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We have developed a major histocompat-
ibility complex–defined primate model of
graft-versus-host disease (GVHD) and
have determined the effect that CD28/
CD40-directed costimulation blockade
and sirolimus have on this disease. Se-
vere GVHD developed after haploidenti-
cal transplantation without prophylaxis,
characterized by rapid clinical decline
and widespread T-cell infiltration and or-
gan damage. Mechanistic analysis
showed activation and possible counter-
regulation, with rapid T-cell expansion
and accumulation of CD8� and CD4� gran-
zyme B� effector cells and FoxP3pos/

CD27high/CD25pos/CD127low CD4� T cells.
CD8� cells down-regulated CD127 and
BCl-2 and up-regulated Ki-67, consistent
with a highly activated, proliferative pro-
file. A cytokine storm also occurred, with
GVHD-specific secretion of interleukin-1
receptor antagonist (IL-1Ra), IL-18, and
CCL4. Costimulation Blockade and Siroli-
mus (CoBS) resulted in striking protec-
tion against GVHD. At the 30-day primary
endpoint, CoBS-treated recipients
showed 100% survival compared with no
survival in untreated recipients. CoBS
treatment resulted in survival, increasing
from 11.6 to 62 days (P < .01) with blunt-

ing of T-cell expansion and activation.
Some CoBS-treated animals did eventu-
ally develop GVHD, with both clinical and
histopathologic evidence of smoldering
disease. The reservoir of CoBS-resistant
breakthrough immune activation included
secretion of interferon-�, IL-2, monocyte
chemotactic protein-1, and IL-12/IL-23 and
proliferation of cytotoxic T-lymphocyte–
associated antigen 4 immunoglobulin-
resistant CD28� CD8� T cells, suggesting
adjuvant treatments targeting this sub-
population will be needed for full disease
control. (Blood. 2010;116(24):5403-5418)

Introduction

Although haploidentical hematopoietic stem cell transplantation
(HSCT) offers several important advantages to the sickest patients
awaiting transplantation, it can result in substantial complications,
including immune-incompetence after donor engraftment, graft
rejection, and most prominently, graft-versus-host disease (GVHD).
Although GVHD prophylaxis still largely relies on nonspecific
immunosuppression, in the fields of autoimmunity and solid organ
transplantation the past decade has witnessed a shift toward
biologic therapies such as T-cell costimulation blockade, which are
designed to more specifically target self- or alloreactive-T cells
while preserving protective immunity.1 Two of the most potent
pathways of T-cell costimulation are the CD28:CD80/CD86 path-
ways and the CD40:CD154 pathways.2-6 CD28-directed therapies
have moved the farthest clinically, with the CD28-blockade agent
cytotoxic T-lymphocyte–associated antigen 4 immunoglobulin
(CTLA4Ig) approved for rheumatoid arthritis,7 and a second-

generation compound, belatacept, that has just completed phase
3 clinical trials for renal transplantation.8 Although blockade of
both sides of the CD40:CD154 pathway have shown promise in
murine models of transplantation,9-14 platelet-mediated thromboem-
bolic complications have slowed clinical development of CD154-
directed therapies.15 Fortunately, several studies have shown that
blockade of CD40 may also have significant potency for inhibiting
alloreactivity while avoiding risks of thrombosis.3,5,16,17 Impor-
tantly, although calcineurin inhibition may be antagonistic to
costimulation blockade–based immunosuppression,18-20 mamma-
lian target of rapamycin inhibition with sirolimus is thought to be
permissive for the abortive T-cell activation promoted by costimu-
lation blockade.18 Even though success with these approaches has
been attained in many model systems, resistance to costimulation
blockade also occurs. Thus, in murine models of bone marrow
transplantation (BMT), costimulation blockade–resistant rejection
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of donor BM was induced in the setting of virus-mediated memory
T-cell expansion and heterologous immunity.21 In addition, in both
primate and clinical studies of solid-organ transplantation, signifi-
cant rejection risks have been noted despite costimulation block-
ade, with adjunctive memory T cell–directed therapies sometimes
required for prolonged allograft survival.8,22,23 Furthermore, al-
though anergy to GVHD-inducing alloantigens can be induced by
ex vivo exposure of BM to recipient antigen-presenting cells
(APCs) in the presence of CTLA4Ig,24 in both murine and canine
models of GVHD, results of investigations into the efficacy of in
vivo CD28- and CD40-directed costimulation blockade have been
mixed: both successes and failures have been documented for the
inhibition of GVHD.25-30 Understanding the mechanisms underly-
ing both the successes and failures of costimulation blockade for
GVHD prevention will be critical if this strategy is to be used
widely in clinical transplantation.

To best facilitate the development of novel treatment paradigms
for GVHD, a rigorous preclinical model is required. This model
should be able to accomplish 2 critical tasks: it should permit a
thorough dissection of the underlying immune mechanisms that
control this disease, and it should facilitate the evaluation of
emerging, clinically relevant, treatment strategies. Here, we report
a novel primate model of GVHD that has allowed us, for the first
time, to dissect the mechanisms controlling GVHD in this highly
clinically relevant translational system. We find that primate
GVHD is characterized both by rampant T-cell activation and by a
compensating regulatory response and that combined costimula-
tion blockade and sirolimus can significantly protect against
GVHD even after high-risk haploidentical HSCT. However, our
analysis indicates that the protection against GVHD afforded by
costimulation blockade is not complete; by quantifying Ki-67
expression levels, we have identified a reservoir of breakthrough
T-cell proliferation in the CD28� CD8� subpopulation. The degree
to which these cells escaped from control with costimulation
blockade/sirolimus correlated closely with the extent of clinical
and histopathologic GVHD. These results identify Ki-67 expres-
sion as a powerful indicator of T-cell escape from immunosuppres-
sive control and expose the CD8�/CD28� subcompartment as a
population that may require aggressive targeted immunosuppres-
sion for full inhibition of GVHD through costimulation blockade.

