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Abstract
Disrupting the CD40-CD40L costimulation pathway promotes allograft acceptance in many settings.
Herein, we demonstrate that stimulating OX40 overrides cardiac allograft acceptance induced by
disrupting CD40-CD40L interactions. This effect of OX40 stimulation was dependent upon CD4+
T cells, which in turn provided help for CD8+ T cells and B cells. Allograft rejection was associated
with donor-reactive Th1 and Th2 responses and an unconventional granulocytic infiltrate and
thrombosis of the arteries. Interestingly, OX40 stimulation induced a donor-reactive IgG class switch
in the absence of CD40-CD40L interactions, and the timing of OX40 stimulation relative to
transplantation affected the isotype of donor-reactive antibody produced. Inductive OX40
stimulation induced acute graft rejection, which correlated with both IgG1 and IgG2a deposition
within the graft. Once graft acceptance was established following CD40-CD40L blockade, delayed
OX40 stimulation did not induce acute allograft rejection despite priming of graft-reactive Th1 and
Th2. Rather, chronic rejection was induced, which was characterized by IgG1 but not IgG2a
deposition within the graft. These studies reveal both redundancy and key differences in function
among costimulatory molecules that manifest in distinct pathologies of allograft rejection. These
findings may help guide development of therapeutics aimed at promoting graft acceptance in
transplant recipients.
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Introduction
Costimulation is central to T cell activation, survival, and effector differentiation (reviewed in
(1-3)). Unlike CD28, CD40L and OX40 are expressed almost exclusively by activated CD4+
T cells and to a lesser degree by activated CD8+ T cells (reviewed in (2,3)). These molecules
interact with CD40 and OX40 ligand (OX40L3) on the APC, respectively (reviewed in (1)).
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Stimulation through OX40 induces expansion of T cells activated by T cell receptor
engagement (4,5). Whereas CD40-CD40L interactions support a Th1 response by inducing
APC to produce IL-12 (reviewed in (6,7)), OX40 signaling promotes Th2 responses (8,9) or
may paradoxically further drive the development of a Th1 response (5,10,11).

Disrupting CD40-CD40L interactions results in prolonged allograft survival (reviewed in (2,
12)),(13-17). However, there are differences in the requirement for CD40-CD40L interactions
among different strains of mice and graft protection resulting from CD40-CD40L inhibition is
in large part dictated by the model in which it is studied. For example, whereas C57BL/6 mice
that are deficient in CD40 (CD40-/-) fail to reject cardiac allografts from CD40-/- BALB/c
donors, CD40-/- BALB/c recipients acutely reject CD40-/- C57BL/6 allografts (18). In C3H
mice, blocking both CD28 and CD40L interactions results in long-term skin allograft survival
(19,20), whereas C57BL/6 mice deficient in both CD28 and CD40L acutely reject skin grafts
(20,21). However, blocking OX40-OX40L interactions in CD28 and CD40L deficient C57BL/
6 recipients promotes long-term skin graft survival (21), and both CD4+ and CD8+ T cell
mediated rejection is sensitive to this blockade (22).

Similarly, differences in costimulatory pathway usage and cytokine profiles have been
observed in the model of Leishmania infection (8,23). In response to infection, BALB/c mice
mount a dominant Th2 response resulting in the “non-healer” phenotype and succumb to
progressive lesions (8,23). This Th2 response is driven by OX40-OX40L interactions (8).
Conversely, C57BL/6 mice infected with Leishmania mount a dominant Th1 response,
resulting in the “healer” phenotype and clearance of the pathogen (23). Indeed, when the
BALB/c recipient response is skewed towards a Th1 response by neutralizing IL-4 (24), the
infection is cleared and the mice recover. Additionally, if the immune response of C57BL/6
mice is skewed away from a Th1 response by genetic deficiency in IFNγ (25), T-bet (26), or
CD40L (27), or by over expression of OX40L (28) the infection is not cleared and the mice
respond similarly to their unmodified BALB/c counterparts. Interestingly, BALB/c mice
infected with Leishmania are able to clear the disease (8) or significantly delay disease
pathology (28) following OX40-OX40L blockade. Thus, preferential usage of the OX40-
OX40L costimulatory pathway may influence Th1/Th2 balance and impact on the effectiveness
of the immune response, but the exact relevance of this notion in transplant models is unknown.

The current study demonstrates that cardiac allograft acceptance resulting from disrupting
CD40-CD40L interactions in C57BL/6 mice is prevented by OX40 stimulation. Acute rejection
driven by OX40 stimulation was associated with donor-reactive T cell priming and the
generation of a donor-reactive IgG antibody response, with IgG2a detectable within the graft.
Once allograft acceptance was established, OX40 stimulation failed to induce acute rejection
but promoted the progression of chronic rejection and deposition of IgG1 within the graft.
These data suggest that despite the importance of CD40-CD40L engagement in the C57BL/6
recipient response to allografts, perturbation through an alternative costimulatory molecule
pathway may supersede the necessity for these interactions in the progression of both acute
and chronic rejection.

Materials and Methods
Mice

Female C57BL/6 (H-2b) mice, CD40L-/- C57BL/6 mice, and BALB/c (H-2d) mice were
purchased from The Jackson Laboratories (Bar Harbor, ME). Breeder pairs of CD40-/-C57BL/
6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Breeder pairs of

3Abbreviations used in this paper: CD40-/-, CD40 deficient; CD40L-/-, CD40L deficient; GIC, graft-infiltrating cells; OX40L, OX40
ligand; WT, wild type
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CD40-/- BALB/c mice were provided by Dr. Randy Noelle (Dartmouth College, Lebanon,
NH). Colonies of CD40-/- mice were established, and all mice were housed under specific
pathogen-free conditions maintained by the Unit for Laboratory Animal Medicine at University
of Michigan. Mice used were between 6 and 12 weeks of age. These experiments were approved
by the University Committee on Use and Care of Animals at the University of Michigan.

