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Key Points

• The transcriptional networks
controlling breakthrough
acute GVHD can be mapped,
and correlate closely with
clinical disease.

• Breakthrough acute GVHD
is transcriptionally controlled
by T-cell persistence,
inflammation, and Th/Tc17
skewing.

One of the central challenges of transplantation is the development of alloreactivity

despite the use of multiagent immunoprophylaxis. Effective control of this immune

suppression–resistant T-cell activation represents one of the key unmet needs in the

fields of both solid-organ and hematopoietic stem cell transplant (HCT). To address this

unmet need, we have used a highly translational nonhuman primate (NHP) model to

interrogate the transcriptional signature of T cells during breakthrough acute graft-

versus-host disease (GVHD) that occurs in the setting of clinically relevant immune

suppression and compared this to the hyperacute GVHD, which develops in unprophy-

laxed or suboptimally prophylaxed transplant recipients. Our results demonstrate the

complexcharacter of the alloreactivity that developsduringongoing immunoprophylaxis

and identify 3 key transcriptional hallmarks of breakthrough acute GVHD that are not

observed in hyperacute GVHD: (1) T-cell persistence rather than proliferation, (2)

evidence for highly inflammatory transcriptional programming, and (3) skewing toward a

T helper (Th)/T cytotoxic (Tc)17 transcriptional program. Importantly, the gene coex-

pressionprofiles fromhumanHCT recipientswhodevelopedGVHDwhileon immunosuppressiveprophylactic agents recapitulated the

patterns observed in NHP, and demonstrated an evolution toward a more inflammatory signature as time posttransplant progressed.

These results strongly implicate the evolution of both inflammatory and interleukin 17–based immune pathogenesis in GVHD, and

provide the first map of this evolving process in primates in the setting of clinically relevant immunomodulation. Thismap represents a

novel transcriptomic resource for further systems-based efforts to study the breakthrough alloresponse that occurs posttransplant

despite immunoprophylaxis and to develop evidence-based strategies for effective treatment of this disease. (Blood. 2016;128(21):2568-2579)

Introduction

Transplantation, encompassing both solid-organ transplantation and
hematopoietic stem cell transplantation (HCT), is currently in a stage of
short-term success but long-term failure for the majority of patients.
This short-term success has relied on the use of broadly active,
nontargeted immune suppression, which has succeeded in controlling
very early immune activation.1 In solid-organ transplantation, this
results in high 1-year survival times for many transplanted organs (eg,
90% 1-year survival for renal transplants) but with the ultimate
occurrence of immune-mediated rejection in the vast majority of
patients (with a half-life of;10 years for renal transplants2). In HCT,
similar immunosuppressive strategies result inmost patients engrafting,
butwithup to 70%of patients ultimately developing acute graft-versus-
host disease (GVHD), with the most severe cases being untreatable
and lethal.3 The field has thus far been unsuccessful in identifying
the underlying mechanisms responsible for immune escape and

alloreactivity that occur despite ongoing immunosuppression, resulting
not only in high rates of immunosuppression failure, but also in a “one-
size-fits-all” approach to the treatment of breakthrough alloimmunity,
which still relies on global use of corticosteroids as first-line therapy.

To address the critical unmet need for a detailed molecular
understanding of mechanisms driving clinically relevant alloreactiv-
ity, our group has developed a nonhuman primate (NHP) model of
GVHD,whichhasbeen specifically designed toprobe themechanisms
of immune escape that occur both in the absence and in the presence
of clinical immunosuppression, and in which the potential targets of
GVHDcan be studied.4-6 To discover the transcriptional networks that
drive GVHD during clinically relevant immunoprophylaxis, we have
now mapped the T-cell dysregulation that occurs in the setting of a
variety of immunoprophylactic settings. We find that 2 signatures
predominate: (1) a highly proliferative, cytotoxic signature that occurs
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during hyperacute GVHD and (2) the much more complex immune
signature of breakthrough acute GVHD, which retains some T helper
(Th)/T cytotoxic (Tc)1 elements, but which is predominated by an
inflammatory Th/Tc17-skewed and apoptosis-resistant T-cell profile.
Importantly, we have also identified these breakthrough acute GVHD
transcriptional signatures in transplanted patients. These results provide
the first map of the transcriptional complexity of primate breakthrough
acute GVHD and identify targeted, immediately clinically translatable
strategies for treating this disease that promise to move the field of
transplantation forward toward an evidence-based, risk-adapted ap-
proach to therapeutic decision-making.

Materials and methods

NHP study design

Thiswas a prospective cohort study inNHPdesigned to compare the clinical and
immunologic outcomes of transplantation, and to discern the transcriptome of
autologous and allogeneic transplant recipients. Details of the experimental
cohorts studied, the relatedness and major histocompatibility complex (MHC)
disparitybetween transplant pairs, immunoprophylactic dosing, and studydesign
are described in supplemental Materials and methods (available on the Blood
Web site).

Rhesus HCT and GVHD clinical analysis

In this study, we used our previously described strategy for allogeneic HCT
(allo-HCT) in rhesus macaques.4 Details of the HCT regimen and GVHD
clinical analysis are described in detail in supplemental Materials andmethods.

