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Abstract
Background—Inducible co-stimulator (ICOS), a member of the CD28 family of costimulatory
molecules, is induced on CD4+ and CD8+ T-cells following their activation. ICOS functions as an
essential immune regulator and ICOS blockade is a potential approach to immune modulation in
allogeneic transplantation. Here, we describe the expression profile of ICOS in dogs and
determine whether ICOS expression is up-regulated during chronic graft versus host disease
(GVHD) and host versus graft (HVG) reactions in the canine hematopoietic cell transplantation
model.

Methods—Monoclonal antibodies against cell surface-expressed ICOS were produced and tested
in vitro for suppression of canine mixed leukocyte reactions (MLR). Expression of ICOS on CD3+
cells was evaluated by flow cytometry using peripheral blood, lymph nodes and splenocytes
obtained from dogs undergoing GVH and HVG reactions.

Results—Canine ICOS was expressed in an inducible pattern on T-cells activated by Con A,
anti-CD3 mAb in combination with anti-CD28 mAb, and alloantigen stimulation.
Immunosuppressive effects of ICOS blockade were observed in MLR using peripheral blood
mononuclear cells from dog-leukocyte-antigen-nonidentical dogs. Immunosuppressive effects of
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ICOS blockade were observed in MLR when anti-ICOS was combined with suboptimal
concentrations of cytotoxic T-lymphocyte antigen 4-Ig (CTLA4-Ig) or cyclosporine. ICOS
expression was significantly up-regulated on T-cells in dogs undergoing graft rejection or chronic
GVHD after allogeneic hematopoietic cell transplantation.

Conclusion—These studies suggest that ICOS plays a role in graft rejection and GVHD in an
out-bred animal model, and ICOS blockade may be an approach to prevention and treatment of
chronic GVHD.
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INTRODUCTION
Inducible co-stimulator (ICOS), a member of the CD28 family of costimulatory molecules,
is expressed on the surface of CD4+ and CD8+ T-cells following activation and is
constitutively expressed on certain memory T-cell subsets (1). The nature of ICOS up-
regulation on activated T-cells and the tissue expression of B7.h make ICOS a potential
candidate for therapeutic approaches to two major issues in allogeneic hematopoietic cell
transplantation (HCT): graft rejection and graft-vs.-host disease (GVHD).

Several studies indicate that ICOS plays a role in solid organ transplant rejection in mice and
rats (2–4) and GVHD in mice (5–7). One report showed that ICOS blockade using either
ICOS −/− mice or anti-ICOS monoclonal antibody (mAb) resulted in inhibition of GVHD
and promotion of allogeneic hematopoietic engraftment (8). However, ICOS expression and
blockade during hematopoietic graft rejection or GVHD have not been adequately
characterized in an outbred large-animal model.

The canine model for allogeneic HCT is well-established and has played a fundamental role
in numerous advances in the field, particularly in the prevention and treatment of acute
GVHD (9–11). Despite these successes, identifying treatment strategies for chronic GVHD
in any preclinical animal model has not been as successful. Murine studies have suggested
that costimulatory molecule blockade using anti-ICOS mAb may be a promising approach to
the treatment of chronic GVHD (12,13). Upon this foundation, we hypothesized that
targeting ICOS may have therapeutic value in the canine GVHD model.

In a previous study, we cloned the full length of the open reading frame of canine ICOS
cDNA and identified sequence similarities between the dog and other species (14). To
further investigate the effect of ICOS blockade for the prevention of GVHD and graft
rejection in dogs, we have produced and characterized the in vitro function of anti-canine
(ca) ICOS monoclonal antibodies (mAb) and assessed ICOS expression in dogs undergoing
hematopoietic graft rejection or chronic GVHD. Here we show that antagonistic anti-
caICOS mAb can be produced and function synergistically with CD28/B7.1, B7.2 blockade
or with the calcineurin inhibitor cyclosporine. ICOS expression is specifically increased on
activated T-cells in dogs. Additionally, we show that ICOS expression is significantly up-
regulated on T-cells in dogs experiencing graft rejection or chronic GVHD following dog
leukocyte antigen (DLA)-haploidentical HCT.
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RESULTS
Selection of Anti-caICOS mAb Clone 3F12 and ICOS Up-regulation on Activated T-cells

Clones of anti-caICOS mAb were screened for expression and the ability to suppress mixed
leukocyte reactions (MLR). Of five clones identified, 3F12 was selected based on the
acceptable levels of expression and antagonistic activity in MLR (Fig 1A).

