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» Stem cell mobilization
with G-CSF promotes
IL-17A secretion by do-
nor CD8" MAIT cells.

* Tbet and RORyt coex-
pression identifies po-
tential IL-17A-secreting
proinflammatory pop-
ulations after allogeneic
stem cell transplantation.

Introduction

Granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral blood (PB) dominates as
the stem cell source in clinical transplantation and has increased the incidence of chronic graft-
versus-host disease (GVHD)." Preclinical studies to date suggest a pathogenic role for donor-
derived interleukin-17A (IL-17A) in chronic GVHD in the skin and lung (reviewed in MacDonald
et al®), consistent with human data demonstrating elevated IL-17A levels systemically late after
stem cell transplantation (SCT).® However, it is clear that several nonconventional cell types
can secrete IL-17A, including innate immune cells such as v T-cells, type 3 innate lymphoid cells,
and mucosa-associated invariant T (MAIT) cells.*® In the SCT setting, the contribution of these
innate donor T-cell populations to IL-17A production and GVHD has yet to be elucidated.

MAIT cells are a relatively recently defined T-cell population shown to produce proinflammatory
cytokines, including interferon -y (IFN-vy), tumor necrosis factor, and IL-17A%7 in response to
microbial-derived riboflavin derivatives loaded onto the nonclassical major histocompatibility
complex-I-like molecule MR1.2'° We and others have shown that MAIT cells can have regulatory
functions via the promotion of mucosal integrity and microbiome diversity."'™'” MAIT cells are
abundant in humans, representing ~5% of total PB T cells, 10% of CD8 T cells, and up to 45% of
liver T cells.>” Several studies report that pathogenic donor CD8" T cells'® or inflammatory
donor Tc17 subsets drive GVHD,'®2" but the distinction between IL-17-secreting MAIT cells
and the Tc17 subset has not been comprehensively examined and thus the contribution of
MAIT cells to IL-17A production in donor grafts has not been defined. We therefore undertook
studies to directly examine human MAIT cells in the PB of healthy donors and allogeneic SCT
recipients.

Methods

Human subjects, G-CSF mobilization, and blood collection

Human ethics approval was obtained from the QIMR Berghofer and Royal Brisbane Women's
Hospital human ethics committees with voluntary written informed consent from participating
subjects in accordance with the criteria set by the Declaration of Helsinki. Donors were treated with
G-CSF (Neupogen) at 10 pg/kg per day for 4 consecutive days with PB collected before and after
G-CSF administration. Posttransplant blood samples were collected on days +30 and +180. Donor
median age was 52 years (range, 22-65 years); 59% of donors were male and 41% were female.
Recipient clinical characteristics are detailed in Table 1.
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Table 1. Patient characteristics

Recipients (n = 15)

Enrollment period January 2013 to March 2014

Age, median (range), y 52 (27-68)
Sex

Male 11 (73.3)

Female 4 (26.7)
Disease

AML 6 (40)

ALL 4(26.7)

MDS 1 (6.7)

LPD 3(20)

PCM 1 (6.7)
Donor source

Unrelated PBSCs 15 (100)
Conditioning

Cy/TBI 3 (20)

Flu/Mel 12 (80)
CMV status

R+/D+ 6 (40)

R+/D— 5 (33.3)

R—/D+ 2(13.3)

R—/D— 2 (13.3)

Values are presented as n (%) of patients unless otherwise indicated.

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CMV, cytomegalovirus;
Cy, cyclophosphamide; D, donor; Flu, fludarabine; LPD, lymphoproliferative disorder
(chronic lymphocytic leukemia, Hodgkin disease, non-Hodgkin lymphoma); MDS, myelodys-
plastic syndrome; Mel, melphalan; PBSC, peripheral blood stem cells; PCM, plasma cell
myeloma; R, recipient; TBI, total body irradiation.

PBMC isolation, FACS sorting, and cell culture

PB mononuclear cells (PBMCs) were isolated by Ficoll-Paque
centrifugation. MAIT (CD3"y8TCR"?CD161"Va7.2TCR"CD8*
CD4"%9), CDA4T,,,, (CD3*ydTCR™9CD161™Y* Va7.2TCR™9CD4 "
CD8™9), and CD8T,,, (CD3*y3TCR™CD161™% W 7.2TCR™ICD8 ™"
CDA4"®9) cells were purified from PBMCs by fluorescence-activated
cell sorter (FACS) sorting. Equal cell numbers were cultured per well
in Iscove modified Dulbecco medium with phorbol 12-myristate
13-acetate (50 ng/mL) and ionomycin (1 pwg/mL) for 18 to 24 hours
(brefeldin A was added in the final 4 hours). Plasma cytokine levels
were measured using human BD CBA Flex sets as described
elsewhere.?