Human study design

This study was designed as a retrospective, case-control study. Available
cryopreserved patient peripheral bloodmononuclear cell (PBMC) samples were
obtained from patients enrolled in HCT clinical trials performed at Emory
University and the University of Minnesota, with and without GVHD. Clinical
details pertaining to each of the samples included in the clinical gene array
analysis are shown in supplemental Table 3. Details of sample identification and
array preparation are described in supplemental Materials and methods.

Flow cytometry

Longitudinal multicolor flow cytometric analysis was performed on all NHP
transplant recipients as described in detail in supplementalMaterials andmethods.

NHP and patient transcriptome analysis

Following T-cell purification, RNA was isolated and NHP samples were
hybridized to a GeneChip Rhesus Macaque Genome Array (Affymetrix) and
human samples to aHumanTranscriptome2.0Array (Affymetrix). The resultant
fluorescent signals were analyzed using both Expression Console software
(Affymetrix) and the R statistical platform. Full details of T-cell sorting, RNA
preparation,microarray completion, computational analysis of the transcriptome,
and data code availability are provided in supplemental Materials and methods.

Results

Immune evidence for 2 distinct variants of acute GVHD:

hyperacute and breakthrough acute

We have used a NHP GVHD model (schematized in Figure 1A) to
perform a large series of autologous HCT and allo-HCT experiments
interrogating multiple immunomodulating strategies. We have pre-
viously reported the flow cytometric4 and transcriptional attributes6 of

T cells causing GVHD in the absence of immunosuppression (“No
Rx”). These attributes include a highly proliferative T-cell program,
characterizedbymultiplemarkers ofTh/Tc1 skewing andexpressionof
granzymes and interferong (IFNg).4 In the current study,we compared
the clinical and immunologic profile of the No Rx cohort with that of
T cells purified from recipients who were only partially prophylaxed
with eithermammalian target of rapamycin inhibition (sirolimus [Siro])
as monotherapy or CD80/86-directed costimulation blockade (with
CTLA4-immunoglobulin [CTLA4-Ig]) as monotherapy, or with
clinically relevant combinatorial strategies (Figure 1B-C). Mirroring
what we documented with the No Rx cohort, we observed flow
cytometric evidence of an expandingT-cell proliferative and cytotoxic
effector program when either sirolimus or CTLA4-Ig were used as
monotherapies (Figure 2A), and a shift of the T-cell phenotype
toward central memory (CM)/effector memory (EM) predominance
(Figure 2B) with kinetics that approximated that of the No Rx cohort.
Because of the commonalities in the pace and severity of the clinical
syndromes, as well as the histopathologic severity and T-cell immune
phenotype that developed in the No Rx, sirolimus monotherapy, and
CTLA4-Ig monotherapy cohorts (Figures 1-2), we have characterized
the GVHD in all of these recipients as “hyperacute GVHD.”

Unlike the hyperacute GVHD cohorts, recipients prophylaxed with
combinatorial therapies (either with standard-of-care tacrolimus plus
methotrexate [Tac/MTX], or Siro plus CTLA4-Ig [Siro/CTLA4-Ig])7,8

successfully suppressed hyperacute GVHD. Thus, in the first several
weeks posttransplant, both the Tac/Mtx and Siro/CTLA4-Ig cohorts
controlled the clinical symptoms of disease (Figure 1B-C). However,
clinical acute GVHD eventually broke-through the ongoing immuno-
prophylaxis in both the Tac//MTX and Siro/CTLA4-Ig cohorts, which,
in the absence of GVHD treatment, resulted in the recipient reaching
protocol end point criteria due to clinical evidence of disease (median
survival time [MST]534.5days;Figure 1C).The clinical symptomsof
breakthrough disease included vomiting and decreased appetite, which
made it difficult for the animals to maintain nutritional status (although
immunosuppression levels were maintained, as these agents were all
delivered parenterally). Terminal analysis documented histopathologic
signs of GVHD in canonical target organs in recipients with both
hyperacute GVHD and breakthrough acute GVHD. As shown in
Figure 2C, and in agreement with their clinical symptoms, there was
less severe histopathologic GVHD in the skin, liver, lung, and colon
in the breakthrough acute cohort compared with recipients with
hyperacute disease. However, the amount of upper gastrointestinal
(GI) disease (esophagus, stomach, duodenum) was equivalent in the 2
cohorts. Importantly, the clinical, histologic, flow cytometric, and
transcriptomic characteristics of GVHD in both Tac/MTX and Siro/
CTLA4-Ig cohort recipients were highly aligned, suggesting important
commonalities in the mechanisms of immune escape with both
prophylaxis regimens.Becauseof this,we characterized thedisease that
developed in each of these recipients as “breakthrough acute GVHD,”
and performed subsequent analyses on the 2 prophylaxis regimens
as 1 combined cohort. Importantly, clinical GVHD occurred in the
breakthrough acute cohort despite continued flow cytometric evidence
for control of T-cell proliferation and granzyme B expression, in both
blood and GVHD target organs (Figure 2A,D). Taken together, these
results suggest that uniquemechanisms contributed to the alloreactivity
in these 2 cohorts.