The kinetics of up-regulation of ICOS expression on Con A-activated PBMC was
determined using RT-PCR. ICOS mRNA expression increased time-dependently with
significant levels of expression seen by day 3 (Figure 1B). ICOS expression was observed
by flow cytometry on 89.2% of Con A-activated PBMC after 3 days of culture, but only
4.8% of resting PBMC expressed ICOS in the same period (Fig 1B). ICOS+ expression was
observed on CD3+ lymphocytes, equally on both CD4+ and CD8+ cells, but not significantly
on CD21+ cells (Fig 1C).

Specificity of Anti-caICOS mAb
Specificity of anti-caICOS mAb was verified by binding studies of anti-caICOS mAb on
activated T-cells in the presence or absence of caICOS-murine-Ig fusion protein. While anti-
caICOS mAb bound to 83 % of Con A-activated CD3+ cells (Fig 2A), addition of 100-fold
excess of ICOS-murine-Ig fusion protein effectively blocked anti-caICOS mAb binding to
19.5 % of CD3+ cells (Fig 2B). The same concentration of the negative control canine
fusion protein, CTLA4-Ig, failed to prevent anti-caICOS mAb from binding to 81 % of Con
A-activated T-cells (Fig 2C).

Canine ICOS Expression is Regulated by T-cell Receptor/CD28 Costimulatory Pathway and
Alloantigen Stimulation

Our previous studies showed that an agonist anti-caCD28 mAb in the presence of
suboptimal concentrations of anti-CD3 mAb induced proliferation of canine lymphocytes in
the absence of mitogens or other stimulation (15). Here we sought to determine whether the
combination of the same concentrations of anti-CD28 and anti-CD3 could induce ICOS
expression on canine PBMC. Anti-CD3 mAb at 10 μg/mL induced ICOS expression on T-
cells (Fig 2D), while medium alone did not (Fig 2E). Anti-CD3 mAb at 1 μg/mL (Fig 2F) or
anti-caCD28 mAb at 10 μg/mL (Fig 2G) alone failed to induce ICOS expression on T cells.
However, the combination of anti-CD3 mAb and anti-CD28 mAb at these concentrations
effectively induced ICOS expression (Fig 2H).

Anti-caICOS mAb Functions Synergistically with CD28 Blockade
Initial studies showed that anti-caICOS alone was a weak and inconsistent antagonist for cell
proliferation in a MLR (Figure 1). Here, we posed the question of whether blockade of the
CD28/B7.1-B7.2 pathway with CTLA4-Ig (Abatacept) or immunosuppression with low
doses of the calcineurin inhibitor, CSP, would improve the antagonistic activity of anti-
caICOS in MLR. PBMC were collected from DLA-nonidentical pairs and were cultured
with various concentrations of anti-caICOS mAb, with and without CTLA4-Ig. In one of
four representative experiments, anti-caICOS mAb alone failed to suppress MLR, therefore
not cytolytic at all concentrations tested (Fig 3A). However, consistent and significant
immunosuppressive effects of anti-ICOS were observed in MLR when anti-caICOS was
combined with suboptimal concentrations of CTLA4-Ig fusion protein (Fig 3A). Significant
levels of immunosuppression were observed with 4 nM CSP only when combined with 25–
200 nM anti-ICOS (Fig. 3B). Total MLR suppression was observed with 0.8nM CSP alone
(Fig. 4B).
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ICOS Up-regulation on T-cells in Dogs with chronic GVHD or Undergoing Marrow Graft
Rejection

