cells pulsed

with Ac-6-FP or riboflavin synthesis-deficient E. coli (Figure 6F). This suggested that killing of antigen-

or bacteria-pulsed target cells was mediated by bona fide Pa MR1T cells, and not by residual non-

MR1T cells present in the co-culture. Finally, to determine the MR1 dependence of Pa MR1T cell cytotox-

icity, 5-OP-RU-pulsed 293T-hMR1 cells were used as target cells due to the ability of hMR1 to present

cognate antigens to Pa MR1T cells (Figures S4C–S4E). Blocking MR1 using mAb clone 26.5 specific to

hMR1 markedly reduced Pa MR1T cell activation and killing of 5-OP-RU-pulsed 293T-hMR1 cells (Figures

6G–6I), similar to the degree of inhibition of hMAIT cell-mediated cytotoxicity (Figures 6G and 6H). Block-

ing mAb specific to hMR1 did not appear to inhibit Pa MR1T or hMAIT cell activation and killing of 5-OP-

RU-pulsed PaKi cells (Figures S4J–S4L), suggesting that the anti-hMR1 mAb clone 26.5 has little cross-

reactivity to the Pa MR1. Collectively, these findings indicate that Pa MR1T cells mediate effector function

and cellular cytotoxicity in a predominantly TCR-dependent manner against cells of Pa and human origins

presenting the cognate riboflavin-related metabolite antigens via the restriction element MR1 (see

Graphical Abstract).
DISCUSSION

Bats are one of the most diverse mammalian orders, belonging to an ancient extant lineage of Eutheria in a

phylogenetic lineage distinct from other higher eutherian mammals (Burgin et al., 2018; Zhang et al., 2013).

Bats are natural reservoirs to numerous viruses, capable of causing zoonotic diseases in other mammals,

without showing pathological signs of disease themselves (Letko et al., 2020). In recent years, bats are

also increasingly recognized as significant reservoirs for antimicrobial-resistant bacterial organisms of hu-

man and animal health significance (Claudio et al., 2018; Garces et al., 2019; McDougall et al., 2019; Nowak

et al., 2017; Nowakiewicz et al., 2020). Combined with the bats’ ability of powered and sustained flight, their

geographical ranges, and interactions with other animals, bats are therefore considered a significant threat

for the spread of antimicrobial-resistant bacteria and emergence of zoonotic viruses capable of causing

disease in humans and domesticated animals. The current COVID-19 pandemic caused by SARS-CoV-2,

believed to have originated from the horseshoe bats (Boni et al., 2020; Zhou et al., 2020), acutely illustrates

severe consequences to human health from interspecies transmission potential of zoonotic pathogens

from bats.

Studies of the immune system in bats are critical to understanding their responses and tolerance to micro-

bial pathogens. In the current study, by using a set of tools and framework established in our laboratory, we

investigated in detail the MR1T cell immune compartments in a pteropodid bat model, the fruit-eating

black flying fox Pa. Consistent with the existence of the putative MR1 gene in Pa, we demonstrate for

the first time the presence of an abundant population of MR1T cells in circulation and tissues of Pa. The

Pa MR1T cells display phenotypic and functional characteristics that are consistent with those of hMAIT

cells, including the expression of the master transcription factors PLZF and RORgt, as well as the T cell tran-

scription factors T-bet and Eomes. Selective and vigorous proliferation was also observed following culture

with the agonist MR1 ligand 5-OP-RU or riboflavin synthesis-competent strains of E. coli. Antigen-activated

Pa MR1T cells expressed the pro-inflammatory cytokines TNF and IL-17, and strikingly, killed epithelial cell

lines of both pteropodid bat and human origins pulsed with agonist MR1 ligand and riboflavin-producing

E. coli. The ability of Pa MR1T cells to also kill target cell lines of human origin is consistent with high MR1

sequence homology between Pa and humans, and theMR1T cell functional xenoreactivity to various euthe-

rian MR1 orthologs, as previously observed in hMAIT cells (Huang et al., 2009). Finally, blocking
12 iScience 23, 101876, December 18, 2020
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experiments established that Pa MR1T cell cytotoxicity is predominantly dependent on the restriction

element MR1. Collectively, the presence of functionally-conserved MR1T cells in the pteropodid bats

with hMAIT cell-like characteristics supports their important roles in the bat immune system. The strong

evolutionary conservation of MR1 and MR1T cells in both humans and pteropodid bats presents also the

possibility of a significant overlap in the selection pressure that maintains MR1 and MR1T cell population

in humans and pteropodid bats.

