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Sustained IFN-I stimulation impairs MAIT
cell responses to bacteria by inducing IL-10

during chronic HIV-1 infection

X. Tang1’2*, S. Zhang3*, Q. Peng"*, L. Lings*, H. Shi", Y. Liu", L. Cheng‘, L. Xu?, L. Cheng6,

L. A. Chakrabarti’, Z. Chen'>, H. Wang4, Z. Zhang"z'*"gJr

Mucosal-associated invariant T (MAIT) cells in HIV-1-infected individuals are functionally impaired by poorly un-
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derstood mechanisms. Single-cell transcriptional and surface protein analyses revealed that peripheral MAIT cells
from HIV-1-infected subjects were highly activated with the up-regulation of interferon (IFN)-stimulated genes
as compared to healthy individuals. Sustained IFN-a treatment suppressed MAIT cell responses to Escherichia coli
by triggering high-level interleukin-10 (IL-10) production by monocytes, which subsequently inhibited the
secretion of IL-12, a crucial costimulatory cytokine for MAIT cell activation. Blocking IFN-a or IL-10 receptors pre-
vented MAIT cell dysfunction induced by HIV-1 exposure in vitro. Moreover, blocking the IL-10 receptor sig-
nificantly improved anti-Mycobacterium tuberculosis responses of MAIT cells from HIV-1-infected patients. Our
findings demonstrate the central role of the IFN-I/IL-10 axis in MAIT cell dysfunction during HIV-1 infection,
which has implications for the development of anti-IFN-1/IL-10 strategies against bacterial coinfections in

HIV-1-infected patients.

INTRODUCTION
Mucosal-associated invariant T (MAIT) cells are innate-like T cells
expressing a semi-invariant T cell receptor (TCR) composed of a con-
served o chain, V7.2, joined to Ja33, and a limited repertoire of
B chains, predominantly composed of V13 or VB2 (I). Unlike con-
ventional T (Tcony) cells, MAIT cells recognize the microbial metabolite
of riboflavin presented by MHC-I (major histocompatibility complex I)-
related protein 1 (MR1) and respond to bacteria and fungi (2). In
addition to the TCR signal, some cytokines, including interleukin-12
(IL-12), IL-15, and IL-18, are also necessary for the induction of a
robust response against bacteria by MAIT cells (3). In particular,
blocking IL-12R, rather than IL-18R, substantially reduced granzyme B
(GzmB) production in MAIT cells upon Escherichia coli stimulation
(4). MAIT cells can also be activated by cytokines such as IL-12 and
IL-18 in a TCR-independent matter (5), especially during viral in-
fection (6). A recent study reported that MAIT cells could also be
activated by IL-23, which shares the receptor chain IL-12RB1 with
IL-12 (7).

Activated MAIT cells produce proinflammatory cytokines, including
tumor necrosis factor (TNF) and interferon-y (IFN-y), as well as cyto-

TInstitute for Hepatology, National Clinical Research Center for Infectious Disease,
Shenzhen Third People’s Hospital, Shenzhen 518112, Guangdong Province, China.
2The Second Affiliated Hospital, School of Medicine, South University of Science and
Technology, Shenzhen 518100, China. *Shanghai Public Health Clinical Center and
Institute of Biomedical Sciences, Fudan University, Shanghai 201508, China. “Depart-
ment of Infectious Diseases, Shenzhen Third People’s Hospital, Shenzhen 518112,
China. AIDS Institute and Department of Microbiology, State Key Laboratory of
Emerging Infectious Diseases, The University of Hong Kong, Li Ka Shing Faculty of
Medicine, Hong Kong, China. ®Lineberger Comprehensive Cancer Center, Univer-
sity of North Carolina at Chapel Hill, Chapel Hill, NC, USA. ’Institut Pasteur, Groupe
Controle des Infections Virales Chroniques, Unité Virus et Immunité, 75724 Paris
Cedex 15, France. 8Guangdong Key Lab of Emerging Infectious Diseases, Shenzhen
Third People’s Hospital, Shenzhen 518112, China. 9Key Laboratory of Immu-
nology, Sino-French Hoffmann Institute, School of Basic Medical Sciences and
Guangdong Provincial Key Laboratory of Allergy and Clinical Immunology, The
Second Affiliated Hospital, Guangzhou Medical University, Guangzhou 511436,
China.

*These authors contributed equally to this work.

tCorresponding author. Email: zhangz2019@mail.sustech.edu.cn

Tang et al., Sci. Adv. 2020; 6 : eaaz0374 19 February 2020

toxic products such as granzymes and perforin (4). However, in vivo
studies on the functional role of MAIT cells in protection against
clinically important human pathogens remain sparse. Recently, a study
has shown that, as compared to wild-type mice, MAIT cell-deficient
MR1™"" mice have increased mortality to severe (HIN1) influenza,
which is ameliorated by previous adoptive transfer of pulmonary
MAIT cells (8). Another study using Rag2”"yC™'~ mice has shown
that the adoptive transfer of MAIT cells rescues mice from lethal
Legionella infection, which is dependent on IFN-y and GM-CSF
(granulocyte-macrophage colony-stimulating factor), rather than
IL-17A, TNF, or perforin (9). The protection was more pronounced
in mice lacking CD4" T cells than in immune competent mice, indi-
cating a crucial role of MAIT cells in situations of compromised
adaptive immunity, such as HIV-1 infection.

A loss of peripheral MAIT cells has been reported in individuals
infected with HIV-1, although these cells do not appear to be infected
by HIV-1 (10, 11). It is still in debate whether MAIT cells die or
migrate from the peripheral blood to intestinal mucosal sites during
HIV-1 infection (10, 11). Residual circulating MAIT cells from
HIV-1-infected people are functionally impaired in response to
E. coli, and effective antiretroviral therapy (ART) treatment fails to
fully restore the number and function of MAIT cells (11, 12). It has
been observed that MAIT cell dysfunction in HIV-1 infection is
associated with a lower expression of transcription factors T-bet
and Eomes, which could be restored by IL-7 treatment in vitro (12).
Further study of this strategy in a small cohort of HIV-1-infected
patients showed an increase of circulating CD8" MAIT cells upon
IL-7 treatment (13). It remains unclear, however, why reconstitution
of MAIT cells fails even after prolonged ART, while homeostasis of
conventional CD4" and CD8" T cells normalizes. The persistent de-
fectin MAIT cells highlights the need to understand the mechanism
of MAIT cell dysfunction.

