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Background. Mucosa-associated invariant T (MAIT) cells are innate-like T cells with specialized antimicrobial functions.
Circulating MAIT cells are depleted in chronic human immunodeficiency virus (HIV) infection, but studies examining this
effect in peripheral tissues, such as the female genital tract, are lacking.

Methods. Flow cytometry was used to investigate circulating MAIT cells in a cohort of HIV-seropositive (HIV*') and HIV-
seronegative (HIV™) female sex workers (FSWs), and HIV™ lower-risk women (LRW). In situ staining and quantitative
polymerase chain reaction were performed to explore the phenotype of MAIT cells residing in paired cervicovaginal tissue. The
cervicovaginal microbiome was assessed by means of 16S ribosomal RNA gene sequencing.

Results. MAIT cells in the HIV" FSW group were low in frequency in the circulation but preserved in the ectocervix. MAIT cell
T-cell receptor gene segment usage differed between the HIV" and HIV™ FSW groups. The TRAV1-2-TRAJ20 transcript was the
most highly expressed MAIT TRA]J gene detected in the ectocervix in the HIV" FSW group. MAIT TRA V] usage was not associated
with specific genera in the vaginal microbiome.

Conclusions. MAIT cells residing in the ectocervix are numerically preserved irrespective of HIV infection status and displayed
dominant expression of TRAV1-2-TRAJ20. These findings have implications for understanding the role of cervical MAIT cells in

health and disease.
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Mucosa-associated invariant T (MAIT) cells are an evolution-
ary conserved subset of innate-like T cells that express a semi-
invariant T-cell receptor (TCR) o chain Va7.2 (TRAVI-2-
TRAJ33/20/12) paired with a limited repertoire of TCR B
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chains, mainly of the TRBV20 and TRBV6 gene families [1-
5]. MAIT cells are highly abundant in humans, representing
up to 10% of T cells in peripheral blood [6]. They are enriched
in tissues exposed to the external environment and commensal
microbes [7-9]. The main subset of MAIT cells are CD8™, with
some being CD4 CD8" (double negative [DN]) and a minor
subset of CD4™ [10, 11], a distribution mirrored in the female
genital tract [12]. TCR-independent MAIT cell responses have
recently been shown to control human immunodeficiency virus
(HIV) type 1 replication in vitro [13]. Owing to their multifac-
eted role in host defense, MAIT cells also have immunothera-
peutic potential [14, 15].

Studies indicate that MAIT cells are activated in the circula-
tion and in rectal tissue in the acute stage of HIV infection,
while chronic infection is associated with a numerical and func-
tional decline in circulating MAIT cells [16-18]. It is presently
unknown whether MAIT cells home toward other barrier tis-
sues against the backdrop of HIV-1 infection, such as the
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female genital tract. We have previously shown that MAIT cells
reside in the female genital mucosa of HIV-seronegative women
and are skewed toward interleukin 17 and interleukin 22 produc-
tion [12]. MAIT cell tissue repair functions are believed to be
modulated by TCR interactions with commensal microbes resid-
ing on the mucosal surface [19]. Given that HIV-1 can drive dys-
biosis at mucosal barriers [20], it is possible that the virus can
shape the cervical MAIT phenotype by indirect mechanisms.
In the current study, we aimed to investigate circulating and cer-
vical MAIT cells in chronically HIV" women and their potential
association with the local cervicovaginal microbiome.

METHODS

Ethics Statement

The current study was performed following approval from the
ethical review boards representing the Kenyatta National
Hospital, the University of Manitoba, and the Regional
Ethical Review Board of Stockholm. Written informed consent
was obtained from all study participants (Supplementary Data).

Study Populations

HIV-seropositive (HIV") and HIV-seronegative (HIV ") female
sex workers (FSWs) were recruited through the Majengo Sex
Worker Clinic in the Pumwani district in Nairobi, Kenya.
HIV™ lower-risk women (LRW) (non-sex workers) were re-
cruited through a Maternal Health Clinic at the Pumwani
Maternity Hospital. The sample collection was performed during
2009-2016. The detailed characteristics of the study population
have been described elsewhere [21-24]. In short, the general in-
clusion criteria were a minimum age of 18 years, uterus and cer-
vix present, not actively menstruating, antiretroviral treatment
naive, no symptomatic or clinically apparent cervical inflamma-
tion, and willingness to undergo ectocervical biopsy collection
and to abstain from vaginal sex during a healing period of 2
weeks after sampling. All participants were provided with coun-
seling on prevention of sexually transmitted infections, as well as
male and female condoms, family planning services, and access
to medical care, including HIV treatment, as needed.