Methods

Experimental animals

This study used specific pathogen-free, juvenile rhesus macaques that were
housed at the Yerkes National Primate Research Center. All animals were
treated in accordance with Emory University and Yerkes National Primate
Research Center Institutional Animal Care and Use Committee regulations.

Creation of a major histocompatibility complex–defined rhesus
macaque colony: microsatellite-based pedigree determination
and major histocompatibility complex typing

We have completed an immunogenetic analysis on all potential transplant
pairs, to perform major histocompatibility complex (MHC) haploidentical
transplantation. The pedigree and MHC haplotype analysis, which have
resulted in the creation of an MHC-defined rhesus macaque colony, are
described in detail in supplemental Methods (available on the Blood Web
site; see the Supplemental Materials link at the top of the online article).

Creation of a rhesus macaque model of GVHD

Complete details of the HSCT protocol, pretransplantation preparation,
posttransplanation immunosuppression, and supportive care, as well as the
primate GVHD staging criteria, are described in supplemental Methods.

Chimerism determination

When appropriate for specific donor-to-recipient mismatches, MHC- or
sex-determining region Y–based chimerism was monitored by real-time
SybrGreen PCR (polymerase chain reaction; ABI) as previously de-
scribed.22 If PCR-based chimerism determination was not possible, diver-
gent donor- and recipient-specific microsatellite markers were used,31 by
comparing peak heights of the donor- and recipient-specific amplicons.
T-cell chimerism was determined by sorting CD3�/CD20� (T cells) with a
FACSAria cell sorter (Becton Dickinson) before molecular analysis for
donor-specific microsatellite amplicons or PCR products.

GVHD histopathologic grading

At the time of necropsy, organs and tissues were paraffin-embedded, and
then sections were cut and stained with hematoxylin/eosin or with an
anti-CD3 antibody (Clone F7.2.38; Dako). Histopathologic scoring of
GVHD used a semiquantitative scoring system (0.5-4.0 grades)32 and was
performed by an expert in GVHD histopathology (A.P.-M.), who was
blinded to the treatment groups when analyzing the untreated and Costimu-
lation Blockade and Sirolimus (CoBS)–treated recipients.

Flow cytometric analysis

Multicolor flow cytometric analysis was performed on all transplant
recipients, as described in detail in supplemental Methods.

Multiplexed cytokine analysis

Multiplexed cytokine quantification from serum was performed with a
Bio-Plex 200 (Bio-Rad) with the Milliplex non–human primate cytokine kit
(Millipore).

Results

Efficient engraftment after MHC haploidentical HSCT in rhesus
macaques

Eight of 9 recipients showed rapid and sustained donor engraftment
after 8-Gy total body irradiation and HSCT (Table 1; Figure 1B-C).
The single animal (R.8) that rejected the transplant received the
lowest total nucleated cells of all the animals that received a
transplant (5.2 � 108/kg, compared with an average of � 9 � 108/
kg in the engrafted animals). In each of the other 8 animals that
received a transplant, engraftment was rapid and resulted in
full-donor chimerism in animals that did not receive posttransplant
immunosuppression (Figure 1B R.1-R.3) and high-level chimerism
in animals treated with immunosuppression (� 80% chimerism;
Figure 1C). T-cell chimerism ranged from 96% to 100% in the
untreated cohort and from 67% to 100% in animals treated long
term with CoBS (Figure 1D animals R.4-R.7). At the time of his
planned histopathologic analysis (day 20 after transplantation), R.9
had achieved 91% whole-blood chimerism and 45% T-cell
chimerism.

In the absence of immunosuppression, rhesus macaques
developed rapid onset, clinically severe GVHD

The 3 animals who received haploidentical donor HSCs without
posttransplantation immunosuppression (R.1-R.3) all developed
rapid-onset clinical decline and clinical symptoms of severe
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GVHD (Tables 1-3). The 2 animals receiving leukapheresis-
derived transplants (recipients R.1 and R.2) succumbed to clinical
complications more rapidly than the animal that received a
BM-derived product (R.3). R.1 and R.2 became extremely ill by
day 6 after transplantation, with a syndrome that included change
in mental status, diarrhea, lassitude, and, in one of the animals,
acute renal failure (R.1: serum creatinine � 8.2 �mol/L on the day
of death). R.3 had slower onset of disease, but, similar to R.1 and
R.2, this animal also developed diarrhea, anorexia, weight loss, and
progressive lassitude. R.3 was also noted to have an erythematous
rash, most prominent on the face, that began on day 12 after
transplantation. The serum bilirubin rose in R.1, R.2, and R.3
(9-fold, 4-fold, and 7-fold over baseline, respectively), and all 3
animals had evidence of liver GVHD on histopathologic analysis
(Table 3; Figure 2A). A single recipient (R.11) that received a
transplant with MHC-matched stem cells without immunosuppres-
sion (and who lived until day 26 after transplantation; Table 1)
showed a striking, acute increase in serum bilirubin between days
23 and 26 after transplantation, with a serum bilirubin of
393.4 �mol/L (23 mg/dL) (corresponding to stage IV clinical liver
GVHD) in the setting of 100% whole-blood and 100% T-cell
chimerism.

Histopathologic analysis confirmed GVHD in all untreated
animals

Similar to what was observed in the 1969 study of “secondary
disease” in a cohort of non–MHC-defined macaques,33 histopatho-
logic analysis confirmed GVHD in each of the untreated recipients,
with significant lymphocyte infiltration and loss of normal tissue
architecture throughout the lungs, the liver, and the gastrointestinal
(GI) tract (Figure 2A-B). Table 4 shows details of the individual
tissue GVHD scores for the animals receiving haploidentical
HSCT in comparison to an irradiation control, an autologous
transplant control, and 2 normal, nonirradiated, animals not
receiving a transplant. Although all untreated macaques had GI and
liver abnormalities that were similar to that observed in human
GVHD (diarrhea, jaundice, and increasing bilirubin), skin findings
were inconsistent in rhesus macaque GVHD (not shown). Given
the lack of correlation of skin findings with histopathologic GVHD,
this organ was eliminated from histopathologic scoring of GVHD,
with the total score consisting of analyses from the lungs, liver, and
colon. Of note, a colon histopathologic score of 0.5 was seen in the
irradiation and autologous transplantation controls, scores of 1-1.5
were seen in control animals not receiving a transplant, and scores
of 2-3 were seen in the nontreated recipients of haploidentical
transplants. Together, these data suggest that scores of � 2 were
indicative of significant GI GVHD. In addition to GVHD in the
liver, lungs, and colon, widespread tissue damage and T-cell
infiltration was noted in untreated animals, including into the
kidneys and the brain (not shown; S.S. and L.S.K., manuscript in
preparation), consistent with uncontrolled T-cell proliferation and
widespread tissue infiltration in the absence of immunosuppression.