HIV-1 infection induces sustained production of type I IFN
(IFN-I), as evidenced by a marked increase in both IFN-o. mRNA in
peripheral plasmacytoid dendritic cells (pDCs) and IFN-o. protein
level in serum from untreated acutely and chronically infected
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patients (14). Accumulating evidence has implicated IFN-I in immune
impairment and disease progression during chronic HIV-1 infections
(15, 16), by affecting multiple immune cell compartments, including
T cells (17), innate lymphoid cells (18), and hematopoietic stem cells
(19). Moreover, abnormal activation induced by IFN-I persists in
some patients even under suppressive ART (15). A recent study
showed that IFN-I enhances MAIT cell effector responses to TCR
stimulation by boosting IFN-y and GzmB production (20), suggesting
a complex role of IFN-I in the regulation of MAIT cells.

Here, we hypothesized that IFN-I may contribute to MAIT cell
impairment during chronic HIV-1 infection. By performing transcrip-
tional and proteomic analysis, as well as functional assays of MAIT
cells from HIV-infected patients, we show that sustained IFN-I stimulation
induces IL-10 production by monocytes, which inhibits the secre-
tion of IL-12, thus dampening MAIT cell immunity against bacteria.

RESULTS

MAIT cells from HIV-1-infected subjects show an impaired
response to E. coli but normal reactivity to IL-12/18 stimulation
MAIT cells were analyzed in peripheral blood mononuclear cells
(PBMCs) and were compared among 17 viremic HIV-1-infected
subjects (VIR) without receiving ART treatment, 17 HIV-1-infected
patients under suppressive ART for 2 to 5 years, and 16 uninfected
healthy blood donors as controls (HC) (table S1). As shown in Fig. 1A,
MAIT cells were gated as CD3"Va7.2*CD161"8" cells in PBMCs.
The frequency of MAIT cells was significantly lower in HIV-1-
infected patients, irrespective of ART treatment, compared to HC.
Note that long-term effective ART treatment did not lead to the
recovery of MAIT cells in peripheral blood (Fig. 1B).

The function of MAIT cells was evaluated by their capacity to
produce IFN-y, the cytotoxic protein GzmB, and the degranulation
marker CD107a in response to paraformaldehyde (PFA)-fixed E. coli
or IL-12 plus IL-18 (IL-12/18) stimulation (Fig. 1, C and D). Consist-
ent with previous findings (11, 12), MAIT cells from HIV-1-infected
subjects produced much lower levels of IFN-y, GzmB, and CD107a
in response to E. coli stimulation as compared to the HC group.
Effective ART treatment did not fully restore the functionality of
MAIT cells, as indicated by partial induction of IFN-y as well as
unchanged low levels of GzmB and CD107a production by MAIT
cells in the ART group compared to the VIR group. In contrast, there
was no significant difference in the magnitude of MAIT cell responses
to IL-12/18 stimulation between HC and VIR subjects. Unexpectedly,
ART increased IFN-y and GzmB secretion by MAIT cells upon
IL-12/18 stimulation.

We longitudinally analyzed MAIT cells in HIV-1-infected patients
at baseline (pre-ART) and at 6 and 12 months post-ART. All five
patients had complete suppression of viral load and recovery of
CD4" T cells at 6 and 12 months post-ART (fig. S1, A and B). How-
ever, the decreased proportion of MAIT cells induced by HIV-1
infection failed to be restored by effective ART (fig. S1C). Similarly,
the function of MAIT cells in response to E. coli remained largely
unchanged (fig. S1D), despite increased expression of CD107a at
12 months post-ART as compared to that at pre-ART. The IFN-y
and GzmB production by MAIT cells in response to IL-12/18 stimula-
tion declined transiently. Together, MAIT cells from HIV-1-infected
patients display impaired function in response to E. coli but normal
reactivity to IL-12/18 stimulation, and the effective ART only partially
restored their function.
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MAIT cells show an activated state with up-regulation

of inhibitory receptors and IFN-stimulated genes

during HIV-1 infection

To define the phenotypic and molecular features of MAIT cells
during HIV-1 infection, we used oligo-conjugated antibodies
(Abseq) in combination with single-cell mRNA sequencing
(scRNAseq) on the BD Rhapsody platform to compare the expres-
sion level of 29 surface proteins (table S2) and the mRNA level of
259 genes (table S3) in total peripheral T cells between 2 HC and
4 VIR subjects (table S1). Uniform manifold approximation and
projection (UMAP) and unsupervised graph-based clustering
partitioned cells into 18 clusters (Fig. 2A). On the basis of their
transcriptional programs and surface protein expression profiles, a
total of six CD8" (CO to C2, C8, C11, and C13) and five CD4" (C3,
C5, C6, C9, and C12) T cell subsets and natural killer (NK) cell (C4)
and MAIT/y8T cell (C7) clusters were identified (Fig. 2, A and C,
and fig. S2, B and C). C10 and C14 to C17 were contaminating
non-T cells that remained after CD3" T cell purification based on
their distance from the aforementioned clusters, as well as their low
expression of CD3 at both the mRNA and protein level. These clusters
were excluded from downstream analyses. Compared to HC indi-
viduals, VIR subjects displayed a decreased proportion of CD4*
T cells and a simultaneously increased frequency of CD8" T cells
(Fig. 2B and fig. S1A). Cluster 7, composed of MAIT cells character-
ized by a high expression of CD8A, KLRB1, DPP4, and RORC and of
vOT cells, which were CD4 and CD8 double negative but expressed
TRDC, was also decreased in viremic HIV-1-infected patients
(Fig. 2, B and C).

