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Mucosal associated invariant T (MAIT-) cells represent a semi-invariant T cell popula-
tion responsive to microbial vitamin B metabolite and innate cytokine stimulation,
executing border tissue protection and particularly contributing to human liver im-
munity. The impact of immunosuppressants on MAIT cell biology alone and in con-
text with solid organ transplantation has not been thoroughly examined. Here, we
demonstrate that in vitro cytokine activation of peripheral MAIT cells from healthy
individuals was impaired by glucocorticoids, whereas antigen-specific stimulation
was additionally sensitive to calcineurin inhibitors. In liver transplant (LTx) recipients,
significant depletion of peripheral MAIT cells was observed that was largely inde-
pendent of the type and dosage of immunosuppression, equally applied to tolerant
patients, and was reproducible in kidney transplant recipients. However, MAIT cells
from tolerant LTx patients exhibited a markedly diminished ex vivo activation signa-
ture, associated with individual regain of functional competence toward antigenic
and cytokine stimulation. Still, MAIT cells from tolerant and treated liver recipients
exhibited high levels of PD1, accompanied by functional impairment particularly to-
ward bacterial stimulation that also affected polyfunctionality. Our data suggest in-
terlinked effects of primary liver pathology and immunosuppressive treatment on
overall MAIT cell fitness after transplantation and propose their monitoring in con-

text with tolerance induction protocols.
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1 | INTRODUCTION

Mucosal-associated invariant T (MAIT) cells constitute an innate-like
T cell subset in mammals® that is gaining increasing attention be-
cause of its unconventional antigen specificity2 and an emerging role
in host protection3 and tissue repair.4 MAIT cells are uniquely iden-
tified based on coexpression of a semi-invariant T cell receptor (TCR
Va7.2-Ja33 in humans®) along with the C-type lectin CD161 or inter-
leukin 18 receptor alpha;® they are restricted by the HLA-Ib major
histocompatibility complex (MHC)-related protein | (MR1) present-
ing vitamin B metabolites produced by a multitude of microbes and
fungi that employ the riboflavin synthesis pa\thway.2 Accumulating
data, including our own,”8 indicate that alternative activation modes
via inflammatory cytokines exist, positioning MAIT cells in between
innate and adaptive immunity. Apart from their abundance in periph-
eral blood" and at mucosal surfaces such as in the intestine’ or Iung,10

61112 \yhere

MAIT cells account for up to 45% of intrahepatic T cells
they likely contribute to an intestine-downstream firewall protecting
bile ducts and sinusoids.'® Several studies have reported a disturbed
MAIT cell biology in liver diseases; as a common motif, MAIT cells
are significantly depleted from the periphery in autoimmune hep-
atitis, primary biliary cholangitis, alcoholic liver disease, or chronic
hepatitis C, a phenomenon being associated with changes in their
functional repertoire.“'17 So far, it has not been addressed whether
MAIT cell homeostasis is restored in transplanted individuals and
how diverse immunosuppressive regimens affect its reconstitution.
Based on prominent expression of the multidrug resistance protein
1, MAIT cells are protected from xenotoxic stress, for example, in-
duced by common cytostatic therapy.® With respect to immunosup-
pressive agents, however, there is only limited information on how
these drugs affect MAIT cell effector functions in vitro and in vivo.
Given their emerging role in host protection, we studied peripheral
MAIT cell responses toward bacterial and innate cytokine stimuli in the
presence of common immunosuppressive medication in healthy individ-
uals in vitro. Furthermore, we comprehensively extended our analysis
to the examination of peripheral blood derived MAIT cell frequencies,
activation state, and effector functions in immunosuppressed and tol-
erant liver transplant recipients ex vivo. Although not exactly reflecting
intra-organ biology, our choice of peripheral MAIT cell analysis overcomes
experimental limitations imposed by biopsy material, enables repeated
sampling, and allows direct comparison with the aforementioned studies
on liver diseases. Our data pave the way toward understanding how im-
munosuppressive therapy and/or the postorgan transplantation state per
se affects MAIT cell biology—with possible implications for immunologi-

cal competence of patients at risk of opportunistic infections.

2 | MATERIAL AND METHODS
2.1 | Study approval

The study protocol was approved by the ethics committee of the
Charité-Universitatsmedizin Berlin (No. EA2/028/13, EA2/035/16 and

EA4/127/17) and carried out in compliance with its guidelines. All sub-
jects gave written informed consent in accordance with the Declaration
of Helsinki.

2.2 | Study participants

Details of individuals enrolled are summarized in Tables 1-3. Liver
transplant (LTx) recipients initially diagnosed with hepatitis C virus
(HCV) infection did not show viral reactivation at least within
3 years prior to the study. For some analyses, LTx patients treated
with immunosuppression (IS) drugs were grouped according to drug
levels. Group 1 included patients with serum levels of tacrolimus
(Tac) < 3 ng/mL or cyclosporine A (CyA) < 50 ng/mL + up to 500 mg
mycophenolate mofetil (MMF) (1-0-1), Group 2 with Tac 3-5 ng/mL
or CyA 50-100 ng/mL + up to 500 mg MMF (1-0-1), Group 3 with
Tac > 5 ng/mL or CyA > 100 ng/mL + up to 500 mg MMF (1-0-1).

2.3 | Cellisolation

Peripheral blood was collected from liver and kidney transplanted
individuals and from healthy controls; peripheral blood mononuclear
cells (PBMC) were isolated by FicoII-Paquem density gradient cen-
trifugation and freshly analyzed.

