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Abstract

Extracorporeal photopheresis (ECP) and the purine analog pentostatin exert potent 

immunomodulatory effects but have not been evaluated for their ability to enhance engraftment of 

hematopoietic stem cells. We evaluated in a canine model of dog leukocyte antigen (DLA)-

identical hematopoietic cell transplantation (HCT) whether ECP in combination with pentostatin 

could enhance engraftment using a nonmyeloablative regimen consisting of 100 cGy total body 

irradiation (TBI) and postgrafting immunosuppression with mycophenolate mofetil (MMF) and 

cyclosporine (CSP). We have shown previously that with 100 cGy TBI alone as conditioning, all 

of six dogs rejected their graft 2–12 weeks after HCT. With the addition of pentostatin to 100 cGy 

TBI, 6 of 10 dogs rejected their graft. We now tested the additional use of ECP alone (n=2) or 

ECP plus 3–6 doses of pentostatin (n=7) before 100 cGy TBI and HCT. Eight out of 9 dogs 

rejected their grafts within 6–11 weeks after HCT. Compared to data without ECP, we failed to 

demonstrate a positive impact of the use of either ECP or pentostatin for prevention of rejection.
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INTRODUCTION

Nonmyeloablative hematopoietic cell transplantation (HCT) relies on the 

immunosuppressive effect of the conditioning for successful engraftment in addition to 
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postgrafting immunosuppression and the graft-versus-recipient hematopoiesis effect. 

Extensive dose escalation studies in the canine model have established 200 cGy total body 

irradiation (TBI) as the lowest TBI dose necessary for successful sustained donor 

engraftment.1 This model has been successfully translated into the clinic by a subsequent 

series of clinical trials.2 For the treatment of patients with non-malignant disorders or with 

serious comorbidities, further reduction of radiation dose below 200 cGy TBI is of interest. 

Previous studies demonstrated that dose de-escalation to 100 cGy TBI, even with the 

addition of pentostatin, resulted in insufficient rates of sustained engraftment.1,3 The 

addition of various regimens of postgrafting immunosuppression did not improve sustained 

engraftment rates using 100 cGy TBI.4,5 New strategies to allow further dose reduction in 

radiation dose for nonmyeloablative HCT are therefore warranted.

Extracorporeal photopheresis (ECP) was initially used to successfully treat patients with 

cutaneous T-cell lymphoma.6 In these patients, immunomodulatory effects were observed 

which triggered evaluation of the immunosuppressive effects of ECP in animal models.7 

The immunosuppressive effects of ECP have now been used in patients with autoimmune 

disorders, solid organ rejection, and GVHD.8–13 We speculated whether these effects of 

ECP may be exploited to induce host tolerance against the incoming donor graft.

Pentostatin is a purine analog that induces T-cell apoptosis through adenosine deaminase 

inhibition. Pentostatin has been used particularly for the treatment of hairy cell leukemia, 

achieving complete remissions in 33 to 92% of patients, but also demonstrated significant 

activity in patients with chronic lymphocytic leukemia, prolymphocytic leukemia, adult T 

cell leukemia/lymphoma and cutaneous T cell lymphoma refractory to conventional 

chemotherapy.14 Used as part of the conditioning regimen in HCT, pentostatin can produce 

prolonged host T-cell depletion, thereby preventing graft rejection.15–17 The combined use 

of pentostatin and ECP in the conditioning regimen has been reported to result in low rates 

of GVHD and stable engraftment if used with 600 cGy TBI.18

In order to elucidate the potential role of ECP and pentostatin in reducing the incidence of 

graft rejection, we report on our results using a well established dog model of dog leukocyte 

antigen (DLA)-identical marrow grafts.

MATERIALS AND METHODS

Dogs and DLA typing

Litters of beagles, harriers, walker hounds, and crossbred dogs were used in this study. Dogs 

weighed from 12.5 to 26 (median, 14.4) kg and were 7 to 21 (median, 9) months old. Details 

of the dogs are also described in the supplements to this article. DLA-identical littermates 

were selected on the basis of identity for highly polymorphic MHC class I and class II 

microsatellite markers and identity for DLA-DRBI alleles as determined by direct 

sequencing.19–21

Marrow transplantation

Dogs in group 1 received ECP alone administered on days −2 and −1, dogs in group 2 

received ECP on days −6 and −5 in combination with 3 doses of pentostatin IV (kindly 
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provided by Supergen, Incorporated) at a dose of 4 mg/m2/day on days −4 to −2, and dogs in 

group 3 received ECP combined with 6 doses of pentostatin IV at a dose of 4 mg/m2/day on 

days −14 to −12, then −4 to −2 (Table 1). Timing of ECP was different between group 1 and 

group 2+3 to allow administration of pentostatin in the same schedule as reported 

previously1 in our canine model to allow further comparisons.