To determine whether ICOS could be a therapeutic target for chronic GVHD in dogs, we
measured ICOS expression on CD3+ cells isolated from dogs with clinical symptoms of
chronic GVHD. Table 1 lists the protocols used to establish the dogs with chronic GVHD,
the time and type of GVHD diagnosed, and the samples collected. Six of the seven dogs that
developed chronic GVHD were conditioned with 9.2 Gy TBI, transplanted with either DLA-
nonidentical or -haploidentical marrow, followed by immunosuppression with methotrexate
and CSP. An additional dog that developed chronic GVHD was given 4.5 Gy TBI and CSP
+ mycophenolate mofetil (MMF) immunosuppression. The median time to GVHD was 104
(range 34 to 213) days. All dogs with one exception were evaluated for ICOS expression by
flow cytometry within two weeks of diagnosis of GVHD. Dog H236 was first diagnosed
with GVHD on day 176 after transplantation and was then treated with CSP and MMF.
GVHD resolved but rapidly progressed beginning 4 days after halting immunosuppression.
Nine days later, the dog was tested for ICOS expression. The time to GVHD and the
presence of lichenoid changes in the skin, seen in 6 out of 6 dogs listed in Table 1 with skin
GVHD and exemplified in one dog (SDC, Supplemental Figure 1), suggested the GVHD
was chronic and not acute.

Three dogs (H348, H495, H371) that did not develop chronic GVHD underwent similar
protocols of therapy, namely 4.5 or 9.2 Gy TBI, DLA-haploidentical HCT and postgrafting
immunosuppression with CSP and MMF or methotrexate (MTX). Tissues from these dogs
were also used to evaluate ICOS expression in the absence of chronic GVHD and
considered as controls (Table 1).

ICOS expression was measured on CD3+ T-cells isolated from peripheral blood, lymph
nodes, and spleens of normal dogs and dogs which underwent allogeneic HCT resulting in
either stable mixed chimerism or GVHD. The means ± SD of percent ICOS+ CD3+ cells
isolated from peripheral blood lymphocytes (n=6) (Fig 4A), lymph node cells (n=4) (Fig 4B)
and splenocytes (n=3) (Fig 4C) from untreated normal dogs were 11.6 ± 3.6, 12.2 ± 6.0,
30.6 ± 6.5 percent, respectively. The means ± SD of percent ICOS+ CD3+ cells isolated
from peripheral blood lymphocytes (n=3) (Fig 4A), lymph node (n=1) (Fig 4B) and
splenocytes (n=1) (Fig 4C) from dogs which did not develop GVHD after allogenic HCT
were 14.6 ± 7.7, 8.0, and 19.2 percent, respectively. The means + SD of percent ICOS+

CD3+ cells in peripheral blood (n=7) (Fig 4A), lymph node (n=5) (Fig 4B) and splenocytes
(n=5) (Fig 4C) from dogs which developed chronic GVHD were 46.3 ± 6.7, 53.6 ± 12.6, and
66.7 ± 8.5 percent, respectively. The percentages of ICOS+ CD3+ cells were significantly
higher in dogs with chronic GVHD than those in healthy and transplanted dogs without
GVHD (Fig 4A–C).

ICOS expression on peripheral blood T-cells from postgrafting immunosuppression to the
point of development of clinical sign of chronic GVHD was measured in three dogs (Fig.
4D). The mean ± SD percent CD3+ICOS+ cells obtained from dogs before the suspension of
immunosuppression was 16.3 ± 1.1. After terminating CSP therapy, mean expression levels
of ICOS on CD3+ peripheral blood cells increased to a mean of 24.8 ± 3.0 percent 3 to 7
days before the appearance of clinical signs of GVHD. In one of the dogs, ICOS expression
levels on CD3+ cells increased significantly from 16.02 percent to 48.2 percent 3 days
before clinical signs of GVHD were observed, whereas the remaining two dogs did not show
significant ICOS up-regulation 6 and 7 days before clinical manifestation of chronic GVHD.
The mean percent ± SD of ICOS+ cells in the dogs at the onset of GVHD was 47.2 ± 13.3.
Significant differences of ICOS expression on T-cells were observed between the time of
suspending CSP therapy and the onset of GVHD (Fig. 4D).
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Next, we investigated whether ICOS expression is up-regulated in dogs undergoing host-
versus-graft reactions. Three dogs were selected from a treatment arm consisting of 4.5 cGy
TBI and a DLA-haploidentical HCT given concurrent with a vascularized composite
allograft. ICOS expression on peripheral blood T-cells was assessed on days 2, 13, or 14
after marrow graft rejection. The mean ± SD percentage of ICOS+CD3+ T-cells in dogs with
graft rejection was 64.2 ± 28.9, while the mean ± SD percentage of ICOS+ CD3+ cells in
peripheral blood CD3+ cells in three dogs with stable mixed chimerism was 8.7 ± 0.7 (Fig.
4E).