2.4 | Stimulation conditions

PMBC were cultured in RPMI1640 media containing 0.3 mg/mL glu-
tamine, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10% human
AB serum (all Biochrom, Cambridge, UK). In all functional assays, cells
were stimulated for 22 hours at 37°C. For cytokine stimulation, a com-
bination of interleukin-12 (IL-12), IL-15 (5 ng/mL each, Miltenyi Biotec,
Bergisch Gladbach, Germany), IL-18 (5 ng/mL, R&D, Minneapolis, MN),
and TL1A (10 ng/mL, R&D) was used after determining optimal con-
centrations. Brefeldin A (BrefA, Sigma-Aldrich, St. Louis, MO) was
present for the last 4 hours. Bacterial stimulation was performed with
formalin-fixed E. coli (lab strain DH5a) at a pretitrated multiplicity of
infection of 30 in the presence of anti-CD28 (1 pg/mL, 28.2, Biolegend,
San Diego, CA) for costimulation. Specificity of bacterial stimulation
was controlled by adding anti-MR1 (10 pg/mL, 26.5, Biolegend) or
isotype control prior to bacterial stimulation. BrefA and Monensin
(GolgiStopm, BD Biosciences, San Jose, CA) were added after 4 hours,
enabling optimal CD107a and cytokine staining. In some experiments,
PBMC were preincubated with immediate posttransplant consensus
concentrations (based on Refs. 18 and 19-21 and according to local
hospital guidelines) of tacrolimus (10 ng/mL, Astellas Pharma, Tokyo,
Japan, Prograf®), cyclosporin A (120 ng/mL, Cayman Chemical, Ann
Arbor, MI), mycophenolic acid (2.7 pg/mL, Sigma-Aldrich), or predniso-
lone (Prednisolut®, 0.57 ug/mL, Mibe, Sandersdorf-Brehna, Germany)
for 2 hours and subsequently stimulated as described previously. Drug

concentrations were titrated as indicated.
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TABLE 1 Characteristics of LTx
patients and healthy donors Variable
Age (y = SD)?

Gender (females)?

Time since transplantation

(y+SD)?

Tolerant group (IS-free)®

Tolerant group: mean IS-free

time®
IS group o
IS group 2°4
IS group 3bd

IS medication®

Tacrolimus + mycophenolate

mofetil
Tacrolimus

None

Mycophenolate mofetil

Cyclosporin

All patients Tolerant patients Healthy
(n=58) (n=8) donors (n = 19)
61.78 (11.75) 63.8(10.3) 61.26 (6.51)
21/58 (36.2%) 1/8 (12.5%) 10/19 (52.6%)
12.59(7.2) 17.3(5.5)

8/58 (13.8%)
36.8 (75.6)

20/58 (34.5%)
19/58 (32.8%)
11/58 (19%)

19/58 (32.8%)

16/58 (27.6%)
8/58 (13.8%)
6/58 (10.3%)
5/58 (8.6%)

A + mycophenolate mofetil

Cyclosporin A

Primary disease”

Nutritive-toxic cirrhosis

Hepatitis C

Hepatocellular carcinoma

Hepatitis B

Primary biliary cholangitis
Cryptogenic cirrhosis

Alpha-1 antitrypsin

deficiency

Primary sclerosing

cholangitis

Budd-Chiari syndrome

Caroli syndrome

Chemotherapy-induced

cirrhosis

Secondary biliary cirrhosis

Wilson's disease

4/58 (6.9%)

13/58 (22.4%)
11/58 (19%)
9/58 (15.5%)

(
( 5(62.5%)
(
9/58 (15.5%)
(
(
(

1(12.5%)
1(12.5%)
4/58 (6.9%)
3/58 (5.2%)
2/58 (3.4%)

1(12.5%)

2/58 (3.4%)

1/58 (1.7%)
1/58 (1.7%)
1/58 (1.7%)

1/58 (1.7%)
1/58 (1.7%)

Abbreviations: IS, immunosuppression; LTx, liver transplant.

#Mean + SD.
bCount (%).
“‘Months + SD.

dFor characterization of IS groups, see materials and methods section.

2.5 | Flow cytometric analysis

For surface stainings, antibodies against CD3 (SK7, Biolegend),
CD4 (SK3, Becton Dickinson), CD8 (SK1, Ebioscience, San Diego,
CA), CD8p (SIDIBBEE, eBioscience), CD25 (BC96, Biolegend),
CD27 (M-T271, Biolegend), CD38 (HIT2, BD), CD45RA (HI100,
Biolegend), CD56 (5.1H11, Biolegend), CD69 (FN50, Biolegend),

CD103 (Ber-ACTS8, Biolegend), CD161 (HP-3G10, Biolegend),
TCRVa7.2 (3C10, Biolegend), IL-18Ra (H44, Biolegend), CCR7
(3D12, BD), KLRG1 (SA231A2, Biolegend), NKG2D (1D11,
Biolegend), HLA-DR (L243, Biolegend), and PD1 (EH12.1, BD)
were used. Unwanted cells were excluded via a “dump channel”
containing CD14" (M5E2, Biolegend), CD19" (HIB19, Biolegend)
and dead cells (fixable live/dead, Biolegend). The basic gating
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TABLE 2 Characteristics of IS-free LTx patients
Patient number 01 02° 03? 04 05 06 07 08*
Age (y) 53 61 75 46 74 64 72 65
Gender (m/f) m m m f m m m m
Time since Tx (y) 19 9 14 26 12 22 22 14
I1S-free time (mo) 19 6 9 223 9 21 3 4
Primary disease HCV Crypt. HCV HBV HCV HCV HCC HCV
Biopsy Yes Yes Yes Yes No Yes No No
Rejection No No No No n.a. No n.a. n.a.
Liver function®
gGT (U/L) 211 300 52 27 20 17 14 28
AP (U/L) 158 135 56 86 75 62 48 73
Total bilirubin (mg/ 0.7 0.8 11 111 0.63 0.6 1.61 0.15
dL)
ALT/AST (U/L) 36/43 38/48 30/31 23/31 18/28 13/21 34/33 23/20
INR 1.03 0.92 1.14 1.35 0.99 1.23 1.12 n.d.