On day 0, all recipient dogs were conditioned for transplantation with 100 cGy TBI at 7 

cGy/minute using a linear accelerator (Varian CLINAC 4, Palo Alto, CA).22 Donor marrow 

cells from DLA-identical littermates were collected under general anesthesia.22 The 

recipient dogs received the marrow graft IV with a median cell dose of 3.2 (range, 2.1–5.9) 

total nucleated cells (TNC)/kg. As postgrafting immunosuppression, MMF, 10 mg/kg s.c. 

twice daily, on days 0 to 27 and CSP, 15 mg/kg twice a day p.o., on days −1 to 35, were 

administered.1

Hematopoietic engraftment was assessed by sustained increases in granulocyte and platelet 

counts after the post-irradiation nadir, by documentation of donor cells with microsatellite 

marker studies in peripheral blood and marrow, or by marrow histology. Peripheral blood 

samples were obtained from dogs on day −7, day 0, then daily until full hematologic 

recovery, then monthly until end of study. Chimerism was evaluated weekly after 

transplantation until end of study. Dogs were euthanized or adopted after completion of the 

study.

ECP

ECP was performed using the XTS® Photopheresis System (kindly provided by Therakos, 

Incorporated, Exton, PA, USA) according to standard procedures in the manufacturer's 

guidelines. The dogs were placed under general anesthesia and a central vein catheter was 

used. During the photopheresis procedure, whole blood was collected from the dog while on 

the machine and separated by centrifugation over several cycles to obtain the leukocyte 

enriched fraction. Red blood cells and plasma were returned to the dog without being 

treated. The collection of ECP product for ultraviolet (UVA) exposure was done in 3 

cycles/day for 2 consecutive days using the 125-mL bowl. Liquid 8-methoxypsoralen 

(UVADEX® or 8-MOP, Therakos, Exton, PA) was injected into the recirculation bag after 

collection of buffy coat, but prior to the photoactivation process. A dosage of 8-MOP was 

calculated based on the volume of buffy coat collected using the following formula: 

treatment volume collected × 0.017 = mL of 8-MOP (20 mcg /mL). After completion of 

photoactivation the product was reinfused back into the animal.

MLC

Mixed leukocyte cultures were used to assess the dogs' cellular immune function before and 

after ECP as described previously.23 Details are described in Supplemental Data: Materials 

and Methods.
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NK cell cytoxicity assay

To evaluate NK cell activity before and after ECP, chromium release assays were performed 

as described previously.24 Details are described in Supplemental Data: Materials and 

Methods.

Chimerism analysis

Donor and host cell chimerism levels were evaluated using a polymerase chain reaction 

(PCR) based assay of polymorphic (CA)n dinucleotide repeats with primers specific for 

informative microsatellite markers.25 Details are described in Supplemental Data: Materials 

and Methods.

Flow cytometry

Flow cytometry was used to quantify the leukocyte subsets. Antibodies used are described in 

Supplemental Data: Materials and Methods. Ten μg/mL of the respective fluorescein 

conjugated mAb were added to 50 μL of whole blood and incubated at 4°C for 30 minutes. 

Subsequently, red blood cells were lysed with a hemolytic buffer containing EDTA, then 

cells were washed twice with HBSS/2% HS and once with HBSS alone. After resuspension 

in 1% paraformaldehyde, the cells were analyzed on a FACScan Flow Cytometer (Becton 

Dickinson, San Jose, CA).

Detection of apoptosis by Annexin V (Ax)/PI staining

Apoptosis of cells exposed to ECP was assessed by flow cytometry with the use of Annexin 

V binding, which allows detection of phosphatidylserine on the cell surface of apoptotic 

cells.26 Details are described in the supplements.

Statistical methods

Durations of chimerism were compared between groups using the log-rank test. The two-

sample t-test was used to compare the average blood count nadirs between groups as well as 

the mean of the average blood count values between days 7 and 16. Pre- and post-ECP 

apoptosis levels were compared using the one-sample t-test.