To exclude y3T cells and more accurately examine MAIT cells,
CD8" cells were selected in C7 for further analyses. We sought to
identify genes and surface proteins in MAIT cells that were differ-
entially expressed between HIV"' and HC subjects (table S4). A total
of 72 molecules were significantly up-regulated, and 20 molecules
were down-regulated (P < 0.01). Among the up-regulated proteins
and genes in MAIT cells from HIV" versus HC individuals were
activation markers such as CD38, CD134, and HLA-DRA; exhaustion
associated genes including LAG3 and TIGIT; and IFN-stimulated
genes (ISGs) including CXCR3, STAT1, and CCL5 (Fig. 2, D and F).
In contrast, proteins and genes that are related to T cell function,
including CD7, CD98, CD54, DUSPI1, KLRB1, and JUN, were down-
regulated in MAIT cells from HIV-1-infected patients. The Gene
Ontology (GO) enrichment analysis further showed that the up-
regulated genes in MAIT cells from VIR subjects were enriched in
cellular activation pathways (Fig. 2E). Thus, MAIT cells from HIV-
1-infected patients showed a gene signature characterized by immune
activation, associated with inhibitory receptor up-regulation and
increased ISG expression.

Sustained IFN-I signaling was associated with MAIT cell
dysfunction during HIV-1 infection

To determine whether MAIT cell dysfunction during HIV-1 infection
was dependent on inhibitory receptors, we first detected the expres-
sion of inhibitory receptors including PD-1, TIM-3, and LAG-3 by
flow cytometry (fig. S3, A and B, and table S1). Consistent with our
scRNAseq and Abseq data, LAG-3 expression was slightly increased
at the surface of MAIT cells but not of Ty cells, whereas an elevated
level of PD-1 was detected on T,y cells but not on MAIT cells when
comparing untreated viremic HIV" patients to HC individuals.
TIM-3 expression remained comparable between VIR and HC subjects.
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Fig. 1. Functional activity of MAIT cells from healthy donors and HIV-infected patients with or without ART treatment in response to E. coli or IL-12/18 stimula-
tion. (A and B) The frequency of MAIT cells was determined in PBMCs from healthy control donors (HC; n = 16) and HIV-1-infected patients who did not receive ART
(VIR; n=17) or were treated with ART (ART; n=17). Representative FACS (fluorescence-activated cell sorting) plots (A) and statistical analysis (B) are shown. (C and D) PBMCs
freshly isolated from HC, VIR, or ART subjects were stimulated with paraformaldehyde (PFA)-fixed E. coli [multiplicity of infection (MOI), 10] or combined IL-12 and IL-18
(IL-12/18; 100 ng/ml for each) for 24 hours and then assessed for the expression level of IFN-y, GzmB, and CD107a in MAIT cells. Representative FACS plots (C) and statistical
analyses (D) of MAIT cell responses are shown.
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Fig. 2. Single-cell transcriptional and surface protein expression profiles of T cell subsets in HIV-1 infection. (A) UMAP plot of 23,424 T cells from two healthy
donors (HC) and four viremic HIV-1-infected subjects (VIR) determined by Seurat v.3. A total of 18 clusters (clusters 0 to 17) were identified and color-coded. (B) Percentages
of the major T cell subsets for each sample. (C) Projection of cells expressing the chosen surface proteins (top row) or transcripts (bottom row) to the UMAP plots.
(D) Volcano plot showing the differentially expressed genes and surface proteins (-a) between MAIT cells from VIR and HC subjects. (E) GO analysis using DAVID for genes
that were up-regulated in MAIT cells from VIR versus HC subjects. (F) Violin plots of the cell surface protein (top row) or gene (bottom row) expression in MAIT cells from

HC and VIR-infected subjects.

We then used the anti-PD-1 or anti-LAG-3 blocking antibody,
which could improve HIV-1-specific CD8" T cell responses in PBMCs
from untreated HIV" patients (fig. S3D and table S1). Unexpectedly,
the blocking antibodies did not increase the production of IFN-y,

Tang etal., Sci. Adv. 2020; 6 : eaaz0374 19 February 2020

GzmB, or CD107a in MAIT cells from either HC or VIR subjects in
response to E. coli (fig. S3C and table S1), indicating that the in-
creased expression of inhibitory receptors may not account for
MAIT cell dysfunction during HIV-1 infection.
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The up-regulation of ISGs in MAIT cells from HIV™ patients, as
indicated by the scRNAseq and Abseq results, raised the possibility
that IFN-I signaling could play a role in MAIT cell dysfunction.
Therefore, we assessed the levels of IFN-o and IFN-B, as well as
IFN-y-inducible protein-10 (IP-10) and IL-10, which was also
induced by IFN-I (21), in the plasma of subjects in the same HC,
VIR, and ART cohorts as those studied in Fig. 1. VIR individuals
had markedly higher concentrations of IFN-a and IP-10 in plasma
than HC and ART subjects (Fig. 3A). Although ART patients and
HC had a similarly low amount of IFN-a, a slightly but significantly
higher level of IP-10 was detected in ART compared to HC subjects.
No significant difference was observed in IFN- among the three
groups. IL-10 was induced in patient plasma after HIV-1 infection
and remained elevated even after long-term effective ART treatment.
Notably, the VIR patients displayed a negative correlation between
IP-10 plasma levels and IFN-y or GzmB production by MAIT cells
in response to E. coli stimulation (Fig. 3B). These results suggest
that IFN-I signaling could be involved in the impaired function of
MAIT cells during HIV-1 infection.