Culture medium
RPMI 1640 (for ELISPOT) or DMEM (for cell culture) was supplemented with 2% FCS, 1
mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, 1.6 mM L-glutamine,
10 mM HEPES buffer (all from Invitrogen, Grand Island, NY), 0.27 mM L-asparagine, 1.4
mM L-arginine HCl, 14 μM folic acid and 50 μM 2-mercaptoethanol (all from Sigma
Chemicals, St. Louis, MO).

Flow cytometry for OX40
One million splenocytes per mL were cultured for times indicated with 1 μg/mL Concavalin
A (Sigma). After separating viable cells by Ficol-Hypaque gradient, splenocytes were triple
labeled with FITC-conjugated anti-OX40 mAb (OX86, Cedar Lane), PE-conjugated anti-CD4
mAb (GK1.5, Pharmingen), and Cy5-conjugated anti-CD8 mAb (2.43, Pharmingen). Cell
analyses were performed on a Becton Dickinson FACSCalibur (San Jose, CA) using forward
versus side scatter to gate on lymphocytes.

Heterotopic cardiac transplantation
C57BL/6 WT, CD40L-/-, or CD40-/- mice were transplanted with intact WT or CD40-/-BALB/
c cardiac allografts, as described (29). In this model, the donor heart is anastomosed to the
great vessels of the abdomen, perfused with the recipient mouse’s blood, and resumes
contraction. Transplant function was monitored by abdominal palpation.

In vivo treatment with mAb
The hybridomas secreting anti-CD4 (clone GK1.5) and anti-CD8 (clone 2.43) were obtained
from American Type Culture Collection (Manassas, VA). The hybridoma secreting anti-
CD40L (clone MR1) was provided by Dr. Randy Noelle (Dartmouth, Lebanon, NH). Anti-
CD4, anti-CD8, anti-CD40L, and anti-OX40 (clone OX86 (30)) mAb were purified and
resuspended in PBS by Bio Express (West Lebanon, NH). To deplete CD4+ or CD8+ T cells,
allograft recipients were injected i.p. with 1 mg of anti-CD4 or anti-CD8 mAb days -1, 0 and
7 relative to transplant (31-33). For inductive anti-CD40L therapy, mice were injected i.p. with
1 mg of anti-CD40L on days 0, 1 and 2 post transplant (14,32). To induce OX40 stimulation,
recipients were injected with 0.25 mg i.p. of anti-OX40 mAb on days 0, 1, 3 and 7 post
transplant, a regimen similar to what has been published regarding islet transplant (34). To
induce delayed OX40 stimulation, recipients were injected with 0.25 mg i.p. of anti-OX40
mAb on days 30, 31, 33 and 37 relative to transplant.

Histology
Allografts were recovered at the times indicated post transplantation, fixed in formalin, and
embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) to assess
myocyte viability (presence of cross striation and nuclei) and the nature and intensity of graft-
infiltrating cells (GIC). As described (35), Masson trichrome stain was used to identify collagen
deposition.
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Recovery of GIC
Three transplanted hearts were removed, pooled, minced and digested with 1 mg/mL
collagenase A (Roche, Indianapolis, IN) for 30 min at 37°C. Tissue debris were allowed to
settle at 1 × g and the suspension containing GIC was harvested by pipette. RBC were lysed
by hypotonic shock, GIC were passed through a 30 μm pore size nylon mesh, and viable
leukocytes were enumerated by Trypan blue exclusion. For differential enumeration, GIC were
placed on slides with a cytocentrifuge and stained with Wright stain.

ELISPOT assay for in vivo primed, donor-reactive cytokine-producing cells
ELISPOT assays were performed as described (36). Capture and detection mAb specific for
IFNγ (RA-6A2, XMG1.2), IL-4 (BVD4-1D11, BVD6-24G2) and IL-17 (TC11-18H10, TC11-
BH4.1) were purchased from Pharmingen (San Diego, CA). PVDF-backed microtiter plates
(Millipore, Bedford, MA) were coated with unlabeled mAb and blocked with 1% BSA in PBS.
Irradiated (1,000 rad) donor splenocytes (4×105) and 106 recipient splenocytes were added to
each well. After washing, biotinylated detection mAb were added to the plates. After washing,
a 1:1,000 dilution of anti-biotin alkaline phosphatase (AP) conjugate (Vector Laboratories,
Burlingame, CA) was added to IFNγ and IL-17 plates and a 1:2,000 dilution of horseradish
peroxidase-conjugated streptavidin (SA-HRP; Dako, Carpinteria, CA) was added to IL-4
plates. Plates were washed and spots visualized by addition of nitroblue tetrazolium (NBT;
BioRad, Hercules, CA)/3 Bromo 4 Chloro Indolyl Phosphate (BCIP; Sigma) to IFNγ and IL-17
plates or 3-amino-9-ethylcarbazole (AEC; Pierce, Rockford, IL) to IL-4 plates. Color
development continued until spots were visible and stopped by adding H2O. Plates were dried
and spots quantified using an Immunospot Series 1 ELISPOT analyzer (Cellular Technology
Ltd., Cleveland, OH).

In vitro T cell subset depletion
CD4+ or CD8+ cells were depleted using Dynal Beads (Invitrogen, Carlsbad, CA) as per
manufacturer’s protocol. Single cell suspensions of splenocytes were incubated with anti-CD4
or anti-CD8 coated beads for 30 min. Bead-bound cells were removed magnetically. Unbound
cells were confirmed to be depleted by flow cytometry (approx. 1% contamination;
FACSCalibur, Becton-Dickinson, Franklin Lakes, NJ).

