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Abstract

Graft-versus-host disease (GVHD) is one of the major obstacles for the success of allogeneic 

hematopoietic stem cell transplantation. Here, we report that the interaction between OX40L and 

OX40 is of critical importance for both induction and progression of acute GVHD (aGVHD) 

driven by human T cells. Anti-human OX40L monoclonal antibody (hOX40L) treatment could 

thus effectively reduce the disease severity in a xenogeneic-aGVHD (x-aGVHD) model in both 

preventative and therapeutic modes. Mechanistically, blocking OX40L-OX40 interaction with an 

anti-hOX40L antibody reduces infiltration of human T cells in target organs, including liver, gut, 

lung, and skin. It also decreases IL-21- and TNF-producing T cell responses, while promoting 

regulatory T cell (Treg) responses without compromising the cytolytic activity of CD8+ T cells. 

Single blockade of hOX40L was thus more effective than dual blockade of IL-21 and TNF in 

reducing the severity of aGVHD as well as mortality. Data from this study indicate that OX40L-

OX40 interactions play a central role in the pathogenesis of aGVHD induced by human T cells. 

Therapeutic strategies that can efficiently interrupt OX40L-OX40 interaction in patients might 

have potential to provide patients with an improved clinical benefit.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) offers great opportunities for 

curing hematologic malignancies. However, graft-versus-host disease (GVHD) is one of the 

major causes of HSCT failure. Current post-transplant prophylaxis is primarily based on the 

use of non-specific immunosuppressive drugs, which include corticosteroids, calcineurin 

inhibitors, methotrexate, mycophenolate mofetil, and sirolimus (1–4). Such non-specific 

immunosuppression neither spares pre-existing memory cells nor discriminates between 
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alloreactive and non-alloreactive T cells. Thus, controlling GVHD with non-specific 

immunosuppressive drugs comes at the cost of increased graft failure, disease relapse, drug 

toxicity, and compromised immunity to post-transplant infections, such as cytomegalovirus 

(5). Even though glucocorticoid treatment is a first-line therapy, a substantial number of 

patients are not responsive to it (6), and the management of steroid refractory acute GVHD 

(aGVHD), which is associated with poor prognosis, often requires custom-tailored therapy 

due to the lack of standardized preventive measures. Therefore, it is important to develop a 

new strategy that can prevent and treat aGVHD while preserving host immunity to infections 

and graft-versus-leukemia (GVL) effect.

Dendritic cells (DCs) play an important role in the development of aGVHD after 

transplantation (7–9). Accordingly, depletion of DCs or blockades of certain costimulatory 

molecules result in improved allograft survivals with a reduced incidence of GVHD (7, 8, 

10). Among the costimulatory molecules, OX40L is known to contribute to T cell-driven 

inflammatory diseases, including asthma, experimental autoimmune encephalomyelitis, 

collagen-induced arthritis, and fibrosis (11–15). Previous studies have also shown that 

blocking OX40L early in the post-bone marrow transplantation (BMT) period reduces the 

severity of aGVHD manifestations in murine and non-human primates (16–18). Such 

preventative effect of OX40L blockade is independent of signal transducer and activator of 

transcription (STAT)-4 for T helper 1 (Th1) or STAT-6 for Th2 signaling (17). In addition, 

another study also reported that anti-mouse OX40L antibody treatment reduces aGVHD 

manifestations in BMT, but with an increase of Th2 responses (19). In contrast to the data 

generated in animals (16, 19), OX40L expressed on human DCs is well known to play a key 

role in the induction and promotion of inflammatory Th2 responses with an increase of 

STAT-6 activation (20–22). Recently, we and others have also demonstrated a pivotal role of 

OX40L in promoting T follicular helper (Tfh) cell responses (23, 24). It is thus important to 

test whether OX40L-OX40 interaction is also a critical component for the induction and 

progression of aGVHD induced by human antigen presenting cells (APCs) and T cells. 

Furthermore, understanding the mechanisms by which OX40L blockade ameliorates 

aGVHD manifestations induced by human immune cells will also be fundamental for the 

clinical development of OX40L blockade in future. In this study, we thus investigated 

whether OX40L-OX40 interaction is a critical component for the induction as well as for the 

progression of ongoing aGVHD. This was tested by measuring preclinical efficacy of an 

anti-human OX40L monoclonal antibody (anti-hOX40L) in immunodeficient mice 

transplanted with human peripheral blood mononuclear cells (PBMCs). We also assessed the 

mechanisms by which anti-hOX40L suppresses aGVHD.