Sustained IFN-o pretreatment suppresses the function

of MAIT cells

To explore whether IFN-I influences MAIT cell response to E. coli,
PBMCs were treated with IFN-a for 24, 48, or 72 hours before exposure
to E. coli in vitro (Fig. 4A). Consistent with the previous report (20),
MAIT cells were activated by IFN-a, indicated by the increased ex-
pression of CD69, CD38, and HLA-DR (human leukocyte antigen-DR)
on the cell surface (Fig. 4B). Despite no IFN-y or GzmB elicited,
CD107a expression increased after IFN-a treatment for 24 to 48 hours.
However, the level of CD107a declined when treated for 72 hours,
indicating the negative regulatory effect of sustained IFN-o treatment.
This was further confirmed by the observation of functional sup-
pression in MAIT cells in response to E. coli after the sustained
IFN-o pretreatment (Fig. 4, C and D). The production of IFN-y in
MAIT cells declined with treatment longer than 48 hours, while
GzmB induction was suppressed as early as 24 hours of IFN-o treatment
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and was almost abolished after 72 hours of IFN-a treatment.
A trend of decrease in CD107a expression in response to E. coli
stimulation was found after 72 hours of IFN-a treatment, but it did
not reach statistical significance. In addition, IFN-a treatment for
72 hours did not increase the proportion of Zombie* or annexin V*
MAIT cells (fig. S4), excluding the possibility of cell death or apoptosis
induced by IFN-a.

We next set to determine whether sustained IFN-o. treatment
affects MAIT cell response to IL-12/18 stimulation. Because MAIT
cells in PBMC:s failed to respond upon IL-12/18 stimulation after
72 hours of culture in vitro, IL-7 was added at the beginning of the
culture to maintain the viability of MAIT cells (Fig. 4E). In line
with the previous study (12), IL-7 alone induced GzmB and CD107a
but not IFN-y production in MAIT cells, while the addition of IL-
12/18 significantly induced all the IFN-y, GzmB, and CD107a se-
cretion. Pretreatment with IFN-a for 72 hours failed to alter MAIT
cell responses to IL-7 and IL-12/18 stimulations in vitro. Together,
sustained IFN-o treatment suppressed MAIT cell responses to E. coli
but not to cytokine stimulation.

IFN-o-induced IL-10 inhibits MAIT cell function

in response to E. coli

To explore how IFN-o impairs MAIT cell response to E. coli, we
divided PBMCs obtained from healthy donors into CD3" and CD3~
populations and treated them with or without IFN-a separately for
72 hours. Then, the two cell populations were mixed together and
stimulated with E. coli (Fig. 5A). The treatment of CD3" cells
(Fig. 5B, blue), but not CD3" cells (green), with IFN-o led to a similar
degree of suppression in IFN-y and GzmB production in MAIT cells
as the treatment of both CD3" and CD3™ populations simultaneously
(red). These results indicate that IFN-o, inhibits MAIT cell function
in an indirect manner through its action on CD3" cells, rather than
the direct IFN-o receptor (IFNAR) signaling in MAIT cells. Because
monocytes represent a major subset in CD3" cells, we asked whether
this subset mediated IFN-a-induced MAIT cell dysfunction. CD3*
T cells and CD14" monocytes were purified and cocultured in the
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Fig. 3. The relevance of IFN-I signaling to MAIT cell dysfunction in HIV-1 infection. (A) The level of IFN-o, IFN-B, IP-10, and IL-10in the plasma was detected by
enzyme-linked immunosorbent assay (ELISA). (B) Correlation between the proportion of IFN-y* or GzmB* MAIT cells in response to PFA-fixed E. coli and the level of IP-10in
the plasma from HIV-1-infected patients receiving (blue) or not receiving (red) ART. P values were determined by Spearman rank correlation tests.

Tang et al., Sci. Adv. 2020; 6 : eaaz0374 19 February 2020

50f 12

T20Z ‘v Arenuer uo /B1o°Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A Gowp -72h —48h —24h
1 1 1
Medium - - -
24n - -
48h - +IFN-a -

72h +IFN-a - - (+E.coli ] —»[iCs ]

B mm Medium mm 24h 72h
X
©
£
° A
° i . . A
CD69 CD38 HLA-DR  IFN-y GzmB  CD107a
C E. coli
IFN-at
Medium Medium 24 h 48 h 72h
1.4 | ] 22 |« 36 |« 15 | o 13
> ut 10% 10* 10* 10
RO e e iy e
71030 103 10‘ 105 71030 |03 10‘ WS 10" 0 103 10° 10° 71030 103 10‘ 105 71030 103 10‘ 105
0.2 83|« 59 |u* 33|« 5.3
£ & ‘ r m >
5, @ & e |
_1n30 1n3 10* 105 -1nJu 1n3 10* 105 —m’n 103 10* 105 _mlu 1n3 10* mS -mln ulJ m‘ 105
0] 70 | 71 62 | 59
5 9 ‘ g
3w @ B w| B
gi @ 4t y ® Bl
—1030 103 10‘ 105 71030 103 10‘ 105 71030 103 10‘ 105 71030 103 10‘ ms 4030 103 |0‘ 105
» \Va7.2
% kK
D » **** g e 3 Sk %
B 409 I S1004 | 100
£ 3095 3z 754w <75
= 20 g = 50 5 50
- 10 \ @ 25 o 5 25
Z G R E fgegg 52
[T T 1 0 T [0) T T 1 v o)
s ffs5i e sfss ©
s 2 3 R ° ERVEL ®
[0}
2 IFN« = IFN-o;
E. coli E. coli
|_|* %)
. 2 —t 2 —— 3
8 60 . 8100 —tr 100 —
[ = < X%
Z 40 R Z 754 o o s 75 I_I.
s = 50 . iy 90 o
. 20 ﬁ | 25 % 5 25 & ;
z o A S Sy S N il A I B~ —G—-—
= E 3 E g O E B E B O E B E 3
& 2z 2 z ¥ Sz 32z © 2 z 2 z
gL gL gL g i ° gL gL
s = = = = =
IL-12/18 IL-12/18 IL-12/18
IL-7 IL-7 IL-7

Fig. 4. MAIT cell response to E. coli is suppressed by IFN-a pretreatment.
(A) Schematic diagram of the experimental setup. (B) Freshly isolated PBMCs from
healthy donors were left untreated or treated with IFN-a at 100 ng/ml for 24, 48, or
72 hours and then evaluated for the expression of CD69, CD38, or HLA-DR on the
surface of MAIT cells. (C and D) PBMCs pretreated with IFN-o for 24, 48, or 72 hours
were subsequently stimulated with PFA-fixed E. coli at 10 MOI and then assessed
for the production of IFN-y and GzmB in MAIT cells. Representative FACS plots (C)
and statistical analyses (D) are shown. (E) PBMCs pretreated with IFN-o for 72 hours
in the presence of IL-7 (100 ng/ml) were then stimulated with IL-12/18 for 24 hours
and then assessed for the expression level of IFN-y and GzmB in MAIT cells.
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presence or absence of IFN-a for 72 hours, followed by E. coli stimu-
lation. IFN-y and GzmB production were suppressed, as what we
observed in PBMCs (Fig. 5C), indicating that monocytes play a crucial
role in MAIT cell dysfunction induced by sustained IFN-a treatment.