Morphometric analysis of intragraft collagen deposition
Quantitative analyses of areas of intragraft collagen deposition were performed as previously
described (37). Briefly, images of ten areas of each graft’s myocardium were captured and
analyzed using the application program IP Lab Spectrum-R4 (BD Biosciences, Rockville MD).
The color wavelengths of image copies were transformed into digital readings. Using the
original image for comparison, the color spectrum of the copied image was adjusted until areas
positive for collagen turned green, while unaffected surrounding myocytes remained black.
Percent collagen was calculated by dividing the total pixel area of the field by the pixel area
within areas of collagen deposition.

Immunohistochemistry
To detect IgG deposition within the graft, frozen sections of grafts were fixed in cold acetone
and incubated with 1:150 dilution of goat anti-mouse IgG-HRP (Southern Biotech,
Birmingham, AL) or either IgG1-AP or IgG2a-AP followed by incubation with 1:600
streptavidin-HRP (Vector Laboratories, Burlingame, CA). Incubation with AEC revealed
antibody binding.
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Alloantibody assay
As described (31,38), 106 P815 (H-2d) cells (ATCC) were incubated with 1:50 dilutions of
sera collected from CD40-/- C57BL/6 recipients at specified time points after transplantation.
Cells were then washed and incubated with FITC-conjugated, affinity purified rabbit anti-
mouse IgM or IgG antibody (The Binding Site, San Diego, CA, USA). The samples were
analyzed on a FACSCalibur cytometer (BD-Pharmingen) equipped with Cell Quest software
using forward versus side scatter for appropriate gating. Data are reported as the mean channel
fluorescence.

ELISA for total serum IgG levels
Total concentrations of IgG present in serum samples were determined by ELISA as previously
described (39,40). Briefly, a mixture of unlabeled anti-IgG isotype-specific Abs (IgG1, IgG2b,
IgG2c, IgG3; Southern Biotech) were diluted to 10 μg/mL in a carbonate buffer and used to
coat Immulon 2, 96 well flat bottom ELISA plates (Costar, Corning Inc., Corning, NY)
overnight. After washing, wells were blocked by the addition of 100 μL PBS + 10% FCS +
0.4% azide per well. Following washing, 100 μL per well of samples diluted in PBS + 10%
FCS + 0.4% azide were added. After washing, a mixture of AP-tagged anti-IgG isotype-specific
antibodies (Southern Biotech) were diluted 1:1000 in Tris buffer and added at 100 μL per well.
After washing, plates were developed by the addition of 100 μL per well of substrate (Sigma
Fast pNPP and Tris buffer tablets, diluted in distilled water; Sigma-Aldrich) and read at 405
nm by an EL 800 microtiter plate reader (Bio-Tek Instruments, Winooski, VT). All incubations
were performed at room temperature. Data are reported as the mean absorbance + S.E.M. of
3 to 7 individual mice per experimental group.

Statistical analysis
Data were analyzed with GraphPad Prism 4.0c software using Student’s unpaired t-tests with
Welch’s correction or log rank tests as appropriate. P values of ≤ 0.05 were considered
statistically significant.

Results
OX40 is upregulated following CD4+ T cell activation

This study assessed the effects of stimulation via an alternative costimulatory molecule on
allograft acceptance induced by CD40-CD40L blockade. We focused on the OX40-OX40L
pathway as BALB/c mice have been reported to preferentially utilize the OX40-OX40L
pathway relative to C57BL/6 mice (28) and CD40 is not required for the rejection response in
BALB/c allograft recipients (18). To verify differential expression of OX40 by BALB/c and
C57BL/6 mice, splenocytes from both WT and CD40-/-BALB/c and C57BL/6 mice were
stimulated for 0, 24, 48 and 72 hours with Concavalin A (ConA) and analyzed for OX40
expression by flow cytometry (Fig. 1). Prior to stimulation, OX40 expression was negligible.
After stimulation, OX40 was upregulated on CD4+ T cells (Fig. 1) but was not detected on
CD8+ T cells (data not shown). BALB/c CD4+ T cells expressed OX40 to a greater extent
than their C57BL/6 counterparts both in terms of surface density (Fig. 1A) and percentage of
CD4+ T cells expressing OX40 (Fig. 1B). Further, BALB/c CD4+ cells maintained OX40
expression for a longer period of time as compared to their C57BL/6 counterparts (Fig. 1B).

Agonistic anti-OX40 mAb stimulates CD4+ T cells and induces a distinct pathology of
allograft rejection

In WT allograft recipients, transient depletion of CD4+ T cells allows for long-term graft
survival (32,33,35,38). These CD4+ T cells repopulate the periphery 3-4 weeks post-depletion,
yet these repopulating cells are hyporesponsive (41). In contrast, depletion of CD8+ T cells
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allows only for a modest increase in graft survival time (42). Since only CD4+ T cells expressed
OX40 (Fig. 1) following ConA stimulation, we hypothesized that stimulatory anti-OX40 mAb
would directly activate CD4+, but not CD8+ T cells. To test this hypothesis WT allograft
recipients were inductively depleted of either CD4+ or CD8+ T cells and treated with agonistic
anti-OX40 mAb or control rat IgG. In recipients inductively depleted of CD8+ T cells, OX40
stimulation significantly accelerated allograft rejection when compared to rat IgG treated
controls (Fig. 2A, p = 0.0079). Additionally, ELISPOT analysis revealed a significant increase
in both donor-reactive Th1 (IFNγ) and Th2 (IL-4) cells following OX40 stimulation (Fig.
2B). In contrast, OX40 stimulation failed to induce acute graft rejection following inductive
depletion of CD4+ T cells (Fig. 2A). Further, ELISPOT analysis revealed that donor-reactive
Th1 and Th2 responses were not induced in recipients that were inductively depleted of CD4
+ cells and given anti-OX40 (Fig. 2B). Thus, in the absence of CD4+ cells OX40 stimulation
had no measurable effect on the CD8+ T cell response.