Materials and methods

Mice

Female NOG (NOD.Cg-Prkdcscid Il2rgtm1Sug/JicTac) mice (Taconic Biosciences) were 

housed in a specific pathogen-free environment at the animal facility. All experiments were 

performed under the protocol approved by the Mayo Clinic and Baylor Health Care System 

Institutional Animal Care and Use Committee. All mice received daily monitoring and care 

from the animal facility staff under the supervision of a veterinarian.
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Xenogeneic aGVHD model and treatments

On day 0, female NOG mice (6-to-8 weeks old) received 1×107 freshly isolated human 

PBMCs via tail vein. PBMCs were isolated from buffy coats (Carter BloodCare) by density 

gradient centrifugation using Ficoll-Paque Plus (GE Healthcare). In a preventive mode, 

animals were given anti-hOX40L or IgG2b (10 μg per dose) intraperitoneally (i.p.) 3 times 

weekly from day 1 post-transplantation through week 3. In a therapeutic mode, animals were 

given anti-hOX40L or IgG2b (10 μg per dose) intraperitoneally 3 times weekly from day 21 

post-transplantation through week 6. Clinical symptoms of aGVHD were graded according 

to published criteria (25). Peripheral blood was collected weekly after transplantation. 

aGVHD mice were euthanized in week 2 or week 4 post-transplantation. Liver, lung, spleen, 

skin, and gut tissues were collected for flow cytometry and histological analysis.

Anti-hOX40L generation and characterization

Mouse monoclonal antibody specific for human OX40L [19A3, IgG2b, GenBank accession 

number: MF589177 (www.ncbi.nlm.nih.gov/nuccore/MF589177.1) and MF589178 

(www.ncbi.nlm.nih.gov/nuccore/MF589178.1) was generated in house as described 

previously (26). Recombinant fusion protein of hOX40L ectodomain and hIgG Fc (26) were 

expressed using the UCOE pCET-HS-puro vector system according to the manufacturer’s 

protocol (Gibco), and purified by HiTrap protein A affinity chromatography (GE 

Healthcare). Anti-hOX40L (19A3, IgG2b) was purified by high-performance liquid 

chromatography using MabSelect SuRe HiTrap affinity column (GE Healthcare). The 

specificity of anti-hOX40L mAb was characterized by staining L cells transfected with 

hOX40L and by enzyme-linked immunosorbent assays (ELISAs) using plates coated with 

recombinant hOX40L ectodomain fused to hIgG Fc generated as previously described (26).

DC and T cell co-culture and cytokine assay

Blood myeloid DCs (mDCs) (Lin–HLA-DR+CD11c+CD123–) and allogeneic naïve CD4+ T 

cells (CD45RA+CD45RO–CCR7+) were sorted by FACSAria II (BD Biosciences). The 

purities of FACS-sortd cells were >99%. Total T cells, CD4+, and CD8+ T cells were 

isolated from PBMCs using enrichment kits (STEMCELL Technologies). Cells were 

cultured in a complete RPMI (cRPMI) 1640 medium containing 10% fetal calf serum (FCS, 

Gemini). cRPMI 1640 is composed of RPMI 1640 (Thermo Fisher Scientific) supplemented 

with 50 unit/mL penicillin, 50 μg/mL streptomycin, 2 mM L-glutamate, 1X non-essential 

amino acids, 1 mM sodium pyruvate (Sigma-Aldrich), and 25 mM HEPES (Thermo Fisher 

Scientific). mDCs were stimulated for 24h with 20 ng/mL thymic stromal lymphopoietin 

(TSLP) (27) and then washed. A total of 2×104/mL TSLP-mDCs were co-cultured for 7 

days with 2×105/mL allogeneic T cells in the presence of anti-hOX40L or control antibody 

(5 μg/mL). T cells were then restimulated with Dynabeads human T-activator CD3/CD28 

(Thermo Fisher Scientific) for 24h. T cell cytokine expression was assessed by intracellular 

cytokine staining as well as by multiplex bead-based assay (Millipore).

Tissue samples were homogenized and filtered through a 70 μm strainer. Human 

mononuclear cells (MNCs) were isolated by density-gradient centrifugation with Percoll 

(GE Healthcare). Cells were washed with cRPMI prior to analysis. Spleen cells were further 

treated with red blood cell (RBC) lysis buffer (Tonbo Biosciences). To assess intracellular 
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cytokine expression by T cells, cells were stimulated for 6h with phorbol 12-myristate 13-

acetate (PMA, Sigma) at 25 μg/mL and ionomycin (Sigma) at 1 μg/mL in the presence of 

brefeldin A and monensin (BD Biosciences).