RESULTS

ECP products

In 9 dogs a total of 17 ECP procedures were performed. A median of 254 mL (range 236–

298) of ECP product was collected on each day with a median white blood count of 

12,880/μL (range 7300–25,800), representing a median of 3.4 (range 2.2 –6.4) × 109 total 

nucleated cells. The percentages of different cell populations in the dogs' peripheral blood 

and ECP products were similar (data not shown). All dogs tolerated the extracorporeal 

volume of blood automatically determined by ECP machine. No immediate toxic effects 

were observed during the ECP procedure.
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DLA-identical marrow grafts

Nine dogs were studied, two dogs in group 1 (ECP alone), three dogs in group 2 (ECP + 3 

doses pentostatin), and four dogs in group 3 (ECP + 6 doses pentostatin). Table 1 

summarizes the results of allogeneic marrow transplants in groups 1–3.

Group 1 (ECP alone) (n=2)—In neither dog, neutropenia (<500 granulocytes/μL) was 

not observed after HCT. Also thrombocytopenia with <20,000/μL platelets was not 

observed, and no platelet transfusions were required. Both dogs had complete hematopoietic 

recovery (Figure 1). After initial engraftment with mixed hematopoietic chimerism in 

PBMC starting 2–3 weeks after HCT and sustained until weeks 8 and 11, respectively, both 

dogs rejected their graft with autologous hematopoietic recovery (Figure 2). No GVHD 

occurred throughout the study.

Group 2 (ECP + 3 doses of pentostatin) (n=3)—None of the dogs had neutropenia 

<500 granulocytes/μL or thrombocytopenia <20,000/μL platelets after HCT. No transfusions 

were required. Median nadir of neutrophils was 1807 (range, 1653–4140) /μL and that of 

platelets 42,000 (range, 53,000–204,000)/μL which occurred on days +13 and +15 after 

HCT, respectively. All three dogs had complete hematopoietic recovery (Figure 1). Only 

one of the three dogs had sustained engraftment with mixed hematopoietic chimerism in 

PBMC sustained for the duration of observation (week 31). The other two dogs rejected 

their grafts and showed autologous hematopoietic recovery (Figure 2). No GVHD occurred 

throughout the study.

Group 3 (ECP + 6 doses of pentostatin) (n=4)—None of the dogs had neutropenia 

<500 granulocytes/μL or thrombocytopenia <20,000/μL platelets after HCT. No transfusions 

were required. Median nadir of neutrophils was 1639 (range, 1092–2380)/μL and that of 

platelets was 42,000 (range, 11,000 – 97,000)/μL which occurred on days +3 and +15 after 

HCT, respectively. All four dogs had complete hematopoietic recovery (Figure 1). Three of 

four dogs showed signs of donor engraftment with mixed hematopoietic chimerism in 

PBMC up to 34% and sustained up to weeks 6–10. One dog rejected his graft immediately 

with autologous hematopoietic recovery (Figure 2). No GVHD occurred throughout the 

study.

The duration of chimerism in the 7 dogs that received ECP + pentostatin (3 or 6 doses) was 

statistically significantly shorter than that among the 10 dogs that received pentostatin (3 or 

6 doses) alone (p=.02) but not statistically significantly different than that among the 6 

control dogs that received 100 cGy TBI (p=.57).

Comparison of hematologic recovery—The mean nadir of neutrophils in 8 dogs that 

received 100 cGy TBI combined with 6 doses of pentostatin without ECP was 1985 (range, 

1736 – 3922), and the mean nadir of neutrophils in 6 control dogs that received 100 cGy 

TBI was 2731 (range, 1584 – 3640). Difference of hematologic recovery of dogs treated 

with 100 cGy TBI alone versus 100 cGy TBI in addition to 6 doses of pentostatin and ECP 

was not significant for ANC and platelet nadir with p=0.12 and p=0.63, respectively. 

Difference in hematologic recovery between dogs treated with 100 cGy in addition to 6 
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doses of pentostatin and dogs treated with 100 cGy TBI combined with 6 doses pentostatin 

and ECP was also non significant (ANC, p=0.19; platelets, p=0.49).

In vitro characteristics of ECP PBMC

For all in vitro studies described below, PBMCs from recipients were collected and analyzed 

at 4 different time points during ECP treatment: 1) peripheral blood pre ECP treatment (Pre-

ECP blood); 2) peripheral blood immediately after ECP product infusion (Post-ECP blood); 

3) Buffy coat (BC) cells from the ECP product before UVA light activation (Pre-ECP BC); 

and 4) BC from the ECP product immediately after UVA light activation (Post-ECP BC) 

(Table 2).