Sample Collection

Blood samples were collected by venipuncture using a sodium
heparin tube, and peripheral blood mononuclear cells
(PBMCs) were separated by Ficoll-Hypaque density gradient
centrifugation and cryopreserved. Two ectocervical biopsy
specimens (each 3 mm?®) were collected from the superior por-
tion of the ectocervix with a Schubert biopsy forceps (B. Braun
Aesculap) and placed in a vial containing RNAlater solution
(Qiagen) or immediately snap-frozen and cryopreserved at
—80°C and used for in situ staining. For cervicovaginal lavage
(CVL) collection, a syringe was used to wash the endocervix
with 2 mL of sterile phosphate-buffered saline and to aspirate

the lavage from the posterior fornix [25]. The CVL was centri-
fuged, and the pellet was resuspended in RNAlater (Qiagen)
and immediately frozen at —80°C. Detection of HIV-1 RNA
in plasma from the blood samples was assessed using real-time
reverse-transcription polymerase chain reaction (PCR) [21].
Ectocervical samples were also collected from Swedish volun-
teers (n=>5), recruited through the Women’s Clinic at the
Karolinska University Hospital, Stockholm, Sweden [26]
(Supplementary Data). Peripheral blood-derived MAIT cells
from a healthy blood donor were included. These samples
were used to validate the quantitative PCR (qPCR) experiments.

Flow Cytometry
Procedures for flow cytometry staining of PMBCs were
adopted from a previous study [27] (Supplementary Data).
The antibodies used for flow cytometry analyses are listed in
Supplementary Table 1. All manual gating was based on
fluorescence-minus-1 gating strategies. The “dump” channel
shown in the gating strategy was used to remove dead cells
(LIVE/DEAD Aqua Cell Stain*), as well as monocytes/
macrophages (CD14™") and B cells (CD19T). MAIT cells were
defined as CD45"CD3"CD161"Va7.2".

t-Distributed stochastic neighbor embedding (t-SNE) analysis
was performed using FlowJo v10.6.1 software. Samples were ana-
lyzed using the R-package Cytofkit (version 0.99.0), which in-
cludes an integrated pipeline for cytometry data analysis.
Clustering was performed using density-based machine learning
with ClusterX, and cell subsets were identified by manual inspec-
tion of marker expression for each cluster (Supplementary Data).

Quantification of Selected Cytokine Transcripts

The messenger RNA (mRNA) expression of interleukin 7, 18,
and 15 (IL-7, IL-18, and IL-15) and ubiquitin C, in ectocervical
tissue, was measured by means of qPCR, as described elsewhere
[28]. Each sample was run in duplicate, the cycle threshold (Ct)
values for each target gene were normalized to ubiquitin C, and
the relative abundance of the target genes was calculated by the
comparative 2—dCt method [29].

Quantification of MAIT Cell TCR Rearrangements

Peripheral blood-derived MAIT cells from a healthy blood donor
were prepared as described elsewhere, by bead sorting using a
5-OP-RU loaded MRI tetramer and subsequent expansion
(National Institutes of Health Tetramer Core Facility,
Melbourne, Australia) [30, 31]. Total RNA was extracted using
the AllPrep DNA/RNA Micro kit (Qiagen). RNA extraction,
from the cryopreserved PBMCs and ectocervical biopsy speci-
mens, followed by complementary DNA synthesis, was per-
formed according to the manufacturer’s protocols (Qiagen).
Expression of TRAJ33/20/12, the TCR constant chain (Ca), as
well as glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
was performed as described elsewhere [32] (Supplementary
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Table 1. Characteristics of Cohort at Time of Sample Collection

Median Value (Range) or No. (%) of Participants

HIVT FSWs HIV™ FSWs HIV™ LRW
Characteristic (n=30) (n=31) (n=23) P Value®
Median (range)
Age, y° 40 (24-58) 40 (27-51) 39 (24-49) NS
Duration of sex work, y° 9 (2-26) 10 (4-24) NA NS
Time since HIV-1 diagnosis® 3y (9 m-21y) NA NA NA
HIV-1 RNA, copies/mL plasma® 6970 (10-648 000) NA NA NA
HIV-1 RNA, copies/mL cervical secretion’ 20 (20-45 800) NA NA NA
CD4 cell count, cells/mL 554 (121-1737) NA NA NA
Participants, no. (%)
Bacterial vaginosis%" 7 (23) 7 (25) 3(14) NS
Candida" 1(3) 2(7) 2 (10) NS
Chlamydia trachomatis” 0(0) 0(0) 1(5) NA
Neisseria gonorrhoea'eh 0(0) 0(0) 0 (0) NA
Syphilis seropositive” 6(19) 3(11) 1(5) NS