Transcriptomics distinguish hyperacute and breakthrough

acute GVHD

To identify the T-cell programs that differentiate hyperacute vs
breakthrough acute GVHD, we performed transcriptomic profiling on
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peripheral blood T cells from all NHP cohorts.We found that the broad
transcriptional signature recapitulated the dichotomization of hyper-
acute vs breakthrough acute GVHD shown in Figures 1-2, with
principal components of variance of terminal T-cell transcriptional data
clustering by GVHD type (PC1 vs PC3, hyperacute vs breakthrough
acute,P, .05;Figure3A). Furthermore, PC1 specifically functionedas
a significant independent predictor of survival (Figure 3B; P, .0038),
underscoring the applicability of transcriptomic data to our clinical
observations.

We then used differential expression (DE; supplemental Table 6)
and single-sample gene-set enrichment analysis (ssGSEA)9 to dissect
theT-cell immunopathologyduringhyperacute andbreakthroughacute
GVHD. In accordance with our previously published results,6

visualization of the top 25 gene sets in the hyperacute cohort using
constellation mapping10,11 revealed that proliferative signals were a
dominant theme in the T-cell transcriptional profile of hyperacute
GVHD (Figure 3C), with 21 of 25 top correlating gene sets describing
proliferative programing, and 15 of these demonstrating significant
sharing of enriched transcripts (depicted as red circles in Figure 3C).
Similar to our previous work, GSEA revealed that Th/Tc1 transcripts
were overrepresented in animals with hyperacute GVHD compared
with T cells purified from both healthy controls, and from recipients
with breakthrough acute GVHD12 (Figure 3D). Flow cytometric

assessment of IFNg protein expression inT cells at the timeof terminal
analysis confirmed this observation on a single-cell level in both CD4
and CD8 T cells during hyperacute GVHD (Figure 3E).

In contrast to the uniform proliferation- and cytotoxicity-dominated
T-cell activationprogram inhyperacutedisease, transcriptomicanalysis
of breakthrough acute GVHD revealed a much more complex
transcriptional landscape. This complexity was apparent in both DE
analysis and ssGSEA/constellation mapping (Figure 4A-B; supple-
mental Table 6), which documented enrichment of a wide range of
biological activities (Figure 4A-B). Some of these gene sets were
similar to those found in hyperacute disease, and remained associated
with Th/Tc1 skewing (eg, M2602 Biocarta RANKL pathway;
Figure 4A). However, many pathways were unique to breakthrough
acute GVHD. Moreover, and in agreement with the flow cytometric
findings shown in Figure 2A, there was underrepresentation of the
canonical proliferative and cytotoxicity transcripts, Ki67 and granzyme
B (which were highly enriched in the hyperacute transcriptome;
Figure 4C). Of note, the gene sets most similar to samples in the
breakthrough GVHD cohort (gene sets 1-2; Figure 4B) were generated
from a set of experiments that studied the expression of the Polycomb
transcriptional regulatorsBmi1andMel-18.13Thesegene setsprovided
several important clues to the pathways active during breakthrough
GVHD. Thus, the enrichment of Bmi-1 targets is notable, given the
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Figure 1. Immunoprophylactic strategies used in a NHP model of acute GVHD result in a clinical picture that can be categorized as hyperacute, suppressed, or

breakthrough acute GVHD. (A) Experimental schema detailing the transplant protocol and immunoprophylaxis regimens used throughout this study. (B) Clinical score based

on our previously described NHP GVHD clinical scoring system.4 Colored circles represent the clinical categories of hyperacute (red), suppressed (green) and breakthrough

acute (orange) disease. (C) Comparison of survival curves between hyperacute and breakthrough acute cohorts. The Kaplan-Meier product-limit method was used to

calculate survival. Significance was determined using log-rank statistics. aGVHD, acute GVHD; GCSF, granulocyte colony-stimulating factor; TBI, total body irradiation.
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ability of Bmi-1 to promote survival14 and inhibit apoptosis in a
variety of cell types, including T cells.15 The enrichment of Mel-18
targetswas also important, given thatMel-18 has been observed to be
a key component in Th17 cell programming.16

Antiapoptotic programing in T cells during breakthrough

acute GVHD

Given the survival of T cells during breakthrough acute GVHDdespite
the reduction in strong proliferative signaling, we hypothesized that the
inhibition of apoptotic signals could be an important mechanism
driving T-cell persistence during breakthrough acute GVHD. In

agreement with this hypothesis, we observed normalization of
expression of the antiapoptotic protein BCL-2 in breakthrough acute
GVHD (Figure 5A) relative to hyperacute GVHD. Transcriptome
analysis also revealed the emergence of a diverse antiapoptotic
signature during breakthrough acute disease. This was perhaps best
illustrated in the comparison of the transcriptome of T cells during
breakthrough acute disease, vs the transcriptome of T cells from
those same recipients earlier posttransplant, during which time
clinical GVHD was suppressed. As shown in Figure 5B, of the 12
statistically significantly DE genes between the breakthrough acute
and suppressed time points, 6 were involved in the control of
apoptosis (TWIST1, TSHZ2, RAD54B, ZMAT3, BBC3 [PUMA],
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Figure 2. Animals with breakthrough acute GVHD develop clinical and pathological evidence of disease without the specific T-cell signatures that develop during

hyperacute GVHD. (A) Expression of Ki67 and granzyme B (GrmB) in T cells from peripheral blood, measured longitudinally posttransplant. Colored circles represent the

clinical categories of hyperacute (red), suppressed (green), and breakthrough acute (orange) disease. Statistical differences between the hyperacute and suppressed cohorts

were evaluated at days 2, 5, 8, 12, 18, and 25 posttransplant using an unpaired Student t test, and significant differences of the mean percentage of either CD4 (*) or CD8 (†)

cell subtypes were determined using an unpaired Student t test. All other time-point comparisons were not significant. (B) Engraftment/expansion of CD4 and CD8 TCM and