DISCUSSION
Our results show that the anti-caICOS mAb 3F12 is specific for canine ICOS and functions
as an antagonist. The anti-ICOS antibody, tested alone, produced inconsistent suppression of
MLR. The addition of either CTLA4-Ig or CSP was synergistic with anti-caICOS and
produced consistent suppression of MLR. The inconsistent inhibition by 3F12 alone is most
likely due to superior co-stimulation through the CD28 pathway and the variable intensity of
signaling by DLA mismatch in using PBMC from random pairs of dogs. Previous studies
noted that combination therapy of anti-ICOS and CSP led to permanent cardiac allograft
survival in MHC-mismatched mice (16). Similarly, our results suggest that effective
suppression of chronic GVHD by the ICOS pathway will probably require additional
immunosuppressive reagents or simultaneous blockade of other co-stimulatory pathways.
One such strategy would be the combination of an antagonistic anti-CD28 and anti-caICOS
mAb as has been applied in solid organ transplantation (17). A possible therapeutic
alternative may be using radiolabeled conjugates such as 211At-anti-caICOS. This isotope,
conjugated to an anti-CD45 mAb, has been successfully used in conditioning the dog for
allogeneic HCT (18).

ICOS was expressed in an inducible pattern on activated T lymphocytes and expression was
up-regulated by both TCR and CD28 signaling. These results are in accord with findings
described in the murine model (19). Notably, up-regulated ICOS expression occurred in a
high percentage of T-cells isolated from peripheral blood, lymph nodes and spleens of dogs
with clinically confirmed chronic GVHD, but not in dogs without GVHD (the late onset of
GVHD and the presence of lichenoid skin changes are consistent features of chronic GVHD
(20). These findings suggest either a highly active polyclonal response or an enormous
expansion of a limited number of alloreactive clones during chronic GVHD. Using PCR and
spectrotyping analysis, Berrie et al. (21) showed restricted clonality of GVHD-associated T-
cell clones isolated from patients with GVHD. Based on our current findings, ICOS
expression on CD3+ canine lymphocytes provides a clue as to how extensive T cell
expansion is in the case of GVHD.

Significant ICOS up-regulation was observed 3 days before clinical onset of chronic GVHD
in one dog, whereas it was not detected 6 and 7 days before GVHD onset in two dogs,
indicating that T-cell graft-vs.-host reaction occurred abruptly within a couple of days before
GVHD could be clinically diagnosed by ICOS expression. Based on the few animals studied
during this time frame, it is difficult to fully appreciate whether increases in ICOS
expression may be used as a biomarker for alloreactive donor T-cells after allogeneic HCT.
Future studies designed to better predict the onset of chronic GVHD in the dog will be used
to verify this assertion.

Chronic GVHD is a major cause of morbidity and mortality in long-term survivors of
allogeneic HCT (22). Immunosuppressive agents are currently the primary treatment for the
disease, but decades of research have yielded disappointing results. Recently, a number of
costimulatory molecules have been characterized, and antagonists and agonists directed
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against them tested in a variety of animal models. Mouse-specific ICOS-blocking reagents
and inactivation of ICOS through gene knockout have been tested in a variety of allogeneic
HCT mouse models (6–8,13). However, study results are discordant. One study showed that
acute GVHD was reduced in recipients of ICOS−/− CD8+ T cells and wild type CD4+ T-
cells (6), while a second study indicated that mice transplanted with ICOS−/− CD8+ T cells
had enhanced GVHD morbidity and accelerated mortality (23). Taylor et al. (8) reported that
both CD4+ and CD8+ cells were responsible for GVHD as either CD4 or CD8 knockout
mice donors had increased survival. Studies using the non-irradiated parent-into-F1 murine
model indicated that ICOS blockade inhibited chronic GVHD but exacerbated acute GVHD
(12). However, later findings demonstrated that ICOS blockade also inhibited acute GVHD
in irradiated transplanted mice (5,8). Given the contradictory results in murine models, we
believe that further investigation of ICOS in large animal models is vital to clarify its role in
alloreactivity. The canine model has been instrumental in the development and translation of
numerous advances in HCT, particularly in GVHD prevention and treatment (24–26) and
thus represents a logical platform to test hypotheses about ICOS and chronic GVHD.