Antibodies, flow cytometry, and other reagents

Antibodies specific for CD3 (OKT3), CD8a (RPA-T8), CD123 (6H6), CD127 (A019D5), 

CD278 (ICOS, C398.4A), IL-21 (3A3-N2), TNF (MAb11), IL-4 (MP-425D2), IL-5 (JES1–

39D10), IL-13 (JES10–5A2), HLA-DR (L243), CCR4 (L291H4), and linage cocktail were 

purchased from BioLegend. Antibodies specific for CD4 (RPA-T4), CD11c (B-ly6), CD19 

(HIB19), CD25 (2A3), CD45 (HI30), CD56 (NCAM16.2), CD279 (PD-1, EH12.1), IL-17 

(N49–653), and IFNγ (4S.B3) were from BD Biosciences. Antibodies specific for CD14 

(61D3), IL-10 (JES3–9D7), CTLA-4 (14D3), and Foxp3 (PCH101) were from eBioscience. 

Anti-CXCR5 (51505) was from R&D Systems. Live/Dead Fixable dead cell stain kit and 

CellTrace CFSE Cell Proliferation kit were purchased from Invitrogen. Neutralizing anti-

human IL-21 monoclonal antibody (anti-hIL-21) was generated as previously described 

(28). Etanercept was purchased from the pharmacy at Baylor University Medical Center. 

LSRFortessa (BD Biosciences) was used and flow cytometry data were analyzed with 

FlowJo v9 (FlowJo LLC).

U937-specific CTL generation and cytotoxicity assays

NOG mice with GVHD were i.p. injected with 1×107 γ-irradiated (30 Gy) U937 cells 

(ATCC) on days 0,7, and 14. GVHD mice were treated with anti-hOX40L or IgG2b at 10 μg 

per dose on days 1,3,5,8,10, and 12, and were euthanized on day 21. NOG mice with GVHD 

without i.p. injection of γ-irradiated U937 cells served as unimmunized control group. 

Human CD8+ T cells were enriched from spleens using enrichment kits (STEMCELL 

Technologies). The purity of enriched CD8+ T cells was >92%. CD8+ T cells were 

cocultured with calcein AM-stained U937 cells at varying effector-to-target ratios for 4 h at 

37°C. The fluorescence release into the supernatant by the lysed target cells was measured 

on a SpectraMax M2 (Molecular Devices). Percent lysis was calculated based on the 

background-subtracted test fluorescence relative to the maximum fluorescence without 

background. Background fluorescence was defined as spontaneous calcein AM release by 

the labeled U937 without any CTLs. Maximum fluorescence was defined as calcein AM 

release in the presence of 4% Triton-X 100 (Sigma) (29).

Statistics

Significance was determined in Prism 6.0h (GraphPad Software) using the analysis of 

variance (ANOVA) test for multiple comparison tests or Student’s t test for two-group 

comparisons. Survival rates were analyzed by log-rank test using the Mantel-Cox method. P 
values < 0.05 were considered statistically significant.

Results

Anti-human OX40L monoclonal antibody

A mouse anti-hOX40L mAb (clone 19A3, IgG2b) was generated and its specificity was 

verified by staining hOX40L-expressing L cells (Fig. 1A) and ELISAs (Fig. 1B).
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We next tested whether anti-hOX40L (19A3) is capable of modulating allogeneic CD4+ T 

cell responses elicited with TSLP-treated mDCs. Fig. 1C shows that anti-hOX40L treatment 

resulted in decreased IL-5-, TNF-, IL-21-, and IFNg-producing CD4+ T cell responses while 

it promotes IL-10-producing CD4+ T cell responses. In support of the increase of IL-10-

producing CD4+ T cell responses, anti-hOX40L treatment increased the frequency of 

CD25+Foxp3+CD127low regulatory T cells (Tregs) (Fig. 1D).