The reason why pteropodid bats have hMAIT cell-like MR1T cell population beyond the putative selection

and co-evolution with MR1 (Boudinot et al., 2016) is unclear. Previous studies show that frugivorous bats,

including pteropodid bats, harbor large numbers of bacteria in their gastrointestinal tract dominated by

large families of gram-negative bacteria, including Enterobacteriaceae, Moraxellaceae, and Pasteurella-

ceae (Buckles, 2015; Claudio et al., 2018; Heard et al., 1997; Henry et al., 2018). Members of these gram-

negative families are capable in riboflavin biosynthesis (Constantinides et al., 2019; Gutierrez-Preciado

et al., 2015; Schmaler et al., 2018; Tastan et al., 2018), a prerequisite for the production of the riboflavin-

related metabolites (Corbett et al., 2014) driving MAIT cell development, expansion and activation (Con-

stantinides et al., 2019; Legoux et al., 2019; Schmaler et al., 2018; Tastan et al., 2018). Interestingly, the

transdermal application of sterile riboflavin-related antigenic metabolites alone is sufficient to induce

MAIT cell development and promote their effector function in germ-free mice (Constantinides et al.,

2019; Legoux et al., 2019). Thus, it is possible that dominance of riboflavin metabolite-producing bacteria

in the gastrointestinal tract of frugivorous pteropodid bats promote the development and expansion of

MR1T cells in their circulation and tissues.

Bats can be susceptible to a range of bacterial pathogens (Buckles, 2015; Helmick et al., 2004; Lei and

Olival, 2014; Muhldorfer et al., 2011a, 2011b). Many of these bacteria can synthesize riboflavin, and there-

fore, it is tempting to speculate that the functionally-conserved MR1T cells in pteropodid bats may protect

them from such microbial infections. These large families of gram-negative bacteria also often harbor

strong antimicrobial resistance, and bats are suspected to serve as reservoirs for such antimicrobial-resis-

tant bacterial pathogens of human health significance (Claudio et al., 2018; McDougall et al., 2019; Nowak

et al., 2017; Nowakiewicz et al., 2020). While it is unclear whether the hMAIT cell-like MR1T cells in pteropid

bats can mediate antimicrobial activity, the recent discovery that hMAIT cells mount potent antimicrobial

activity and control antimicrobial-resistant bacterial pathogens (Boulouis et al., 2020b), posits the potential

importance of the MR1T cell population in limiting the size of the drug-resistant bacterial reservoirs in bats.

Currently, there is a poor understanding how bat-borne pathogens rarely cause disease in bats. Several

studies have proposed a more balanced host defense and tolerance system to viral infections in bats

including the ‘flight as fever’ hypothesis (O’Shea et al., 2014; Zhang et al., 2013) and an ‘always on’ IFN system

(Schountz et al., 2017), as well as an increased immune tolerance through dampened NLRP3-mediated

inflammation (Ahn et al., 2019), reduced stimulator of interferon genes-dependent IFN response (Xie

et al., 2018), and an overall inhibitory state of natural killer cells inferred from the genome analysis (Pavlovich

et al., 2018). Our group previously demonstrated a dampened NLRP3-mediated inflammatory response to

various of RNA viruses in bat immune cells, without any influence to viral infectivity (Ahn et al., 2019). This sug-

gests an overall state of host-directed immune tolerance to minimize immunopathology and clinical signs of

disease. Consistent with this hypothesis, we found that resting Pa MR1T cells at steady state failed to express

significant levels of pro-inflammatory cytokines and did not mediate cytotoxicity following recognition of an-

tigen. This is in contrast to hMAIT cells which readily mediate these effector functions, as shown here and

elsewhere (Boulouis et al., 2020a; Dias et al., 2017b; Leeansyah et al., 2013, 2015). In humans, full activation

of MAIT cells requires additional immune signaling beyond that of MR1-TCR interaction (Hinks and Zhang,

2020; Lamichhane et al., 2019; Slichter et al., 2016). These include stimuli by inflammasome-derived cytokines

produced by myeloid cells, including IL-1b and IL-18 (Tang et al., 2013; Ussher et al., 2014). In Pa, there is a

dampened inflammasome signaling and subsequent inflammasome-derived cytokine production bymyeloid

cells following stimulations with lipopolysaccharide (Ahn et al., 2019; Goh et al., 2020), a major cell wall

component of E. coli. Thus, it is tempting to speculate that the subdued inflammasome response by Pa

myeloid APC may account for the lack of immediate effector responses by resting Pa MR1T cells.