CD8-predominant lymphocyte expansion and activation
correlated with the onset of clinical disease

To define the immunologic mechanisms controlling primate clini-
cal GVHD, we monitored both cellular and serum immune
phenotypes. As shown in Figure 3A-B we observed that within
1 week of transplantation, untreated peripheral blood stem cell
(PBSC) recipients showed a rapid rise in the peripheral blood white
blood cell (WBC) count, with predominant expansion of lympho-
cytes, and a concomitant rise in the absolute lymphocyte countTa
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(ALC; Figure 3A top 2 panels). R.3, who received a bone marrow
transplant, had a slower rate of rise of the WBC count, with the
absolute neutrophil count and ALC both beginning recovery after
day 12 after transplantation (Figure 3A bottom). As shown in
Figure 3B, the rise in the ALC occurred due to predominant CD4�

and CD8� T-cell accumulation compared with little accumulation
of CD20�/CD3� B cells or CD3�/CD20�/CD16�/CD8� natural
killer cells.Although both CD4� and CD8� T cells exhibited significant
accumulation, the CD8� T-cell expansion was the most striking,
showing as much as a 2900-fold increase in the peripheral blood
between days 3 and 7 (R.1; Figure 3B top). For each of the recipients in
the untreated cohort (R.1-R.3), the engrafting T cells exhibited a

blast-like phenotype, with significantly increased size and granularity
(measured flow cytometrically by forward scatter/side scatter character-
istics, and shown in a representative example in Figure 3C).

Expanding donor CD8� and CD4� T cells shift toward distinct
antigen-experienced phenotypes during primate GVHD

As has been previously reported for highly proliferating antivi-
ral34,35 and alloreactive36 T cells, CD8� T cells showed decreased
cell-surface expression of the interleukin-7 (IL-7) receptor, CD127,
during GVHD induction (Figure 3D). In addition, the balance of
CD8� T cells shifted from containing a significant proportion of

Table 2. Clinical GVHD staging strategy

Stage Skin Liver (bilirubin) Gastrointestinal tract Activity (inversely related to GVHD)

0 No GVHD rash � 4-fold increase over baseline No diarrhea Animal unable to respond normally to

stimulation

1 Rash � 25% body surface area 4- to 8-fold increase over baseline “Mild” diarrhea with no other cause Severely decreased or altered activity

2 Rash 25%-50% body surface area 8- to 20-fold increase over baseline “Moderate” diarrhea with no other cause Moderately decreased or altered activity

3 Rash � 50% body surface area 20- to 50-fold increase over baseline “Severe” diarrhea with no other cause Normal activity

4 Generalized erythroderma with

bullous formation

� 50-fold increase over baseline “Very severe” diarrhea with no other cause

GVHD indicates graft-versus-host disease.

Figure 1. High-level chimerism after rhesus HSCT.
(A) Rhesus macaque HSCT strategy. Each component
of CoBS immunosuppression (anti-CD40 monoclonal
antibody, CTLA4Ig, sirolimus) is shown, along with the
total body irradiation (TBI)–based conditioning regimen.
Control animals received only TBI-based conditioning
but no posttransplantation immunosuppression.
(B) Whole-blood chimerism in recipients who did not
receive posttransplantation immunosuppression (R.1-
R.3). (C) Whole-blood chimerism in recipients who
received CoBS (R.4-9). (D) T-cell chimerism in the
transplant recipients.
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CD28�/CD95� naive cells37 toward a predominantly antigen-
experienced, CD95� phenotype (average � 35% before transplan-
tation, 94% at necropsy; Figure 3E-F). Within the CD95�/CD8�

subpopulation there was a skewing toward the CD28� subcompart-
ment (increasing from an average of 24% of the CD8� T cells
before transplantation to 67% at necropsy; Figure 3E-F). CD4�

T cells exhibited a strikingly distinct shift in phenotype compared
with CD8� T cells, preferentially expanding the CD28�/CD95�

subcompartment, with these cells increasing from an average of
41% before transplantation to 88% at necropsy (Figure 3E-F). In
vitro analysis confirmed that both the CD28� and CD28� subpopu-
lations could exhibit alloreactivity. Thus, as shown in Figure 3G,
mixed lymphocyte reaction (MLR) analysis of unfractionated
T cells showed substantial proliferation of both CD28� and
CD28� subpopulations after a 5-day MLR culture. Furthermore,
when the CD28�/CD95�, CD28�/CD95�, and CD28�/CD95�

populations were purified flow cytometrically before MLR
analysis, each of the sorted populations could proliferate against
alloantigens (Figure 3H).

Table 3. Clinical GVHD staging in untreated animals

Animal Skin Liver Gastrointestinal tract Activity score

R.1 0 2 3 0

R.2 0 1 2 0

R.3 3 1 2 1.5

GVHD indicates graft-versus-host disease.