We next asked whether OX40 stimulation would stimulate rejection once CD4+ cells returned
following transient depletion. Following initial depletion, CD4+ T cells begin to repopulate
the periphery between 3-4 weeks post transplantation (35,38). Indeed, when recipients in this
study were sacrificed 39-60 days post transplantation, 7-15% of the splenocytes were CD4+
(data not shown). Recipients received delayed anti-OX40 mAb 30 days post transplant as CD4
+ T cells returned. All recipients treated with anti-OX40 mAb rejected their allografts by day
44 post transplant, or 14 days after receiving anti-OX40 mAb (Fig. 2C, p = 0.0101). In contrast,
recipients given delayed control rat IgG maintained their grafts, verifying that donor-reactive
CD4+ T cells were hyporesponsive (Fig. 2C). These observations indicate that the rejection
mediated by OX40 stimulation is dependent upon CD4+ T cells.

ELISPOT analysis revealed primed, donor-reactive Th1 and Th2 responses in recipient
splenocytes following delayed treatment with anti-OX40 (Fig. 2D). While unmodified
recipients produce elevated levels of donor-reactive IFNγ, levels of donor-reactive IL-4 are
comparatively rare (31). Hence, once CD4+ T cells repopulated the periphery OX40
stimulation reversed their state of hyporesponsiveness and induced both a Th1 and an atypical
Th2 response.

OX40 stimulation overrides CD40-CD40L blockade induced allograft acceptance
Since BALB/c CD40-/- mice, but not C57BL/6 CD40-/- mice, reject cardiac allografts (18),
and BALB/c mice employ the OX40-OX40L pathway to a greater extent than C57BL/6 mice
(8,28), we asked whether OX40 stimulation would override graft acceptance induced by CD40-
CD40L blockade in C57BL/6 recipients. To this end CD40-CD40L interactions were disrupted
in C57BL/6 allograft recipients by treating WT mice with anti-CD40L mAb, or using CD40L-/-
or CD40-/- recipients. Allograft recipients were treated inductively with agonistic anti-OX40
mAb or rat IgG as a control. Regardless of the method of CD40-CD40L disruption, OX40
stimulation induced acute allograft rejection in all recipients by day 14 post transplant (Fig.
3). In contrast, grafts from rat IgG treated control recipients continued to function normally
until the termination of the experiment at day 30. For reference, otherwise unmodified WT
mice were treated with either anti-OX40 or control rat IgG. Following OX40 stimulation, WT
recipients rejected their allografts at a significantly accelerated tempo as compared to the rat
IgG treated controls (p = 0.0009, Fig. 3).

Unconventional pathology induced by OX40 stimulation
OX40-induced rejection in allograft recipients following CD40-CD40L blockade was
characterized by thrombosis of arteries (Fig. 4A). Arterial thrombosis is not a feature of
unmodified acute rejection in WT mice (Fig. 4A, lower left panel). OX40-induced rejection
was additionally characterized by a granulocytic infiltration of the graft (Fig. 4B) that is also
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not a feature of unmodified rejection (Fig. 4B, (31)). Indeed, the few graft infiltrating cells
(GIC) that were recovered from control mice following CD40-CD40L blockade were primarily
mononuclear in nature (Fig. 4B, bottom right panel). The absolute GIC yield recovered from
grafts in anti-OX40 treated recipients was significantly greater when compared to control
recipients following CD40-CD40L blockade (Fig. 4D).

A significantly higher percentage of granulocytes were also present in the spleens of anti-OX40
treated allograft recipients (Fig. 4C, top panel). Further, splenocytes from anti-OX40 treated
recipients exhibited morphology suggestive of cell activation (abundant cytoplasm and diffuse
nuclei) (Fig. 4C, bottom left panel). It should be noted that these alterations in both graft
pathology (thrombosed vessels and granulocyte accumulation) and splenocyte composition
were not observed in syngeneic graft recipients that were treated with anti-OX40 (data not
shown). Thus, these OX40-induced pathologies were antigen dependent.

OX40 stimulation induces donor-reactive Th1 and Th2 responses
ELISPOT analysis for primed, donor-reactive Th1 and Th2 responses revealed that OX40
stimulation induced significant IFNγ (Fig. 5A) and IL-4 (Fig. 5B) responses relative to those
observed in control recipients. It should be noted that donor-reactive Th2 are not characteristic
of unmodified acute rejection in this model (Fig. 5B, (31)), yet OX40 stimulation induced IL-4
production in all groups regardless of if or how CD40-CD40L interactions were disrupted.
OX40-induced donor-reactive Th17 responses were not remarkable (data not shown).

To determine which T cell subsets were responsible for OX40-induced cytokine production,
splenocytes from OX40 stimulated allograft recipients were depleted of CD4+ or CD8+ cells
prior to addition to ELISPOT cultures (Fig. 5C & D). Depicted are results obtained from anti-
OX40 treated CD40-/- allograft recipients and similar results were generated in WT recipients
treated with anti-CD40L and CD40L-/- recipients. Depletion of CD8+ cells eliminated the Th1
response (Fig. 5C) while depleting CD4+ cells abrogated the Th2 response (Fig. 5D). These
data are consistent with reports that CD8+ cells are the principle source of IFNγ in this model
(31, 43) and that OX40 stimulation of CD4+ cells induces a Th2 response (8, 9, 28). As we
were unable to detect OX40 expression on the surface of CD8+ T cells (data not shown), and
depletion of CD8+ T cells concurrent with OX40 stimulation failed to prolong graft survival
(Fig. 2A), these data suggest that OX40 stimulation induces CD4+ T cells to provide help for
the primed CD8+ T cell response. This notion is further supported by the fact that anti-OX40
treatment of recipients depleted of CD4+ T cells did not induce allograft rejection or either
Th1 or Th2 responses (Fig. 2A & 2B).