Mixed leukocyte cultures (MLCs) of PBMCs from the ECP product after UVA light 

activation (Post- ECP BC) in 6 dogs showed a median decrease of 96 (range 80–99) % in 

alloreactivity against DLA-mismatched unrelated stimulator cells when compared to 

PBMCs from the product before UVA light activation (Pre-ECP BC). In contrast, there was 

no decrease in alloreactivity against DLA-mismatched unrelated stimulator cells of the Post-

ECP blood when compared to Pre-ECP BC. NK cell function was tested in 5 dogs. PBMC 

from ECP product after UVA light activation (Post-ECP BC) showed a median decrease of 

31% (range, 58–62%) in NK-function when compared with PBMCs from the ECP product 

before UVA light activation (Pre-ECP BC). In contrast, there was no decrease in NK-

function of the PBMCs from the dog after ECP product infusion (Post-ECP blood) when 

compared to the ECP product before UVA light activation (Pre-ECP BC). Levels of 

apoptosis induction before and after ECP were compared in 6 of 7 dogs studied. Evaluating 

early apoptosis, percent Annexin-V FITC+/PI− cells in blood drawn before ECP ranged 

from 5.2 to 23.6 (mean, 14.4 ± 6.3) compared to 5.3 to 29.1 (mean, 16.9 ± 7.9) in blood 

drawn after ECP (mean difference, 1.5 ± 5.7, p=0.33). Percent Annexin-V FITC+/PI− of 

buffy coat cells before ECP ranged from 15.4 to 40 (mean, 25 ± 7.8) and buffy coat cells 

after ECP ranged from 10.6 to 5.3 (mean, 34.5 ± 15) (mean difference, 9.5 ± 14.3, p=0.16). 

Evaluating late apoptosis, percent Annexin-V FITC+/PI+ of blood drawn before ECP range 

from 6.5 to 27.7 (mean, 16.2 ± 7.6) compared to 7.9 to 32.7 (mean, 19.1 ± 8.7) of blood 

drawn after ECP (mean difference, 2.9 ± 7.0, p=0.35). The percent Annexin-V FITC+/PI+ of 

buffy coat cells before ECP ranged from 15.7 to 42 (mean, 31.2 ± 8.8) and after ECP range 

from 45.8 to 81.3 (mean, 65.2 ± 13.7). Post-ECP buffy coat cells showed a significant level 

of apoptosis as determined by annexin-V+/PI+ expression, when compared with the pre 

buffy coat cells (mean difference, 34.0 ± 8.2, p=0.0002).

DISCUSSION

ECP and pentostatin can both exert potent immunomodulatory effects but their impact on 

engraftment if used as part of a nonmyeloablative conditioning regimen has not been studied 

in a large animial model. We have shown previously that after conditioning with 100 cGy 

TBI alone, six of six dogs rejected their grafts within 2–12 weeks after HCT.1 With the 

addition of 3–6 doses of 4 mg/m2 pentostatin to 100 cGy TBI, 4 of 10 dogs accepted their 

DLA-identical sibling allografts while 6 rejected with a median duration of donor chimerism 

of 12 weeks.3 Combining this approach with ECP did not lead to a significant higher 
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engraftment rate or longer duration of mixed chimerism, as 8 of 9 dogs rejected their grafts 

and the median duration of mixed chimerism was 7 weeks. Compared to our previous 

experience with 100 cGy TBI with or without pentostatin we observed no significant benefit 

of the addition of ECP.

The immunosuppressive effects observed with ECP clinically in the treatment of GVHD and 

solid organ rejection triggered the interest in the evaluation of this treatment modality as part 

of the conditioning regimen for allogeneic HCT in order to prevent GVHD or graft rejection. 

Miller et al. reported a low incidence of acute (grade II to IV of 9%) and chronic GVHD 

(43%) using a conditioning regimen combining ECP, pentostatin and 600 cGy TBI for 

human leukocyte antigen (HLA)-identical and non-identical (5/6 HLA match) allogeneic 

HCT. These rates were lower compared to the reported incidence with a similar regimen 

without ECP and pentostatin.18,27 The positive effects seen with ECP in the treatment of 

renal and cardiac allograft rejection10,11 lead to the evaluation of ECP in our study in order 

to prevent graft rejection or enhance engraftment.

What were the potential reasons for the negative result of our study? We used a similar 

treatment protocol, drug doses and treatment volumes as applied in the clinical setting of 

ECP for human patients. ECP of the dogs treated in our studies was effective in inducing 

apoptosis of T lymphocytes, similar to other published studies.28,29 The absence of 

apoptotic cells in peripheral blood of dogs immediately after ECP could be the result either 

of reticuloendothelial system uptake or simply may be due to dilution, as the estimated 

amount of PBMC collected in our dogs was only around 5–10% of total circulating PBMC.