Figure 2. Histopathologic evidence of GVHD in ani-
mals that received a transplant and no immunosup-
pression (R.1-R.3). (A) Photomicrographs of hematoxy-
lin and eosin (H&E) staining of the lungs, liver, and colon
show GVHD in untreated animals. These studies used
an Olympus BX51 microscope (Olympus America), us-
ing a 10�/0.40 UPlan Apo lens (Olympus). Slides were
mounted with Permount solution (Sigma-Aldrich) and
photographs were taken with the Spot RT Slider imaging
system (Spot Imaging Solutions). Image analysis was
performed using Spot Advanced Version 4.6 (Spot Imag-
ing Solutions), and image processing was performed
using Photoshop CS4 extended v11.01 (Adobe).
(Row 1) A normal control that did not receive a trans-
plant; (row 2) R.12, an irradiation control; (row 3) R.1;
(row 4) R.2 (inset in the colon photomicrograph shows
an example of CD3 staining of this organ); (row 5) R.3.
Bar � 100 �m. (B) Untreated transplant recipients dem-
onstrated significantly higher GVHD histopathology
scores compared with either normal controls or CoBS-
treated transplant recipients. Combined histopathologic
GVHD scores for controls that did not receive a trans-
plant (black), recipients of transplants without immuno-
suppression (blue), and recipients receiving CoBS immu-
nosuppression (red) are shown. The histopathologic
GVHD grading was performed by a pathologist blinded
to the treatment regimens that the animals received.
Individual tissue scores were from 0 (no GVHD) to 4
(severe GVHD), and the combined score was the sum of
individual scores from the lung, liver, and colon.
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Although in healthy rhesus macaques, the designation of T cells
as either “central memory” or “effector memory” has been based
on the level of CD28 expression in the CD95� antigen-experienced
T-cell subcompartment,37 in the context of the explosive alloactiva-
tion and T-cell expansion that occurred with no prophylaxis during
GVHD, the CD95� subcompartment probably contained more
effector cells than memory cells. Thus, in R.1-R.3, the expanding
CD95� population had been very recently exposed to stimulating
alloantigens, was proliferating rapidly (Figure 3B-C), and showed
a massive up-regulation of the effector molecule granzyme B in

both the CD28� and CD28� subpopulations (Figure 3I). Although
some of these cells were probably programmed to eventually
become bone fide memory cells, in the short time period before
GVHD-induced mortality, the effector phase of T-cell pathology38

probably predominated.

Changes in Ki-67 and BCl-2 accompany GVHD

Consistent with their activated, proliferative effector phenotypes,
both CD4� and CD8� T cells exhibited striking shifts in expression

Figure 3. The flow cytometric signature of primate GVHD. (A) Longitudinal analysis of the white blood cell (WBC) count, absolute neutrophil count (ANC), and absolute
lymphocyte count (ALC) in R.1-R.3. (B) Longitudinal analysis of the absolute CD8� T-cell count, the absolute CD4� T-cell count, the absolute CD20� B-cell count, and the
absolute CD16� natural killer (NK) cell count in R.1-R.3. (C) Forward-scatter (FSC-A) versus side-scatter (SSC-A) flow cytometric analysis of the lymphocyte blast phenotype
(red circle) in GVHD. Example from R.1 before transplantation (top) and on day 7 (bottom), during rapid T-cell expansion. (D) Down-regulation of CD127 in expanding CD8�

T cells during GVHD. Panels on the left show pseudocolor dot plots and histogram analysis of CD127 expression on CD8� T cells analyzed both before transplantation (top)
and on day 7 (bottom). Panels on the right show longitudinal analysis of CD127 expression on CD8� T cells in R.1-R.3, compared with pretransplantation expression levels of
CD127.
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Figure 3 (continued). (E) Representative flow cytometric analysis of R.2, showing the phenotypic shift away from naiveT cells that occurred in both CD4� and CD8� compartments during
GVHD; before transplantation (top), day 6 after transplantation (bottom). (Third column from the left, top, and bottom) Example of CD4� T cells shifting to a CD28�/CD95� predominant
phenotype after transplantation (compare top with bottom rows). (Fourth column from the left) Example of CD8� T cells shifting to a CD28�/CD95� predominant phenotype after
transplantation (compare top with bottom rows). (F) Longitudinal analysis of CD4� and CD8� T-cell subsets during GVHD. R.1-R.3 all shift toward a predominant CD28�/CD95� CD8�

phenotype (left) and a predominant CD28�/CD95� CD4� phenotype (right). (G) Representative CFSE (5,6-carboxyfluorescein diacetate, succinimidyl ester) MLR analysis of the
proliferation of CD28� and CD28� CD8� T cells. (Left) Representative flow cytometric analysis of CD3�/CD8� T cells showing the CD28 and CD95 phenotypes. (Right) CFSE MLR
analysis after a 5-day MLR culture. Minimal proliferation occurred in cultures incubated without any stimulators (“No stimulation”) or those incubated with autologous stimulator cells
(“�Auto-stimulation”). However, in those incubated with allogeneic PBMCs (“�Allo-stimulation), proliferation occurred in both CD28� and CD28� subpopulations. The results shown are
representative of � 5 separate MLR assays with the use of distinct donor:recipient pairs.
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Figure 3 (continued). (H) CFSE MLR analysis of flow cytometrically sorted CD28� and CD28� populations. CD28�/CD95�, CD28�/CD95�, and CD28�/CD95� CD8� T cells
were sorted with a FACSAria flow cytometer before CFSE MLR analysis either in the absence (left) or presence (right) of allogeneic stimulator cells. Shown are representative
CFSE proliferation profiles from 1 of 3 replicate experiments. (I) Granzyme B expression is highly up-regulated during GVHD. Shown is a representative example of the mean
fluorescence intensity of granzyme B in both CD28�/CD95� and CD28�/CD95� subpopulations for CD4� and CD8� T cells; granzyme B fluorescence before transplantation
(black), granzyme B fluorescence at the time of necropsy in the setting of severe clinical GVHD (red). (J) BCl-2 and Ki-67 show significant shifts in expression during GVHD.
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of BCl-2 and Ki-6739-42 during GVHD. Thus, as shown in Figure
3J, BCl-2/Ki-67 flow cytometry showed a quiescent pattern before
transplantation, with high expression of BCl-2 and low expression
of Ki-67, in naive (not shown), CD28�/CD95�, and CD28�/
CD95� subpopulations for both CD4� and CD8� T cells. How-
ever, on the development of GVHD, both CD4� and CD8� T cells
down-regulated the antiapoptotic protein BCl-2 (as much as
10-fold and 8-fold for CD4� and CD8� T cells, respectively) and
up-regulated the proliferation marker Ki-67 (as much as 5-fold and
7-fold for CD4� and CD8� T cells, respectively), consistent with
the development of globally activated and proliferating T cells.