In MR1 ligand- and cytokine-primed Pa MR1T cells, there was robust production of pro-inflammatory cyto-

kines and strong cytotoxicity in response to antigen, in contrast to resting PaMR1T cells. This suggests that

prolonged antigenic and supportive cytokine stimulations may break the immune tolerance ‘threshold’ of
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Pa MR1T cells and/or the Pa myeloid cells. Surprisingly, the expression of pro-inflammatory cytokines by

previously primed Pa MR1T cells occurred in a relative burst of activity before rapidly declining to baseline

levels within 12–24 h. This is in stark contrast to what is normally observed in hMAIT cells where there is

persistent pro-inflammatory cytokine production beyond 24 h post-stimulation (Boulouis et al., 2020a;

Dias et al., 2016; Lamichhane et al., 2019; Sattler et al., 2015; Tang et al., 2013). Thus, while primed Pa

MR1T cells are functional and mediate effector functions, such activity is limited in duration. It is tempting

to speculate that this may reduce the risk of collateral damage and immunopathology, while may still

allowing effective control of pathogen loads.

In summary, our present study suggests that the highly conserved and abundant MR1T cells in circulation

and tissues of Pa bats recognize MR1-restricted antigens and display a dampened MR1-dependent

effector functionality, supporting the hypothesis of an enhanced innate immune tolerance in bats to mini-

mize pathology and disease in bats as reservoir hosts.
LIMITATIONS OF THE STUDY

There are several questions remaining to be answered from the current study. Firstly, in the present study,

CD3+ T cells in Pa bats were identified by intracellular staining with anti-CD3 mAb clone CD3-12, which de-

tects a highly conserved epitope on the cytoplasmic domain of CD3ε (Martinez Gomez et al., 2016). There-

fore, we were unable to FACS-sort live and highly pure Pa MR1T cell population to ascertain the invariant

TCR usage of the PaMR1T cells. Furthermore, there are challenges and technical difficulties in the assembly

of hypervariable regions of the bat genome, including the MHC and TCR. Thus, the full repertoire of TCR

sequences remains to be elucidated. Secondly, due to the lack of cross-reactive antibodies to pteropodid

bats, the ab and gdTCR as well as the CD4 and CD8 co-receptor usage, and expression of several other

MAIT cell-related phenotypic and functional markers, including CD161, CD107a, GrzB, and IFNg, could

not be identified and measured.

Despite these limitations, all our available phenotypic and functional data on MR1 restriction, reactivity,

and functional response strongly indicate that the T cell population in Pa circulation and tissues identified

using the hMR1 tetramers indeed represent a bona fide MR1T cell population. In the present study, we

further identified additional sets of tools that will help advance immunological studies in bats, which are

often associated with technical challenges described herein. These include advances in the in vitro culture

and expansion of Pa conventional T and MR1T cells through the use of human cytokines IL-2 and IL-7, and

cytotoxicity assays that can be used in future studies investigating the bat cellular immune responses to

various pathogens. It is currently unknown whether these human T cell homeostatic cytokines have differ-

ential effects on Pa MR1T and conventional T cell expansion and function. Ideally, this should be examined

in conjunction with Pa-derived IL-2 and IL-7 that are not available for the present study. Going forward, it

will be important to investigate the presence of MR1T cells in other bat species given their putative MR1

conservation, ideally using species-specific MR1 tetramers that are currently unavailable. Furthermore,

the use of unloaded MR1 tetramer control should be included to confirm binding specificity of the ribo-

flavin-related metabolite antigens to MR1T cells of bat origins. Finally, given that MAIT cells in humans

respond to various viral infections (Provine and Klenerman, 2020), including to SARS-CoV-2 (Flament

et al., 2020; Jouan et al., 2020; Parrot et al., 2020), future studies should explore whether these MR1T

cell populations play a key role in controlling viral pathogens and dampening overt inflammatory responses

to viral infections in bats, as well as their overall contribution to the bat immune system.
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All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplementary Materials 
 

 
 