Delayed OX40 stimulation does not induce acute rejection of accepted allografts but
promotes chronic rejection following CD40-CD40L disruption

In the previous experiments, our OX40 stimulation protocol was initiated at the time of
transplantation. We next asked if stimulation through OX40 would reverse established allograft
acceptance following CD40-CD40L blockade. To this end, WT recipients treated with anti-
CD40L mAb, or CD40L-/- or CD40-/- recipients were transplanted with cardiac allografts and
were left otherwise untreated. After 30 days these allograft recipients were treated with either
anti-OX40 mAb or a control rat IgG. OX40 stimulation did not induce acute rejection of
established allografts (Fig. 6A). Although grafts continued to function in mice that received
delayed anti-OX40, contractions of these grafts were noticeably weaker when compared to
their rat IgG treated counterparts as assessed by palpation. Histologically, an increased density
of GIC resulted from delayed OX40 stimulation relative to rat IgG treated controls (Fig. 6B).

We also assessed Th1 and Th2 responses by ELISPOT to determine whether delayed anti-
OX40 treatment resulted in donor-reactive T cell priming (Fig. 6C & D). At the termination
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of the experiment (day 60 post transplant), both donor-reactive Th1 and Th2 were readily
detectable in recipients receiving delayed OX40 stimulation but not in the control groups.
Hence, despite the presence of primed, donor-reactive T cell responses allografts were not
acutely rejected.

Additionally, delayed OX40 stimulation resulted in increased collagen deposition within the
grafts as detected by Masson trichrome staining (Fig. 6E, left panel). Morphometric analysis
was used to quantify the percent of the graft containing collagen deposition (stained blue) and
revealed significantly more collagen in the grafts of mice receiving delayed OX40 stimulation
relative to rat IgG treated controls (Fig. 6E, right panel). Since collagen deposition within the
graft is a hallmark of chronic allograft rejection, these data indicate that delayed anti-OX40
treatment of mice bearing established allografts promotes the progression of chronic, rather
than acute rejection.

OX40 stimulation induces donor-reactive IgM and IgG responses in the absence of CD40
Since CD40 engagement is reportedly necessary in stimulating an IgG class switch response
(44), we assessed the ability of OX40 stimulation in CD40-/- allograft recipients to induce
donor alloantigen-reactive IgM and IgG responses (Fig. 7). OX40 stimulation in CD40-/-
allograft recipients induced a significant increase in donor-reactive IgM production when
compared to rat IgG treated control recipients (Fig. 7A). Importantly, OX40 stimulation
induced a donor-reactive IgG response in CD40-/-allograft recipients (Fig. 7B) indicating that
OX40 stimulation overrides the reported requirement for CD40 in inducing the IgG isotype
switch (44). These data were confirmed by a mouse IgG-specific sandwich ELISA that revealed
significant differences in total IgG levels in the sera of anti-OX40 as compared to rat IgG
control treated CD40-/- allograft recipients (Fig. 7C).

In addition to donor-reactive antibody circulating in the recipient serum, mouse IgG was also
detectable by immunohistochemistry within the grafts of CD40-/- recipients receiving anti-
OX40 at the time of transplantation (+ anti-OX40, day 0, Fig. 7D). Interestingly, although
donor-reactive antibody was not detectable in the serum of CD40-/- recipients treated with
anti-OX40 30 days after transplantation (data not shown), and these grafts were not acutely
rejected (Fig. 6A), mouse IgG was also detectable within the grafts of these recipients (+ anti-
OX40, day 30, Fig. 7D). This finding suggests that the donor-reactive antibody that is produced
is absorbed by the graft. Further, this observation indicates that differential levels of donor-
reactive antibody are produced following OX40 stimulation, dependent upon the timing of
OX40 stimulation relative to transplantation. In addition, the isotypes of IgG deposited within
the grafts of recipients treated with anti-OX40 at day 0 vs. day 30 differed. While both IgG1
and IgG2a were readily detectable within vessels of grafts from recipients treated with anti-
OX40 at the time of transplantation, only IgG1 was detectable within vessels of grafts from
recipients treated with anti-OX40 30 days after transplantation. Hence, the presence of
complement-fixing IgG2a (45) correlated with acute rejection, while the presence of non-
complement-fixing IgG1 (46) correlated with prolonged graft function and the progression of
chronic rejection.

Discussion
In the current study, we present data that demonstrate that OX40 costimulation overrides
cardiac allograft acceptance induced by CD40-CD40L blockade (Fig. 3) and results in the
induction of both donor-reactive Th1 and Th2 responses (Fig. 5). Unmodified rejection in this
model is associated with a Th1, but not Th2 response (31,32,47). However, the induction of
Th2 by OX40 perturbation in our model correlates with reports from other systems that OX40
stimulation is associated with a Th2 response (8,9). In transplantation the induction of a Th2
response results in an alternative pathology of rejection (31,32,47-49) that includes the vascular
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involvement and granulocytic infiltration as is induced by OX40 stimulation (Fig. 4). Hence,
we observed a biologic effect of OX40 mediated Th2 induction. In the absence of CD4+ T
cells OX40 stimulation failed to induce this allograft pathology in WT recipients (Fig. 2)
suggesting that OX40 stimulation acts directly on CD4+ T cells. Cell selection studies revealed
that these CD4+ cells were the principle source of IL-4 in this system (Fig. 5D) while CD8+
cells were the main source of IFNγ (Fig. 5C). Interestingly, OX40 stimulation also induced
donor-reactive IgG responses in the complete absence of CD40 (Fig. 7). To our knowledge,
this role for OX40 in B cell responses has not been described.