Previous studies suggested that myeloid cell-derived IL-10 was
responsible for the inhibition of T lymphocyte function by chronic
IFN-I stimulation (22). Consistent with this notion, an increased level
of IL-10 was detected in the supernatant of CD3" cells after IFN-a
treatment, but not in that of CD3" cells (Fig. 5D). In addition, the
increasingly higher levels of IL-10 were detected in the supernatant
of PBMC:s treated with IFN-a for longer times (Fig. 5E). To deter-
mine the source of IL-10 induced by IFN-o, different cell subsets,
including CD14" monocytes, CD11c* conventional dendritic cells
(cDCs), BDCA2/4* pDCs, CD56" NK, and CD19" B cells, were sepa-
rately isolated from PBMCs, stimulated with IFN-a for 72 hours, and
assessed for IL-10 production in the culture supernatant. The results
showed that monocytes were the major source of both spontaneous
and IFN-o-induced IL-10 (Fig. 5F). We then determined whether
IL-10 acted as the mediator in IFN-0-induced MAIT cell dysfunction.
Blocking the IL-10 signaling by using an anti-IL-10 receptor (IL-10R)
blocking antibody effectively prevented IFN-a-induced suppression
of MAIT cell response to E. coli (Fig. 5G). Together, these data indi-
cate that the sustained IFN-o stimulation inhibits MAIT cell function
mainly through IL-10 produced by monocytes.

Dysregulation in IL-12 secretion by IFN-I/IL-10 played a part
in MAIT cell dysfunction

It has been known that IFN-I signaling induces the secretion of
cytokines such as IL-15 (23) but inhibits the production of IL-12 in
response to bacteria (24). In addition, IL-10 also inhibits IL-12 pro-
duction (25). Therefore, we asked whether dysregulation in IL-12
secretion by IFN-I/IL-10 played a part in MAIT cell dysfunction.
A progressive loss of IL-12 production was detected in the supernatant
of PBMC:s treated with IFN-a for 24 to 72 hours before E. coli stimu-
lation (fig. S5A). Blocking IL-10R significantly restored IL-12
production, even after suppression by IFN-a treatment (fig. S5B).
Moreover, supplement with IL-12 effectively prevented IL-10-induced
impairment of MAIT cell response to E. coli (fig. S5C). Similarly, the
addition of IL-12 fully reversed the suppression of IFN-y production
in MAIT cells induced by IFN-o and partially restored their ability
to produce GzmB (fig. S5D). These results indicate that IFN-a-induced
IL-10 inhibits IL-12 secretion and that the paucity of IL-12 contributes
to MAIT cell dysfunction.

Blockade of IFNAR or IL-10R restores the antibacterial
response of MAIT cells during HIV-1 infection

On the basis of the aforementioned results, we hypothesized that
HIV-1 infection caused MAIT cell dysfunction through the IFN-1/
IL-10 axis. To test this notion, we infected PBMCs with or without
enriched pDCs by HIV-1 virions in vitro. An increased level of
IFN-0 was detected in PBMCs with enriched pDCs when inoculated
with HIV-1 (Fig. 6A). Consistent with our results, significantly
increased levels of IP-10 and IL-10 were induced by HIV-1 infection,
which was abolished by an anti-IFNAR?2 antibody (Fig. 6B), con-
firming that IFN-I signaling was activated in the presence of HIV-1.
MAIT cells from HIV-1-infected PBMCs had significantly lower
production of IFN-y and GzmB in response to E. coli as compared
to those in uninfected PBMCs (Fig. 6C). Blocking IFNAR or IL-10R
during HIV-1 infection in vitro restored the responsiveness of MAIT
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Fig. 5. IFN-a.induces IL-10 production from monocytes and inhibits MAIT cell function. (A) Schematic of the experiment. PBMCs from healthy donors were separated
into CD3" and CD3™ populations, and each population was treated or not with IFN-a at 100 ng/ml for 72 hours. The CD3* and CD3" cell populations from each donor were
then mixed back together and stimulated by E. coli for 24 hours. (B) Cells were assessed for the production of IFN-y and GzmB in MAIT cells. (C) CD3*and CD14" cells were
purified from PBMCs and cultured together, followed by treatment with or without IFN-o for 72 hours. The cells were then stimulated with E. coli for 24 hours and assessed
for the production of IFN-y and GzmB in MAIT cells. (D) Levels of IL-10in the supernatant of the CD3* or CD3™ population treated with or without IFN-a for 72 hours.
(E) Level of IL-10in the supernatant of PBMCs treated with IFN-o for 24 to 72 hours. (F) Levels of IL-10in the supernatant of different subsets of PBMCs treated with or
without IFN-a for 72 hours. (G) Levels of IFN-y and GzmB expression in MAIT cells after a 72-hour treatment of PBMCs with IFN-a in the presence of an anti-IL-10R mono-
clonal antibody (alL-10R; 10 ug/ml) or isotype control, followed by E. coli stimulation.

cells against E. coli. We then analyzed the effects of the IL-12 and  markedly lower levels of IFN-y, GzmB, and CD107a compared to
IL-10 pathways on the responsiveness of MAIT cells from viremic =~ HC, whereas ART treatment partially restored GzmB and CD107a
untreated (n = 6) and ART-treated (n = 8) patients (Fig. 6D and  production (Fig. 6E). These data indicate a compromised MAIT cell
table S1). The supplement with IL-12 in the culture improved IFN-y  function against Mtb in HIV-1-infected patients. Blockade of IL-10R
and GzmB but not CD107a production in MAIT cells from VIR  markedly increased the response of MAIT cells from both VIR and
subjects and increased the expression of all these three proteins in ~ ART subjects (1 = 10 in each group; table S1) against H37Ra (Fig. 6F),
those from ART subjects. Blocking IL-10R also elevated IFN-y, GzmB, ~ suggestive of an improved anti-Mtb response capacity of MAIT cells
and CD107a production in MAIT cells from both VIR and ART  in HIV-1-infected patients.
subjects.