TEM from peripheral blood, measured longitudinally posttransplant. Colored circles represent the clinical categories of hyperacute (red), suppressed (green), and breakthrough

acute (orange) disease. Statistical differences between the hyperacute and suppressed cohorts were evaluated at days 27, 2, 5, 8, 12, 18, and 25 posttransplant using an

unpaired Student t test. *Significant differences of the absolute numbers of the CD4 and CD8 T-cell subpopulations. All other time-point comparisons were not significant. (C)

The combined GVHD pathology score (summarizing liver, colon, skin, and lung scores [top panel]) and combined upper GI GVHD score (summarizing esophagus, stomach,

and duodenum [Duod.]; [bottom panel]) of recipients from hyperacute (MST 5 12 days) and breakthrough acute (MST 5 34.5 days) cohorts. Histopathologic analysis was

performed at the time of terminal analysis and analyzed by a pathologist (A.P.-M.) in a blinded manner. *P , .05 using the Mann-Whitney test on composite scores. NS, not

significant. (D) Flow cytometric analysis of mononuclear cells isolated from peripheral blood, lymphoid, and nonlymphoid GVHD-target organs at the time of terminal analysis

from animals from hyperacute and breakthrough acute cohorts and stained for Ki-67 (top and middle panel) and for granzyme B (bottom panel). Plots depict the percentages

of CD4 and CD8 T cells expressing Ki-67 and the percentage of CD8 T cells expressing high levels of granzyme B (mean fluorescence intensity [MFI] $ 105). *P , .05 using

the Mann-Whitney test. LN, lymph node.

BLOOD, 24 NOVEMBER 2016 x VOLUME 128, NUMBER 21 INFLAMMATORY Th/Tc17-DRIVEN MODULES DURING aGVHD 2571

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/21/2568/1397461/blood726547.pdf by guest on 30 M

ay 2024



PC1

Breakthrough Acute
Hyperacute

PC
3

Breakthrough Acute

 Hyperacute 

Log survival

PC
1

A B

C

D E

t-test (FDR)

A
u

to

B
re

ak
th

ro
g

h
 A

cu
te

S
u

p
p

re
ss

ed

H
ea

lt
h

y 
C

o
n

tr
o

ls

H
yp

er
ac

u
te

Adj. R2:  0.3299 
P-value: 0.003821

6

+

Hyperacute Healthy Control

−0.25

0

0.25

0.50

−0.25

0.25

0.50

GSE14308_TH1_VS_TH17_UP

Hyperacute
Breakthrough

Acute

0 4000 8000 12000

Gene list index

0

*

*

0

vs

vs

GSE20366_EX_VIVO_VS_HOMEOSTATIC_CONVERSION_TREG_DN   25
ODONNELL_TARGETS_OF_MYC_AND_TFRC_DN   24

MODULE_397   23
CHICAS_RB1_TARGETS_GROWING   22

LEE_EARLY_T_LYMPHOCYTE_UP   21
ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_24HR   20

SMIRNOV_RESPONSE_TO_IR_6HR_DN   19
SPINDLE_POLE   18

PRC2_EZH2_UP.V1_UP   17
XU_HGF_SIGNALING_NOT_VIA_AKT1_48HR_DN   16

NADERI_BREAST_CANCER_PROGNOSIS_UP   15
DELPUECH_FOXO3_TARGETS_DN   14

KONG_E2F3_TARGETS   13
GNF2_BUB1   12

LOPEZ_MESOTELIOMA_SURVIVAL_TIME_UP   11
GSE29614_CTRL_VS_TIV_FLU_VACCINE_PBMC_2007_DN   10

ODONNELL_TFRC_TARGETS_DN     9
SHEPARD_BMYB_TARGETS     8

XU_HGF_TARGETS_INDUCED_BY_AKT1_48HR_DN     7
PID_AURORA_B_PATHWAY     6

JEON_SMAD6_TARGETS_DN     5
PRC2_EDD_UP.V1_UP     4

BURTON_ADIPOGENESIS_PEAK_AT_24HR     3
HONRADO_BREAST_CANCER_BRCA1_VS_BRCA2     2

REICHERT_MITOSIS_LIN9_TARGETS     1

11.34 (1.992e−09)
8.162 (2.505e−06)
10.52 (3.463e−08)
9.285 (1.949e−07)
9.435 (2.163e−07)
9.89 (8.788e−08)
7.344 (8.855e−06)
8.839 (1.134e−06)
8.714 (6.539e−07)
9.354 (3.674e−07)
10.07 (7.953e−08)
11.21 (3.047e−09)
9.563 (1.99e−07)
10.56 (3.593e−08)
7.855 (4.136e−06)
9.539 (3.132e−07)
8.553 (1.32e−06)
9.907 (1.37e−07)
8.367 (1.659e−06)
8.824 (8.756e−07)
8.725 (8.768e−07)
13.62 (3.191e−11)
11.8 (1.641e−09)
9.537 (2.503e−07)
10.56 (4.996e−08)