Anti-hOX40L prevents the development of aGVHD with a gradual expansion of human 
leukocyte overtime

To test whether anti-hOX40L mAb could prevent the development of aGVHD, we employed 

a xenogeneic-aGVHD (x-aGVHD) model, where human T cells play a central role in the 

pathogenesis of aGVHD (30). GVHD development in this model is dependent upon human 

PBMC xeno-reactivity with mouse major histocompatibility (MHC) class I and class II (31–

33). Following an i.v. injection of human PBMCs on day 0, animals received i.p. injections 

of either control IgG2b or anti-hOX40L mAb at indicated time points (Fig. 2A). The amount 

of antibody used in this study was pre-determined (Supplemental Fig. 1A). Anti-hOX40L 

treatment enhanced mouse survival at both 10 and 100 μg per dose. However, the frequency 

of human cells was significantly decreased at 100 μg per dose (Supplemental Fig. 1B). A 

dose of 10 μg was thus chosen for this study. Fig. 2A shows that mice treated with anti-

hOX40L maintained and even gained body weight throughout the course of the experiment, 

while mice treated with IgG2b lost almost 20% of body weight by week 4. In addition, anti-

hOX40L-treated mice exhibited a significantly increased overall survival rate (Fig. 2B). All 

mice treated with IgG2b developed aGVHD from week 2, but anti-hOX40L-treated mice 

were symptom free until week 8, 5 weeks after the last dose of anti-hOX40L (Fig. 2C).

Weekly analysis of circulating human leukocytes in the peripheral blood showed that human 

CD45+ leukocytes were detected in all mice, and their frequency peaked in week 4 for 

IgG2b-treated mice and week 8 for anti-hOX40L-treated mice (Fig. 2D). Fig. 2E shows that 

the kinetics of the frequency of CD3+ cells closely resembled that of CD45+ cells. 

Accordingly, the majority (>70%) of the human CD45+ cells in the blood of aGVHD mice 

were CD3+ (Fig. 2F), as previously reported (34, 35). Whereas the frequency of circulating 

human CD4+ T cells remained comparable in the two groups for the first 2 weeks post-

transplantation, anti-hOX40L-treated mice displayed a sustained blood CD4+ T cells week 3 

(Supplemental Fig. 2A). The frequency of CD8+ T cells from anti-hOX40L-treated mice 

was lower than that of their IgG2b-treated mice in week 3 (Supplemental Fig. 2B). The 

percentages of human CD19+ B cells, CD14+ monocytes, and CD3–CD56+ NK cells all 

decreased over time in the two groups (Supplemental Fig. 2C–E). Taken together, these 

results show that anti-hOX40L treatment can effectively prevent the development of aGVHD 

in the x-aGVHD model. Mice treated with anti-hOX40L had decreased engraftment of 

human T cells at an early time point, but it expanded over time without showing aGVHD 

symptoms.

OX40L blockade reduces human leukocyte infiltration into target tissues

Tissue damage in target organs caused by human lymphocytes in aGVHD models is mainly 

due to an infiltration of human lymphocytes and cytokine storm (36, 37). We therefore 
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analyzed human leukocyte infiltration in the liver, lung, and spleen of recipient mice on 

week 4 before control mice died. As shown in Fig. 3A, the absolute numbers of MNCs 

isolated from the livers of anti-hOX40L-treated mice were significantly lower than those 

from the IgG2b-treated mice. However, this was not the case in the lungs or spleens. Further 

analysis of single-cell suspensions of the target tissues shows that anti-hOX40L-treated mice 

had a significantly lower infiltration rate of human CD45+ cells in the livers, lungs, and 

spleens than IgG2b-treated mice (Fig. 3B). Anti-hOX40L treatment did not significantly 

alter human CD4+ T cell infiltration in the livers, but it decreased CD8+ T cell infiltration 

(Fig. 3C). Immunohistochemistry data (Fig. 3D) further demonstrated that anti-hOX40L 

treatment could decrease CD8+ T cell infiltration in the livers. Livers of the IgG2b-treated 

animals were heavily infiltrated by human CD45+ cells, including CD3+ T cells, whereas 

anti-hOX40L treatment decreased the infiltration of these cells. Anti-hOX40L treatment also 

resulted in decreased infiltration of CD45+, CD3+, CD4+, CD8+ cells in both guts and skin 

(Supplemental Fig. 3). Taken together, these data (Fig. 3 and Supplemental Fig. 3) suggest 

that anti-hOX40L treatment reduces human T cell infiltration in the aGVHD target organs.

Anti-hOX40L treatment reduces inflammatory T cell responses while promoting Treg 
responses in aGVHD mice

To further understand the mechanisms whereby anti-hOX40L treatment ameliorates x-

aGVHD, we first investigated OX40L expression by DCs and T cells. As shown in Fig. 4A, 

during x-aGVHD, OX40L-expressing CD1c+ cells closely interacted with T cells in the 

spleens. Interestingly, the majority of T cells in the spleens also expressed OX40L as well, 

as previously described (38).