Abbreviations: ALT/AST, aspartate transaminase/alanine transaminase; AP, alkaline phosphatase; gGT, Gamma-glutamyltransferase; HBV, hepatitis
B virus; HCV, hepatitis C virus; INR, international normalized ratio; IS, immunosuppression; LTx, liver transplant; n.a., not applicable; n.d. not

determined.
Weaned during the study.
PAt time of cellular analysis.

strategy to identify MAIT cells and other subsets within PBMC
is shown in Figure S1A.

After stimulation, cells were fixed in FACS™ Lysing Solution (BD),
permeabilized with FACS" Perm Il Solution (BD), and intracellularly
stained with anti-tumor necrosis factor alpha (anti-TNFa) (MAb11,
Biolegend), anti-interferon gamma (anti-IFNy) (4SB3, Ebioscience),
anti-granzymeB (GB11, BD), and anti-IL-17 (BL168, Biolegend).
Where indicated, granzymeB or activated Caspase 3 (C92-605,
BD) were intracellularly assessed ex vivo. For assessing expression
of FoxP3 (150D, Biolegend), CTLA-4 (BNI3, Biolegend), and/or
Ki67 (B56, BD), cells were fixed and permeabilized using the Foxp3
staining buffer set (Ebioscience). Cells were analyzed on a FACS™
Fortessa X20 (BD).

2.6 | Data analysis

FACS data were analyzed with FlowJo 10 (BD); polyfunction-
ality was assessed via Boolean gating. Statistical analysis and
graph creation were conducted using GraphPad Prism 7.0
(GraphPad, La Jolla, CA). The Kolmogorov-Smirnov test was
used to evaluate the distribution of each parameter. Depending
on Gaussian distribution, analysis of variance (ANOVA) or
Kruskal-Wallis test (with Dunn post hoc) was chosen for multi-
ple comparisons; for 2-group comparisons with unpaired sam-
ples, t test with Welch's correction or Mann-Whitney test was
used. For analysis of paired data (eg, titrations), paired t test
or Wilcoxon matched-pairs signed rank test was performed de-

pending on data distribution. In all tests, a value of P < .05 was

considered significant with *P < .05, **P < .01, ***P < .001, and
****p < .0001.

3 | RESULTS
3.1 | Impairment of cytokine-induced MAIT cell
functions by immunosuppressive drugs in vitro

To address the functional impact of immunosuppressive agents
used in clinical routine after solid organ transplantation on
human MAIT cells, PBMC from healthy donors were preincu-
bated with tacrolimus, cyclosporine A, mycophenolic acid, or
prednisolone. Thereafter, cells were stimulated with preti-
trated (data not shown) concentrations of IL-12, IL-15, IL-18, and
TL1A, a cytokine combination robustly inducing the effector
molecules TNFa, IFNy, and granzymeB in MAIT cells in a T cell
receptor independent fashion.”® Whereas prednisolone signifi-
cantly inhibited TNFa and IFNy secretion but did not reduce
frequencies of MAIT cells producing the cytotoxic mediator
granzymeB, none of the other drugs affected MAIT cell func-
tionality (Figure 1A-D). Titration of immunosuppressive agents
revealed that increasing concentrations by 10-fold further di-
minished TNFa* MAIT cell frequencies significantly only in the
presence of prednisolone (Figure S1B); higher concentrations
of immunosuppressants did not show additional effects on fre-
quencies of IFNy" or granzymeB" cells (data not shown). Only
prednisolone significantly affected multipotency of MAIT cells

as mirrored by diminished portions of cells coexpressing all 3
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TABLE 3 Characteristics of KTx patients

Patients
Variable (n=23)
Age (y = SD)? 58.57 (11.7)
Gender (females)® 8/23 (34.8%)
Time since transplantation (y + SD)? 9.3(5.0)
IS medication®
Tacrolimus + mycophenolate 11/23 (47.8%)
mofetil + prednisolone
Cyclosporin A + mycophenolate 8/23 (34.8%)
mofetil + prednisolone
Tacrolimus + mycophenolate mofetil 2/23(8.7%)
Tacrolimus + prednisolone 2/23 (8.7%)
Primary disease”
Hypertensive nephropathy 5/23(21.7%)
IgA nephropathy 3/23 (13%)
Glomerulonephritis 3/23 (13%)
Pyelonephritis 2/23 (8.7%)
Polycystic kidney disease 2/23(8.7%)
Unknown 2/23 (8.7%)
Cystinosis 1/23 (4.3%)
Diabetic nephropathy 1/23 (4.3%)
Diabetic + hypertensive nephropathy 1/23 (4.3%)
Focal segmental glomerulosclerosis 1/23 (4.3%)
Obstructive nephropathy 1/23 (4.3%)
Systemic lupus erythematosus 1/23 (4.3%)

Abbreviations: IS, immunosuppression; KTx, kidney transplant.
#Mean + SD.
bCount (%).

effector molecules (Figure 1E,F), accompanied by an increase
of cells expressing only one or no effector molecule (Figure 1F).
Unless otherwise stated, live CD3*TCRVa7.2*CD161* CD8" and
CD8°CD4™ “DN” MAIT cells were identified within PBMC as de-
picted in the gating strategy in Figure S1A.

