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Histone deacetylase inhibition regulates inflammation and enhances
Tregs after allogeneic hematopoietic cell transplantation in humans
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We examined immunological responses in patients receiving histone deacetylase
(HDAC) inhibition (vorinostat) for graft-versus-host disease prophylaxis after allogeneic
¢ HDAC inhibition reduced
proinflammatory cytokines
and increased regulatory
T-cell number and function
after allo-HCT.

e HDAC inhibition enhanced
signal transducer and
activator of transcription 3
acetylation and induced
indoleamine-2,3-dioxygenase
after allo-HCT.

hematopoietic cell transplant. Vorinostat treatment increased histone acetylation in
peripheral blood mononuclear cells (PBMCs) from treated patients, confirming target
HDAC inhibition. HDAC inhibition reduced proinflammatory cytokine levels in plasma
and from PBMCs and decreased ex vivo responses of PBMCs to proinflammatory
TLR-4 stimuli, but did not alter the number or response of conventional T cells to
nonspecific stimuli. However, the numbers of regulatory T cells (Tregs) were increased,
which revealed greater demethylation of the Foxp3 T regulatory-specific demethylation
region. Vorinostat-treated patients showed increased expression of CD45RA and CD31
on Tregs, and these Tregs demonstrated greater suppression on a per cell basis. Consistent
with preclinical findings, HDAC inhibition also increased signal transducer and activator
of transcription 3 acetylation and induced indoleamine-2,3-dioxygenase. Our data
demonstrate that HDAC inhibition reduces inflammatory responses of PBMC but
enhances Tregs after allo-HCT. (Blood. 2015;125(5):815-819)

Introduction

Acute graft-versus-host disease (GVHD) remains a major con-
tributor of nonrelapse mortality after allogeneic hematopoietic
cell transplant (allo-HCT).' Its pathogenesis involves a complex
network of interactions among alloreactive T cells, antigen-

Study design

Study cohort and sample collection

Laboratory studies were conducted in 50 patients who underwent a clinical

presenting cells (APCs), proinflammatory cytokines, and effector
cells, leading to target organ injury in the host.? In experimental
models of allo-HCT, a histone deacetylase (HDAC) inhibitor
(vorinostat) reduced proinflammatory cytokines® through the
induction of indoleamine-2,3-dioxygenase (IDO) in a signal
transducer and activator of transcription 3 (STAT-3)-dependent
manner*> and increased regulatory T cells (Tregs)® to attenuate
GVHD. On the basis of these experimental observations, we
recently performed a clinical trial of HDAC inhibition after allo-
HCT that demonstrated significantly decreased acute GVHD
without an increase in relapse.” However, whether HDAC inhibition
had a similar immunologic effect on inflammatory cell and Treg
responses in humans is not known.® In the present study, we explored
the role of HDAC inhibition on inflammation, conventional T cells
(Tconvs), and Tregs in patients from the clinical trial” of vorinostat
after allogeneic transplant.

trial.” Oral vorinostat was administered 10 days before the stem cell infusion
and continued until day 100. Study patients were compared with patients who
were similarly transplanted and given standard-of-care treatment but did not
receive vorinostat (control cohort). Samples were collected under informed con-
sents and institutional review board-approved research protocols.” Research
was conducted in accordance with the Declaration of Helsinki. No differences
in clinical characteristics were observed between study participants and the con-
trol cohort (supplemental Table 1, available on the Blood Web site).

Immunoblotting

Histones and STAT-3 in peripheral blood mononuclear cells (PBMCs) were
assessed by western blot, as previously described,’ using antibodies listed in
the supplemental Methods.