We next investigated the cytokine expression profiles of splenic T cells from the two groups 

of mice on week 4. As shown in Fig. 4B, anti-hOX40L treatment resulted in the 

enhancement of IL-10-producing CD4+ T cell responses, whereas it decreased IL-21-, TNF-, 

and IFNg-producing CD4+ T cell responses. Such decreases were similarly observed in 

CD8+ T cell responses (Fig. 4C). In line with the increase of IL-10+ CD4+ T cell responses 

(Fig. 4B), anti-hOX40L treatment also increased the frequency of 

CD25+Foxp3+CD127loCTLA-4+CCR4+ Tregs (Fig. 4D) (39). Anti-hOX40L treatment also 

resulted in decreased expression of PD-1 on the surface of CXCR5+ICOS+CD4+ follicular 

helper T (Tfh) cells (Fig. 4E).

We also investigated the cytokine expression profiles of T cells from both livers and lungs 

from the two groups of animals (Supplemental Fig. 4). Anti-hOX40L-treated mice had less 

abundant IL-21+ and IFNγ+CD4+ T cells (Supplemental Fig. 4A) in the livers as well as in 

the lungs (Supplemental Fig. 4B). Anti-hOX40L treatment also resulted in decreased 

frequency of IL-21+, TNF+, and IFNγ+ CD8+ T cells in the livers (Supplemental Fig. 4C) 

and lungs (Supplemental Fig. 4D). Although the differences were not statistically 

significant, there was a tendency toward increased IL-10+CD4+ T cells in both livers and 

lungs (Supplemental Fig. 4A–B) from anti-hOX40L-treated mice, when compared with 

control mice. Similar to the splenic Tfh cells (Fig. 4E), CXCR5+ICOS+CD4+ T cells from 

both livers (Supplemental Fig. 4E) and lungs (Supplemental Fig. 4F) of animals treated with 

anti-hOX40L-treated mice showed decreased surface PD-1 expression, which is consistent 
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with the decrease in IL-21+CD4+ T cells (Supplemental Fig. 4A–B). Taken together, our 

data (Fig. 4 and Supplemental Fig. 4) demonstrate that anti-hOX40L treatment promotes 

Treg responses while decreasing inflammatory T cell responses, which can suppress the 

development of x-aGVHD. The frequency of Th2 and Th17 cells were too low to determine 

the effects of anti-hOX40L treatment.

Anti-hOX40L is more effective than the combination of etanercept and anti-hIL-21 in 
preventing aGVHD

Both TNF and IL-21 contribute to the pathogenesis of aGVHD (1, 40, 41). Our data show 

that anti-hOX40L treatment decreases both TNF- and IL-21-producing T cell responses. We 

thus compared anti-hOX40L with combination of etanercept and anti-hIL-21 for their ability 

to suppress aGVHD manifestations. Fig. 5A shows that anti-hOX40L-treated mice did not 

show a significant weight loss overtime, while IgG2b-treated mice started losing body 

weight after week 3. Significant body weight loss and progressive disease severity were also 

observed after week 4, a week after the final treatment, for the mice that received the 

combination of etanercept and anti-hIL-21 (Fig. 5B), with only half of the mice alive by the 

end of week 6 (Fig. 5C). In contrast, anti-hOX40L-treated mice had a survival rate of 100% 

up to week 6 and remained free of aGVHD symptoms (Fig. 5B–C). Taken together, these 

data indicate that IL-21 and TNF contribute to aGVHD, as previously reported (1, 42–44). 

Nonetheless, anti-hOX40L is more efficient than the combination of etanercept and anti-

hIL-21 in ameliorating aGVHD symptoms, which could be supported with the enhanced 

Treg responses by anti-hOX40L treatment. These data also demonstrate that immune 

modulation with anti-hOX40L results in better and more sustained outcomes than blocking 

such soluble cytokines.