Flow cytometry

Fixation and permeabilization were undertaken for intracellular
cytokine staining (BD Fix/Perm kit; BD Biosciences) and nuclear
staining (Fix/Perm kit; eBioscience) according to the manufac-
turer’s instructions. Viable cells were identified using the LIVE/
DEAD Fixable aqua dead cell staining kit (Invitrogen). Human
monoclonal antibodies (mAbs) were purchased from BioLegend
(CD3 [UCHT1/HIT3a], CD8a [RPA-T8], CD161 [HP-3G10],
Va7.2TCR [3C10], y3TCR [B1], IFN-y [4S.B3], IL-17A [BL168],
tumor necrosis factor [MAb11], IL-4 [8D4-8], Tbet [4B10]), BD
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Biosciences (CD4 [RPA-T4] and CD8a [RPA-T8]), and eBio-
science (RORvyt [AFKJS-9]). CD1d tetramer was kindly pro-
vided by Prof D Godfrey (University of Melbourne). Samples were
acquired on a BD LSR Fortessa using BD FACSDiva and analyzed
using FlowJo software.

Statistical analysis

Data were analyzed using the paired Wilcoxon signed rank test or
the Mann-Whitney U test, where appropriate. P < .05 was consid-
ered statistically significant.

Results and discussion

G-CSF mobilization of donors promotes IL-17A
secretion from MAIT cells

Given our previous findings, which showed elevated levels of
plasma IL-17A in SCT recipients late posttransplant,® we
hypothesized that the progeny of lymphoid subsets within the
donor PB graft were the likely source of this cytokine. Initially,
we examined the IL-17A levels in plasma isolated from the PB
of donors administered with G-CSF. While no differences in
IL-17A levels were noted with G-CSF administration (Figure 1A),
systemic levels were low. We next examined the frequency of
IL-17A- and IFN-y—expressing conventional T cells (Tso,) in
stimulated PBMCs isolated from the same donors. In this setting,
the proportion of the Th1 subset (here defined as CD3™
CD8"9IFN-y™, since CD4 expression was lost on restimulation)
was reduced with G-CSF mobilization (Figure 1B-C), while the
proportion of the Th17 subset was equivalent (Figure 1B-C).
There was no difference in the proportion of Tc1 (CD3*CD8™
IFN-y™) or Tc17 (CD3"CD8"IL-17A™) subsets with G-CSF
mobilization (Figure 1B-C). Interestingly, stem cell mobilization
with G-CSF resulted in an increase in the total number of CD3™
T cells in the PB (Figure 1D), an effect that directly influences
the numbers of T-cell subsets collected in the graft following
apheresis.?? Importantly, when the total numbers of T cells
were analyzed, only the Tc17 subset was altered and increased
significantly (Figure 1E). No differences in the proportion or
number of IL-4- and IL-10-producing T cells were observed
(data not shown). It is important to note that the proportion of
CD8 T cells in whole PB secreting IL-17A was very low (<1%),
confirming that the lineage involved was a minor proportion of
circulating cells.