Cytokine analyses

Cytokine production was determined in plasma and PBMC supernatant samples by
ELISA and in CD11¢* PBMCs by intracellular staining, as previously described.”
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Figure 1. HDAC inhibition modulated histone acetylation and proinflammatory cytokine production after human allo-HCT. Triangles and black bars denote patients
in the study who received vorinostat. Circles and open bars denote control patients who did not receive vorinostat. Median values * interquartile range are plotted. Each data
point in a dot plot represents a single patient. All plots include data from at least 2 independent experiments. (A) Levels of acetylated (Ac-) H3 and H4 30 and 100 days after
allo-HCT. Levels in each patient normalized to B-actin. (B) Levels of interleukin 18 (IL-18), tumor necrosis factor a (TNF-a), IL-6, and IL-8 in the plasma of study patients and
control patients 14 days after allo-HCT. Control, n = 18; study, n = 31. (C) TNF-a and IL-6 production by PBMC after ex vivo stimulation with lipopolysaccharide (500 ng/mL) for 16
to 24 hours, 30 days after allo-HCT. Control, n = 12; study, n = 14. (D) Intracellular staining of IL1-8, TNF-a, and IL-6 in CD11c" PBMCs of study and control patients 30 and 100
days after allo-HCT, after ex vivo stimulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin. Day 30: control, n = 6; study, n = 10. Day 100: control, n = 6; study n = 6.

Phenotype of T lymphocytes

Routine absolute lymphocyte counts were performed in the Clinical
Hematology Laboratory. To enumerate CD4", CD8", and Treg cells,
PBMC:s were stained using fluorochrome-conjugated antihuman monoclonal
antibodies detailed in the supplemental Methods. To detect recent thymic
emigrants (RTEs), PBMCs were identified using anti-human CD4, CD25,
CD31, and CD45RA.°

RNA isolation and real-time-polymerase chain reaction

Total cellular RNA was isolated from PBMCs, reverse-transcribed, and used
for real-time polymerase chain reaction analysis of Foxp3 and IDO, using
previously described methods and primer pairs.’

Treg-specific-demethylation region demethylation assay

CD4*CD25" Tregs and CD4"CD25~ Tconvs were sorted from PBMCs
using the Regulatory T Cell Kit (Miltenyi Bioscience, Bergisch Gladbach,
Germany). Genomic DNA was isolated and Treg-specific-demethylation
region (TSDR) analysis performed as previously described.”'® Polymerase
chain reaction conditions and specific primers pairs are listed in the sup-
plemental Methods.

Treg suppression assay

Tregs and Tconvs were isolated, as described earlier. Tregs were mixed at
ratios of 1:4 and 1:8 with Tconvs and incubated with the presence of anti-
CD3/anti-CD28 coated beads (Life Technologies, Grand Island, NY) for

72 hours. *H-thymidine (1 wCi/well; NEN Life Sciences Products, Zaventem,
Belgium) was incorporated by proliferating cells for the last 8 hours of
incubation and was measured using a TopCount NXT Microplate Scin-
tillation Counter (Perkin Elmer, Waltham, MA).

Statistical analysis

Samples from the study and control cohorts were compared using the Mann-
Whitney nonparametric test. Comparison of paired samples from the same
patient was made using the Wilcoxon matched-pairs signed rank nonpara-
metric test. These statistical analyses were performed using GraphPad Prism
6.0 (GraphPad Software, Inc, La Jolla, CA). A 2-sided P-value of less than
.05 indicated statistical significance.