Expansion of FoxP3� CD4� T cells during GVHD

As shown in Figure 3K, in addition to the documented
expansion of effector T-cell populations in animals that devel-
oped GVHD, these recipients also showed an increase in the
percentage of CD4� T cells expressing the FoxP3 transcription
factor. Although it has been reported that rapidly cycling CD4�

T cells can express FoxP3 without acquiring true regulatory
function,43 our previous work has shown that, when expanded in
vitro with the use of CD3/CD28 ligation, primate effector CD4�

T cells did not express FoxP3.44 Furthermore, the expanding
FoxP3� population observed in untreated animals bore other
flow cytometric hallmarks of regulatory cells: As shown in
Figure 3L, they showed higher expression of CD25 and CD27
but decreased expression of CD127. Given that the animals who
developed GVHD died rapidly, while they were still lym-
phopenic, it was not technically possible to acquire sufficient
flow-sorted putative regulatory cells from these animals to
verify their suppressor function with the use of in vitro
suppression assays.22 Thus, these results cannot be taken as
proof that CD4� T cells with regulatory function expanded
during GVHD. However, they are suggestive that counter-
regulatory forces may be activated during the rapid, T-cell
expansion and severe tissue destruction that occurs during
untreated GVHD.

Secretion of IL-18, IL-1 receptor antagonist, interferon �, and
CCL4 is associated with GVHD

Using multiplexed flow cytometric serum cytokine analysis, we
interrogated the profile of cytokine secretion in the animals that
received a transplant. These data are depicted in Figure 4A-C. Of
the 23 cytokines analyzed (interferon 	 [IFN-	], tumor necrosis
factor 
, transforming growth factor 
, IL-1�, IL-2, IL-4, IL-5,
IL-6, IL-8, IL-10, IL-12/23 (p40), IL-13, IL-15, IL-17, IL-18, IL-1
receptor antagonist [IL-1RA], monocyte chemotactic protein 1,
macrophage-inflammatory protein 1, CCL4, vascular endothelial
growth factor, CD40L, granulocyte colony-stimulating factor,
granulocyte-macrophage colony-stimulating factor), we found that
4 were highly secreted in animals who developed GVHD: IL-1RA,
IL-18, IFN	, and CCL4. Furthermore, these cytokines were
secreted into the serum at a tempo that mirrored the tempo of
GVHD (Figure 4A). Thus, R.1 and R.2, who each received a
transplant with peripheral blood stem cells, secreted these cyto-
kines early, whereas R.3, who received a BM transplant, secreted
them more slowly, consistent with the slower onset of GVHD in
this animal. Although the pattern of IL-8 secretion, a recognized
human biomarker of GVHD,45 was complex (Figure 4B), it was
observed to be elevated early in all 3 of the untreated recipients
and to accumulate to the highest extent in R.4 and R.7, the
CoBS-treated animals who showed the highest histopathologic
GVHD scores (Table 4). Finally, several cytokines were notable
for their lack of significant accumulation in the serum, either
during GVHD or with CoBS immunosuppression (Figure 4C).
These include tumor necrosis factor, IL-1�, IL-17, IL-10, and
transforming growth factor. The lack of IL-17 may not be
unexpected, given that cytokine analysis was performed in the
serum, and this cytokine is thought to act locally during
infiltration of Th17 cells into target organs.46,47 The primate
model will allow us to specifically examine the role that Th17
cells play in target-organ infiltration, such that their tissue-
specific role in GVHD can be rigorously determined.

Table 4. Histopathologic GVHD scores

Animal Treatment regimen Lung Liver Colon Total score Average total score � SD

R.1 No treatment 2 2.5 3 7.5 7.83 � 0.58

R.2 No treatment 3 2.5 2 7.5

R.3 No treatment 4 2.5 2 8.5

R.4 CoBS 3 0.5 3 6.5 3 � 2.12

R.5 CoBS 0 0 1.5 1.5

R.6 CoBS 0 0.5 1 1.5

R.7 CoBS 1 1 1.5 3.5

R.9 CoBS 1 0.5 0.5 2

R.10 Autologous transplantation 0.5 0.5 0.5 1.5 NA

R.11 No treatment, MHC matched 3.5 3 1.5 8 NA

R.12 Irradiation control 0 0 0.5 0.5 NA

Normal animal, no irradiation 0 0 1 1 1.25 � 0.35

Normal animal, no irradiation 0 0 1.5 1.5

GVHD indicates graft-versus-host disease; CoBS, costimulation blockade and sirolimus; NA, not applicable; and MHC, major histocompatibility complex.

Figure 3 (continued). (Top) Representative analysis from R.2, before transplantation. (Bottom) Day 6 after transplantation. (Left) T-cell subpopulations are first identified with
CD28 and CD95 staining. The CD28�/CD95� and CD28�/CD95� cells were then queried for their expression of BCl-2 and Ki-67 (right). (K) CD4�/FoxP3� cells expanded
during GVHD in rhesus macaques. (Red) Longitudinal analysis of CD4�/FoxP3� T-cell homeostasis in the untreated animals R.2, R.3, as well as a third MHC-disparate
transplant recipient (R.1 could not be evaluated because of a technical problem with FoxP3 staining on the day of death). (Black) Longitudinal analysis of CD4�/FoxP3� T-cell
homeostasis in the CoBS-treated animals, R.4, R.5, and R.7 (R.6 could not be evaluated because of technical problems with CD3/CD4 staining for this animal).
(L) FoxP3�/CD4� T cells (gated population, and blue traces on the histograms) showed up-regulation of CD25, down-regulation of CD127, and up-regulation of CD27
compared with FoxP3�/CD4� T cells (red traces).
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Animals receiving CoBS were protected from the early T-cell
expansion associated with GVHD and showed 100% survival at
the 30-day primary clinical endpoint