Anti-hOX40L treatment does not impair cytolytic activity of CD8+ T cell

We next tested whether anti-hOX40L treatment could interfere with cytolytic activity of 

CD8+ T cells. As presented in Fig. 6A, aGVHD mice were immunized with γ-irradiated 

U937 cells, a human histolytic lymphoma cell line, on day 0, and boosted on days 7 and 14 

(29), while they were treated with anti-hOX40L three times a week for 2 weeks. On day 21, 

splenic CD8+ T cells were tested for their cytolytic activities using calcein-acetoxymethyl 

(calcein AM)-stained U937 cells. As shown in Fig. 6B, CD8+ T cells from anti-hOX40L-

treated mice displayed no compromises in their killing capacity against U937 target cells 

when compared with mice treated with IgG2b. CD8+ T cells from unimmunized animals did 

not lyse U937 cells. These data suggest that anti-hOX40L treatment efficiently suppresses x-

aGVHD, while it does not interfere with cytolytic activity of CD8+ T cells.

Anti-hOX40L treatment can suppress an established aGVHD

We next assessed therapeutic efficacy of anti-hOX40L in mice with mild to severe aGVHD. 

aGVHD mice were injected i.p. with either anti-hOX40L or IgG2b starting from day 21 

when mice already exhibited mild-to-severe aGVHD symptoms. Administration of anti-

hOX40L stabilized the average body weight and significantly reduced aGVHD-related 

lethality compared with the IgG2b-treated group during the course of the study (Fig. 7A–B). 

Anti-hOX40L treatment kept the clinical manifestations of aGVHD in check and even 
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alleviated the symptoms shortly after the treatment started in week 3 (Fig. 7C). These data 

suggest that anti-hOX40L treatment is able to manage ongoing aGVHD.

Discussion

This study demonstrates that the interaction between OX40L and OX40 is a critical 

component not only for the induction of aGVHD, but also for the progression of aGVHD. 

Accordingly, blocking the interaction between OX40L and OX40 with anti-hOX40L 

antibody can effectively prevent and treat x-aGVHD that is caused mainly by human T cells. 

In addition, this study also extends previous works performed in animals (16, 17) by 

providing mechanisms whereby hOX40L blockade ameliorate aGVHD manifestations 

without compromising cytolytic activity of CD8+ T cells.

Our results highlight the significant effects of OX40L blockade on preventing aGVHD 

associated organ damage and lethality. Treatment with anti-hOX40L markedly reduced 

human CD45+ cell infiltration in aGVHD target tissues such as skin, liver, lung, and 

intestine. Interestingly, anti-hOX40L treatment did not significantly alter the frequency of 

CD4+ T cells infiltration in the target organs tested. However, anti-hOX40L treatment 

resulted in significant decreases of CD8+ T cell infiltration in the target organs especially 

livers and lungs. These data may indicate the roles of CD8+ T cells in the pathogenesis of 

aGVHD (30, 40, 45, 46).

In addition to the reduced infiltration of T cells in target organs, anti-hOX40L treatment 

resulted in decreases of IL-21-, TNF-, and IFNg-producing CD4+ and CD8+ T cell 

responses overall, although the levels of significance are variable in different tissues. The 

decrease of Tfh responses by anti-hOX40L treatment was also supported by the finding that 

PD-1 expression levels (47–50) on Tfh cells (CD4+CXCR5+ICOS+) in target organs and 

spleen are significantly decreased by anti-hOX40L treatment.

More importantly, anti-hOX40L treatment resulted in increases of IL-10-producing CD4+ T 

cell responses, which is in line with the increased frequency of Tregs 

(CD4+CD25+FoxP3+CD127lowCTLA-4+CCR4+) in spleen and other tissues. In addition to 

the decreased proinflammatory T cell responses, such increases of Tregs expressing IL-10 in 

the target organs might also play critical roles in the preclinical outcomes of anti-hOX40L 

treatments (22, 24, 51–53). Sustained role of Tregs in the suppression of aGVHD can be 

further supported by the fact that animals received anti-hOX40L treatment for 3 weeks did 

not develop aGVHD until the end of experiment (week 8). Although the duration of 

treatment was specifically designed becuase human APCs were detectable up to 3 weeks 

post-transplantation and waned overtime, in order to gain a long-term tolerance, prolonged 

treatment with anti-hOX40L may take into account in clinical practice in bone marrow 

transplantation due to immune reconstitution.

In one of our ongoing study, we have further found that anti-hOX40L treatment can indeed 

promote allo-antigen-specific Treg responses in vitro (data not shown). Importantly, the 

increased frequency of functional Tregs in mice treated with anti-hOX40L did not interfere 
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with cytolytic activity of CD8+ T cells, suggesting that GVL and antigen-specific memory 

CD8+ T cell responses are still achievable.