Abbreviations: FSWs, female sex workers; HIV, human immunodeficiency virus; HIVt, HIV-seropositive; HIV~, HIV-seronegative; LRW, lower-risk women (non-sex workers); NA, not

applicable.NS, nonsignificant.

P values based on Mann-Whitney U test for continuous and x? test for categorical variables.

Data missing from 2 HIV™ FSWs and 1 HIV™ LRW.
°Data missing from 2 HIV™ FSWs.
9Data missing from 1 HIV* FSWs.

°One HIV* FSW had plasma viral load below the HIV-1 RNA detection limit of 20 copies/mL and was given the value of 10 copies/mL.

‘Data missing from 13 HIV* FSWs.
9Bacterial vaginosis defined by Nugent score.
"Data missing from 2 HIV~ FSWs and from 2 HIV~ LRW.

Data, Supplementary Table 2). Each sample was run in duplicate,
and the Ct values for each target gene were normalized to Co or to
GAPDH, as indicated in the results section. The relative abun-
dance of the target genes was calculated by the comparative
279“ method [29].

In Situ Staining and Image Analysis

In situ staining of the cryopreserved tissue samples to detect
MAIT cells was done based on costaining of Va7.2 and interleu-
kin 18Ra [12, 33] (Supplementary Data). The epithelium and un-
derlying submucosal area, measured from the basal membrane to
a depth of approximately 300 um into the mucosa, were manually
outlined in regions of interest with CaseViewer (version 2.3.0)
software (3DHistotech). MAIT cells were enumerated by manual
counting of Va7.2"interleukin 18R™ cells within the region of
interest.

16S Ribosomal RNA Cervicovaginal Microbiome Profiling

DNA was extracted from CVL pellets using phenol chloroform.
The variable region 4 of the 16S ribosomal RNA gene was se-
quenced to assess the composition of the cervicovaginal micro-
biome [34] (Supplementary Data).

Statistical Analysis

The statistical significance of differences between categorical
variables was assessed with the y test and continuous variables
with the Mann-Whitney U test. Multiple comparison analysis

was performed using the Kruskal-Wallis test, followed by the
Dunn post hoc test. The Spearman rank correlation coefficient
test was used to assess correlations. All tests were 2 sided, and
differences were considered significant at P < .05. All statistical
analyses software

were performed using Prism 9.1.2

(GraphPad) (Supplementary Data).

RESULTS

Clinical Characteristics of Study Cohort

The Kenyan study cohort was divided into 3 groups:
HIV-seropositive (HIVT ) female sex workers (FSWs; n=
30), HIV-seronegative (HIV™) FSWs (n=31), and HIV~
LRW (n=23). The first group was the experimental group,
and the other 2 groups served as controls; the HIV™ FSWs pro-
vided a control for the influence of vaginal douching practices
and the impact of sex work (Table 1).

All study participants were within the same age range. The
prevalence of bacterial vaginosis and sporadic sexually trans-
mitted infections were similar across the groups. The HIV"
and HIV™ FSWs had similar durations of sex work (median,
9 years) and time since HIV diagnosis (median, 3 years). The
HIV" FSWs had no history of AIDS-defining illnesses.