Hyperacute

14

17

16

18

23

25

2

5

11

19

4

Highly Similar
Pathways

%
 o

f C
D4

+ 
T 

ce
lls

CD4 IFNγγ +

CD8 IFNγγ +

Hyp
er

ac
ut

e

Bre
ak

th
ro

ug
h 

Acu
te

0

20

40

60

80

100

%
 o

f C
D8

+ 
T 

ce
lls

*

0

10

20

30

40

50

*

0.69

NMI

0.61

1

3

8 9
12
13

15
20
21

22

7
10

24

+

Figure 3. T-cell profiles from animals with hyperacute GVHD contain an abundance of transcripts associated with proliferation, and exhibit Th1 skewing. (A) First

and third principal component projections reveal clustering of transplanted animals by immunoprophylactic strategy. Each dot represents an array sample. The center of

inertia ellipses corresponds to the mean projections of the group (P , .05). (B) The first principal component shows a significant correlation with survival in a linear regression

model (adjusted [Adj.], R2 5 0.3299; P, .004). (C) Heatmap of the top 25 gene sets enriched in the hyperacute cohort using ssGSEA. The constellation map to the right of the

heatmap allows for the identification of clusters of these gene sets. Those gene sets plotted closer to the center have a greater degree of similarity to the phenotype of interest

(measured by the normalized mutual information [NMI] score) whereas the angular distance corresponds to gene-set similarity with one another. A dark-green edge further

indicates gene-set similarity with the thickness of the line proportional to the Jaccard index.10,11 (D) GSEA of transcripts previously shown to differentiate Th1 from Th17

cells.12 These molecules were found to be overrepresented in T cells from animals with hyperacute GVHD compared with healthy controls and the breakthrough acute cohort.

*False discovery rate [FDR] , 0.01. (E) Flow cytometric analysis of PBMCs at the time of terminal analysis stimulated with phorbol myristate acetate (PMA)/ionomycin and

measured for the production of IFNg. *P , .05 using an unpaired t test.
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BAX), with the differential expression of each skewing the
breakthrough acute transcriptome toward an antiapoptotic signature
(Figure 5B; supplemental Table 4). Other genes identified in the
breakthrough acute vs suppressed analysis were also notable,
including the cytokines interleukin 22 (IL22) and IL26.17 Both IL22
and IL26 have been strongly linked to Th17 function,18 with IL22
increasingly appreciated to play a complex role in posttransplant
outcome, with growing evidence for tissue-specific pathogenic as
well as protective functions.19-21

The identification of “pivot transcripts” define dichotomies

between hyperacute and breakthrough acute GVHD

Inorder to further probe themechanistic underpinningsofbreakthrough
acuteGVHD inmore detail,weperformed a comparative bioinformatic
analysis of hyperacute and breakthrough acute GVHD compared with
the healthy control cohort, with a specific focus on identifyingwhat we
term the “pivot transcripts.” We define pivot transcripts (Figure 5C;
supplemental Table 5) as those genes found to be significantly DE
in T cells during both hyperacute and breakthrough acute GVHD
when compared with healthy controls but in opposite directions.
Given the polar variability in the expression of these 16 transcripts,
they serve as distinguishing marks for the 2 immune states defined
by breakthrough acute vs hyperacute disease (Figure 5C; supple-
mental Table 5). These transcripts defined a dichotomy between

hyperacute and breakthrough acute GVHD that included a pivot
around (1) cytotoxicity (SLAMF7,22 CMA1,23,24 CST7,25 each
underrepresented in breakthrough acute GVHD), (2) apoptosis
(FASL26,27 and IGF2R,28,29 proapoptotic genes underrepresented
in breakthrough acute GVHD and KIAA132430 and IRS1,31,32

antiapoptotic genes overrepresented in breakthrough acute
GVHD), and (3) Th/Tc17 programming (ADAM1233 andRORC,34

overrepresented in breakthrough acute disease).

Significant overlap between T-cell programming in

breakthrough acute disease and murine inflammatory

Tc17 cells

Given the suggestion frommultiple transcriptomic avenues (Figures 4A,
5B-C) for Th/Tc17-biased transcriptional programming during
breakthrough acute GVHD, we sought to compare the NHP
transcriptomewith a recently annotated 25-member gene list from
fate-mapped Tc17 cells identified in a murine GVHDmodel.35 As
shown in Figure 5D, significant overlap existed between the genes
identified in mice and the NHP breakthrough acute GVHD
transcriptome. Thus, of 25 Tc17 genes identified in murine
GVHD,35 21 were identified as concordantly differentially
expressed in either the breakthrough acute vs autologous control
or the breakthrough acute vs healthy control comparison. Three
were not concordant and 1 gene (Ly6c1) has no human/NHP