3.2 | Impairment of E. coli induced MAIT cell
functions by immunosuppressive drugs in vitro

To decipher whether immunosuppressants influence MAIT cell func-
tions induced by antigenic triggering, PBMC of healthy individuals were
activated with formalin-fixed E. coli. IL-17 and the degranulation marker
CD107a were included in the analysis being typically induced after TCR-
dependent MAIT cell activation. Under these conditions, Tac, CyA, and
prednisolone (Pred) significantly diminished frequencies of TNFa" and
IL-17" MAIT cells, whereas Tac and Pred also significantly reduced por-
tions of IFNy" cells; granzymeB expression was impaired only by Pred.
Interestingly, the capacity of MAIT cells to release cytotoxic granula,
being reflected by CD107a staining, was not affected by any of the

drugs applied (Figure 2A-F). A dose dependency of immunosuppressive

AJT | 91

agents on frequencies of TNFa" MAIT cells was evident for both Tac,
CyA and Pred (Figure S1C). In context with bacterial stimulation, pol-
yfunctionality of MAIT cells was significantly diminished following
preincubation with Tac and CyA and moderately affected by Pred, as
mirrored by reduced frequencies of cells expressing 4 effector mol-
ecules at a time (TNFa, IFNy, granzymeB, and CD107a) (Figure 2G,H).
As frequencies of I1L-17" MAIT cells were very low, they were excluded
from polyfunctional analyses. In line with earlier reports,?? bacterial ac-
tivation of MAIT cells proved to be largely, but not completely antigen-
specific as mirrored by substantial, but not full abrogation of effector
function upon MR1 blockade (Figure S1D).

3.3 | Depletion of peripheral MAIT cells
in immunosuppressed and tolerant liver
transplant recipients

To address how different immunosuppressive regimens affect MAIT cell
biology in vivo, their frequencies were determined in treated liver trans-
plant recipients in comparison to a group of tolerant patients as well as
to age-matched healthy controls (Tables 1 and 2). Overall, frequencies
of TCRVa7.2*CD161" MAIT cells within the CD3" T cell compartment
were significantly reduced in LTx patients as compared to healthy con-
trols (Figure 3B). This observation was largely independent of the type
of IS regimen (Figure 3A,C) or the dosage of medication (Figure 3D) and
equally accounted for tolerant patients (Figure 3A,C,D). These findings
could be reproduced when only MAIT cells within the CD8* and DN
compartment were quantified (Figure 3F-H). For a limited number of
LTx patients, we assessed MAIT cells during immunosuppressive ther-
apy and 4-9 months after cessation (Table 2). After successful weaning
from medication (as reflected by stable graft function), we did not note
consistent changes in MAIT cell frequencies both within the CD3* and
the CD8*/DN compartment (Figure 3E,l). Subset distribution analysis
highlighted a significant rise in CD4* MAIT cells (Figure 3J) in treated,
but not tolerant LTx patients at the expense of the CD8" population
(Figure 3K), whereas the DN subset remained unaffected (Figure 3L).
There was no significant correlation between MAIT cell frequencies and
time since transplantation in all LTx patients (data not shown).

Contrary to MAIT cell subset distribution (Figure 3J,K), we observed
aninverted ratio of conventional T cells with increased portions of CD8"
at the expense of the CD4" population in all LTx patients regardless of
being treated or not, as compared to healthy controls (Figure S2A,B).
Whereas frequencies of CD3"CD56" natural killer (NK) cells were
similar in all groups (Figure S2C), we detected a significant drop of
CD3*CD4*CD25"FoxP3" natural regulatory T cells in patients treated
with immunosuppressive drugs (ISDs) but not in tolerant patients, as
compared to healthy controls (Figure S2D). Natural regulatory T cells
(nTregs) of both patient groups were further characterized by signifi-
cantly reduced portions of CTLA4, higher proliferation as mirrored by
Ki67 expression, but no differences in frequencies of activated HLA-DR*
cells (Figure S2E-G). nTregs from all LTx patients showed a substantial
reduction of the naive CD45RA'CCR7" subset, counterbalanced by a
rise in CD45RA CCR7 effector/memory nTregs (Figure S2H,).
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Impact of immunosuppressive drugs on cytokine-mediated MAIT cell activation in vitro. Peripheral blood mononuclear cells

of healthy donors were preincubated with immunosuppressive drugs as indicated, followed by stimulation with IL-12, IL-15, IL-18, and
TL1A. Frequencies of CD8" and CD8 CD4 “DN” MAIT cells expressing TNFa (A,B), IFNy (A,C), or granzymeB (D) were quantified by FACS.
Polyfunctionality was assessed by Boolean gating in MAIT cells that express 3 (E,F), 2, 1, or no functions (TNFa, IFNy, granzymeB) (F) at

a time. Results are based on 5 individual donors obtained in 3 independent experiments. For polyfunctionality analysis (F), the respective
means were used. In (B-D), values of stimulated cultures in the absence of ISDs were set to 100%, allowing normalization. All bar graphs
show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference group (w/o