OX40 is expressed preferentially by activated CD4+ T cells (Fig. 1, (3)) and it is likely that in
our experiments OX40 stimulation induces CD4+ T cells to provide help to CD8+ T cells
(50,51) to promote their activation. Indeed, following CD4+ T cell depletion, OX40 stimulation
failed to result in T cell priming and/or allograft rejection (Fig. 2). While OX40 stimulation
has been reported to promote CD8+ T cell effector functions (52), we were unable to detect
CD8+OX40+ cells by flow cytometry either in the spleen or in the graft (data not shown)
suggesting that OX40 expression may not be induced on CD8+ T cells in this system.
Alternatively, CD8+OX40+ cells may localize in a different compartment in vivo. However,
WT recipients transiently depleted of CD4+ T cells and treated with delayed agonistic anti-
OX40 do reject their allografts. This rejection is likely dependent upon the return of CD4+ T
cells (30 days post transplant, approximately 5% of splenic cells are CD4+ as detected by flow
cytometry, data not shown). Indeed, after CD4+ T cell repopulation, OX40 stimulation induced
both IFNγ and IL-4 producing cells (Fig. 2). Hence, our data indicate that OX40 stimulation
affects not only CD4+ cells expressing detectable OX40 on their surface, but also induces these
CD4+ T cells to provide help for CD8+ T cell responses generated in conjunction with
alloantigen exposure.

Stimulation of OX40 through OX40L on APC is believed to play a critical role in driving
antigen-specific T cell responses in vivo (53). In our study, deliberate stimulation of OX40
may be necessary to observe these effects as both CD4+ T cells and CD11c+ dendritic cells
from C57BL/6 mice express lower levels of OX40 and OX40L as compared to their BALB/c
counterparts (Fig. 1 and data not shown). OX40L has a broad tissue distribution, including B
cells, dendritic cells, and endothelial cells (3,54,55). Further, CD40 engagement upregulates
OX40L surface expression on both B cells (53) and dendritic cells (53,56), suggesting that
OX40L expression may be dependent upon CD40-CD40L interactions. In our experiments, T
cell OX40 expression does not appear to limit OX40-OX40L interactions as agonistic anti-
OX40 mAb is sufficient to drive acute allograft rejection (Fig. 3) and induce donor-reactive
cytokine priming (Fig. 5). Rather, low levels of OX40L expression may impede contributions
of the OX40-OX40L costimulatory pathway to graft pathology under conditions where the
CD40-CD40L pathway is disrupted. Indeed, Jenkins et. al. (57) demonstrated that stimulation
via OX40 restored production of both Th1 and Th2 responses to Schistosoma mansoni-soluble
egg antigen presented by CD40-/- dendritic cells, suggesting that the T cell response was
limited by APC OX40L expression as opposed to a lack of T cell OX40 expression. Hence,
endogenous OX40-OX40L interactions may not override CD40-CD40L blockade due to
limited OX40L, but not OX40 expression, resulting from the absence of CD40 stimulation of
APC.

Disruption of CD40-CD40L interactions is highly effective in promoting allograft acceptance
(reviewed in (2,12)),(13-17). However, it is likely that OX40 stimulation mediates multiple
effects on CD4+ cells in the absence of CD40-CD40L interactions that culminate in allograft
rejection. After TCR engagement OX40 is upregulated on the CD4+ T cell surface (4,58).
OX40 stimulation enhances both CD4+ T cell cytokine production and proliferation (59), and
can prevent the induction of tolerance to peptide (52). Further, OX40 stimulation can promote
the expansion of a pool of antigen-reactive T cells (60,61). Thus, in our model inductive OX40
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stimulation may serve as the costimulatory signal needed to activate and expand graft-reactive
T cells in the absence of CD40-CD40L interactions. Maxwell et. al. (60) have established that
when initiated concurrent with antigen and “danger signals” such as LPS, OX40 stimulation
results in both clonal expansion and survival of antigen-specific T cells. In transplantation,
heat-shock proteins are induced by both ischemia/reperfusion injury and surgery and provide
a “danger signal” (62), which in addition to the antigen supplied by the graft could synergize
with OX40 stimulation to result in the expansion of the graft-reactive T cell pool. In addition,
OX40 stimulation in the presence of cytokines can reverse the non-responsiveness of anergic
cells and induce further cytokine production and effector functions (63). While the actions of
anti-CD40L mAb are not fully understood (12,13,64-67), it is generally thought that deficiency
in either CD40L (16) or CD40 (reviewed in (68)) disrupts a crucial step in T cell activation
and renders these cells anergic. These cells could now provide a target for OX40 stimulation,
as anergic cells upregulate OX40 on their surface (52). Thus, OX40 stimulation of T cells may
reverse anergy induced by CD40-CD40L blockade thereby allowing the emergence of
otherwise silenced donor-reactive effector cells resulting in anti-graft responses. Our findings
are in keeping with these possibilities and represent the first report of OX40 stimulation in the
absence of CD40-CD40L interactions in the transplant setting.

The findings discussed above were generated when OX40 stimulation occurred at the onset of
CD40-CD40L blockade. Hence, we assessed the consequences of delayed OX40 stimulation
once allografts had been accepted following CD40-CD40L blockade. Inductive CD40-CD40L
blockade allowed for continued graft function and primed donor-reactive cytokine-producing
cells were rare (Fig. 3, 5A & 5B). However, delayed OX40 stimulation induced graft pathology
and Th1 and Th2 cell priming yet did not induce acute graft rejection (Fig. 6). Thus, these
findings support previous observations that following CD40-CD40L blockade a number of
recipient lymphocytes retain graft reactivity despite graft acceptance (14). As OX40 is only
expressed following T cell activation (Fig. 1, (3)), naive cells should fail to respond to OX40
stimulation while anergic cells should be responsive. Indeed, anti-CD40L treatment has been
shown to maintain graft-reactive cells in a quiescent precursor state and these cells can be
activated in vitro (14). Inhibition of CD40-CD40L interactions favors the generation of
regulatory T cells (69-71), and these regulatory T cells may be adequate to prevent donor-
reactive cells from acutely rejecting accepted grafts following delayed OX40 stimulation.
Recent data suggest that after OX40 stimulation regulatory T cells are less efficient suppressors
of effector cell proliferation and cytokine production (72,73), and that OX40 stimulation may
reverse regulatory T cell function (74).