We next undertook experiments to directly examine the proin-
flammatory cytokine expression by MAIT cells. Given the small
starting population, and to exclude any potential stimulatory/
inhibitory contributions by myeloid populations present in PBMCs
during ex vivo culture, we FACS-sorted MAIT cells, CD4T,,, and
CD8T¢on populations and cultured these individually. Strikingly,
this revealed MAIT cells were the only CD8™ IL-17A-secreting
T-cell subset following G-CSF mobilization (Figure 1F-G), and
IL-17A* MAIT cells coexpressed IFN-y. Importantly, the pro-
portion of IFN-y*/IL-17A" -expressing MAIT cells and total
IL-17A" —expressing MAIT cells was significantly increased
after G-CSF mobilization (Figure 1G). Consistently, analysis
of RORyt and Tbet expression in unfractionated PBMCs
revealed the proportion of ROR+yt-expressing MAIT cells was
dramatically greater than that of CD4T,,,, or CD8T,,,, and this
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Figure 1. Blood MAIT cells are modified by G-CSF mobilization. (A) Plasma IL-17A levels before and after G-CSF administration (n = 20 donors). (B-C) Frequency and
representative FACS plots of Th17 (CD3*CD8"9IL-17A*), Th1 (CD3*CD8"°IFN-y™), Tc17 (CD3"CD8"IL-17A"), and Tc1 (CD3*CD8¥IFN-y") subsets in PBMCs (n = 18
donors). (D) Number of CD3™ T cells per milliliter PB (n = 20 donors); ***P = .0002. (E) Number of Th17 (CD3*CD8"9IL-17A*), Th1 (CD3*CD8"*?IFN-y*), Tc17 (CD3™"
CD8*IL-17A%), and Tc1 (CD3"CD8"IFN-y™) subsets per milliliter PB (n = 18 donors); **P = .0056, Tc17 number before vs after G-CSF. Data were analyzed using the
paired Wilcoxon signed rank test and are presented using box-and-whisker plots showing the median with 25th percentiles (whiskers represent minimum to maximum values).
PBMC were cultured with phorbol 12-myristate 13-acetate/ionomycin for 24 hours prior to intracellular cytokine staining. (F) Representative FACS plots depicting IFN-y

and IL-17 expression in sorted donor MAIT, CD4T,,,,, and CD8T_,, populations stimulated ex vivo with phorbol 12-myristate 13-acetate/ionomycin for 18 hours prior to
intracellular cytokine staining. (G) Frequency of IFN-y—, IFN-y/IL-17A-, and total IL-17A-expressing MAIT, CD4T,,,, and CD8T,,, populations (n = 5-8 donors); **P = .004, frequency
of IFN-y/IL-17A—expressing MAIT cells before vs after G-CSF; *P = .08, frequency of total IL-17A—-expressing MAIT cells before vs after G-CSF. (H) Representative FACS plots showing
Tbet and RORyt expression by donor MAIT, CD4T,,,,, and CD8T,,, populations in unfractionated PBMC:s. (I) Frequency of RORyt-expressing MAIT, CD4T,,,,, and CD8T,,, populations

(n = 17 donors); *P = .04. (J) Geometric MFI of RORyt expression in donor MAIT cells; **P = .006. Data are presented as mean * standard error of the mean.

was enhanced further with G-CSF mobilization (Figure 1H-I).
Concomitantly, the mean fluorescence intensity (MFI) of ROR~t
expression in MAIT cells was also elevated after G-CSF mobilization
(Figure 1J).

Since IL-17A is not a stable phenotypic marker of Th17/Tc17
cells after SCT, we used RORvyt expression, where this is
the case.2%2® Analysis of RORyt expression in T-cell subsets
(CD4T.on, CD8Tcon, MAIT cells, natural killer T, and 3T, as
detailed in Figure 2A) revealed that conventional CD8 T cells
included a Tbet/RORYt" population that was similar to the previ-
ously described inflammatory Tc17 cell?® (Figure 2B). Importantly,
unlike other T-cell subsets, MAIT cells were predominantly RORvyt
positive after transplant, with the frequency of RORyt expression
remaining unaltered between day +30 and day +180, as was
also the case for the other T-cell subsets (Figure 2C). In-
terestingly, comparison of the MFI of RORyt expression within
the total CD8" T-cell compartment posttransplant showed
that MAIT cells (red) displayed an MFI similar to the putative
Tbet"RORyt" Tc17 subset (blue), suggesting a potential capacity
for high IL-17A and IFN-y secretion posttransplant that is known
to be a pathogenic signature (Figure 2D). Moreover, Tc17 cells
accumulated after SCT in the period when chronic GVHD
manifests, while MAIT cells did not (Figure 2E). Unfortunately,
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we did not have sufficient numbers to adequately power any interroga-
tion of IL-17A-secreting populations relative to chronic GVHD.