Low Frequency of Circulating MAIT Cells in HIV* Women
PBMCs were assessed with flow cytometry to enumerate
and characterize the phenotype of circulating MAIT cells
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Figure 1. Enumeration and memory phenotype of blood-derived mucosa-associated invariant T (MAIT) cells. A, Representative figures illustrating flow cytometry identi-
fication of Va7.2*CD161™ MAIT cells. Abbreviations: FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter area. B, Box plots showing the per-
centage of Va7.2+CD161"™ MAIT cells among total CD3* T cells from peripheral blood mononuclear cell (PBMC) samples obtained from human immunodeficiency virus (HIV)—
seropositive (HIVt) female sex workers (FSWs) (n = 18), HIV-seronegative (HIV™) FSWs (n = 17), and HIV™ lower-risk women (LRW) (n = 21). C, Representative samples of
blood-derived MAIT cells expressing CCR7 and CD45R0, which were used to define different memory phenotypes in the HIV' FSWs (n = 15), HIV™ FSWs (n = 14), and HIV~
LRW (n = 21) groups. Box plots show the percentage of MAIT cells expressing an effector memory (EM; CCR7~CD45R0 ™) or terminally differentiated (TD; CCR7~CD45R0 ™)
phenotype in the 3 study groups. O, Representative sample of blood-derived MAIT cells expressing CD27 and box plots showing the percentage of CD27 MAIT cells among
total MAIT cells in the 3 study groups: HIVT FSWs (n = 16; blue), HIV™ FSWs (n = 14; red), and HIV™ LRW (n = 21; black). Box plots represent medians, with interquartile
range and range, and each data point represents a single participant. Statistical significance was determined using the Kruskal-Wallis test, followed by the Dunn post hoc
test; Pvalues in the figure are based on Dunn post hoc tests. *P<.05; ***P<<.001. This figure is available in black and white in print and in color online.

(CD457CD3"7CD161"Va7.2™) (Figure 1A). The percentage of ~ phenotype, with the remaining MAIT cells expressing a termi-
blood MAIT cells was significantly lower in HIV" FSWs than nally differentiated CCR7"CD45RO™ phenotype. No significant
in HIV™ LRW (Figure 1B). In all study groups, the majority  differences were seen between the groups for the effector mem-
of MAIT cells expressed a CCR7"CD45RO™" effector memory ~ ory and terminally differentiated phenotypes (Figure 1C).
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The expression of the costimulatory molecule CD27, which can
be used together with other T-cell markers for memory differ-
entiation [35], was significantly lower in the HIV* FSW group
(Figure 1D).

Activated Phenotype in Circulating MAIT Cells Among HIV* Women
Next, an unbiased analysis of the expression of activation mark-
ers (CD69, CD38, HLA-DR, and programmed cell death 1 pro-
tein [PD-1]) in circulating MAIT cells was performed using
t-SNE dimensionality reduction and cluster analysis
(Figure 2A-2C). Among the 11 MAIT cell clusters, the size of
clusters 4, 6, and 7 was significantly altered in the HIV" FSW
group (Figure 2A).

Cells in cluster 4 consisted of activated MAIT cells
(CD38"PD-17CD8") of a terminal effector (CD45RO~CD27")
profile, and a significantly lower percentage of HIV" FSWs ex-
pressed this phenotype compared with the HIV™ LRW group.
Cells in cluster 6 comprised activated (CD38YHLA-DR'PD-17")
DN MAIT cells with a transitional memory phenotype
(CD45RO*CD27"). The HIV' FSWs had a significantly
higher percentage of this phenotype than the HIV™ FSWs
(Figure 2A-2C). Cells in cluster 7 were nonactivated
(CD38 "HLA-DR PD-1") DN MAIT cells with a terminally
differentiated (CD45RO~"CD277) phenotype. The HIV™
FSWs had a significantly lower percentage of this cell popula-
tion compared with the HIV™ FSWs, but not compared with
the HIV™ LRW group (Figure 2A-2C). Collectively, 2 main
clusters were seen, one representing activated MAIT cells (clus-
ters 1, 2, 4, 6,9, and 10) and the other nonactivated MAIT cells
(clusters 3, 5,7, 8, and 11) (Figure 2C). All 3 study groups were
dominated by the activated phenotype cluster, compared with
the nonactivated cluster. No significant difference was seen be-
tween the 3 study groups with regard to the percentage of acti-
vated or nonactivated MAIT cells (Figure 2D).

Flow cytometric analysis of activation markers on MAIT
cells revealed that these cells from the HIV" FSW group, com-
pared with the HIV™ FSW and HIV™ LRW groups, expressed
significantly higher levels of CD38 and HLA-DR (both P <
.001) but not the early activation marker CD69 or the inhibito-
ry receptor PD-1 (Figure 3A). Moreover, the percentage of cir-
culating MAIT cells was inversely correlated with highly
activated MAIT cells (p = —0.49; P =.003) (Figure 3B).

In the HIV" FSWs, the percentage of PD-1" MAIT cells
was positively correlated with the HIV-1 plasma viral load
(in HIV-1 RNA copies per milliliter of plasma) (r=0.56;
P=.03), and significant negative correlations were seen be-
tween the percentage of PD-1" and HLA-DR" MAIT cells
and the CD4/CD8 ratio (r=—0.51; P=.05) (Supplementary
Figure 1).