Figure S1.  Comparison of MR1 sequence identities between various bats species and selected placental 
mammals.  Related to Figure 1. (A) Phylogenetic tree of MR1 sequence identity and a summary of full 
length MR1 sequence identity of indicated animals with that of humans. (B, C) Comparison of  full length 
MR1 nucleotide (B) and translated amino acid (C) sequence identity of indicated animals, with particular 
emphasis on human, mouse, and P. alecto sequences (coloured boxes). 
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Figure S2. Characteristics of MR1T cells in P. alecto bats. Related to Figures 1 and 2. (A) A representative 
histogram of the titration of the hMR1-5-OP-RU tetramer on freshly thawed Pa BM MNC (n=3). (B) Binding 
and (C) titration of hMR1-6-FP tetramer to Pa MR1T, Pa non-MR1T, or hMAIT cells as indicated (n=3). (D) 
Staining of Vα7.2 TCR using mAb clone 3C10 and (E) CD161 using mAb clones DX12 and HP-3G10 on Pa 
BM MNC and hPBMC (n>5). (F) Expression of the transcription factors PLZF, T-bet, and Eomes, and the 
cytolytic protein Prf on spleen Pa MR1T, Pa non-MR1T, and PB hMAIT cells (n>5). (G) Expansion and (H) 
proliferation indices of hMAIT cells following stimulation with various antigens as indicated (n=2-4). Box 
and whisker plot shows all data points, median, and the interquartile range. 
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Figure S3. Pa MR1T cells expression of pro-inflammatory cytokine following various stimulations. Related 
to Figures 4 and 5. (A) Expression of TNF and IL-17 by resting BM Pa MR1T and PB hMAIT cells following 
8 h stimulations with various antigens (n=7). (B) Uptake of E. coli EC120S by freshly-thawed Pa spleen 
MR1T cells as assessed by pHRodo fluorescence (n=2). (C) TNF and IL-17 production by freshly-thawed Pa 
BM MR1T cells following 24 h incubation with formaldehyde-fixed E. coli EC120S at various bacterial dose 
(3 independent repeats of the same donor Pa bat). (D) Representative FACS plots of active Caspase 3 
expression by freshly-thawed Pa BM MR1T cells and hMAIT cells following 24 h culture with MR1 ligand 
5-OP-RU or E. coli EC120S, or 6 h with PMA/ionomycin (n=3-6). (E) Gating and experimental strategy of
expanded (d15-17) Pa MNC co-culture with freshly-thawed autologous Pa MNC to determine the
expression of TNF and IL-17 by expanded Pa MR1T and non-MR1T cells. (F, G) Comparison of (F) TNF and
(G) IL-17 production by unprimed and expanded Pa BM MR1T cells following 24 h culture with MR1 ligand
5-OP-RU or E. coli EC120S, or 6 h culture with PMA/ionomycin (n=6). (H) Detection of IFNγ using IL-17 as
an experimental positive control in Pa CD3+ and hCD3+ T cells following 6 h of PMA/ionomycin
stimulation. (I, J) Expression of TNF by expanded BM and spleen Pa MR1T and non-MR1T cells after 8 h
stimulation with PMA/ionomycin (n=3). Box and whisker plot shows all data points, median, and the
interquartile range. Error bars on the line graph depict standard error. Statistical significance was
determined using the Mann-Whitney test (F, G). ** p<0.01,* p<0.05. ns, not significant.
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Figure S4. MR1-dependence and -cross-reactivity of Pa MR1T cell cytotoxic effector function. Related to 
Figure 6. (A) Detection of the degranulation marker (CD107a) by Pa MR1T and hMAIT cells following 24 h 
co-culture with 5-OP-RU-pulsed Pa kidney (PaKi) cell line (n>5). (B, C, D, E) Flow cytometry plots and 
expression of active caspase (Casp)3 and amine-reactive cytoplasmic dye (dead cell marker; DCM) by the 
Pa lung (PaLu), human HeLa, and 293T cells stably transfected with hMR1 (293T-hMR1) target cells fed 
with various antigens as indicated following 24 h co-culture with expanded (d15-17) Pa MR1T cells (n=3-
23). (F) Comparison of killing ability of BM and spleen Pa MR1T cells against PaKi cells and 293T-hMR1 
cells (% Casp3+ and/or DCM+) pre-pulsed with 5-OP-RU or E. coli RibA+ EC120S (n=6-7). (G) Histograms 
and (H) levels (MFI) of the MR1-5-OP-RU tetramer staining of resting Pa MR1T cells and (I) PaKi cell line 
apoptosis following 24 h co-culture under various stimulations as indicated (n=3). (J, K, L) Histograms and 
MFI of the MR1-5-OP-RU tetramer staining of expanded Pa MR1T cells or hMAIT cells (J) and 5-OP-RU-
pulsed PaKi target cells apoptosis (K, L) following 24 h co-culture, in the presence of anti-hMR1 mAb or 
IgG2a isotype control (n=5-6). Box and whisker plot shows all data points, median, and the interquartile 
range. Statistical significance was determined using mixed-effects analysis (E), Wilcoxon’s signed-rank test 
(F), the Friedman test with Dunn’s multiple comparison test (H), and the Mann-Whitney test (L). ns, not 
significant.   
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Table S1. Flow cytometry-based antibodies and reagents used in the study. Related to Figures 1-6.  
Reagent Name Clone Source 
Anti-human RORγt BV650 Q21-559 BD Biosciences 
Anti-human active Caspase 3 BV650 C92-605 
Anti-human CD107a – BUV395 H4A3 
Anti-human/mouse CD11b BV711 M1/70 Biolegend 
Anti-mouse Ly6C PE-Cy7 HK1.4 
Anti-human TNF BV711 MAb11 
Anti-human IL17A BV786 BL168 
Anti-human CD3ε-FITC CD3-12 Bio-Rad 
Anti-human/mouse CD44 APC-e780 IM7 ThermoFisher 
Anti-human Eomes PE-610 WD1928 
Anti-human T-bet  PE-Cy7 eBio4BIO 
pHRodo Red, succinimidyl ester Not applicable 
LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kits Not applicable Invitrogen 
CellTrace™ Violet Cell Proliferation Kit Not applicable 
Anti-human Perforin PF647 Pf-344 Mabtech 
Anti-human IL-17A FITC MTF504 
Anti-ferret IFNγ PF647P MTF14 
Anti-human PLZF APC R17-809 R&D 
Human MR1-5-OP-RU tetramer PE Not applicable The NIH tetramer 