Differential induction of antibody isotypes by initial vs. delayed OX40 stimulation correlated
with acute vs. chronic graft rejection. Interestingly, donor-reactive cytokine production was
induced in both settings. Indeed, initial vs. delayed OX40 stimulation was associated with
differential antibody deposition within the allografts of CD40-/- recipients (Fig. 7D). Hence,
deliberate OX40 stimulation is sufficient to induce a donor-reactive isotype switch in the
absence of CD40 interactions. The isotypes of these antibodies are consistent with the types
of cytokines produced. Inductive OX40 stimulation induced both IFNγ and IL-4 (Fig. 5) and
both IgG2a and IgG1 donor-reactive antibodies (Fig. 7, (75)). In contrast, delayed OX40
stimulation induced a strong Th2 and dampened Th1 response as compared to the inductively
treated recipients (Fig. 6D) and IgG1 production (Fig. 7D). While IgG2 is a potent activator
of complement, IgG1 is not (46). It has been previously reported that IgG2b, but not IgG1 alone
is sufficient to induce acute graft rejection (76), and that together IgG2a and IgG1 can synergize
to induce acute graft rejection and complement deposition (45,77). Additionally, IgG1 alone
does not induce acute graft rejection but does induce chemokine release by the endothelial cells
(77). Hence, inductive OX40 stimulation may lead to the production of both IgG1 and IgG2a,
synergistically contributing to acute graft rejection by activating complement, whereas delayed
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OX40 stimulation may lead to the production of IgG1 alone and contribute to chronic rejection.
This possibility remains to be formally tested.

Taken together, data herein suggest that OX40 stimulation may have multiple effects on
immune responses following CD40-CD40L blockade. These effects may depend on both cell
types affected and timing of OX40 stimulation relative to both antigen exposure and “danger
signal” presence. Inductive OX40 stimulation may affect the cytokine profile of activated cells,
prevent the development of regulatory cells, and/or rescue graft-reactive cells from anergy
induced by CD40-CD40L blockade. Conversely, after the “danger signals” associated with
transplantation have been resolved, delayed OX40 stimulation may affect the suppressive
activities of OX40+ regulatory T cells. Further, inductive, but not delayed OX40 stimulation
correlated with thrombosed arteries in grafts undergoing acute, but not chronic rejection. Our
findings should be of interest clinically as they demonstrate redundancy and key functional
differences in costimulatory molecule function and should be considered when developing
anti-rejection regimens.
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Figure 1. Comparison of OX40 surface expression between C57BL/6 and BALB/c cells after
stimulation
Splenocytes from either WT or CD40-/- C57BL/6 and BALB/c mice were stimulated with
ConA for 0h, 24h, 48h, or 72h before analysis of OX40 surface expression by flow cytometry.
Data are represented as the mean channel fluorescence of CD4+ T cells stained for OX40,
reflecting OX40 surface density (A), or the percentage of CD4+ splenocytes that are OX40+
(B). All data are representative of at least three separate experiments.
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Figure 2. Stimulatory anti-OX40 mAb acts on CD4+ T cells
(A) WT C57BL/6 allograft recipients were transiently depleted of CD4+ or CD8+ cells (1 mg
i.p. anti-CD4 mAb or anti-CD8 mAb days -1, 0, and 7 relative to transplant) concurrent with
agonistic anti-OX40 mAb (closed symbols, solid line) or control rat IgG treatment (open
symbols, dashed line) (0.25 mg i.p. days 0, 1, 3 and 7 relative to transplant). (B) Recipients
treated as described in Panel A were sacrificed either at time of rejection or 30 days post
transplant. Donor-reactive Th1 (IFNγ) and Th2 (IL-4) splenocyte responses were quantified
by ELISPOT. Individual data points represent the number of primed donor-reactive Th1 or
Th2 cells in individual allograft recipients. Bars are indicative of the average number of donor-
reactive splenocytes per experimental group. (C) WT recipients inductively depleted of CD4
+ T cells were treated with stimulatory anti-OX40 mAb (closed circles, solid line) or control
rat IgG (open circles, dashed line) 30 days post transplantation (0.25 mg i.p. days 30, 31, 33
and 40 relative to transplant) and monitored for function. (D) Recipients treated as described
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in Panel C were sacrificed either at the time of allograft rejection or 30 days after the initiation
of treatment. Th1 (IFNγ) and Th2 (IL-4) splenocyte responses were quantified by ELISPOT.
Individual data points represent the donor-reactive Th1 and Th2 responses of individual
allograft recipients. Bars are indicative of the average number of donor-reactive Th1 or Th2
cells per experimental group.
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Figure 3. OX40 stimulation overrides induction of allograft acceptance induced by inhibition of
CD40-CD40L interactions
C57BL/6 WT recipients, WT recipients treated with anti-CD40L mAb (1 mg i.p. days 0, 1 and
2 relative to transplant), CD40L-/-, or CD40-/- C57BL/6 mice were transplanted with BALB/
c cardiac allografts and treated with agonistic anti-OX40 mAb (closed symbols, solid line) or
a control rat IgG (open symbols, dashed line) and grafts were monitored for function.
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Figure 4. Pathology of acute rejection induced by OX40 stimulation following CD40-CD40L
blockade
(A) Allografts from C57BL/6 WT recipients, WT recipients treated with anti-CD40L mAb,
CD40L-/-, or CD40-/- recipients treated with either anti-OX40 mAb (top row) or control rat
IgG (bottom row) were harvested at time of rejection (anti-OX40 mAb treated) or 10 days post
transplant (rat IgG treated) and stained by H&E. Note the perivascular infiltrate and thrombosed
vessels (black arrows) in rejecting grafts following OX40 stimulation (magnification = 400x).
GIC (B) and splenocytes (C) were harvested from recipients treated with anti-OX40 mAb or
control rat IgG and Wright stained. One hundred cells were counted in at least 4 different fields
and bars (mean + S.E.M.) represent the percentage of granulocytic cells present in either the
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graft (B) or spleen (C) (n ≥3 mice). Representative fields from CD40-/- recipients treated with
anti-OX40 show both granulocytes (red arrows) and mononuclear cells that appear activated
(characterized by diffuse nuclei and abundant cytoplasm, black arrows, center panels, 1000x).
Representative fields of control CD40-/- recipients receiving rat IgG are depicted in bottom
right of Panels (B) and (C). (D) Absolute number of cells recovered from the spleens and
allografts of recipients treated with either anti-OX40 (shaded bars) or rat IgG (open bars) are
depicted. The number of cells present in the spleens of allograft recipients was not dramatically
increased, whereas the number of cells present within the allografts of recipients in which
CD40-CD40L interactions were ablated was significantly increased after treatment with anti-
OX40 mAb (all p values < 0.05). Bars represent the mean (+ S.E.M) of cells recovered from
at least six recipients per group.
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Figure 5. OX40 stimulation induces donor-reactive Th1 and Th2 responses following CD40-CD40L
blockade
C57BL/6 WT recipients, WT recipients treated with anti-CD40L mAb, CD40L-/-, or CD40-/-
recipients were transplanted with cardiac allografts and were treated with either anti-OX40
mAb or control rat IgG. Splenocytes were harvested at the time of rejection (recipients treated
with anti-OX40 and WT + rat IgG) or 30 days after transplantation (rat IgG treated recipients
in which CD40-CD40L interactions were ablated). Donor-reactive Th1 (IFNγ, A) and Th2
(IL-4, B) responses were quantified by ELISPOT. To determine the cell populations producing
these cytokines, either CD4+ (open circles) or CD8+ (closed circles) cells were depleted from
whole splenocyte (closed squares) populations prior to addition to ELISPOT Th1 (IFNγ, C) or
Th2 (IL-4, D) assays. P values are in comparison to data from whole splenocyte populations.
N/A; non-applicable, N/S; not significant.