Abundance of DN MAIT cells may be due to down-
regulation of the CD8 coreceptor and associated with activation
and exhaustion of MAIT cells [11]. The HIV™ FSWs had fewer

CD8" MAIT cells than the HIV™ LRW group (Figure 3C). The
HIV" FSWs had a lower percentage of CD8* MAIT cells than
DN MAIT cells, which was not observed in the HIV™ FSW and
HIV™ LRW groups. The CD4" MAIT cells were the smallest
subset in all 3 study groups. A positive correlation was seen be-
tween the percentage of DN MAIT cells and HIV plasma viral
load (r=0.55; P=.03) (Figure 3D).

MAIT Cells in the Ectocervix of HIV* and HIV™ Women

In situ staining was performed to quantitatively assess the
MAIT cells in ectocervical tissue samples. MAIT cells were lo-
cated close to the basal membrane (Figure 4A). Owing to lim-
ited sample availability, MAIT cells were quantified only in the
HIV FSW and HIV™ LRW groups. The average tissue area an-
alyzed was comparable between the HIV' FSW and HIV™
LRW groups (median, 2.2 vs 2.7 mm?, respectively). No signifi-
cant difference was seen in the number of Va7.2"IL-18R™ cells
per square millimeter in the ectocervix of the HIV' FSW
(n=7) and HIV™ LRW (n=8) groups (Figure 4B). However,
owing to the small sample size, this finding should be interpret-
ed cautiously.

We next assessed the relative mRNA expression of IL-18,
IL-15, and IL-7 in the ectocervical biopsy specimens. The
HIV" FSWs displayed significantly lower levels of IL-18 and
IL-7 than the HIV™ LRW but not the HIV™ FSWs (P=.005
and P =.01, respectively). The IL-15 expression was compara-
ble between the groups (Figure 4C). Decreased levels of cervical
cytokines could potentially affect the functionality of MAIT
cells at this site.

High Expression of TRAJ20in Blood and Ectocervix of Kenyan Women but
No Association Between Sites

To assess whether the MAIT TCR expression differs between
circulating and ectocervical residing MAIT cells, the expression
of the transcripts TRAVI1-2-TRAJ33, TRAV1-2-TRAJ20, and
TRAVI1-2-TRAJ12 (hereafter referred to as TRAJ33, TRAJ20,
and TRAJI2, respectively) was measured using reverse-
transcription qPCR (Supplementary Data). The expression of
TRAJ33, TRAJ20, and TRAJ12 was normalized to the TCR
constant chain (Ca) gene expression to control for numerical
differences in T cells between the study groups. In contrast
with findings of previous studies, TRAJ20 was the dominant
TRA] seen in the majority of both the PBMCs and the ectocer-
vical samples in the Kenyan cohort. No significant difference in
the proportion of the TRA] expression was seen in the PBMC
samples. In the ectocervical compartment, the HIVY FSWs
had significantly more TRAJ20 than TRAJ33 and TRAJI12
(P <.001), while the HIV™ FSWs and HIV™ LRW had signifi-
cantly more TRAJ20 than TRAJ12 (P=.004) and significantly
more TRAJ33 than TRAJ12 (P=.001) (Figure 5A). Paired anal-
ysis of TCR gene expression in all 3 study groups combined did
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(n=18; blue), HIV-seronegative (HIV™) FSWs (n=14; red), and HIV™ lower-risk women (LRW) (n =21; black). Box plots represent medians with interquartile range and
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test followed by Dunn post hoc test for unpaired analyses; Pvalues in the figure are based on Dunn post hoc tests. *P<<.05; **P<.01; ****P<.0001. This figure is available
in black and white in print and in color online.
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Figure 3. Activation status of blood-derived mucosa-associated invariant T (MAIT) cells. A, Representative images and box plots showing the percentages of CD69™,
CD38™, HLA-DR™, and programmed cell death 1 protein (PD-1)* MAIT cells in the total MAIT cell pool among human immunodeficiency virus (HIV)}-seropositive (HIV')
female sex workers (FSWs) (n= 17), HIV-seronegative (HIV™) FSWs (n=13), and HIV™ lower-risk women (LRW) (n=21). CD38 data were missing from 1 HIV* FSW a-
nd 2 HIV™ FSWs. B, The percentage of circulating MAIT cells from all participants in the 3 study groups was correlated with highly activated MAIT cells (present in clusters
2,9 and 10 that are visualized in Figure 2C). C, Representative image and box plots from the 3 study groups illustrating identification of CD8, CD4 or double-negative (DN)
blood MAIT cells. D, Correlation between the percentage of DN MAIT cells among total MAIT cells in peripheral blood mononuclear cell (PBMC) samples and the HIV-1
plasma viral load (n = 16). HIVT FSWs are depicted in blue, HIV™ FSWs in red, and HIV™ LRW in black. Box plots represent medians, with interquartile range and range,
and each data point represents a single participant. Statistical significance was determined using the Kruskal-Wallis test, followed by Dunn post hoc test; Pvalues in the
figure are based on Dunn post hoc tests. The Spearman rank correlation coefficient test was used to assess correlations. *P<.05; **P<C.01; ***P<.001. This figure is