Table 1 summarizes the transplantation characteristics of the 6
animals who received CoBS immunosuppression in the setting of
MHC haploidentical HSCT. Despite rapid donor engraftment in 5
of 6 recipients and significant donor T-cell chimerism (Figure
1C-D), T-cell activation was significantly controlled in the CoBS-
treated cohort (Figure 5). The blast phenotype observed in animals
developing GVHD was absent, with lymphocytes retaining their
pretransplantation forward-scatter and side-scatter flow cytometric
characteristics (Figure 5A). Although CoBS-treated recipients
recovered both the total WBC count and the absolute neutrophil
count, these recipients showed a consistent delay of ALC recovery,
with lymphocyte counts suppressed for the duration of treatment
with CoBS (Figure 5B red traces). This inhibition of T-cell
proliferation was associated with a striking survival advantage
when CoBS-treated animals were compared with untreated animals
at the 30-day primary endpoint, with 100% survival observed in the
CoBS-treatment arm compared with 0% survival in the untreated
recipients (P � .01; Figure 5C).

CoBS significantly, albeit incompletely, protected recipients
from clinical GVHD

According to the study design (described in supplemental Meth-
ods), after the 30-day primary endpoint was reached successfully,
observation of the CoBS-treated cohort was extended such that

overall survival could be determined. As shown in Table 5, even
when the analysis was extended long term, there was limited
diarrhea, no widespread skin rash, and no elevation of bilirubin in
CoBS-treated recipients. However, despite the striking protection
afforded by CoBS, all 4 of the CoBS-treated animals ultimately
showed various degrees of posttransplantation disability, anorexia,
and weight loss, with the mean survival time for the CoBS-treated
cohort being 62 days, compared with 11.6 days for the untreated
animals (P � .01; Figure 5D). Evidence from control transplanta-
tions suggests that in the setting of the limited nutritional support-
ive care that was provided to transplant recipients in this study,
irradiation-induced GI toxicity probably contributed to the an-
orexia and weight loss observed in CoBS-treated recipients. Thus,
R.8 (the animal who rejected the transplant), R.10 (the autologous
transplant recipient), and R.12 (the irradiation control) all showed
significant anorexia, whereas historical controls, who received a
transplant with a nonmyeloablative busulfan-based preparative
regimen, in the setting of CoBS immunosuppression, maintained
normal appetites and weight (not shown). However, clinical,

Table 5. Clinical GVHD staging in CoBS-treated animals

Animal Skin Liver Gastrointestinal tract Activity

R.4 0 0 2 1.6

R.5 0 0 0.5 2.2

R.6 1 0 1 2.5

R.7 1 0 0 1.9

GVHD indicates graft-versus-host disease; and CoBS, costimulation blockade
and sirolimus.

Figure 4. Multiplexed luminex analysis shows a GVHD-specific cytokine secretion profile. (A) Secretion patterns of IL-1RA, IL-18, IFN	, and CCL4 in both untreated (red
traces) and CoBS-treated (black traces) transplant recipients. (B) Secretion patterns of IL-2, IL-8, monocyte chemotactic protein 1 (MCP-1), and IL-12/23 in both untreated (red
traces) and CoBS-treated (black traces) transplant recipients. (C) Secretion patterns of tumor necrosis factor, IL-10, IL-1�, transforming growth factor (TGF), and IL-17 in both
untreated (red traces) and CoBS-treated (black traces) transplant recipients.
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histopathologic, and flow cytometric data indicate that in addition
to regimen-related toxicities, breakthrough GVHD also ultimately
developed in some of the CoBS-treated animals. Thus, histopatho-
logic analysis showed breakthrough lymphocytic infiltration into
the colon, the lungs, and the liver, most prominently in R.4 and R.7
(Table 4; Figure 5E), consistent with smoldering GVHD. These
animals also showed signs of posttransplantation clinical disability,
which correlated closely with their degree of GVHD histopathology.
Thus, as described in supplemental Methods, the well-being of the
transplant recipients was measured daily with the use of an activity score
(ranging from a score of 0 for extreme disability to a score of 3 for
normal activity). Clinical disability was associated with a daily activity
score of � 2. As shown in Figure 5F, the extent to which each of the
transplant recipients (in both the untreated and the CoBS-treated
cohorts) showed clinical disability correlated closely with the histo-
pathologic GVHD score. For the untreated recipients (R.1-R.3;
Table 1), the clinical decline was severe enough that it necessitated
euthanasia. For the CoBS-treated recipients R.5, R.6, and R.7, animal-
welfare end points were reached predominantly due to weight loss,
which ultimately reached � 25% of their pretransplantation weight
(Figure 5G). Although R.4 also showed anorexia and weight loss, this
animal was euthanized on the basis of poor clinical condition, showing
an acute rapid decline overlying his chronic disability, and was found
postmortem to have cytomegalovirus reactivation, in addition to signifi-
cant GVHD.

Multiplexed flow cytometric analysis showed significant but
incomplete protection from T-cell activation in CoBS-treated
recipients. Figure 6A shows that, despite the significant inhibition
of T-cell proliferation that CoBS-treatment produced, these animals
did experience shifts in T-cell phenotype, most prominently in the
CD4� T-cell subcompartment, which shifted toward CD28�/
CD95� predominance after transplantation. The T-cell subpopula-
tion balance was more variable for CD8� T cells. Thus, as shown
for the representative recipients R.4 and R.5 (Figure 6A), in some
animals there was a modest increase in the proportion of CD8�

CD28�/CD95� cells after transplantation (R.4, which increased
from 20% CD28�/CD95� cells before transplantation to 50% at
necropsy), whereas other animals showed stable proportions of
CD28�/CD95� CD8� subpopulations (R.5; Figure 6A; 42% before
transplantation, 39% at necropsy). Unlike in the untreated recipi-
ents, in whom naive T cells strikingly disappeared from the
peripheral blood after transplantation (Figure 3F), CoBS-treated
animals were better able to maintain a cohort of naive CD4� and
CD8� T cells (Figure 6A red traces), despite widespread exposure
of these T cells to recipient-derived alloantigen. In addition, the
CD8� T cells in CoBS-treated recipients better maintained CD127
expression (Figure 6B), in contrast to the striking loss of CD127
observed in the highly activated CD8� T cells in the untreated
cohort (Figure 3D). The preservation of CD127 was not complete,
however, as shown in Figure 6B, whereas R.4, R.5, and R.6 all
showed stable CD127 expression, and R.7, who exhibited the most
rapid weight loss and anorexia of the treated cohort (and who
experienced a period of subtherapeutic sirolimus levels from day
29 through 42; Figure 6C), exhibited significant loss of CD127 on
CD8� T cells.