In summary, we show that MAIT cells are the major IL-17A-
secreting population within the CD8" T-cell compartment in
humans and that a putative Tc17 population accumulates
after SCT. Importantly, we demonstrate that IFN-vy/IL-17A-
coexpressing MAIT cells, a phenotype associated with chronic
GVHD,'®2* are increased following G-CSF mobilization. Thus
MAIT cells are likely mobilized from mucosal tissue by mecha-
nisms similar to stem cells from marrow with enhanced IL-17A
secretion in response to expanded myeloid populations secreting
permissive cytokines (eg, IL-12/IL-6—secreting monocytes). This
would be consistent with recent findings showing human MAIT
cells recirculate via lymph by tissue egress.>® Our findings
highlight the effects of G-CSF mobilization on MAIT-cell frequency
and function. A recent study has demonstrated a correlation
between donor MAIT cell numbers in the blood and gastrointes-
tinal tract microbiome constituents known to be associated with
protection from acute GVHD.'” We thus suggest that large,
adequately powered, clinical studies are needed to correlate
known IL-17A-secreting cellular populations within donor grafts
and in blood and tissue after SCT, with the subsequent develop-
ment of GVHD.
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Figure 2. RORyt expression identifies MAIT cells as the predominate potential IL-17A-producing population after allogeneic SCT. (A) Gating strategy employed
to identify MAIT (CD3"CD161"Va7.2TCR™), natural killer T (CD3"CD1d tetramer™), and y3T (CD3*y3TCR™) cells in unfractionated recipient PBMCs. (B) Representative

contour plots generated by gating on the total CD8™ T-cell population depicting RORyt and Tbet expression compared with isotype control mAb—-stained PBMCs. (C)
Frequency of RORyt expression within T-cell populations derived from unfractionated recipient PBMCs at days +30 (n = 15) and +180 (n = 15) posttransplant. (D)
Representative contour plots generated by gating on the total CD8™ T-cell population depicting RORyt and Tbet expression in unfractionated PBMCs. RORyt and Thet
expression by MAIT (red), y3T (green), and putative Tc17 (blue) cells is shown. (E) Frequency of ROR-ythi Tc17, MAIT, and y8T-cells at day +30 (n = 15) and +180
(n = 15) posttransplant. Data presented as mean =+ standard error of the mean. *P = .02. TCR, T-cell receptor.

722 VARELIAS et al

12 MARCH 2019 - VOLUME 3, NUMBER 5

€ blood advances



Acknowledgments

The authors thank Judy Avery, Justine Leach, Elise Sturgeon, and
Nienke Zomerdijk at The Royal Brisbane and Women's Hospital for
coordination/collection of blood samples. They also thank staff in
the Flow Cytometry Facility at QIMR Berghofer for cell sorting.

This work was supported by the National Health and Medical
Research Council and Queensland Health, Australia (G.R.H.).

and L.D.S. performed experiments and/or analyzed data; S.-K.T. and
G.R.H. enrolled donors and/or patients; K.P.A.M. provided intellectual
input and reviewed the manuscript; and G.R.H. provided intellectual
input and helped write the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Geoffrey R. Hill, Fred Hutchinson Can-

Authorship

Contribution: A.V. designed and performed experiments, analyzed data,
and wrote the manuscript; KH.G. designed and performed experi-
ments, analyzed data, and provided helpful discussion; AN.W, S.D.O,,

cer Research Center, 1100 Fairview Ave N, Seattle, WA
98109; e-mail: grhill@fredhutch.org; and Antiopi Varelias, QIMR
Berghofer Medical Research Institute, 300 Herston Rd, Herston,
QLD 40086, Australia; e-mail: antiopi.varelias@qimrberghofer.
edu.au.

References

Anasetti C, Logan BR, Lee SJ, et al. Peripheral-blood stem cells versus bone marrow from unrelated donors. N Engl J Med. 2012;367(16):1487-1496.
MacDonald KP, Hill GR, Blazar BR. Chronic graft-versus-host disease: biological insights from preclinical and clinical studies. Blood. 2017;129(1):13-21.

3.  Kennedy GA, Varelias A, Vuckovic S, et al. Addition of interleukin-6 inhibition with tocilizumab to standard graft-versus-host disease prophylaxis after
allogeneic stem-cell transplantation: a phase 1/2 trial. Lancet Oncol. 2014;15(13):1451-1459.

4. CuaDJ, Tato CM. Innate IL-17-producing cells: the sentinels of the immune system [published erratum appears in Nat Rev Immunol. 2010;10:11]. Nat
Rev Immunol. 2010;10(7):479-489.