available in black and white in print and in color online.

not reveal any significant differences between PBMCs and ecto-
cervical samples (Figure 5B).

Next, we investigated whether HIV-1 infection status affect-
ed the distribution of the TCR usage by comparing the normal-
ized TRAJ33/20/12 gene segment expression between the study
groups. In the PBMC samples, no significant differences in ex-
pression of the TCR TRAVI-2 joining genes were seen between

the 3 study groups. In the ectocervical samples, HIV* FSWs
had significantly higher relative expression of TRAJ20 than
HIV'LRW and significantly higher relative expression of
TRAJ12 than both HIV™ FSWs and HIV™ LRW (P=.002)
(Figure 5C). Similar patterns were seen when the qPCR data
GAPDH instead of TCR Ca

were normalized to

(Supplementary Figure 2).
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Figure 4. Assessment of mucosa-associated invariant T (MAIT) cells and cytokines in the ectocervical mucosa. A, Representative immunofluorescence images of ecto-
cervical tissue sections from human immunodeficiency virus (HIV)-seropositive (HIVT) female sex workers (FSWs) ( first row), HIV-seronegative (HIV™) FSWs (second row),
and HIV™ lower-risk women (LRW) (third row), sections stained for Va7.2 (green), interleukin 18Ra (IL-18Ray) (red) and 4’ ,6-diamidino-2-phenylindole (DAPI) (b/ue). DAPI was
used as a counterstain for visualization of cell nuclei. The double positive cells (third column) are indicated by white arrows. Images were obtained with x 20 objectives; scale
bars represent 25 um. Abbreviation: TCR, T-cell receptor. B, Box plot showing the number of Va7.27IL-18Ra™ cells per square-millimeter tissue area in HIVY FSWs (n=7;
blue) and HIV™ LRW (n = 8; black). C, Box plots showing the relative messenger RNA expression of interleukin 18, 15, and 7 ( IL-18, IL-15, and IL-7) normalized to ubiquitin C
(UBC) in ectocervical tissue samples from HIVT FSWs (n = 20; blue), HIV™ FSWs (n = 18; red), and HIV™ LRW (n = 21; black). Abbreviation, RQ, relative quantification. Box
plots represent medians, with interquartile range and range, and each data point represents a single participant. Statistical significance was determined using the Krus-
kal-Wallis test, followed by Dunn post hoc test; P values in the figures are based on Dunn post hoc tests. *P<<.05; **P<<.01. This figure is available in black and white

in print and in color online.

The sum of the percentage of each of the 3 TRAV1-2-TRA]
rearrangements of the TCR Ca was calculated to estimate the
total levels of MAIT cells. The HIV* FSWs had the lowest per-
centage of MAIT TCR o chain expression in the PBMC sam-
ples, while the HIV" LRW had the highest percentage.
Interestingly, an inverse effect was observed in the ectocervical
samples (Figure 5D). No correlation was seen between the

cervical HIV RNA levels and levels of circulating or cervical
MAIT cells (Supplementary Data).

Assessment of the Vaginal Bacterial Microbiome and MAIT Cell TRAJ
Expression in Ectocervical Tissue