BCl-2/Ki-67 flow cytometry showed breakthrough activation in
the CD8�/CD28�/CD95� subpopulation

In contrast to the untreated animals, who showed global down-
regulation of BCl-2 and up-regulation of Ki-67 in all CD4� and
CD8� T subpopulations (Figure 3I), CoBS-treated animals showed
significant protection from this GVHD-associated flow cytometric

signature, with one important exception. As shown for R.4 in
Figure 6D, although the CD4� T-cell subpopulations (CD28�/
CD95� and CD28�/CD95�) displayed quiescence as measured by
BCl-2/Ki-67 expression, for CD8� T cells, a different pattern
emerged. Although the CD28� CD8� T-cell subpopulations (both
CD95� and CD95�) both largely maintained the BCl-2high/Ki-67low

quiescent phenotype, a significant proportion of the CD28�/CD95�

cells down-regulated BCl-2 and up-regulated Ki-67, consistent
with an activated, proliferative phenotype.42,48,49 These results are
consistent with an in vitro analysis that showed the diminished
ability of CTLA4Ig to inhibit alloproliferation in CD28�/CD95�

T cells. Thus, as shown for the representative example in Figure
6E, all 3 T-cell subpopulations (CD28�/CD95�, CD28�/CD95�,
and CD28�/CD95�) proliferated after coculture with allogeneic
stimulators in the absence of CTLA4Ig treatment. However,
although treatment with CTLA4Ig significantly inhibited prolifera-
tion in the CD28�/CD95� and CD28�/CD95� subpopulations
(0.5% and 1.3% proliferation, respectively, with CTLA4Ig com-
pared with 6.9% and 79.6% proliferation, respectively, without
CTLA4Ig), the CD28�/CD95� cells were still capable of
significant alloproliferation (38% proliferation with CTLA4Ig,
31% proliferation without CTLA4Ig). Of note, a strong correla-
tion was observed between the degree of Ki-67 up-regulation in
CD8�/CD95�/CD28� T cells and the degree of GVHD-
associated histopathology (Figure 6F), suggesting that this flow
cytometric profile, accessible in the peripheral blood, may be
predictive of GVHD severity.

Breakthrough immune activation was also evident when cyto-
kine secretion was examined. Thus, although CoBS-treated ani-
mals showed significantly less secretion of 3 of the cytokines
associated with untreated GVHD (IL-1RA, IL-18, and CCL4;
Figure 4A), they did eventually secrete a collection of cytokines,
concomitant with their clinical decline. Thus, as shown in Figure
4A-B, IFN	, IL-2, IL-8, monocyte chemotactic protein 1, and
IL-12/23 all eventually accumulated in the serum of CoBS-treated
recipients, suggesting that the secretion of these cytokines may also
signal escaped immune activation despite costimulation
blockade/sirolimus.

Discussion

In this report, we describe the creation of an MHC-defined primate
model of HSCT. This model is expected to offer several unique
advantages compared with existing murine models of GVHD.
Thus, although the established murine models allow critical
mechanistic questions to be addressed in a systematic, high
throughput fashion, they also have significant limitations, espe-
cially with respect to the rapid translation of results to clinical
situations: Thus, rodents are in-bred and housed in specific
pathogen-free conditions and are well-documented to have a much
more easily controlled alloresponse than either primates or patients.
In addition, their response to tissue injury after conditioning, the
kinetics of lympho-myelopoietic recovery, as well as the expres-
sion pattern of CD28, are significantly different from patients.
These distinctions decrease the predictive power of studies per-
formed only in rodent models and underscore the importance of the
creation of an MHC-defined primate model of GVHD. Indeed, the
studies described in this article were designed, in part, to provide
preclinical data for the first clinical trial of CTLA4Ig for in vivo
GVHD prevention, which has recently been opened for enrollment
(http://clinicaltrials.gov/ct2/show/NCT01012492).
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We find that primate GVHD is associated with rampant T-cell
proliferation and activation. We have identified CD4- and CD8-

specific phenotypic conversions that occur after transplantation, as
well as a pattern of cytokine secretion that accompanies GVHD.

Figure 5.
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We show that combined costimulation blockade and sirolimus
offers significant protection against GVHD, with treated recipients
showing 100% survival at 30 days after transplantation, despite
high-risk haploidentical HSCT. Given the design of this study,
which included neither intensive nutritional supportive care nor
rescue treatment for GVHD symptoms, this survival advantage
probably indicates significant anti-GVHD activity of combined
costimulation blockade and sirolimus. Some of the treated animals
did eventually develop both clinical and histopathologic signs of
smoldering GVHD, which correlated with a flow cytometric
signature consistent with breakthrough T-cell activation in the
CTLA4Ig-resistant CD28� CD8� T-cell subcompartment.