IS). CyA, cyclosporine A; FACS, fluorescence-activated cell sorting; IFNy, interferon gamma; IL, interleukin; IS, immunosuppression; ISD,
immunosuppressive drug; MAIT, mucosal associated invariant T; MPA, mycophenolic acid; Pred, prednisolone; Tac, tacrolimus; TNFa, tumor

necrosis factor alpha

3.4 | An exvivo activation signature on MAIT
cells distinguishes tolerant LTx patients from those
receiving immunosuppressive therapy

To identify cellular signatures that are differentially regu-
lated on MAIT cells isolated from immunosuppressed or toler-
ant LTx patients, a set of activation and differentiation related
molecules was analyzed ex vivo by flow cytometry. First, fre-
quencies of cells expressing the activation markers CD69
(Figure 4A), HLA-DR (Figure 4D), CD38 (Figure 4G), the induc-
ible inhibitor PD1 (Figure 4M), the cytotoxic mediator granzymeB
(Figure 4P), or coexpressing CD38 and HLA-DR (Figure 4J) were

significantly upregulated in patients as compared to healthy con-
trols. Stratification for treatment regimen, however, revealed that
tolerant patients showed no significant differences in frequencies
of CD69" (Figure 4B), HLA-DR* (Figure 4E), CD38" (Figure 4H), or
granzymeB* (Figure 4Q) MAIT cells in comparison to healthy indi-
viduals, whereas these markers were significantly upregulated in
most treated LTx recipients. Comparing this activation signature in
patients during treatment and after cessation of medication, we
noted a consistent reduction of MAIT cells being CD38" (Figure 41),
CD38"HLA-DR" (Figure 4L), and granzymeB™ (Figure 4R). Apart
from diminished frequencies of IL-18R* MAIT cells in both toler-
ant and treated patients (Figure S3A) that did now show a distinct
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FIGURE 2 Impact of immunosuppressive drugs on bacterial MAIT cell activation in vitro. Peripheral blood mononuclear cells of healthy
donors were preincubated with immunosuppressive drugs as indicated, followed by stimulation with fixed E. coli. Frequencies of MAIT cells
expressing TNFa (A,B), IFNy (A,C), granzymeB (D), CD107a (E), or IL-17 (F) were quantified by FACS. Polyfunctionality was assessed by
Boolean gating in MAIT cells that express 4 (G,H), 3, 2, 1, or no functions (TNFa, IFNy, granzymeB, CD107a) (H) at a time. Results are based
on 6 individual donors obtained in 3 independent experiments. For polyfunctionality analysis (H), the respective means were used. In (B-F),
values of stimulated cultures in the absence of ISDs were set to 100%, allowing normalization. All bar graphs show means + SEM. In all
statistical analyses with more than 2 groups, treatment groups were compared to the reference group (w/o IS). CyA, cyclosporine A; FACS,
fluorescence-activated cell sorting; IFNy, interferon gamma; IL, interleukin; IS, immunosuppression; ISD, immunosuppressive drug; MAIT,
mucosal associated invariant T; MMF, mycophenolate mofetil; MPA, mycophenolic acid; Pred, prednisolone; TNFa, tumor necrosis factor
alpha

expression in subgroups (data not shown), transplant recipients did related molecules CD56, CD27, or CD8p ex vivo; however, we
not exhibit quantitative differences in MAIT cells expressing the found the NK-associated activating receptor NKG2D to be slightly

pro-apoptotic marker activated caspase 3, or the differentiation upregulated in treated patients (Figure S3B-F).
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FIGURE 3 Quantitative impairment of MAIT cells in LTx patients. Frequencies of peripheral MAIT cells were determined in tolerant and
treated liver transplant recipients and age-matched healthy controls (HC) by FACS within the total CD3* (B-D) or combined CD8*/DN (A and
F-H) compartment. Patients were further stratified according to their type (C + G) or dosage of treatment, or the absence thereof (see Table
1 for details) (D,H). The above mentioned analyses were further conducted in 3 liver transplant recipients during ISD treatment and 4-9 mo
after complete drug weaning (E,l). CD4", CD8", and DN MAIT cell subsets were individually quantified in tolerant and treated patients and
compared to healthy donors (J-L). All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups
were compared to the reference group (HC). C or CyA, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; ISD,
immunosuppressive drug; MAIT, mucosal associated invariant T; M or MPA, mycophenolic acid; Pred, prednisolone; T or Tac, tacrolimus

FIGURE 4 Tolerant and treated LTx patients are characterized by different activation patterns ex vivo. Frequencies of CD8*/DN
peripheral MAIT cells expressing CDé69 (A,B), HLA-DR (D,E), CD38 (G,H), HLA-DR*CD38 (J,K), PD1 (M,N), or granzymeB (P,Q) were
quantified ex vivo by FACS in tolerant and treated liver transplant recipients in comparison with age-matched healthy controls. The marker
set was further monitored in 3 liver transplant recipients during and after cessation of ISD treatment (C, F, I, L, O, and R). All bar graphs
show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference group (HC). C,
cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IS, immunosuppression; ISD, immunosuppressive drug; LTx,
liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus
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FIGURE 5 Differential impairment of MAIT cells from LTx patients in response to cytokine stimulation. Peripheral blood mononuclear
cells from differently treated or tolerant LTx patients and healthy controls were stimulated with IL-12, IL-15, IL-18, and TL1A. Frequencies
of MAIT cells expressing TNFa (A,B), IFNy (D,E), or granzymeB (G,H) were quantified by FACS. MAIT cells from patients before and after
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All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference
group (HC). C, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IFNy, interferon gamma; IL, interleukin; IS,
immunosuppression; LTx, liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus; TNFa, tumor necrosis
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3.5 | Impairment of cytokine-induced MAIT cell
functions in LTx patients