Core Facility 
Emory University 

Human MR1-6-FP tetramer BV421, AF680 Not applicable 
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Text S1. Extended acknowledgement list for Duke-NUS bat processing team: Justin Han Jia Ng, Yok Teng 
Chionh, Wan Ni Chia, Geraldine Goh, Kong Pui San, Aaron T. Irving, Anna Uehara, Ying Ying Hey, Pritisha 
Rozario, Randy Foo, Wan Shoo Cheong, Pravin Periasamy, the Queensland Animal Science Precinct team 
led by Milou Dekkers, Hume Fields, Vicky Boyd, Gary Crameri, Prof. Joanne Meers and staff at the School 
of Veterinary Science, University of Queensland, Trish Wimberley and staff at the Australian Bat Clinic & 
Wildlife Trauma Centre, Bat Conservation & Rescue Queensland. 
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Transparent Methods 
P. alecto tissue and human blood processing  
All procedures in this study dealing with animal samples complied with all relevant ethical regulations. 
Specifically, capturing and processing of Pa in Australia was approved by the Queensland Animal Science 
Precinct and University of Queensland Animal Ethics Committee (AEC#SVS/073/16/USGMS) and the 
Australian Animal Health Laboratory (AAHL) Animal Ethics Committee (AEC#1389 and AEC#1557). Where 
possible, wild bats with irreparable physical damage (torn wings) already scheduled for euthanasia were 
utilized. Processing of bat peripheral blood, bone marrow (BM), and spleen, as described previously (Ahn 
et al., 2019; Ahn et al., 2016; Gamage et al., 2020; Martinez Gomez et al., 2016), were shipped to Duke-
NUS Medical School, Singapore. Human samples were collected after informed written consent was 
obtained from all donors in accordance with study protocols conforming to the provisions of the 
Declaration of Helsinki. Ethics approval was obtained from the National University of Singapore 
Institutional Review Board (NUS-IRB reference codes B-15-088 and H-18-029). Human peripheral blood 
was collected from healthy donors recruited at the apheresis unit, Bloodbank@HSA, Health Services 
Authority, Singapore. Peripheral blood mononuclear cells (PBMCs) were isolated by standard Ficoll-
Histopaque density gradient separation (Ficoll-Histopaque Premium; GE Healthcare). After isolation, all 
samples were cryo-preserved in 90% fetal bovine serum (FBS) and 10% DMSO in liquid nitrogen until 
further use.   
 