Patients living with HIV-1 infection have a high rate of coinfection
with Mycobacterium tuberculosis (Mtb), which is one of the leading  DISCUSSION
causes of AIDS-related death (26). We asked whether our strategy ~ The irreversible decay of peripheral MAIT cell frequency and func-
to restore the MAIT cell function could improve the anti-Mtb activity ~ tion in HIV-1-infected patients despite effective ART treatment poses
of MAIT cells in HIV-1-infected patients. PBMCs from HC, VIR, a challenge to immune restoration attempts (10-12). Our study
and ART subjects (n = 9 in each group; table S1) were stimulated ~ confirms that the functional damage of MAIT cells persists over time
with H37Ra, an attenuated tubercle bacillus, and assessed for the intreated patients and identifies chronic activation of IFN-I-dependent
response of MAIT cells. MAIT cells from VIR subjects generated ~ pathways as a driver of MAIT cell dysfunction. Immune checkpoint
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Fig. 6. Restoration of the antibacterial function of MAIT cells in HIV-1 infection. (A) PBMCs with or without pDC enrichment were stimulated with HIVy 4.3 for 24 hours
before the detection of IFN-o. in the supernatant by ELISA. (B) Levels of IP-10 and IL-10in the supernatant of PBMCs stimulated with HIVy.4.3 in the presence of an anti-IFNAR2
(alFNAR; 5 ug/ml) or isotype control antibody for 24 hours. (C) Responses of MAIT cells in PBMCs stimulated with HIVy 4.3 in the presence of an anti-IFNAR2 or anti-IL-10R
antibody for 3 days before stimulation with E. coli. (D) Responses of MAIT cells from ART-treated (ART; n = 8) or untreated (VIR; n = 6) HIV-1-infected patients upon E. coli
stimulation in the presence of IL-12 or the anti-IL-10R antibody. (E) Responses of MAIT cells in PBMCs from HC, VIR, or ART subjects (n =9 in each group) to the H37Ra strain
of Mtb. (F) Responses of MAIT cells from VIR or ART subjects (n=10in each group) upon H37Ra stimulation in the presence of an anti-IL-10R or isotype control antibody.

induction proved minimal on the surface of MAIT cells of HIV-1-
infected patients and did not impair responses to bacterial antigen,
emphasizing differences in the pathogenic mechanisms targeting
MAIT cells and Topy cells.

We, among others, observed a decline in the frequency of MAIT
cells, accompanied by an increase in the proportion of Va7.2"CD161~
cells (data not shown), in the peripheral blood of HIV-1-infected
patients as compared to HC subjects (11, 27). It was suggested that
these Vo7.2"CD161" cells might originate from MAIT cells by CD161

Tang et al., Sci. Adv. 2020; 6 : eaaz0374 19 February 2020

down-regulation (11). A further study has shown that the absolute
number of MAIT cells also markedly decreased in patients with
HIV-1, confirming a depletion of circulation of MAIT cells during
HIV-1 infection (27). In contrast, the concomitant expansion of
Va7.2*CD161 cells was only in the frequency, but not in the absolute
number. In addition, Va7.2*CD161" cells were not stained by the
5-OP-RU tetramer (27), indicating that Va7.2"CD161" cells are a
different population from MAIT cells. Moreover, by analyzing the
surface immunoproteome and transcription factor profiles of MAIT cells,
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Dias et al. (28) have further corroborated that MAIT cells represent
a distinct cell population compared with the other three T cell subsets
defined by Vo7.2 and CD161.

By analyzing MAIT cell responses to E. coli antigens, we obtained
evidence for a profound dysfunction of MAIT cells in viremic
patients and showed that ART treatment for 2 to 5 years only par-
tially restored IFN-y production in MAIT cells but had little impact
on GzmB or CD107a expression defects, suggesting that MAIT cells are
still characterized by a deficient antibacterial activity. These findings
are consistent with previous studies showing that 5 years of ART led
to only partial recovery of MAIT cell function (11). Persistent MAIT cell
dysfunction may be associated with the high susceptibility to tuber-
culosis (TB) infection characteristic of HIV-1-infected patients, which
results in a major disease burden particularly in developing countries
such as South Africa and China (26). Therefore, understanding the
mechanism underlying MAIT cell dysfunction is pivotal for the
development of immunotherapeutic intervention strategies to decrease
opportunistic bacterial infections in individuals living with HIV-1.

Like other unconventional T cells, MAIT cells can be activated in
both TCR-dependent and TCR-independent manners (6). Recent
studies have also suggested that combined TCR signal and pro-
inflammatory cytokines, such as IL-12 and IL-18, are essential for
eliciting a robust response of MAIT cells (3, 4). Therefore, we asked
which of these two major signaling pathways were impaired in
MAIT cell activation during HIV-1 infection. A previous study
reported that MAIT cells from treated HIV-1-infected patients had
an equivalent IFN-y production capacity upon stimulation with
IL-12/18 as those from healthy donors but did not explore the
response of MAITSs to bacterial antigens (29). Here, we report that
while MAIT cells of viremic patients maintained a response to
IL-12/18 stimulation comparable to those of healthy donors, they
showed markedly decreased response to E. coli antigens. Because
similar antigen-specific impairment has been reported in other chronic
infections, such as hepatitis C virus (HCV) and hepatitis D virus
(HDV) infections (30, 31), as well as conditions such as cirrhosis (32)
and autoimmune diseases (33), our study provides insights into shared
mechanisms of MAIT cell dysfunction applicable to diverse diseases
associated with chronic inflammation.