Another notable finding of our studies was that blocking OX40L increases CCR4+ 

expression on CD4+ Tregs, indicating the migration capacity of Tregs to nonlymphoid 

tissues such as skin and lung (51). Interestingly, it has been reported that the pre-

transplantation use of mogamulizumab, an anti-CCR4 monoclonal antibody that was 

recently approved in Japan as a treatment for aggressive adult T cell leukemia/lymphoma, 

significantly increases the risks of severe and corticosteroid-refractory aGVHD (53). These 

results may support the importance of CCR4-expressing Tregs in controlling aGVHD.

Activated T cells can also express OX40L (54, 55). We also found that OX40L expression 

by CD3+ T cells was readily detectable in x-aGVHD mice. Therefore, we cannot rule out the 

effect of anti-hOX40L treatments on the potential roles of OX40L+ T cells in the 

pathogenesis of aGVHD. Although no differences were observed between T cells from 

OX40L–/– and wild-type mice in a primary MLR in vitro or in vivo (17), a human in vitro 
study suggested that anti-hOX40L reduces the proliferation of donor CD4+ T cells 

stimulated by purified OX40L–/– mature DCs (54). In this study, we noticed that high doses 

of anti-OX40L treatment resulted in enhanced animal survivals, but this is probably due to 

the decrease of human cell infiltration. We thus performed experiments with 10 μg per dose 

which provided a minimal impact on the frequency of circulating human CD45+ cells in the 

blood, while retaining maximal protection from aGVHD-induced lethality. Even with this 

low amount of anti-hOX40L antibody (10 ug per dose), when compared to anti-IL-21 (100 

ug per dose) and etanercept (200 ug per dose), we still can not rule out an antibody 

dependent cell-mediated cytotoxicity. However, this question may need to be properly 

addressed when anti-hOX40L antibody is humanized for clinical usages.

In conclusion, this study demonstrates that the interaction between OX40L-OX40 is critical 

importance for both the induction and progression of aGVHD caused by human T cells. 

Data from this study further demonstrate that blocking OX40L-OX40 interaction promotes 

Treg responses followed by an amelioration of aGVHD manifestation without interfering 

with CD8+ T cell functions. This study also strongly supports clinical development of anti-

hOX40L as a novel therapy for aGVHD, especially for patients with residual and relapsing 

hematological malignancies after allogeneic HSCT.
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Abbreviations used in this article:

aGVHD acute graft-versus-host disease

anti-hIL-21 Anti-human IL-21 monoclonal antibody

anti-hOX40L anti-human OX40L monoclonal antibody

mDC myeloid dendritic cells

MNCs mononuclear cells

NOG NOD.Cg-Prkdcscid Il2rgtm1Sug/JicTac

Tfh T follicular helper

Treg Regulatory T cell

X-aGVHD Xenegeneic acute graft-versus-host disease
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Figure 1. Anti-hOX40L decreases IL-5-, TNF-, IL-21, and IFNg-producing CD4+ T cell 
responses, but increases IL-10-producing regulatory CD4+ T cell responses.
(A) Assessment of anti-hOX40L antibody binding to hOX40L-expressing L cells (left) or L 

cells (right) by flow cytometry. (B) Assessment of anti-hOX40L antibody specificity by 

ELISA using plates coated with hOX40L protein. Data are representative from three 

independent experiments. (C) Allogeneic naïve CD4+ T cells were co-cultured with TSLP-

treated mDCs for 7 days in the presence of anti-hOX40L or control antibody. T cells were 

restimulated overnight with anti-human CD3/28 beads. The amount of cytokines secreted 

from T cells were measured by a bead-based multiplex assay, (D) Analysis of the frequency 

of CD4+ Tregs by flow cytometry. All data are representative of at least three independent 

experiments. Error bars represent mean ± SD of quadruplicate assays. P values were 

determined with unpaired Student’s t test. *P < 0.05, **P < 0.01.
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Figure 2. Anti-hOX40L treatment prevents aGVHD development in NOG mice transplanated 
with human peripheral blood mononuclear cells (PBMCs).
NOG mice received human PBMCs (1×107) via tail vein. animals were given anti-hOX40L 

or IgG2b (10 μg per dose) intraperitoneally 3 times weekly from day 1 post-transplantation 

through week 3. (A) Body weight changes, (B) Survival rates, (C) GVHD scores, (D) 
Frequency of circulating human CD45+ leukocytes, (E) Frequency of CD3+ T cells in whole 

blood, and (F) Frequency of human CD3+ T cells in human CD45+ cells. Error bars 

represent mean ± SD (n = 5 mice per group). Data are representative of three independent 

experiments. P values were determined with unpaired Student’s t test in (A, C–F) and 