To address whether MAIT cells isolated from LTx patients are func-
tionally altered in response to inflammatory cytokines, cells were
stimulated directly ex vivo with IL-12, IL-15, IL-18, and TL1A and ana-
lyzed for cytokine and cytotoxic molecule production. Collectively,
transplanted individuals showed a significant impairment of TNF«
and IFNy production, whereas frequencies of cytokine-induced
granzymeB expressing cells were not affected (Figure 5A,D,G). With
respect to different treatment regimens, individuals receiving CyA+
MPA or Tac (tMPA with respect to TNFa production) exhibited sig-
nificantly reduced frequencies of TNFa" and IFNy" cells (Figure 5B,E),
accompanied by a drop in multipotency (Figure 5J,K). Importantly,
whereas MAIT cells of patients weaned from immunosuppression
regained their capacity to secrete higher levels of TNFa and IFNy,
they were characterized by a consistent drop in granzymeB* cells

after cessation of medication (Figure 5C,F,l).

3.6 | Impairment of E. coli induced MAIT cell
functions in LTx patients

In analogy to previous in vitro experiments (Figure 2), we compared the
functional capacity of MAIT cells toward bacterial stimulation between
LTx patients and healthy controls ex vivo. Overall, frequencies of E. coli
reactive MAIT cells expressing TNFa (Figure 6A), IFNy (Figure 6D),
and CD107a (Figure 6J) were significantly reduced in patients as com-
pared to controls, whereas those producing granzymeB showed a pro-
nounced increase (Figure 6G). We observed a trend toward reduced
frequencies of TNFa', IFNy*, and CD107a" MAIT cells in patients re-
gardless of the type of medication (Figure 6B,E,K) that reached signifi-
cance for IFNy not only in individuals treated with mycophenolic acid
(MPA), Tac-, or Tac+ MPA but also in tolerant LTx patients (Figure 6E),
whereas a drop in CD107a* cells was confined to the 3 aforementioned
treatment groups only (Figure 6K). Assessment of polyfunctionality of
bacteria-triggered MAIT cells revealed a significant reduction in cells
coexpressing all 4 molecules in patients treated with Tac + MPA as well
as in tolerant patients (Figure 6M,N). Withdrawal from immunosup-
pression led to increased portions of cytokine and CD107a positive
cells in all 3 individuals monitored (Figure 6C,F,L) but showed no con-
sistency with respect to granzymeB expression (Figure 6l). Bacterial
induction of IL-17 was neither significantly diminished in treated nor
in tolerant LTx patients and not included into polyfunctional analyses

because of low event counts (data not shown).

3.7 | Kidney transplanted individuals share
quantitative and qualitative features of MAIT cells
with patients after liver transplantation

To investigate whether prominent features of MAIT cells identified

in LTx patients are shared with immunosuppressed individuals after
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kidney transplantation (KTx, Table 3), cells from a cohort with 23
patients were analyzed ex vivo by flow cytometry. Interestingly, KTx
patients exhibited equally diminished frequencies of MAIT cells both
within the CD3" (Figure 7A) and the CD8*/DN (Figure 7B) subsets
and we also noted a significant reduction of CD8* MAIT cells that
was counterbalanced by a rise of the CD4" and DN subsets, although
not reaching significance (Figure 7C-E). Whereas portions of CD69*
and CD38" MAIT cells were similarly increased as observed for LTx
recipients in comparison to healthy controls (Figure 7F,G), we could
not detect significant changes in frequencies of HLA-DR- or PD1 ex-
pressing MAIT cells ex vivo (Figure 7H,1). Also in agreement with our
data from liver transplant recipients, we observed an inverted CD4
to CD8 ratio in KTx patients (Figure 7J,K).

4 | DISCUSSION

In this report, we comprehensively examined how peripheral MAIT
cell biology is affected by immunosuppressive medication in vitro
and in individuals after liver and kidney transplantation ex vivo.
Based on a comparison between tolerant or recently weaned LTx
patients and treated individuals, we were able to attribute abnor-
malities in activation state, phenotype, and effector functions par-
tially to the ISD treatment, whereas quantitative impairment is most
likely related to the overall post liver transplantation state, because
MAIT cell frequencies do not significantly recover after cessation of
treatment.

Owing to their innate receptor repertoire, MAIT cells are not
solely dependent on TCR mediated activation by bacterial ligands
but also respond to cytokines, for example, released in the course
of bacterial®® and viral infections.® As recently published by us and
others,®24 the TL1A containing cytokine combination applied herein
robustly and predominantly induces production of the key antimi-
crobial mediators TNFa, IFNy, and granzymeB in human MAIT cells.
Under these conditions, only prednisolone significantly inhibited
cytokine production and polyfunctionality in vitro, whereas cyto-
toxicity, based on granzyme expression, remained unaffected. In
contrast, E. coli induced cytokine production and polyfunctionality
were diminished both in the presence of calcineurin inhibitors and
prednisolone, whereas only the latter significantly reduced frequen-
cies of granzymeB* MAIT cells. Our data substantially extend the
earlier finding that high expression of the multidrug resistance pro-
tein 1 does not rescue MAIT cell proliferation from inhibition by IS
drugs,25 because we now provide evidence for both impaired TCR-
dependent and -independent effector functions. At the same time,
our results mirror the respective signaling pathways required for
effector molecule synthesis: whereas cytokine-mediated TNFa and