ICOS blockade has not been studied in detail as a means of preventing allograft rejection.
Only one study indicated that engraftment rates were significantly higher in ICOS−/−
recipients of HCT compared to wild-type recipients, suggesting ICOS may be important in
engraftment (8). Our data indicate that CD3+ T-cells up-regulate ICOS expression during
hematopoietic graft rejection, suggesting that therapies directed towards ICOS may help
abrogate host-vs.-graft reactions and facilitate engraftment. Future studies will also delineate
whether up-regulation of ICOS can be used as a biomarker for the onset of graft rejection in
canines.

In summary, we have successfully produced and characterized an anti-caICOS mAb and
demonstrated that ICOS expression is up-regulated on activated T-cells in graft-vs.-host and
host-vs.graft ractions. The present study supports the use of canine anti-caICOS mAb in the
canine allogeneic HCT model both to enhance hematopoietic engraftment and to prevent or
treat chronic GVHD.

MATERIAL AND METHODS
Experimental Animals

RBF/DnJ mice were purchased from The Jackson laboratory (Bar Harbor, ME). Beagles,
mini-mongrel, and basenji crossbreeds were raised at the Fred Hutchinson Cancer Research
Center, Seattle, WA, or purchased from commercial kennels. All were immunized against
distemper, leptospirosis, hepatitis, papilloma virus and parvovirus. Animals were housed in
facilities accredited by the American Association for Accreditation of Laboratory Animal
Care, and study designs were approved by the Center’s Institutional Animal Care and Use
Committee. DLA typing was done as previously described (27–30).

Production of anti-caICOS monoclonal antibodies
Methods for producing anti-ca ICOS mAb, cell culture, and protein production are described
in the SDC, Supplemental Materials and Methods (online).

Functional Assays
The immunosuppressive activity of anti-ICOS mAbs was determined by MLR using
previously reported methods (31). The kinetics of ICOS expression was determined using
canine PBMC activated in vitro for 0, 24, 48 or 72 hours using Concanavalin A (Con A)
(Sigma, St. Louis, MO) in complete dog medium containing 85% Waymouth’s, 10% heat
inactivated dog serum, 1% non-essential amino acids, 1% Na Pyruvate, 1% PenStrep, 2% L-
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glutamine. After harvest, total RNA was extracted and reverse-transcribed using SuperScript
III (Invitrogen) and Oligo dT. PCR was performed using primers based on the GenBank
sequence (AY342349.1) of canis familiaris ICOS mRNA. Levels of extracellular ICOS were
compared to those of the housekeeping gene GAPDH.

Ex Vivo Analysis of ICOS Expression
PBMC, splenocytes and lymph node cells were obtained from dogs on various protocols
under the direction of other investigators. The common feature of these studies was that
transplantation was between haploidentical canine littermates with the occurrence of GVHD.
This has been a routinely productive method of producing GVHD in a variety of canine
HCT studies (32–35). Cells were obtained from peripheral blood during the course of
GVHD or from lymph nodes and spleen at time of necropsy. Samples were also obtained
from control healthy dogs. The treatment protocols of dogs enrolled in GVHD studies were
summarized in Table 1. All tissue samples were collected from dogs that showed clinical
signs of GVHD at a median of 104 days after transplant which was verified
histopathologically by lichenoid changes of the skin. The time of onset and lichenoid
changes are clearly defined as pathognomonics for chronic GVHD in humans (20). To
evaluate ICOS expression on peripheral blood T-cells in dogs with graft rejection, three
dogs (H266, H451, H476) received 4.5 Gy TBI followed by infusion of DLA-haploidentical
hematopoietic stem cells. After chimerism was established the dogs received vascularized
composite allograft transplantation from the marrow donors. To evaluate ICOS expression
in peripheral blood T-cells in dogs with stable mixed chimerism, three dogs (H118, H304,
H382) underwent reduced-intensity conditioning (1–2 Gy TBI) followed by DLA-identical
stem cell transplantation.