Mantel-Cox log-rank test in (B). *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 3. Anti-hOX40L treatment decreases the frequency of human T cells in livers, lungs, and 
spleens of aGVHD mice.
NOG mice received human PBMCs (1×107) via tail vein. Mice were given anti-hOX40L or 

IgG2b (10 μg per dose) intraperitoneally 3 times weekly from day 1 post-transplantation 

through week 3. Animals were sacrificed on week 4. (A) Total number of mononuclear cells 

(MNCs), (B) Percentage of human CD45+ cells in total cells, and (C) Percentage of CD4+ 

and CD8+ T cells in total CD3+CD45+ T cells in liver, lung, and spleen. Error bars represent 

mean ± SD (n = 5 mice per group). Data are representative of three independent 

experiments. P values were determined with unpaired Student’s t test. *P < 0.05, **P < 0.01, 

***P < 0.005. (D) Immunohistochemistry images (10X) of human T cell infiltration in 

mouse liver. Representative data from three independent experiments (n = 5 mice per group) 

are shown.
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Figure. 4. Anti-hOX40L treatment reduces inflammatory T cell responses, while promoting 
regulatory T cell responses.
(A) Immunofluorescence of spleen. 2 weeks after human cell transplantation, spleens of an 

untreated x-aGVHD mice were collected and frozen sections were stained for aCD1c 

(green), aOX40L (red), aCD3 (blue). The outlined area on the left corresponds to the 

enlargement on the right. Original magnification, 20 (left) or 200 (right). Representative data 

are presented (n = 5 mice per group of three independent experiments). (B - E) Human T 

cells were isolated from spleens of mice received 10 dose of anti-hOX40L or IgG2b (4 

weeks post-transplantation). Cells were further stained for cell surface molecules and 

intracellular cytokines. (B) Intracellular cytokine expression of CD4+ (C) CD8+ T cells after 

restimulated with PMA/ionomycin. (D) Frequency of regulatory T cells (Tregs) and (E) 
Mean fluorescence intensity (MFI) value of PD-1 expression by splenic CXCR5+ICOS
+CD4+ T cells. Error bars represent mean ± SD (n = 5 mice per group). Data are 

representative of three independent experiments. P values were determined with unpaired 

Student’s t test. *P < 0.05, ***P < 0.005.

Tripathi et al. Page 18

Immunohorizons. Author manuscript; available in PMC 2019 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Anti-hOX40L is more effective than combination of etanercept and anti-hIL-21 in 
preventing aGVHD development.
NOG mice received human PBMCs (1×107) via tail vein. Mice were given anti-hOX40L (10 

μg per dose), combination of anti-hIL-21 (100 μg per dose) and etanercept (100 μg per 

dose), or isotype (200 μg per dose), intraperitoneally 3 times weekly from day 1 post-

transplantation through week 3. (A) Body weight changes, (B) clinical scores, and (C) 
survival rates were assessed. Error bars represent mean ± SD (n = 5 mice per group) and 

data are representative of three independent experiments. Individual P values were 

determined with Mantel-Cox log-rank test. *P < 0.05; **P < 0.01.
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Figure 6. Anti-hOX40L treatment does not impair CD8+ T cell functions.
(A) Schematic representation of experimental design. (B) Human CD8+ T cells were 

purified from mouse spleens. % specific lysis was assessed by measuring fluorescence 

intensity after 4h incubation of CD8+ T cells and U937 cells labeled with fluorochrome. 

Error bars represent mean ± SD (n = 5 mice per group) and data are representative of three 

independent experiments. Statistical significance was determined with Sidak’s two-way 

ANOVA test. ns, not significant.
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Figure 7. Preclinical therapeutic efficacy of anti-hOX40L antibody.
NOG mice received human PBMCs (1×107) via tail vein. animals were given anti-hOX40L 

or IgG2b (10 μg per dose) intraperitoneally 3 times weekly from day 21 post-transplantation 

through week 6. (A) Body weight changes, (B) Survival rates, and (C) Clinical scores were 

assessed. Error bars represent mean ± SD (n = 10 mice per group). Data are representative of 

three independent experiments. Individual P values were determined with unpaired Student’s 

t test in (A, C) and Mantel-Cox log-rank test in (B). *P < 0.05, **P < 0.01.
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