IFNy production involves phosphorylation of NF«B,&%¢

a component
classically targeted by glucocorticoids,27 E. coli induced activation
involves TCR downstream calcineurin that is blocked by tacrolimus
and cyclosporin A (reviewed in Ref. 28), as well as glucocorticoid tar-
gets such as AP-1 (reviewed in Ref. 29). The observation that individ-

ual MAIT cell effector functions are differentially regulated by ISD
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FIGURE 6 Differential functional responses of MAIT cells from LTx patients toward bacterial stimulation. Peripheral blood mononuclear
cells from differently treated or tolerant LTx patients and healthy controls were stimulated with formalin-fixed E. coli. Frequencies of MAIT
cells expressing TNFa (A,B), IFNy (D,E), granzymeB (G,H), or CD107a (J,K) were quantified by FACS. MAIT cells from patients before and
after ISD treatment cessation were analyzed in an identical fashion (C, F, I, and L). Polyfunctionality was assessed by Boolean gating in MAIT
cells that express 4 (M,N), 3, 2, 1, or no functions (TNFa, IFNy, granzymeB, CD107a) (N) at a time. For the latter analysis, the respective
means were used. All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared

to the reference group (HC). C, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IFNy, interferon gamma; 1S,
immunosuppression; LTx, liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus; TNFa, tumor necrosis

factor alpha

treatment is supported by data focusing on conventional T cells: sim-
ilarly to MAIT cells, TNFa production by virus-specific T cells showed
a higher sensitivity toward inhibition by immunosuppressants than
IFNy secretion. Furthermore, the cytotoxic potential was only mildly
affected by calcineurin inhibitors or prednisolone.’® At least with
respect to IFNy and granzymeB production, our findings are mech-
anistically comprehensible as E. coli induced effector molecule syn-
thesis in MAIT cells is not solely TCR-dependent, which we confirm
in MR1 blocking experiments but could be augmented by cytokines
like IL-12 being coreleased in context with bacterial triggering.?%%°
By this means, calcineurin-mediated activation (and thereby conse-
quences of its inhibition by ISD) could be partially bypassed. To allow
for translation, drug concentrations in our in vitro assays matched
default initial plasma levels recommended for transplant recipients;
in addition, titration experiments corroborated effects on MAIT cell
functions only for those drugs that already showed potency at ther-
apeutic levels.

As a hallmark, we demonstrate that LTx patients are character-
ized by a pronounced reduction of peripheral MAIT cells as com-
pared to age-matched healthy controls. This feature comprised all
organ recipients regardless of treatment regimen or dosage; surpris-
ingly, it equally accounted for tolerant patients and was reproduc-
ible in KTx patients receiving standard IS medication. We cannot not
fully exclude that transplantation itself modifies MAIT cell biology,
which could, for example, be addressed in an autotransplant setting
with nonhuman primates harboring similar MAIT cell frequencies as
humans.3! However, since depletion of MAIT cells is characteristic of

1417 and kidney damage,®? our observation supports the

severe liver
hypothesis that the primary disease likely predetermines the post-
transplant MAIT cell pool and that its quantitative replenishment is
largely independent from immunosuppression. Peripheral loss of
MAIT cells is a common motif in liver diseases of autoimmune-,*
infectious-'” and lifestyle-related origin.*® It further encompasses

several nonhepatic pathologies, with HIV being most extensively

A B (o D E
8 * 20+ e 150 . 80+ . 50+
o | ® 8 . £ = = 404
G ¢ g 154 ] £ o0 < * o
£ o . £ 1007 = 23] ~
£ 44 . £l % £ > > Ea0] o * = &
E bod ‘é b . *‘; ®» o +g ® b s 207 ° S
< 24 ) = 2 50 . 2 z
s E R = S ] 201 . 810 % %
IR 5 I ™ % : . : 2| e, W
= oA e o‘.. = B ol o Y b ]
L A 0- 0-
QS) {5‘- Q‘O pﬁ- QSJ {S‘. QS’ *5‘- QS' p“-
F G H | J K
60- i 154 o 40- 10+ 100- i 80+ o
[ ]
° i (= ° ©
= o [ ':30- ° - 8 o 8 807 ?~ ® 860-
g 40 g 10 § I % - j‘% ade = ° ®
- ¢« o« S8, £ 60 % 'ﬁ: £ c &
% % :‘2 gzo- = 4 :.. ‘h... E ° o Ve §40'
D [ ] 11 [ ]
Swl .o 84 3 3] L ElET st g lad
e < T 10 R® 2 o8 ]
= | 3 % = i = o< o S 20 .
of N 3k R E X of =0 1
QSJ p“- ‘b(: 4:\4- QSJ {S‘. Q‘O {Si- Q‘O {St' QS' {S‘-

FIGURE 7 Quantitative and phenotypic alterations in MAIT- and conventional T cells from kidney transplanted patients. Frequencies

of peripheral MAIT cells were determined in ISD treated kidney transplant recipients (Table 3) in comparison to healthy individuals (HC) by
FACS within the total CD3* (A) or CD8*/DN (B) compartment. Within total MAIT cells, portions of CD8*, CD4", and DN subsets were further
quantified (C-E). For determining the ex vivo activation and exhaustion state, expression of CD69 (F), CD38 (G), HLA-DR (H), and PD1 (1)

was analyzed. Frequencies of conventional CD4* and CD8" T cells within the CD3 compartment are depicted in (J) and (K), respectively.