To explore the mechanism of MAIT cell dysfunction during
HIV-1 infection, we performed scRNAseq and Abseq. Note that
here we only selected CD8" MAIT cells for analysis, without including
a smaller but significant fraction of MAIT cells lacking both CD4
and CDS8, which exhibit a partially distinct functional profile (34).
The data showed that MAIT cells in HIV-1-infected individuals
were highly activated, with up-regulation of some inhibitory receptors
and ISGs. We first explored whether MAIT cell dysfunction was due
to the expression of the inhibitory inhibitors PD-1, TIM-3, and
LAG-3, which have been reported to be elevated on the surface of
MAIT cells in patients infected with HIV-1 or HCV (11, 31), and
linked to the dysfunction of MAIT cells during these chronic infec-
tions. However, we did not observe an increase in the expression of
PD-1 or TIM-3 on the surface of MAIT cells from HIV-1-infected
subjects compared to HC subjects. Although LAG-3 showed a slight
up-regulation by both Abseq and flow cytometry, the blockade of
this pathway did not improve the MAIT cell function. Thus, the
functional impairment of MAIT cells during HIV-1 infection did
not appear dependent on these inhibitory receptors.

Instead, we found that sustained IFN-I signaling played a crucial
role in MAIT cell dysfunction during HIV-1 infection. HIV-1 infection

Tang et al., Sci. Adv. 2020; 6 : eaaz0374 19 February 2020

is known to induce persistent production of IFN-I, leading to chronic
activation of multiple types of immune cells, even in patients who
received effective ART treatment (15, 16). The regulation of IFN-I
signaling in T cells is complex. Direct and indirect effects of IFN-I
can either promote or inhibit T cell activation, proliferation, differ-
entiation, and function (35). This regulation, to a large extent,
depends on the timing of IFN-I exposure relative to TCR signaling.
Here, by dissecting the IFN-I effect on T and non-T cells, we found
that MAIT cells were regulated by IFN-I in both direct and indirect
manners. On the one hand, IFN-a could directly activate MAIT cells
as shown by increasing CD69 and CD107a expression after short-
term treatment. On the other hand, persistent pretreatment with IFN-a
substantially inhibited the functional activity of MAIT cells in response
to E. coli through an indirect manner dependent on monocytes.

We then demonstrated that the negative regulation of IFN-o on
MAIT cells was mediated by IL-10, an immune regulatory cytokine
known to play a critical role in the inhibition of T cell function
during chronic viral infections, including HIV-1 infection, largely
by altering monocyte function (22). Blockade of IL-10R was shown
to rescue the in vitro proliferative capacity of HIV-1-specific CD4"
and CD8" T cells in viremic patients and increased cytokine secre-
tion by HIV-1-specific CD4", but not CD8", T cells (36). IL-10 is
also involved in limiting inflammatory responses against infection
with bacteria such as Mycobacterium avium (37). Here, we report that
IFN-o-induced IL-10 inhibits the secretion of IL-12, an important
costimulatory cytokine for MAIT cells to react robustly to TCR
stimulation (4). The lack of IL-12 compromised the response of
MAIT cells to bacterial stimulation. Blocking IFN-I or IL-10 signaling
not only restored MAIT cell function during HIV-1 infection in vitro
but also significantly improved the function of patients’ MAIT cells
ex vivo. It was relevant that IL-10 blockade could rescue MAIT cell
responses against TB, as these findings suggest approaches to pre-
vent TB acquisition and pathogenesis in HIV-1-infected patients.
However, it is possible that other anti-inflammatory ISG proteins,
such as IL-1 receptor antagonist (IL-1RA) (38), may also contribute
to the suppression of monocytes, which remains to be determined in
the future.

Effective ART treatment suppresses HIV-1 replication and restores
plasma IFN-q to an undetectable level. However, ISG expression is
not normalized by long-term ART (>34 months) (39). Earlier studies
have shown that chronic high expression of ISGs potentially dis-
tinguishes not only simian immunodeficiency virus (SIV) infection
of natural hosts from pathogenic SIV infection (40) but also long-
term nonprogressors from rapid progressors among HIV-1-infected
individuals (41). Moreover, it is known that the levels of sCD14 and
sCD163, the markers of monocyte activation, remained elevated
despite ART treatment (42), indicating that activation and abnor-
mality of monocytes, caused, in part, by IFN-o, persists throughout
the course of HIV-1 infection. Here, we observed that plasma IP-10
and IL-10 levels in ART patients, although markedly decreased
compared to VIR subjects, were still significantly higher than HCs.
The blockade of IL-10R or supplement of IL-12 significantly improved
the antibacterial activity of MAIT cells from ART patients. Therefore,
we speculated that monocytes in ART patients were still suppressed
by IL-10 and deficient in IL-12 production, which should be deter-
mined in further studies.

MAIT cells are abundant in mucosal sites, such as the intestine
and the respiratory tract where foreign microbes have the potential
to gain access to the body (43, 44). The numerical and functional
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changes of MAIT cells in human mucosal sites are limited during
HIV-1 infection. A previous study found the frequency of MAIT cells
in rectal mucosa of HIV-infected patients to be comparable to that
of healthy individuals (11). Another study using human MR1-5-OP-RU
tetramers found lower frequencies of MAIT cells in bronchoalveolar
lavage fluid of SIV-infected versus SIV-uninfected rhesus macaques,
but no significant difference in the jejunum (45). Further studies that
determine the number, phenotype, and functionality of MAIT cells
in mucosal sites will reveal their fates and roles in mucosal infection.

In conclusion, our findings indicate that the IFN-I/IL-10 axis plays
a central role in MAIT cell dysfunction during HIV-1 infection.
This study has important implications for the development of adju-
vant therapy to reduce bacterial coinfections in people living with
HIV-1 infection.

MATERIALS AND METHODS

Study design

The aim of this study was to understand the mechanism of MAIT
cell dysfunction in HIV-1 infection. The study protocol for humans
was approved by the Ethics Committee of Shenzhen Third People’s
Hospital, and written informed consent was obtained from each
subject. HIV-1-infected patients were recruited at the AIDS Outpatient
Clinic at Shenzhen Third People’s Hospital. All patients had been
infected with HIV-1 via sexual transmission. HIV-1-uninfected healthy
individuals were recruited at the Physical Examination Center at
Shenzhen Third People’s Hospital. Clinical characteristics and
demographic information of participants are shown in table S1.