Bacterial culture and preparation 
The E. coli laboratory strain RibA+, riboflavin-synthesis competent 1100-2 and its RibA-deficient, riboflavin-
synthesis incompetent congenic strain BSV18 were obtained from the Coli Genetic Stock Center, Yale 
University. The riboflavin-synthesis competent, clinical strain EC120S was isolated from a patient suffering 
from a blood infection and retrieved from the Singapore General Hospital archived bacteria repository 
(Boulouis et al., 2020; Lim et al., 2018). For Pa MR1T and human MAIT cell stimulation assays, all E. coli 
strains were grown overnight at 37 °C in Luria (lysogeny) broth (LB) with shaking, enumerated, and frozen 
in -80 °C until further use as described (Dias et al., 2017; Sia et al., 2020). RibA- BSV18 cultures were 
supplemented with 20 μg/mL riboflavin (Sigma-Aldrich) (Dias et al., 2018).  
 
Preparation of MAIT cell antigen 5-OP-RU 
The MAIT cell antigen 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) was synthesised 
according to a previously optimised procedure (Mak et al., 2017). It is stable in DMSO, but exposure time 
to aqueous media should be minimised as much as possible to maximise activity, as 5-OP-RU converts 
rapidly to a much less active lumazine in water (Mak et al., 2017). 
 
Assessment of E. coli internalisation 
To determine E. coli internalisation by Pa MNC, E. coli strain EC120S were labelled with pHRodo Red 
(Thermo Fisher Scientific Life Sciences) as previously described (Dias et al., 2016). Labelled E. coli were 
then fed to Pa MNC for 3 h at 37 oC.  
 
Identification of MR1T cell population and flow cytometry analysis 
Cell surface and intracellular staining for cytokines, cytotoxic molecules, transcription factors, and active 
caspase 3 was performed as previously described (Dias et al., 2018; Dias et al., 2017). Staining with the 
hMR1-5-OP-RU-PE and hMR1-6-FP-BV421 tetramers was performed concurrently for 40 min at room 
temperature (RT) (Corbett et al., 2014) before proceeding to the surface and intracellular staining with 
other mAbs (Table S1.)  In selected experiments, Pa MNCs were first incubated with titrated concentrations 
of hMR1-5-OP-RU-PE or hMR1-6-FP-BV421 tetramer, followed by incubation with a fixed optimal 
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concentration of hMR1-6-FP-BV421 or hMR1-5-OP-RU-PE tetramer, respectively. CD3+ T cells were 
identified by intracellular staining with the CD3–12 mAb (Table S1) as previously described (Gamage et 
al., 2020; Martinez Gomez et al., 2016), which detects a highly conserved epitope on the cytoplasmic 
domain of CD3ε (Martinez Gomez et al., 2016). Samples were acquired on an LSRFortessa flow cytometer 
(BD Biosciences) equipped with 355, 405, 488, 561, and 640 nm lasers. Single-stained polystyrene beads 
(BD Biosciences) and the compensation platform in FACSDiva v. 8.0.1 (BD Biosciences) or FlowJo software 
v. 9.9 (TreeStar) were used for compensation. 
 
P. alecto MR1T cell and human MAIT cell expansion and proliferation assay 
Our previously described MAIT cell expansion and proliferation assessment methodologies for hMAIT cells 
(Boulouis et al., 2020; Sia et al., 2020) were adapted for the current study. Briefly, cryopreserved MNC of 
Pa BM, spleen, as well as human peripheral blood were thawed and cultured at 5x106 cells/mL in 
ImmunoCult-XF T cell expansion medium (Stemcell Technologies) supplemented with 8% CTS Immune 
cell serum replacement (Invitrogen), 5 ng/mL recombinant human(rh) IL-2 (Peprotech), 10 ng/mL rhIL-7 
(R&D), 50 μg/mL gentamicin (Gibco), and 100 μg/mL Normocin (Invivogen) (complete expansion medium). 
Cells were stimulated with 10 nM 5-OP-RU on day 0, 5, and 10, and the culture media was changed every 
2-3 days. On day 11, viable cells were isolated by Ficoll-Histopaque density gradient centrifugation. Cells 
were harvested for functional assay on day 15-17.   