Results and discussion

Administration of vorinostat increased H3 and H4 acetylation,
confirming HDAC inhibition,®'" and these increases had pro-
longed effects without significant decline 100 days after transplant
(Figure 1A; supplemental Figure 1). Because HDAC inhibition miti-
gated inflammation and reduced GVHD in preclinical models,'™*®
we explored the effect of vorinostat on inflammatory cell responses.
Similar to preclinical observations, vorinostat-treated patients expe-
rienced significant reductions in the plasma levels of proinflamma-
tory cytokines such as IL-13, TNF-a, IL-6, and IL-8 14 days after
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Figure 2. Patients treated with vorinostat have increased Tregs with greater suppressive function and increased acetylation of STAT-3 and IDO expression after
allo-HCT. Triangles and black bars denote patients who received vorinostat. Circles and open bars denote control patients. All plots include, or are representative of,
data from at least 2 independent experiments. Mean values = SEM are plotted in B and F. Median values =+ interquartile range are plotted in all other panels. (A-B)
CD25"CD127" cells within the CD4" population of PBMCs 30, 100, and 180 days after allo-HCT. Day 30: control, n = 22; study, n = 36. Day 100: control, n = 11;
study, n = 16. Day 180: control, n = 6; study, n = 8. *Control vs study, P = .01; **P = .007; ***P = .06. (C) Foxp3 expression in PBMCs 100 and 180 days after allo-
HCT. Data are expressed relative to glyceraldehyde-3-phosphate dehydrogenase copy number. Day 100: control, n = 6; study, n = 6. Day 180: study, n = 9. (D)
Methylation of the Foxp3 TSDR in purified CD4"CD25~ conventional (Tconv, open icons) and CD4"CD25™ regulatory (Treg, black icons) T cells 100 days after allo-
HCT. Control, n = 9; study, n = 11. (E) CD4"CD25*CD45RA*CD31% RTE 100 days after allo-HCT. Control, n = 5; study, n = 6. (F) Suppression of effector Tconv
proliferation to anti-CD3 and anti-CD28 stimulation by autologous Tregs 100 days after allo-HCT. Control, n = 8; study, n = 10. *P = .04; **P = .07. (G) Levels of Ac- and
phosphorylated (P)-STAT-3 30 and 100 days after allo-HCT. Ac- and P-STAT-3 levels normalized to total STAT-3. Day 30, control, n = 3 to 6; study, n = 5; Day 100: study,
n = 6. (H) IDO messenger RNA (mRNA) expression 100 days after allo-HCT. Values are expressed relative to glyceraldehyde-3-phosphate dehydrogenase mRNA copy
number. Control, n = 6; study, n = 6.

transplant (Figure 1B). Interferon vy, IL-17, and IL-2 cytokines were
also evaluated at this point. Although IL-17 was significantly
reduced, interferon y and IL-17 were not different between the study
and control cohorts (supplemental Figure 2). We measured plasma
cytokines 30 days after transplant and found significant reductions in
TNF receptor-1 and IL-8 levels (supplemental Figure 3). Although
plasma IL-6 levels were reduced in vorinostat-treated patients,
statistical significance was not reached. IL-1(3 was also unchanged
at day 30 between the 2 cohorts (supplemental Figure 3). Further-
more, we measured plasma biomarkers of GVHD 14 and 30 days
posttransplant,'>'* such as regenerating islet-derived 3-a, sup-
pressor of tumorigenicity 2, IL-2Ra, hepatocyte growth factor,
and Elafin (supplemental Table 2). We did not find a clear cor-
relation with clinical outcomes, which we speculate may have been
aresult of the conditioning regimen (reduced intensity) and the small
number of patients who developed GVHD in our study.’

HDAC inhibition also reduced the release of proinflammatory
cytokines by PBMCs ex vivo in response to lipopolysaccharide
(Figure 1C) and by CD11c™ after PMA/ionomycin stimulation of
bulk PBMCs (Figure 1D). These observations of reduced proin-
flammatory cytokines in the presence of HDAC inhibition are also
consistent with other studies.'*!'> Importantly, we did not observe
significant differences in percentages of CD19", CD14", or CD11c"
cells in the PBMCs of study patients compared with controls
(supplemental Table 3), nor did the percentage of CD11c* PBMC
differ between groups after PMA/ionomycin stimulation (data not
shown). In contrast to preclinical findings,® expression of MHC
class II or costimulatory (CD86) molecules by CD11c™ PBMC
were not changed in patients treated with vorinostat on either day 30
(supplemental Table 3) or 100 days posttransplant (data not shown).

Patients with GVHD have reduced frequencies of Tregs.'¢"'®
In murine models, Tregs attenuate GVHD," and HDAC inhibition
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increased Treg numbers and enhanced their suppressive function but
did not directly alter non-Treg, that is, Tconv, responses.>®!%20
HDAC inhibition can also enhance suppression by human Tregs®!
and promote the conversion of human T cells into Tregs in vitro.>
We therefore explored the effect of HDAC inhibition with vorinostat
on both Tregs and Tconv after clinical allogeneic BMT. HDAC
inhibition did not significantly alter total lymphocyte or CD4" or
CD8" T-cell counts, nor did it alter the proliferative response of
Tconv to nonspecific stimuli (supplemental Table 4; supple-
mental Figure 4). However, patients treated with vorinostat ex-
hibited increased numbers of Tregs (CD4*CD257CD1277) in
the peripheral circulation (Figure 2A-B; supplemental Figure 5).
Consistent with this increase, Foxp3 mRNA expression was
increased in PBMC 30 days after transplant,” which remained
significantly higher 100 days posttransplant (Figure 2C). Foxp3
expression was verified on a per cell basis by flow cytometry,
where more than 80% of CD4"CD25"CD127 " cells were Foxp3™
(data not shown).