Viruses and bacteria

HIV-1Np4.3 virus stocks were prepared by expansion in CEM x 174
5.25 M7 cells and used for infection at 50 ng of p24 [determined
using the ZeptoMetrix p24 enzyme-linked immunosorbent assay
(ELISA) kit] for 5 x 10° cells per milliliter of RPMI 1640 with 10%
fetal bovine serum, as previously described. Freshly isolated PBMCs
that were not stimulated with phytohemagglutinin or IL-2 stimula-
tion were used for infection. The Mtb strain H37Ra was prepared as
previously described (46). The E. coli strain DH50 was cultured and
fixed in 1% PFA for exactly 3 min.

Assay of MAIT cell function

PBMCs were incubated with PFA-fixed E. coli [10 multiplicity of
infection (MOI)] for 24 hours or live H37Ra (10 MOI) for 48 hours
in the presence of anti-CD28 monoclonal antibody (1.25 pug/ml)
(BioLegend). For cytokine stimulation, a combination of IL-12 and
IL-18 (PeproTech) was added at 100 ng/ml for 24 hours. Anti-
CD107a phycoerythrin (PE)/Cy7 (1 ug/ml; BioLegend) was added
at the start of culture for E. coli and IL-12/18 stimulation or for the
last 24 hours for TB stimulation. Brefeldin A (BioLegend) was added
during the last 6 hours of stimulation.

Antibodies and flow cytometry

Anti-CD3-APC (allophycocyanin)/Cy7 (clone SK7), anti-CD161-PE
(clone HP-3G10), anti-TCR Va7.2 (clone 3C10), anti-GzmB-FITC
(fluorescein isothiocyanate) (clone QA16A02), anti-CD107a-PE/
Cy7 (clone H4A3), anti-LAG-3-FITC (clone 7H2C65), anti-PD-1-
PE/Cy7 (clone EH12.2H7), anti-TNF-0-APC (clone MAb11),
anti-HLA-DR-FITC (clone 1243), annexin V-APC, and Zombie
Green Fixable Viability Kit were purchased from BioLegend. Anti-
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IFN-y-APC (clone B27), anti-TIM-3-Alexa Fluor 647 (clone 7D3),
anti-CD8-PE (clone RPA-T8), anti-CD69-PE/Cy7 (clone FN50), and
anti—-CD38-APC (clone HIT2) were from BD Biosciences.

For surface marker staining, cells were incubated with antibodies
on ice for 30 min and then washed and fixed for further analysis.
Intracellular staining was performed using the relevant antibodies
in Perm/Wash buffer (BD Biosciences). Samples were acquired on a
FACSCanto II flow cytometer (BD Biosciences), and data were fur-
ther analyzed with Flow]o software v.10 (Tree Star).

Plasma and supernatant ELISA

ELISA kits were used according to the manufacturer’s instructions
for assessing IFN-o, (PBL Assay Science), IFN-B (PBL Assay Science),
IP-10 (R&D Systems), IL-10 (BioLegend), and IL-12 (BioLegend)
concentrations in the plasma from healthy subjects or HIV-1-infected
patients, or in the supernatant of cultured cells.

Blocking antibody treatment

PBMCs were stimulated with PFA-fixed E. coli in the presence of
anti-PD-1 (clone EH12.2H7; BioLegend), anti-LAG-3 (clone 17B4;
Abcam), anti-TFNAR?2 antibody (clone MMHAR-2; PBL Assay Science),
or purified anti-IL-10R antibody (clone 3F9; BioLegend) at 10 pg/ml.
Mouse IgG2a « and rat IgG2a « isotype control antibodies were used
as controls.

Single-cell targeted mRNA and antibody sequencing

To capture single-cell transcriptomic and surface proteomic profiles
of T cells, the BD Rhapsody system was used following the manu-
facturer’s instruction. Briefly, T cells were isolated from PBMCs
using the Pan T Cell Isolation Kit (Miltenyi) and then labeled with
29 antibodies conjugated with polyadenylated antibody-specific
barcodes (table S2), which were captured in the same manner as
cellular polyadenylated RNAs. The transcriptome of single T cells was
split for the construction of the Abseq library and the targeted mRNA
library, which was amplified by multiplexed polymerase chain reac-
tion with the T Cell Expression Panel for the detection of 259 genes
(table S3) and then sequenced using an Illumina NovaSeq platform.

scRNAseq and Abseq analysis

The sequenced raw reads were processed with the BD Rhapsody
analysis pipeline. Cell labels and molecular indices were identified,
and gene identity was determined by alignment against the BD
Rhapsody T Cell Expression Panel reference. Expression levels of 29 cell
surface proteins were also generated for all of the cells. Seurat v.3 was
used to integrate the individual mRNA and cell surface protein ex-
pression profiles for six samples, generating an integrated matrix of
transcriptomic and proteomic features. The integrated matrix was
analyzed by principal components analysis (PCA) and then UMAP
for the top 20 principal components chosen for visualization.
Meanwhile, graph-based clustering was performed on the PCA data
with reduced dimension. Differential expression analysis for each
cluster was performed with MAST. GO analysis was performed with
DAVID, a platform for gene functional annotation.

General statistical analysis

Statistical analysis was performed using the Prism software v.7
(GraphPad). The data are represented as means with SEM. D’ Agostino-
Pearson omnibus or Shapiro-Wilk normality tests were used to test
whether the data points were normally distributed. Paired or unpaired
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t tests were used to compare differences between matched or un-
matched samples with a normal distribution. When data were not
normally distributed, Mann-Whitney tests were used for unpaired
data, whereas Wilcoxon tests were used for paired data. Spearman
or Pearson tests were used for correlation analyses. All tests were
two tailed. P values less than 0.05 were considered statistically signif-
icant. Asterisks indicate the degree of significance, with *P < 0.05,
**P < 0.01, ***P < 0.001, or ****P < 0.0001.
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