MARCHINI_TRABECTEDIN_RESISTANCE_UP
BIOCARTA_ARF_PATHWAY

LOPES_METHYLATED_IN_COLON_CANCER_UP
V$NRSF_01

BIOCARTA_RANKL_PATHWAY
PEDERSEN_METASTASIS_BY_ERBB2_ISOFORM_4

PACHER_TARGETS_OF_IGF1_AND_IGF2_UP
V$TATA_C

MCBRYAN_PUBERTAL_BREAST_5_6WK_UP
ALK_DN.V1_DN

DING_LUNG_CANCER_BY_MUTATION_RATE
MEISSNER_BRAIN_HCP_WITH_H3K4ME2_AND_H3K27ME3

MODULE_94
MODULE_340

chr4q25
BERENJENO_TRANSFORMED_BY_RHOA_FOREVER_DN

LU_TUMOR_ENDOTHELIAL_MARKERS_UP
ACTIVATION_OF_JNK_ACTIVITY

PID_P38_ALPHA_BETA_DOWNSTREAM_PATHWAY
AMIT_EGF_RESPONSE_240_MCF10A

LU_TUMOR_VASCULATURE_UP
chr13q14

GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_UP
BMI1_DN_MEL18_DN.V1_DN

MEL18_DN.V1_DN

B
re

ak
th

ro
ug

h 
A

cu
te

A
ut

o
S

up
pr

es
se

d

H
ea

lth
y 

C
on

tr
ol

s

H
ye

pr
ac

ut
e

t-test (FDR)
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25 5.129 (0.0003533)

6.915 (1.152e−05)
8.053 (4.386e−07)
5.109 (0.0004076)
9.553 (1.19e−08)

5.506 (0.0001882)
6.446 (2.692e−05)

5.349 (0.000268)
9.092 (5.571e−08)
7.255 (3.893e−06)

4.528 (0.001095)
7.138 (5.357e−06)
6.483 (7.244e−06)
5.676 (0.0001686)
5.944 (8.104e−05)

4.183 (0.001932)
3.935 (0.003002)

8.859 (2.184e−07)
5.265 (0.0002401)
8.572 (1.987e−07)
4.872 (0.0006512)
7.678 (3.806e−06)

3.387 (0.007648)
9.829 (2.716e−07)
9.364 (3.659e−07)

A B

0.62

NMI

Breakthrough
Acute

1

2 5
9

20

16

11
12

15

18

22

25

4

8

17

3 13

6

7

14

19

21

23
1024

0.33

C

Autologous

Healthy Controls

Hyperacute

Breakthrough Acute

Suppressed

6

8

10

Lo
g2

 tr
an

sf
or

m
ed

 d
at

a

MKI67

12

13

14

15

GZMB

Figure 4. The T-cell transcriptome of breakthrough acute GVHD. (A) Heatmap of the top 25 gene sets enriched in the breakthrough acute cohort using ssGSEA and (B)

constellation map visualization. (C) Box plots of expression data (Log2 normalized fluorescent intensity signal) for MKI67 and granzyme B (GZMB). Horizontal significance

bars denote comparisons with a moderated t statistic , 0.05 corrected for multiple hypothesis testing.

BLOOD, 24 NOVEMBER 2016 x VOLUME 128, NUMBER 21 INFLAMMATORY Th/Tc17-DRIVEN MODULES DURING aGVHD 2573

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/21/2568/1397461/blood726547.pdf by guest on 30 M

ay 2024



ortholog36 and was therefore not included in the analysis. This
result suggests strong interspecies mechanistic ties between the
2 GVHD models.

An unsupervised, systems approach to breakthrough acute

GVHD transcriptomics reveals further evidence for

inflammatory Th/Tc17 signaling

To deepen our understanding of the T-cell transcriptional program
driving breakthrough acute GVHD, we applied weighted gene
correlation network analysis (WGCNA)37 to construct a gene

coexpression network from our data set. WGCNA is a computational
method that has been used to perform large-scale organization of gene
coexpression networks,38-40 and permits the construction of a gene
correlationmatrix (Figure 6A) fromanentire data set.Wewere thenable
to performhierarchical clustering of thematrix, identifying sets of genes
that met a threshold of coexpression (representative examples of
coexpression ofRORCvs IL23R, IL1R1, CCR6,AHR, IL26, and IL22
are shown in supplemental Figure 3). This clustering analysis resulted in
the identification of 16 discrete self-assembling modules (Figure 6B;
supplemental Table 7). The module eigengenes41 (defined as a vector
representation of the gene expression profile of a given module) were
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Figure 6. WGCNA reveals a Th/Tc17 transcriptional program mediating breakthrough acute GVHD in NHP. (A) Topological overlap matrix plot with hierarchical
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then clustered with clinical cohorts in order to identify metamodules
(Figure 6B). We found that hyperacute GVHD clustered strongly in a
metamodule with the dark-red and pink eigengenes (Figure 6B, brown
box). The transcripts comprising these modules include canonical
cytotoxic- and Th/Tc1-associated genes (supplemental Table 7).
As predicted by the constellation mapping in Figure 4B, break-
through acute GVHD clustered in a more complex metamodule,
demonstrating the strongest statistical links to the orange and black
eigengenes (Figure 6B, black box; supplemental Table 7) but with other
links as well, including with the dark-red and pink eigengenes also
associated hyperacute GVHD, as described in the previous section
(Figure 6B blue box).