Statistical Analysis
Statistical significance was determined by a Student t test (between two groups) or ANOVA
with a post-hoc test (three or more groups). P < 0.05 was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

caICIOS canine inducible costimulatory

CTLA4-Ig (recombinant) cytotoxic T cell associated antigen 4-immunoglobulin fusion
protein

CSP cyclosporine A

DLA dog leukocyte antigen

ELISA enzyme linked immonoabsorbant assay

FACS fluorescent activated cell sorter

MLR mixed leukocyte reaction
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PBMC peripheral blood mononuclear cells

RT-PCR real time polymerase chain reaction
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FIGURE 1. Anti-caICOS clone selection and ICOS expression on canine lymphocytes
A) Five anti-caICOS mAbs were purified from hybridoma supernatants and added at 10 μg/
ml to 7-day MLR comprised of PBMC from DLA-nonidentical dogs. Results are
representative of two experiments and presented as counts per minute (CPM) of 3H-
thymidine. B (upper) Real time PCR showing ICOS and GAPDH (control) mRNA
expression in Con A activated PBMC over a three-day period. A 100 bp ladder (center)
marks the expected size of the extracellular domain of canine ICOS at 363 bp. B (lower)
Histogram showing ICOS-PE expression on naive and 3–day Con A activated canine CD3+

lymphocytes. (A and B representative of 4 dogs in 4 experiments) C) ICOS expression on
PBMC from normal dogs cultured with Con A for 3 days. The histograms show ICOS+ on
CD3+ gated cells (upper left panel); with this population stained with CD4-FITC and CD8-
FITC antibodies (panels upper right and lower left respectively) or the B-cell marker, CD21-
PE (lower right). Shaded regions represent isotype control fluorescence intensity. (Figure
representative of 3 experiments using 3 different dogs).
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FIGURE 2. ICOS specificity and expression on T-cells mediated by anti-CD3/CD28 or
alloantigen stimulation
A) Gated CD3+ PBMC stained with anti-caICOS-PE. B) Gated CD3+ PBMC stained with a
mixture of anti-caICOS-PE (5 μg/ml) and ICOSmurineIg fusion protein (500 μg/ml). C)
Gated CD3+ PBMC stained with a mixture of anti-caICOS-PE (5 μg/ml) and the negative
control fusion protein CTLA4-Ig (500 μg/ml). Flow cytometry analysis of ICOS expression
on CD3+ cells gated from PBMC after culture for 7 days on tissue culture dishes coated
with anti-CD3 mAb coated at 10 ug/ml (D), medium only (E), anti-CD3 mAb at 1 μg/ml
(F), anti-CD28 mAb at 10 μg/ml (G), or the combination of anti-CD3 (1 μg/ml) and anti-
CD28 (10 μg/ml) (H).
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FIGURE 3. Synergy of anti-ICOS and CTLA4-Ig in suppressing MLR
Anti-ICOS was added to 7-day MLR at 0–200 nM in the presence or absence of CTLA4-Ig
at 1 or 5 nM (left panel), or presence or absence of CSP at 0.8–8 nM. The effect of CTLA4-
Ig or CSP alone on the MLR is indicated by the black solid bars (positive control). Results
are presented in CPM of 3H-thymidine incorporation and representative of 5 experiements).
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FIGURE 4. ICOS expression in dogs undergoing GVHD and HVG reactions
PBMC were collected from normal dogs, transplanted dogs with or without GVHD and
analyzed by flow cytometry for ICOS expression on CD3+ gated cells at time of necropsy
for dogs with GVHD (A). Similarly, lymph nodes (B) and splenocytes (C) were collected
and evaluated for ICOS expression from dogs also at time of necropsy. Kinetics of ICOS
expression was done on CD3+ PBMC in 3 dogs before and at the onset of clinically
diagnosed GVHD (significance * = p< 0.05, ** = p<0.01, *** = p<0.005) (D). ICOS
expression on CD3+ PBMC isolated from normal dogs, stable mixed chimeric dogs (1–2 Gy
TBI, DLA-identical marrow transplantation and postgrafting immunosuppression, CSP at 10
mg/kg BID for 37 days and MMF at 10 mg/kg BID for 28 days) and dogs undergoing graft
rejection, HVG (4.5 Gy TBI, DLA-identical marrow transplantation, postgrafting
immunosuppression of CSP at 10 mg/kg BID for 37 days and MMF at 10 mg/kg BID for 28
days) (E).
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