Several novel insights into GVHD cellular and molecular
pathogenesis have been gained from this study. Our results show
the following. (1) Donor T-cell expansion is accompanied by
distinctive CD4� and CD8� T-cell subpopulation shifts, with
CD4� T cells taking on a predominantly CD28� phenotype, and
CD8� T cells taking on a predominantly CD28� phenotype.
(2) GVHD is accompanied by a striking down-regulation of CD127
on CD8� T cells, similar to what has been observed in viral models
of T-cell activation. (3) GVHD is associated with reduced expres-
sion of BCl-2 and increased expression of both granzyme B and
Ki-67 in all T-cell subpopulations, with the up-regulation of Ki-67
correlating with clinical GVHD severity. (4) In the absence of
immunoprophylaxis, GVHD is also potentially associated with a
compensatory regulatory response, with the elaboration of inhibi-
tory cytokines (including significant accumulation of IL-1RA in the
serum), and the expansion of FoxP3�/CD4� T cells, which,
although not proven in this study, may also have regulatory
function. Previous clinical observations have suggested that this
regulatory response may also exist in patients, in whom increased
CD4� T-cell apoptosis was observed in those who developed grade
II-IV GVHD.50

Having established a multimodal analysis strategy for primate
GVHD pathogenesis, we were able to determine the effect of a
novel immunosuppressive strategy from both a clinical and mecha-
nistic standpoint. We found that even after haploidentical transplan-
tation, animals treated with CoBS immunosuppression lived signifi-
cantly longer and were free of the severe, systemic symptoms of
GVHD that rapidly developed in the untreated cohort. Although
CoBS was able to significantly inhibit the explosive T-cell activa-
tion that occurred in untreated animals, GVHD did, nonetheless,
develop in some treated animals. Using flow cytometric analysis of
BCl-2 and Ki-67, we identified a reservoir of breakthrough
activation and proliferation despite CoBS treatment. Thus, al-
though most T-cell subpopulations remained quiescent during
CoBS treatment, the CD28� CD8� T-cell subpopulation showed
breakthrough activation (loss of BCl-2) and proliferation (gain of
Ki-67). The isolated activation of the CD28� CD8� T-cell cohort is
especially notable, given that CoBS immunosuppression includes
CD28-blockade with CTLA4Ig. CD28� cells effectively receive

less immunosuppression under this regimen and thus may be at
greater risk for breakthrough alloactivation. There is precedent for
this hypothesis from a primate renal transplant model: Weaver et
al23 have shown that, although costimulation blockade–resistant
rejection occurred with CTLA4Ig, the addition of alefacept, an
agent able to target CD28� cells, led to significant prolongation of
allograft survival. These results suggest that the addition of
alefacept may also improve GVHD control when added to a
CTLA4Ig-based prophylaxis strategy. Future studies with this
model will allow this hypothesis to be tested directly.

It is important to note that, although CoBS may have been
inadequate to fully prevent GVHD in this high-risk T cell–replete
model of haploidentical transplantation, it may show improved
efficacy at controlling the alloresponse during targeted T-cell
add-back after T cell–depleted haploidentical BMT. Thus, the last
decade has witnessed significant advances in T cell–depleted
haploidentical BMT, including recent progress with targeted add-
back of allo-depleted T cells.24,51-55 In these clinical scenarios, the
reduced numbers of transferred T cells might be more effectively
controlled with combined sirolimus/costimulation blockade, lead-
ing to more complete clinical efficacy than observed in our
T cell–replete transplantation model.

Although the results presented here suggest that the reservoir of
CoBS-resistant alloreactivity ultimately resided in the CD28�/
CD95� subpopulation (Figure 6D,F) and that in vitro CTLA4Ig
was effective in inhibiting alloproliferation of both CD28�CD95�

naive cells and CD28�/CD95� effectors (Figure 6E), they do not
rule out that in vivo CoBS may fail to fully prevent the alloactiva-
tion of CD28� naive T cells and their subsequent conversion to
CD28� effector cells. This hypothesis can best be tested by
transferring purified naive T cells or purified CD28�/CD95�

effector cells into recipients and by determining the relative
efficacy of CoBS to inhibit GVHD arising from the transferred
cells. This represents an important area for future investigation, in
which the MHC-defined primate model of GVHD will be able to
facilitate rigorous preclinical testing of the relative propensities of
purified T-cell populations to cause GVHD.
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(F) Correlation of clinical disability (as measured by the activity score) with GVHD histopathology. The data fit a linear equation with an R2 � 0.7221. (G) Longitudinal analysis of
weight loss in animals treated with CoBS immunosuppression.
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Figure 6. Flow cytometric analysis of CoBS-treated transplant recipients. (A) Longitudinal analysis of representative CD4� (top) and CD8� (bottom) T-cell subsets during
CoBS treatment (R.4 and R.5 are shown). (B) CD127 expression on CD8� T cells in CoBS-treated animals. (Left) Pseudocolor dot plots and histogram analysis are
representative of CD127 expression on CD8� T cells from R.5 analyzed both before transplantation (top) and on day 43 after transplantation (bottom). (Right) Longitudinal
analysis is shown of CD127 expression on CD8� T cells in R.4-R.7 normalized for pretransplantation expression levels of CD127. (C) Sirolimus levels measured longitudinally
in animals R.4-R.7. The shaded area is the target trough range: 5-15 ng/mL. (D) BCl-2 and Ki-67 on CD4� and CD8� CD28�/CD95� and CD28�/CD95� T cells in a
representative CoBS-treated animal (R.4). (E) CTLA4Ig-resistant alloproliferation of CD28� T cells as measured by CFSE (5,6-carboxyfluorescein diacetate, succinimidyl
ester) MLR. (Top) Representative dot plots showing T-cell alloproliferation in CD28�/CD95�, CD28�/CD95�, and CD28�/CD95� T-cell populations in the absence of CTA4Ig
treatment. (Bottom) Representative dot plots showing T-cell alloproliferation in CD28�/CD95�, CD28�/CD95�, and CD28-�CD95� T-cell populations in the presence of 1.6�M
CTLA4Ig, showing CTLA4Ig-resistant alloproliferation existing in the CD28�/CD95� subpopulation. A dose-response curve of 0.8-12.8�M CTLA4Ig was performed (not
shown), with similar results observed for all concentrations of CTLA4Ig tested. For each population, the percentage of cells that had undergone � 1 cell division was measured
with FlowJo flow cytometry analysis software (Tree Star) and is noted on the corresponding dot plots. (F) Correlation of the percentage of Ki-67high CD28�/CD95� CD8� T cells
with GVHD histopathology scores. The maximal percentage of CD28�/CD95�/CD8� cells that up-regulated Ki-67 was compared with the total histopathology score (Table 4).
The data fit a linear equation with an R2 � 0.6557.
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