Having identified the orange and black eigengenes as strongly
associated with breakthrough acute GVHD, we then used Cytoscape42

to visualize the significant coexpression patterns of the genes within
these modules (Figure 6C-D). As shown in Figure 6C, expression
of genes in the orange module was highly correlated with the ex-
pression of the canonical Th/Tc17 transcription factor, RORC
(previously identified as a pivot transcript; Figure 5D), aswell aswith
the RORC-related Th/Tc17 cytokines and their receptors IL17A,
IL22, IL23R, IL26 among others.18,43 Given this strong Th/Tc17
transcriptional signal, we confirmed an increase in the proportion of
IL17a-expressing CD4 and CD8 peripheral blood T cells in break-
through acute relative to hyperacute GVHD using flow cytometry
(Figure 6E).

In addition to the orange Th/Tc17-associated module, the black
module was also strongly associated with breakthrough acute disease
(Figure 6B,D). This module provided compelling evidence for
inflammatory transcript enrichment in T cells during breakthrough
acute disease, including the following inflammatory transcripts from
the “Zhou_Inflammatory_response_FIMA_Up” gene set44: IL8,
CCL20, CXCL3, CXCL1, PTX3, IL1b, IER3, CRISP3, G0S2, TLR2,
PTGS2, CXCL2 (highlighted in Figure 6D black box), the first 6 of
which have been linked to Th/Tc17-mediated inflammation in both
preclinical models and in human disease.45,46 The black module was
also enriched for multiple other pathways of immune activation,
including theKEGGand reactome “asthma,” “signaling in the immune
system,” “GVHD” pathways as well as the KEGG “cytokine:cytokine
receptor interaction” and “chemokine signaling” pathways (Figure 6F;
supplemental Table 8).

Progressive enrichment of the orange and black modules after

HCT in patients with GVHD

To interrogate the degree to which the NHP gene modules were
represented in human patients with acute GVHD, we used GSEA to
assay the enrichment of ourNHPWGCNAmodules ina pilot cohort of
23 posttransplant patients (12 with GVHD, 11 without GVHD). This
cohort included patients diagnosed with GVHD either at day 286 7
posttransplant or patients diagnosed at day 60 6 7 posttransplant,
along with time-matched controls (supplemental Table 3). As shown
in Figure 7A, samples from patients who developed GVHD relatively
early after transplant (by day 28 6 7 days) exhibited statistically
significant enrichment for the more Th/Tc1-dominated dark-red and
pink modules (also associated with NHP breakthrough acute GVHD;
Figure 6B blue box), without enrichment for the orange and black
modules. In contrast, T cells purified from patients diagnosed with
GVHD at day 606 7 days had a distinct enrichment profile, with
continued significant enrichment of the dark-red (but not the pink)
module, and importantly, gain of enrichment for the orange and black
modules (Figure 7B), with the highest degree of enrichment at this later
timepoint inhumansamples for the inflammatoryblackmodule (heatmap

demonstrating the evolution of enrichment of the blackmodule in patients
diagnosed at day 28 vs day 60 posttransplant shown in Figure 7C). The
leading edge genes identified through GSEA (supplemental Table 9)
suggest important commonalities betweenmurine,NHP, andpatient data.
Thus, with respect to the orangemodule, patients with GVHDdiagnosed
at day 60 demonstrated enrichment for 3 key Tc17 transcripts (RORC,
LTB4R, andCCR6), each of which was identified both in mice35 and in
our NHP experiments (Figure 5E). Moreover, GSEA of the day 60
patient samples compared with the inflammatory black module
also demonstrated important interspecies commonalities, with 6
of the Zhou_Inflammatory_response44 transcripts (IL1B, IER3, G0S2,
TLR2, PTGS2, and CXCL2) enriched in both NHP and humans with
GVHD. These data provide critical clinical corroboration of the NHP
transcriptome data and suggest that an evolution of the mechanisms of
GVHD pathogenesis may occur posttransplant, in both monkeys and
humans.

Discussion

In this study, we present a T-cell transcriptional map of primate
breakthrough acute GVHD developing in the setting of ongoing
immunosuppression. This map has enabled us to identify the pathways
that distinguish clinically relevant breakthrough acute GVHD from 3
key comparator groups: (1) healthy controls and autologous transplant
controls (in which noGVHDoccurs), (2) recipients who develop early,
uncontrolled hyperacute GVHD, and (3) T cells from recipients that
are purified at a time when they are suppressing GVHD, but who
subsequently develop immune escape and breakthrough acute
GVHD. Our results reveal striking transcriptional complexity in
breakthrough acute GVHD that combines: (1) residual Th/Tc1
activation with (2) resistance to apoptosis, (3) a highly inflamma-
tory transcriptional signature, and (4) skewing toward Th/Tc17 T-cell
programing.Together, these resultsmayprovideacogent explanation for
the development of difficult-to-treat GVHD in immunosuppressed
recipients, which is dominated not by rampant proliferation (as in
hyperacute disease) but rather by T-cell persistence, inflammation, and
Th/Tc17 programming. Our discovery that both an inflammatory
signature and Th/Tc17 mechanisms evolve across divergent pro-
phylaxis platforms also suggests that thismay be an inherent attribute
of T-cell immune escape during GVHD, rather than a regimen-
specific mechanism.