Burrell et al. Page 22

J Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Delayed OX40 stimulation promotes chronic, rather than acute rejection of accepted
grafts following CD40-CD40L blockade
(A) WT recipients treated with anti-CD40L mAb, CD40L-/-, or CD40-/- recipients were
transplanted with cardiac allografts and were treated with delayed anti-OX40 mAb (closed
symbols, solid line) or control rat IgG (open symbols, dashed line) (0.25 mg i.p. days 30, 31,
33 and 40 relative to transplant). (B) Grafts from recipients described in (A) were harvested 60
days post transplantation and stained with H&E. In the anti-OX40 mAb treated groups areas
of increased infiltrate were apparent, particularly around the arteries. Splenocytes from
recipients described in Panel A were assessed for donor-reactive Th1 (IFNγ, C) and Th2 (IL-4,
D) by ELISPOT. (E) Sections of grafts from recipients described in Panel A were stained with
Masson trichrome stain, which stains collagen blue. Frames in both (B) and (E) are of grafts
from CD40-/- recipients and are representative of n = 3 – 4 control rat IgG treated mice and n
= 5 - 6 anti-OX40 treated recipients in which recipient CD40-CD40L interactions were
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disrupted. The areas of grafts staining positive for collagen deposition were quantified by
morphometric analysis (Panel E, right). Bars represent the average percentage + S.E.M. of
graft area positive for collagen in n = 3 – 4 rat IgG treated recipients and n = 5 – 6 anti-OX40
treated recipients.
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Figure 7. OX40 stimulation induces production of donor-reactive alloantibodies in the absence of
CD40
Sera from C57BL/6 CD40-/- recipients of cardiac allografts treated with anti-OX40 mAb
(shaded bars) or rat IgG (open bars) were harvested at either time of rejection or 10 days after
transplant. P815 (H-2d) cells were then incubated with a 1:50 dilution of sera, and bound donor-
reactive antibody was detected by incubation with FITC-tagged anti-IgM (A) or anti-IgG (B)
antibodies. The mean channel fluorescence is indicative of the relative amount of donor-
reactive antibodies. Bars represent the average mean channel fluorescence of n = 3 control rat
IgG treated recipient and n = 5 anti-OX40 treated recipient samples + S.E.M. (C) Sera of
CD40-/- allograft recipients treated with anti-OX40 mAb or control rat IgG were diluted
10-3 and the relative amounts of total mouse IgG present were quantified by sandwich ELISA.
Shaded bars (anti-OX40 mAb treated) and open bars (rat IgG control treated) represent the
average O.D. (A450nm) of n = 3 control rat IgG treated recipient and n = 5 anti-OX40 treated
recipient sera samples + S.E.M. (D) C57BL/6 CD40-/- allograft recipients were treated with
control rat IgG (left column) or anti-OX40 mAb at time of transplant (inductive, middle
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column) or 30 days after transplantation (delayed, right column) and grafts were harvested at
either time of rejection or functioning grafts were harvested 60 days after transplantation.
Depicted are grafts from recipients treated with rat IgG at the time of transplantation, which is
representative of results obtained from both inductive and delayed treatment with rat IgG. Graft
sections were fixed and incubated with goat anti-mouse IgG, rabbit anti-mouse IgG1, or rabbit
anti-mouse IgG2a followed by development with AEC to visualize mouse antibody deposition.
Results are representative of grafts from n = 4 – 10 recipients. 400X magnification.

Burrell et al. Page 26

J Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