The cervicovaginal microbiome composition was assessed with
16S ribosomal RNA gene sequencing of CVL samples from the
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Figure 5. Relative gene expression of mucosa-associated invariant T (MAIT)-specific T-cell receptor (TCR) segments in peripheral blood mononuclear cells (PBMCs) and ec-
tocervical tissue samples. A, Stacked bars showing the proportion of the relative gene transcript of TRAJ20/33/12normalized to the TCR constant a chain (Cay) in PBMC (/eft) and
ectocervical (right) samples from human immunodeficiency virus (HIV)-seropositive (HIV') female sex workers (FSWs) (n= 8 for PBMCs and n = 29 for ectocervical samples),
HIV-seronegative (HIV™) FSWs (n =6 and n = 22, respectively), and HIV™ lower-risk women (LRW) (n =8 and n = 19). B, Graph comparing the proportions of TRAJZ0, TRAJ33,
and TRAJ12 expression in paired PBMC and ectocervical samples from HIVY FSWs (n=8), HIV™ FSWs (n=3), and HIV™ LRW (n=7). C, Box plots showing the relative quan-
tification (RQ: 1= Ca) of the MAIT-specific TCR segments TRAJ20, TRAJ33, and TRAJ12in PBMC and ectocervical samples from HIV' FSWs (n = 8 for PBMCs and n = 29 for
ectocervical samples), HIV™ FSWs (n=6 and n =22, respectively), and HIV™ LRW (n =8 and n=19). D, Percentage of total TRAV7-2 gene segments in PBMC (/eft) and ecto-
cervical (right) samples from HIVT FSWs (n =8 for PBMCs and n = 29 for ectocervical samples; blue), HIV~ FSWs (n =6 and n = 22; red), and HV™ LRW (n=8 and n=19;
black). Samples with cycle threshold (Ct) values of <40 were given a Ct value 2 log lower than lowest detected levels. Box plots represent medians, with interquartile range and
range, and each data point represents a single participant. Statistical significance was determined using the Kruskal-Wallis test, followed by the Dunn post hoc test; Pvalues in the
figure are based on Dunn post hoc tests. *P<<.05; **P<.01; ***P<<.001. This figure is available in black and white in print and in color online.
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Figure 6. Cervicovaginal microbial composition. A, Stacked bar plot showing relative abundance of the 3 TRAVI-2 joining gene segments in ectocervical samples from
human immunodeficiency virus (HIV}-seropositive (HIV*) (n = 10) and HIV-seronegative (HIV™) (n=11) female sex workers (FSWs). B, Stacked bar plot showing relative
abundance of the cervicovaginal microbial composition (all bacteria genera that had a proportion of <1% per sample were merged into the group labeled “Other”). C,
Proportion of PICRUSt2 (version 2.3.0) software—predicted riboflavin-producing bacteria in the cervicovaginal lavage samples from HIV' (n=9) and HIV™ (n=11) FSW-
s. Samples are ordered according to decreasing TRAJZ0 proportions in the 2 study groups. D, Pairwise Spearman p correlations were performed between total sum scaling
(TSS)-normalized vaginal microbiome abundance (at genus level + Lactobacillus spp.), and the relative gene expression of TRAJZ20, TRAJ12, or TRAJ33 segments normalized
to the T-cell receptor (TCR) constant a chain (Ca) (upper heat map) and to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (lower heat map) in ectocervical tissue
samples from HIV* (n=9) and HIV™ (n = 11) FSWs. Unadjusted Spearman p values and and unadjusted P values are shown in the heat maps. This figure is available
in black and white in print and in color online.
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HIV" and HIV™ FSW groups (Supplementary Data). No sig-
nificant differences were seen in either the proportion of the ec-
tocervical MAIT TCR gene segment expression or the
cervicovaginal microbiome composition between the 2 study
groups (Figure 6A-6C and Supplementary Tables 3-5).

Both the HIV" and HIV™ FSW groups displayed a diverse
cervicovaginal microbiome. No significant correlation was
seen, after adjustment for multiple comparisons (false discovery
rate, <0.05), between the total sum scaling (TSS)-normalized
microbiome abundance, and the relative gene expression of
TRAJ33, TRAJ20, and TRAJI2 segments (Figure 6D and
Supplementary Data).

DISCUSSION

The current study shows that while MAIT cells are reduced in
the circulation of HIV' women, they are numerically preserved
in the ectocervical mucosa. High levels of TRAJ20 usage were
seen in MAIT cells in both blood and ectocervical tissue, and
this was particularly dominant in the ectocervical compartment
of the HIV" women.