Foxp3 is a critical regulator of Treg development and function®®
and is subject to epigenetic regulation through methylation of
cytosine guanine dinucleotide islands within the TSDR.>* Thymus-
derived Tregs with stable expression of Foxp3 show TSDR de-
methylation, whereas recently activated conventional human
T cells and Tregs induced in the periphery with transient Foxp3 ex-
pression show methylated TSDR.>> HDAC inhibition with vorino-
stat increased demethylation of the Foxp3 TSDR in CD4*CD25™"
T cells 100 days posttransplant (Figure 2D). Consistent with in-
creased TSDR demethylation, HDAC inhibition also increased the
numbers of CD45RA"CD31* Treg RTEs (Figure 2E; supplemental
Figure 6), whereas Tconv RTEs (CD4"CD25 CD45RA"CD31%)
were not changed (P = .42; data not shown). Preliminary analysis
also demonstrated a trend toward increased TRECs in CD4"CD25"
Treg (supplemental Figure 7). Thus, although we cannot rule out the
possibility that vorinostat also induced Tregs in the periphery, the
data suggest that at least a portion of the increased Tregs observed in
study patients were natural Tregs derived from the thymus. We next
determined the functionality of these Tregs. Tregs isolated from
vorinostat-treated patients suppressed effector T-cell proliferation
more effectively on a per cell basis (Figure 2F). However, antigen-
specific functional studies (eg, recovery of CMV- or EBV-specific
T cells) were not performed.

HDAC inhibition in mice increased acetylation of the nonhistone
protein STAT-3,” which is critical for the induction of IDO in APCs,*
reduction in inflammation, and the regulation of acute GVHD.*
Because vorinostat reduced acute GVHD’ and mitigated inflamma-
tory cytokines, we next analyzed STAT-3 acetylation and IDO
induction in these patients. Concordantly, levels of Ac-STAT-3
protein were significantly increased with HDAC inhibition 30 days
posttransplant, and levels remained high at day 100 (Figure 2G).
P-STAT-3 levels were unchanged (Figure 2G), consistent with
a previous study.”® IDO is an intracellular enzyme that degrades
tryptophan, suppresses APC function, and induces T-cell anergy.?’
IDO mRNA was also induced with HDAC inhibition on day
30 posttransplant (P < .0001)” and remained high at day 100
(Figure 2H).

Our data in murine models of HCT have shown that vorinostat
modulates the production of inflammatory cytokines and induces
IDO expression by host APCs to modulate GVHD after allo-HCT.>"
Additional murine data by others indicate that HDAC inhibitors
promote the generation and function of regulatory T cells.® Ex vivo
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studies using human cells have confirmed the abilities of HDAC
inhibitors to modulate both APCs and Tregs.?*?? Thus, collective
findings suggest that HDAC inhibition can have potent and distinct
direct regulatory effects on various immune cell populations.
Although the mouse continues to be an important in vivo model for
human immunology, we understand that potential limitations of ex-
trapolating data from mice to humans exist.?® It is likely significant
that human recipients of allo-HCT receive treatment with vorinostat
concomitant with immunosuppressive therapy (tacrolimus and
mycophenolate mofetil). It is possible that our inability to find
quantitative reproducible differences in HLA and costimulatory
molecule expression in human PBMC samples is reflective of
direct effects of immunosuppression on APCs. Additional ex vivo
analysis will be required to investigate this possibility. Nonethe-
less, the findings here demonstrate that HDAC inhibition with
vorinostat after allo-HCT in humans regulated inflammation
and enhanced Tregs. They further suggest that regulation of
inflammation and increased Tregs might have been crucial for
the ability to reduce clinical GVHD in the first-in-human clinical
trial,” and collectively, suggest that HDAC inhibition has immune-
regulatory effects in humans. Future studies are needed to further
delineate which immune cells are affected by HDAC inhibition after
allo-HCT.