All bar graphs show means + SEM. FACS, fluorescence-activated cell sorting; HC, healthy controls; KTx, kidney transplant; MAIT, mucosal

associated invariant T
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studied.®® The aforementioned conditions are also interlinked by
the general inability to restore MAIT cell homeostasis despite suc-
cessful treatment, a phenomenon possibly related to their compar-
atively poor proliferative potential, as reflected, for example, by low
portions of peripheral Ki67* MAIT cells®* and a high pro-apoptotic
propensity.35 At least with respect to the latter, however, we did not
detect elevated frequencies of activated caspase 3 positive MAIT
cells, thus questioning the relevance of this mechanism at least
within the time frame (on average >10 years since transplantation)
of our analyses.

Overall, it still remains obscure what factors promote self-re-
newal of this unconventional T cell population once thymic out-
put declines and what niches are critical for their survival. Within
the transplantation field, the only comprehensive data sets avail-
able derive from stem cell transplantation trials. Whereas in an
autologous context, MAIT cells recover early,3 their frequencies
do not significantly increase within 2 years after allogeneic stem
cell transplantation,37 suggesting an impact of the inflammatory
milieu on their reconstitution. As extra-thymic MAIT cell expan-
sion is possibly depending on interactions with commensals,® it
is tempting to speculate that in concert with (subclinical) alloin-
flammation, dysbiosis, established not only during early liver pa-

3940 contributes to

thology, but also partially maintained after LTx,
curtailment of MAIT cell regeneration. Based on data from alco-
holic hepatitis, it has already been hypothesized that gut dysbiosis
might initially lead to chronic MAIT cell hyperactivation, followed
by functional exhaustion, finally promoting their depletion.*¢*!
MAIT cells traversing such developmental path are character-
ized by high expression of CD69, HLA-DR, CD38, PD1, and gran-
zymeB, a signature we observe ex vivo in the majority of treated
LTx patients and partially in kidney graft recipients. Interestingly,
we demonstrate that this activation pattern is largely downreg-
ulated in tolerant individuals, with the exception of PD1, sug-
gesting the possibility of partial normalization of allo- and/or
dysbiosis-related triggers. These changes also include the gen-
eral composition of the MAIT cell pool as the CD4" subset, being
quantitatively expanded in treated patients at the expense of the
CD8" population, was not significantly different from normal do-
nors in treatment-free individuals. For a selected set of markers
(CD38, CD38+HLA-DR, granzymeB), examined in patients before
and after weaning from IS drugs, attenuation of activation, but not
quantitative recovery, was achieved within months, accompanied
by a consistent regain of effector cytokine production and cyto-
toxic capacity. In consequence, our data, together with studies on
MAIT cells in severe liver diseases, indicate that transplantation
does not entail an environment fostering quantitative regenera-
tion of the MAIT cell pool. Clearly, future studies are needed in
order to address whether our findings are restricted to the periph-
ery or mirror local MAIT cell impairment within the liver. Among
the few data sets available, a recent report with HCV-infected in-
dividuals demonstrated that peripheral MAIT cells might serve as
surrogates reflecting the intraorgan situation: patients were char-

acterized by both peripheral and intrahepatic depletion of MAIT

cells that equally showed signs of ex vivo hyperactivation,!” as we
also report here.

With respect to patients successfully weaned from medica-
tion, it largely remains unclear what predisposes an organ recip-
ient to develop tolerance against the graft, and it is still obscure
what characterizes a tolerant immune system. In agreement with
the few systematic reports on cellular immunity in operationally
tolerant liver recipients,*? we found normal frequencies of nTregs
in tolerant, but not in ISD-treated patients. However, these differ-
ences did not extend to ex vivo proliferation, CTLA-4 expression,
or differentiation state, thereby not allowing further speculation
on their active involvement in the regulation of alloimmunity.
Still, despite fingerprints of tolerance within the MAIT- and nTreg
compartment, both treated and tolerant organ recipients share an
overall attenuated response toward ex vivo stimulation: although
not always reaching significance, both patient groups are particu-
larly characterized by impaired cytokine production and cytotoxic
capacity (as reflected by CD107a), but elevated portions of gran-
zymeB™ cells after bacterial triggering in comparison to controls.
Because high PD-1 levels accompany this partially dysfunctional
state also in patients after drug weaning, it needs to be addressed
how and when functional exhaustion is imprinted and what conse-
guences arise. Based on experimental limitations in humans, and
given the complex individual contribution of alloimmunity, immu-
nosuppression, dysbiosis, and opportunistic infections in our pa-
tient cohort, experimental models are needed to decipher in depth
the impact of MAIT cells on overall health. However, livers of
BALB/c or C57BL/6 mice contain roughly 30-50 times less MAIT
cells than humans; furthermore, murine MAIT cells preferentially
secrete IL-17 rather than IFNy.*® The few experimental studies
available provide at least limited translational insights regarding
how MAIT cells might contribute to both protective immunity and
maintenance of eubiosis. With respect to the latter, MAIT cells are
instrumental for regulating gut microbiota in experimental stem
cell transplantation.** A similar link between quantitative MAIT
cell reconstitution and diversity of gut microbiota after allogeneic
stem cell transplantation was recently described for humans,* ar-
guing in favor of such correlation analyses also after LTx. Infection
models further indicated that MAIT cells contribute to decreased
bacterial burden in urinary tract infections*® and mediate pro-
tection against mycosis,47 suggesting a role in these frequent
opportunistic infections after kidney*® or liver® transplantation,
respectively.
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