Severe depletion of circulating MAIT cells, with functional
impairment of those that remain, is a hallmark of untreated
chronic HIV-1 infection [16, 17], a phenotype we also observed
in this cohort of HIV* FSWs. The majority of circulating MAIT
cells, regardless of HIV status, displayed activated phenotypes,
which is different from the patterns observed in healthy
Swedish volunteers [17]. In addition to numerical decline, we
found that remaining circulating MAIT cells displayed an effec-
tor memory phenotype and up-regulated activation markers,
predominantly CD38 and HLA-DR. During acute HIV infec-
tion, MAIT cells acquire an activated phenotype at the peak
of the HIV viremia, followed by decreased activation and nu-
merical loss that is also inversely correlated with increased
PD-1 expression and functional exhaustion [18]. Here, we ob-
served that the frequencies of activated MAIT cells and PD-1*
MAIT cells were inversely correlated with the total frequency of
MAIT cells in blood. Furthermore, PD-17 MAIT cells were
correlated to clinical parameters representing progressive
HIV infection, suggesting a gradual exhaustion of the MAIT
cell compartment over the course of infection.

The majority of MAIT cells are CD8™, with smaller subsets of
DN and CD4" cells [36]. Early in HIV infection, MAIT cells un-
dergo a subset redistribution involving CD8 down-regulation
and subsequent expansion of the DN pool, which is likely due
to increased cellular activation [11, 18]. In line with this, we
showed a higher frequency of DN than than of CD8™* MAIT cells
in HIV" women. The frequency of DN MAIT cells was correlat-
ed with HIV plasma viral load, confirming that virus replication
has a role in skewing the subset profile of MAIT cells. Because
DN MAIT cells are more prone to apoptosis than CD8"

MAIT cells [11], this effect may contribute to the diminished
pool of circulating MAIT cells in HIV* women.

It has been suggested that the numerical decline of circulat-
ing MAIT cells in HIV infection is due to their migration to the
mucosal tissues, key sites of inflammation, viral replication, and
microbial translocation [37]. Here, we observed that MAIT
cells were also preserved in the cervical epithelium and under-
lying connective tissue, in agreement with our group’s previous
study [12]. Similar frequencies of MAIT cells were seen in the
HIV* FSWs and the HIV™ LRW, indicating that this preserva-
tion is independent of HIV infection status. An overall limita-
tion of the study is limited tissue availability; thus, MAIT cell
frequency was assessed in only a few individuals, and functional
studies of cervical MAIT cells could not be performed.

The Kenyan study participants demonstrated diverse TCR
usage among their blood-derived MAIT cells, with prominent
TRAJ20 composition. Moreover, the TRAJ20 rearrangement
was also the most commonly detected in the ectocervix, regard-
less of HIV status. However, the HIV' women displayed the
highest levels of TRAJ20. The qPCR data revealed that the
HIV" women had higher levels of MAIT cells in their cervical
mucosa than the control groups, in contrast with what was seen
in the circulation. We have previously shown that HIV" wom-
en from the Kenyan cohort had high mRNA levels of inflam-
matory cytokines in their cervical compartment [21], and this
inflammation could promote increased homing of the MAIT
cells to this environment. In the current study, no correlation
was seen between HIV cervical shedding and the percentage
of circulating MAIT cells or between HIV cervical shedding
TRAJ33/20/12 gene
Moreover, no significant difference in TCR gene usage was not-

and cervical segment expression.
ed between circulating and cervical-residing MAIT cells. A pos-
sible explanation for this is the highly vascularized anatomy of
the female genital tract, resulting in a closer similarity with
MAIT cells in the blood than found in other mucosal tissues
(38, 39].

Local microbiota play a pivotal role in the early development
of MAIT cells in the thymus and later expansion in peripheral
tissues [8, 40]. Previous studies have shown that gut dysbiosis in
HIV* individuals is associated with less functional MAIT cells
[41]. The Kenyan women in our study had a diverse microflora,
with low abundance of Lactobacillus and high abundance of
Gardnerella and Prevotella genera. No significant correlations
were seen between the cervicovaginal microbiota and MAIT
TCR gene expression. It is worth noting that this analysis was
performed only on the mRNA level and may not accurately de-
pict TCR expression on the cell surface. Thus, the composition
of MAIT cell TCR usage in the cervical compartment needs to
be further assessed, including the TCR P chain that displays a
broader repertoire [42].

In summary, MAIT cells are depleted in blood but preserved
in the cervical mucosa during HIV-1 infection, potentially
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indicating the importance of their preservation at barrier tissue.
A distinct dominance of TRAJ20 in the ectocervical compart-
ment during HIV-1 infection opens up the possibility of
microbe-specific repertoire shaping.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious
Supplementary materials consist of data provided by the author

Diseases online (http://jid.oxfordjournals.org/).
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages

regarding errors should be addressed to the author.
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