Althoughmanyprevious studies inmice have implicatedTh/Tc1 cells
as pathogenic mediators of disease (perhaps because murine studies are
almost always designed to measure unprophylaxed hyperacute GVHD),
there have been conflicting observations regarding the importance of Th/
Tc17 cells to GVHD pathophysiology35,47-51 and few studies capable of
identifying the more slow-to-evolve inflammatory nature of this disease.
A recent murine study has shed important new light on the contribution
that Tc17 cells, in particular the proinflammatory subset of this lineage,
can make on GVHD. This study,35 which used sophisticated fate
mapping, was able to track these cells in vivo even in unprophylaxed
disease, despite theirfleeting nature inmice. The amount of overlap of the
transcriptional profile of these flow cytometrically purifiedmurine T cells
withTcells purified in the settingof clinically relevant breakthrough acute
GVHD supports the mechanistic importance of these cells, and
underscores the critical contribution of inflammatory T-cell pathophys-
iology during clinical disease. Lending further evidence for the
diversity of Th/Tc17 immunopathology during acute GVHD is a
recent description of a “Th17-prone” population of CD41CD1461

CCR51 cells that can be detected prior to the onset of GI-GVHD.52
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Significant running enrichment scores were found for both orange and black NHP gene modules at day 60 in patients with GVHD. Enrichment was also noted for the dark-red

module, but not the pink module in the day 60 samples. *FDR , 0.01. (C) Heatmap showing the evolution of enrichment of the black module in patients diagnosed with GVHD at

day 28 compared with day 60. Patients with GVHD were dichotomized into early GVHD (either at day 28 6 7 posttransplant) or late GVHD (day 60 6 7 posttransplant). Genes

shown are those from the black NHP module exhibiting leading edge enrichment in patients at day 60 and their expression in either day 28 or day 60 GVHD patients relative to

GVHD-negative controls.
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Given the time dependence of this shift in T-cell programing, these
data alsounderscore thevalue of conducting in vivoGVHDexperiments
using a model that closely recapitulates the clinical milieu, where
immune prophylaxis after transplantation is the rule and where detailed
longitudinal analysis is feasible. Thus, likely due to the inclusion of serial
sampling from recipients who ultimately developed breakthrough acute
GVHD, as well as from pretransplant healthy controls and autologous
transplant recipients, our NHP studies were sufficiently powered to
complete a large series of statistical modeling and gene expression
analyses. In contrast, the analysis that we could perform on the pilot
patient cohort was restricted to GSEA, where statistical power is gained
from the interrogation of gene sets rather than individual genes. This
limitation resulted in the clinical data not being amenable to subset
analysis of target organ involvement or immunoprophylaxis strategy
used,which remain 2 key areas for future studies. Furthermore, differing
immunoprophylactic strategies used in our NHP model (supplemental
Table 2) and the human patients (supplemental Table 3) in this study
likely limit strict gene-by-gene comparisons. Nevertheless, despite this
limitation, the enrichment of the orange and black Th/Tc17 and
inflammatory modules in day 60 patient arrays support the conclusions
drawn from the NHP studies, which implicate the evolution of both
signatures in GVHD. In interpreting the outcomes of this analysis, it is
also important to note that the current study focused only on the
peripheral blood T-cell transcriptome. The extent to which this is
predictive of GVHD-target organ transcriptomics is currently unan-
swered. As such, these data suggest that a longitudinal transcriptional
analysis of a large cohort of transplant patients (including both blood and
target organ sampling) is anareaof highpriority for future investigations,
in order to most accurately guide clinical investigation of novel GVHD
prevention and treatment strategies.

In addition to the finding of inflammatory and Th/Tc17-driven
mechanisms, the signature of antiapoptotic skewing in breakthrough
acute GVHD T cells is of particular importance, and underscores the
fact that classic models of proliferation-based T-cell pathogenicity
derived from mouse models may not be predictive for clinical GVHD
that occurs in the presence of ongoing immunosuppression. In this
setting, and potentially more pronounced as time posttransplant
lengthens, it may be the persistence rather than the proliferation of
pathogenic T cells (through inhibition of apoptotic cell death) that is
more responsible for pathology. This finding is consistent with the
evidenceofTh/Tc17 skewingduringbreakthroughacuteGVHD,given
that IL17-producing T cells are long-lived and have selected stem-cell
like functional attributes.53-55 One of the salient questions that arises
from this observation concerns the impact that GVHD treatment (with
steroids as well as other modalities) makes on T-cell persistence and
how this impacts effective vs ineffective GVHD control. It will be
critical to determine the transcriptional networks associated with
immune escape in the setting of corticosteroid treatment, which may
shed new light on the mechanisms underlying life-threatening steroid-
refractory GVHD, which occurs in some but not all patients. This is
particularly relevant in the setting of a shift toward Th/Tc17
predominance, given that these cells have been shown to be more
resistant to the proapoptotic effects of corticosteroid treatment.56-58

In addition to delineating the unique mechanisms driving both
hyperacute and breakthrough acute GVHD, the data presented here
provide a novel resource that takes a significant step forward toward
enabling personalized, evidence-based decisions in GVHD diagnosis
and treatment. These data provide critical support for the shifting
landscape of T-cell immunopathology as time progresses posttrans-
plant, and the first clues about how individual transcriptomes could, in
the future, be compared with this transcriptional resource to drive
patient-specific GVHD diagnosis and treatment decisions.
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