5. Dusseaux M, Martin E, Serriari N, et al. Human MAIT cells are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-secreting T cells. Blood. 2011;117(4):
1250-1259

6. Martin E, Treiner E, Duban L, et al. Stepwise development of MAIT cells in mouse and human. PLoS Biol. 2009;7(3):e54.
Le Bourhis L, Martin E, Peguillet |, et al. Antimicrobial activity of mucosal-associated invariant T cells. Nat Immunol. 2010;11(8):701-708.

8.  Corbett AJ, Eckle SB, Birkinshaw RW, et al. T-cell activation by transitory neo-antigens derived from distinct microbial pathways. Nature. 2014;
509(7500):361-365.

9. Kjer-Nielsen L, Patel O, Corbett AJ, et al. MR1 presents microbial vitamin B metabolites to MAIT cells. Nature. 2012;491(7426):717-723.

10. Patel O, Kjer-Nielsen L, Le Nours J, et al. Recognition of vitamin B metabolites by mucosal-associated invariant T cells. Nat Commun. 2013;4(1):2142.

11. Croxford JL, Miyake S, Huang YY, Shimamura M, Yamamura T. Invariant V(alpha)19i T cells regulate autoimmune inflammation. Nat Immunol. 2006;7(9):
987-994.

12. Godfrey DI, Rossjohn J, McCluskey J. Fighting infection with your MAITs. Nat Immunol. 2010;11(8):693-695.

13. Treiner E. Mucosal-associated invariant T cells in inflammatory bowel diseases: bystanders, defenders, or offenders? Front Immunol. 2015;6:27.

14. Hinks TS. Mucosal-associated invariant T cells in autoimmunity, immune-mediated diseases and airways disease. Immunology. 2016;148(1):1-12.

15. Varelias A, Bunting MD, Ormerod KL, et al. Recipient mucosal-associated invariant T cells control GVHD within the colon. J Clin Invest. 2018;128(5):1919-1936.

16. D’Souza C, Pediongco T, Wang H, et al. Mucosal-associated invariant T cells augment immunopathology and gastritis in chronic Helicobacter pylori
infection. J Immunol. 2018;200(5):1901-1916.

17. Bhattacharyya A, Hanafi LA, Sheih A, et al. Graft-derived reconstitution of mucosal-associated invariant T cells after allogeneic hematopoietic cell
transplantation. Biol Blood Marrow Transplant. 2018;24(2):242-251.

18. Hartrampf S, Dudakov JA, Johnson LK; et al. The central nervous system is a target of acute graft versus host disease in mice. Blood. 2013;121(10):1906-1910.

19. Hill GR, Olver SD, Kuns RD, et al. Stem cell mobilization with G-CSF induces type 17 differentiation and promotes scleroderma. Blood. 2010;116(5):819-828.

20. Gartlan KH, Markey KA, Varelias A, et al. Tc17 cells are a proinflammatory, plastic lineage of pathogenic CD8+ T cells that induce GVHD without
antileukemic effects. Blood. 2015;126(13):1609-1620.

21. Furlan SN, Watkins B, Tkachev V, et al. Systems analysis uncovers inflammatory Th/Tc17-driven modules during acute GVHD in monkey and human
T cells. Blood. 2016;128(21):2568-2579.

22. Weaver CH, Buckner CD, Longin K, et al. Syngeneic transplantation with peripheral blood mononuclear cells collected after the administration of
recombinant human granulocyte colony-stimulating factor. Blood. 1993;82(7):1981-1984.

23. Gartlan KH, Varelias A, Koyama M, et al. Th17 plasticity and transition toward a pathogenic cytokine signature are regulated by cyclosporine after
allogeneic SCT. Blood Adv. 2017;1(6):341-351.

24. Forcade E, Paz K, Flynn R, et al. An activated Th17-prone T cell subset involved in chronic graft-versus-host disease sensitive to pharmacological
inhibition. JC/ Insight. 2017;2(12).

25.

€ blood advances

Voillet V, Buggert M, Slichter CK, et al. Human MAIT cells exit peripheral tissues and recirculate via lymph in steady state conditions. JC/ Insight. 2018;3(7).

12 MARCH 2019 - VOLUME 3, NUMBER 5 G-CSF MOBILIZES IL-17A-SECRETING CD8* MAIT CELLS 723


mailto:grhill@fredhutch.org
mailto:antiopi.varelias@qimrberghofer.edu.au
mailto:antiopi.varelias@qimrberghofer.edu.au