Acknowledgments

This work was supported by the Leukemia and Lymphoma Society,
the National Institutes of Health (National Cancer Institute grant
RO1CA143379 [P.R.], and National Institute of Allergy and
Infectious Diseases grants 1K23A1091623 [S.W.C.], and AI-15614
[C.A.D.]), the A. Alfred Taubman Institute Emerging Scholar
Program, and the Michigan Institute for Clinical and Health Research
(UL1TRO0043).

Authorship

Contribution: S.W.C. and P.R. designed the clinical trial and the
laboratory experiments, reviewed clinical and laboratory data, and
wrote the manuscript; E.G. reviewed laboratory data, designed and
analyzed laboratory experiments, and wrote the manuscript; G.H.
performed and analyzed laboratory experiments and reviewed and
helped write the manuscript; Y. Sun designed and performed experiments
related to immunoblotting and PCRs; Y. Song reviewed laboratory data
and prepared figures for publication and reviewed the manuscript; I.T.
performed and analyzed laboratory experiments; C.A.D. analyzed data
and reviewed and helped write the manuscript; K.O.-W. and J.W.
contributed to the experiments and reviewed and helped write the
manuscript; and all authors vouch for the accuracy and completeness
of the data and for the analyses.

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

Correspondence: Pavan Reddy, Blood and Marrow Transplan-
tation Program, University of Michigan, 1500 E Medical Center Dr,
3312 Cancer Center, Ann Arbor, M1, 48109-5942; e-mail: reddypr@
umich.edu.

%20z AeIN 81 uo 1sanb Aq ypd-G18/29088€ /51 8/5/S2 L APd-ajoile/poo|g/eu suonedlqndyse//:diy wouj papeojumoq


mailto:reddypr@umich.edu
mailto:reddypr@umich.edu

BLOOD, 29 JANUARY 2015 * VOLUME 125, NUMBER 5

References

HDAC INHIBITION REGULATES IMMUNITY AFTER HUMAN HCT 819

Choi SW, Reddy P. Current and emerging
strategies for the prevention of graft-versus-
host disease. Nat Rev Clin Oncol. 2014;11(9):
536-547.

Blazar BR, Murphy WJ, Abedi M. Advances in
graft-versus-host disease biology and therapy.
Nat Rev Immunol. 2012;12(6):443-458.

Reddy P, Maeda Y, Hotary K, et al. Histone
deacetylase inhibitor suberoylanilide hydroxamic
acid reduces acute graft-versus-host disease and
preserves graft-versus-leukemia effect. Proc Nat/
Acad Sci USA. 2004;101(11):3921-3926.

Reddy P, Sun Y, Toubai T, et al. Histone
deacetylase inhibition modulates indoleamine
2,3-dioxygenase-dependent DC functions and
regulates experimental graft-versus-host
disease in mice. J Clin Invest. 2008;118(7):
2562-2573.

Sun Y, Chin YE, Weisiger E, et al. Cutting edge:
Negative regulation of dendritic cells through
acetylation of the nonhistone protein STAT-3.

J Immunol. 2009;182(10):5899-5903.

Tao R, de Zoeten EF, Ozkaynak E, et al.
Deacetylase inhibition promotes the generation
and function of regulatory T cells. Nat Med. 2007;
13(11):1299-1307.

Choi SW, Braun T, Chang L, et al. Vorinostat plus
tacrolimus and mycophenolate to prevent graft-
versus-host disease after related-donor reduced-
intensity conditioning allogeneic haemopoietic
stem-cell transplantation: a phase 1/2 trial. Lancet
Oncol. 2014;15(1):87-95.

Choi S, Reddy P. HDAC inhibition and graft
versus host disease. Mol Med. 2011;17(5-6):
404-416.

Kohler S, Thiel A. Life after the thymus: CD31+
and CD31- human naive CD4+ T-cell subsets.
Blood. 2009;113(4):769-774.

. Wieczorek G, Asemissen A, Model F, et al.

Quantitative DNA methylation analysis of FOXP3
as a new method for counting regulatory T cells in

peripheral blood and solid tissue. Cancer Res.
2009;69(2):599-608.