To assess Pa MR1T cell proliferation, cryopreserved Pa BM MNC and human PBMC were thawed 
and stained with 1.25 μM CellTrace Violet (CTV; Thermo Fisher Scientific Life Sciences). Cells were then 
stimulated with various synthetic and microbial antigens in complete expansion medium, including the 
MR1 ligands 5-OP-RU (10 nM) or acetyl-6-formyl pterin (Ac-6-FP; 25 μM) (Shircks Laboratories), or 
formaldehyde-fixed E. coli at a bacterial dose of 0.1 colony-forming units (CFU)/cell, using strains 1100-2 
or BSV18. Expansion and proliferation indices of Pa MR1T cells (defined as hMR1-5-OP-RU+ CD3+ 
lymphocytes) and hMAIT cells (defined as were then determined based on CTV dilution at day 5 post-
stimulation using the FlowJo v 9.9 software (Tree Star Inc). In selected experiments, cultures were 
continued up to day 10 post-stimulation to determine expression of Prf and various transcription factors.  
 
P. alecto MR1T cell cytokine assay 
Freshly thawed and rested Pa BM MNC and human PBMCs (d0) cells were stimulated for 2 h with the MR1 
ligand 5-OP-RU (2 nM) or Ac-6-FP (25 μM), or 3 h with formaldehyde-fixed E. coli (Dias et al., 2016) strains 
EC120S, 1100-2, or BSV18 (bacterial dose: 3 CFU/cell). These cells, serving as antigen-presenting cells, 
were then co-cultured for 6-72 h as indicated with CTV-labelled autologous Pa MR1T cells or hMAIT cells 
that had been expanded for 15-17 days. Monensin was added to all wells and cells in the last 6 h of culture. 
PMA/ionomycin stimulation (BD Leukocyte Activator, BD Biosciences) was included as positive control. In 
selected experiments, the freshly thawed d0 cells were directly assessed for cytokine production without 
addition of expanded Pa MR1T cells or hMAIT cells. 
 
P. alecto MR1T cell cytotoxicity assay 
Immortalised P. alecto kidney cells (PaKi) and P. alecto lung cells (PaLu) were cultured in high glucose 
DMEM medium (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco or Hyclone). Human 293T 
cells stably transfected with human MR1 (293T-hMR1) and HeLa cells were maintained in RPMI medium 
(Gibco) supplemented with 10% FBS, 50 μg/mL gentamicin, and 100 μg/mL normocin. Pa MR1T cell 
cytotoxicity assay was adapted from our previously described protocols (Dias et al., 2016; Sia et al., 2019). 
Briefly, PaKi, PaLu, HeLa, and 293T-hMR1 target cell lines were pulsed with 2 nM 5-OP-RU, 25 μM Ac-6-
FP, or 30 colony-forming units (CFU)/cell E. coli strains EC120S, 1100-2, or BSV18 for 3 h. Pa MR1T cells 
that have been expanded for 15-17 days were labelled with 1 μM CTV and co-cultured with pulsed target 
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cells at an effector to target cell (E:T) ratio of 10:1. After 24 h of co-culture, cells were trypsinised and 
stained to detect target cell death using anti-active caspase 3 mAb (BD Biosciences) coupled with amine-
reactive live/dead cell marker (DCM) (Invitrogen). In selected experiments, expanded human MAIT cell 
killing of pulsed target cells were included as controls.  
 
MR1 sequence comparison  
All MR1 CoDing Sequences (CDS) were retrieved by MegaBLAST of human MR1 genomic sequence 
against bat genomes and then translated into amino acid sequences. Comparisons of the human MR1 
CDS and amino acid sequence were also made with those of other selected placental mammals and 
amphibians as indicated. A neighbour-joining tree with bootstrap number of 100 was plotted by the 
translation alignment of all MR1 CDS. 
 
Statistical analysis 
Statistical analyses were performed using Prism software v.8.3.0 (GraphPad). Data sets were first assessed 
for data normality distribution using the Shapiro-Wilk normality test. Statistically significant differences 
between samples were determined using the unpaired t-test for parametric data, or Mann-Whitney’s test 
for unpaired non-parametric data, and the paired t-test for parametric matched data, or Wilcoxon’s signed-
rank test for non-parametric matched data. The Kruskal-Wallis ANOVA, the Friedman test, or mixed-effects 
analysis followed by Dunn’s multiple comparison post-hoc test as indicated was used to detect differences 
across multiple samples. Correlations were assessed using the Spearman correlation. Two-sided p-values 
< 0.05 were considered significant.  
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