. Kelly WK, O’Connor OA, Krug LM, et al. Phase |

study of an oral histone deacetylase inhibitor,
suberoylanilide hydroxamic acid, in patients with
advanced cancer. J Clin Oncol. 2005;23(17):
3923-3931.

Paczesny S, Krijanovski Ol, Braun TM, et al.
A biomarker panel for acute graft-versus-host
disease. Blood. 2009;113(2):273-278.

Vander Lugt MT, Braun TM, Hanash S, et al.
ST2 as a marker for risk of therapy-resistant graft-
versus-host disease and death. N Engl J Med.
2013;369(6):529-539.

Leoni F, Zaliani A, Bertolini G, et al. The antitumor
histone deacetylase inhibitor suberoylanilide
hydroxamic acid exhibits antiinflammatory
properties via suppression of cytokines. Proc
Natl Acad Sci USA. 2002;99(5):2995-3000.

Grabiec AM, Krausz S, de Jager W, et al. Histone
deacetylase inhibitors suppress inflammatory
activation of rheumatoid arthritis patient synovial
macrophages and tissue. J Immunol. 2010;
184(5):2718-2728.

Rieger K, Loddenkemper C, Maul J, et al.
Mucosal FOXP3+ regulatory T cells are
numerically deficient in acute and chronic GvHD.
Blood. 2006;107(4):1717-1723.

Magenau JM, Qin X, Tawara |, et al. Frequency of
CD4(+)CD25(hi)FOXP3(+) regulatory T cells has
diagnostic and prognostic value as a biomarker
for acute graft-versus-host-disease. Biol Blood
Marrow Transplant. 2010;16(7):907-914.

Matsuoka K, Koreth J, Kim HT, et al. Low-dose
interleukin-2 therapy restores regulatory T cell
homeostasis in patients with chronic graft-versus-
host disease. Sci Transl Med. 2013;5(179):
179ra43.

Edinger M, Hoffmann P, Ermann J, et al.
CD4+CD25+ regulatory T cells preserve graft-
versus-tumor activity while inhibiting graft-versus-

20.

21.

22.

23.

24.

25.

26.

27.

28.

host disease after bone marrow transplantation.
Nat Med. 2003;9(9):1144-1150.

Akimova T, Beier UH, Liu Y, Wang L, Hancock
WW. Histone/protein deacetylases and T-cell
immune responses. Blood. 2012;119(11):
2443-2451.

Akimova T, Ge G, Golovina T, et al. Histone/
protein deacetylase inhibitors increase
suppressive functions of human FOXP3+ Tregs.
Clin Immunol. 2010;136(3):348-363.

Lucas JL, Mirshahpanah P, Haas-Stapleton E,
Asadullah K, Zollner TM, Numerof RP. Induction
of Foxp3+ regulatory T cells with histone
deacetylase inhibitors. Cell Immunol. 2009;
257(1-2):97-104.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3
programs the development and function of
CD4+CD25+ regulatory T cells. Nat Immunol.
2003;4(4):330-336.

Huehn J, Polansky JK, Hamann A. Epigenetic
control of FOXP3 expression: the key to a stable
regulatory T-cell lineage? Nat Rev Immunol.
2009;9(2):83-89.

Zheng Y, Josefowicz S, Chaudhry A, Peng XP,
Forbush K, Rudensky AY. Role of conserved non-
coding DNA elements in the Foxp3 gene in
regulatory T-cell fate. Nature. 2010;463(7282):
808-812.

Yuan ZL, Guan YJ, Chatterjee D, Chin YE. Stat3
dimerization regulated by reversible acetylation of
a single lysine residue. Science. 2005;307(5707):
269-273.

Mellor AL, Munn DH. IDO expression by dendritic
cells: tolerance and tryptophan catabolism. Nat
Rev Immunol. 2004;4(10):762-774.

Mestas J, Hughes CC. Of mice and not men:
differences between mouse and human
immunology. J Immunol. 2004;172(5):2731-2738.

%20z AeIN 81 uo 1sanb Aq ypd-G18/29088€ /51 8/5/S2 L APd-ajoile/poo|g/eu suonedlqndyse//:diy wouj papeojumoq