29 Although both NK and lymphocyte functions were decreased in the ECP product, no 

difference was shown in the PBMCs collected from the dogs before and after ECP nor on 

day zero. Our negative results might be explained by the mechanism and potency of the 

immunosuppressive effect of ECP. ECP has been successfully used to treat patients with 

acute and chronic GVHD in HCT.13,18,30–32 The mechanism of action of ECP in the 

setting of GVHD is based on its effect on dendritic cell (DC) integrity and T-cell function.

9,33 ECP leads to a shift in the DC1/DC2 ratio favoring DC1.9,34 In vitro studies have 

shown that ECP treatment led to a shift from an activated monocytoid dendritic cell (DC)/T-

cell state to a tolerogenic state.33 DC function was not assessed in this study. However, the 

combination of TBI and additional immunosuppressive agents may have impaired or even 

completely abrogated DC function or numbers, explaining in part, a decreased effect of 

ECP. In addition, an inverted CD4-to-CD8 ratio and overall increase in the number of 

CD3−/CD56+ natural killer (NK) cells, and an attenuation of the capacity of dendritic cells 

to stimulate the proliferation of allogeneic T-cells in mixed lymphocyte assays was 

observed.33,35 ECP treatment was also associated with a shift in the cytokine profile of 

circulating T cells from a predominantly inflammatory or Th1 (interleukin-2 [IL-2], 

interferon-γ) profile to a Th2 (IL-4, IL-10) profile. It was subsequently demonstrated that 

ECP induced a population of CD4+ CD25+ T cells, which functioned as suppressors in 

mixed lymphocyte reactions, consistent with regulatory T cells.36 Furthermore it was 

postulated that the ingestion of apoptotic T cells initiates the process of activation and 

cytokine secretion by antigen-presenting cells, which subsequently leads to generation of 

tolerogenic DCs and thus a regulatory T-cell response.37 To achieve such 

immunomodulatory effects and clinical responses patients with GVHD usually required 
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several treatment courses of ECP for weeks to months.13,30–32 Translated into our model, 

it is possible that many cycles of ECP would be required to prevent rejection, not only 

before but also after bone marrow infusion.

Sustained engraftment versus eventual graft rejection in this model depends on a delicate 

balance between donor and host T-cells. We previously showed that sustained engraftment 

was achieved after 100 cGy TBI when marrow was supplemented with PBSC.38 However 

late graft rejection was the rule when the PBSC graft was depleted of CD3+ T-cells. In other 

studies, engraftment was facilitated by inducing host versus donor hyporesponsiveness 

through blockade via CD28 or CD154.39,40 Further we documented less profound T-cell 

depletion in lymph nodes of dogs given 100 cGy compared to 200 cGy TBI; the same was 

seen with antibody formation to a T-dependant antigen, sheep red blood cells.5 ECP, while 

affecting peripheral blood lymphocytes, might not have the same effect on the central 

lymphoid tissues as 100 cGy and, therefore, was unable to shift the T-cell balance in favor 

of the grafts.

In conclusion, our data demonstrates that the use of short course ECP alone or in 

combination with pentostatin was not potent enough to prevent graft rejection in our 

nonmyeloablative protocol using only 100cGy TBI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Peripheral blood granulocyte (A), lymphocyte (B), and platelet counts (C) after DLA-

identical dog marrow transplantation conditioning with 100 cGy TBI and postgrafting MMF 

and CSP (median and range). Dogs in group 1 received extracorporeal photopheresis 

(ECP) product only; dogs in group 2 received ECP product and 3 doses of pentostatin; dogs 

in group 3 received ECP product and 6 doses of pentostatin.
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Figure 2. 
Percent donor chimerism in peripheral blood mononuclear cells (MNC) after DLA-identical 

dog marrow transplantation (Dogs G331, G417, and G342 rejected their graft).
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Table 2

In vitro characteristics of ECP PBMC:

In vitro study Pre-ECP PBMC Post-ECP PBMC Pre-ECP BC Post-ECP BC

Mixed leukocyte culture:

% Alloreactivity, median, (range) 100% 92.1(59.32–178.2) 48.7(21.3–375) 3.5(0.08–19.6)

NK-cell function:

% specific lysis, median, (range) 53.8 (14–57.3) 32 (28–57) 38.7 (16.2–50.4) 16.6 (8.7–33.2)

Apoptosis-early:

% Annexin-V FITC+/Pl− Mean, (standard deviation) 14.4 (5.2–23.6) 16.9 (5.3–29.1) 25 (15.4–40) 34.5 (10.6–5.3)

Apoptosis-late:

% Annexin-V FITC+/Pl− Mean, (standard deviation) 16.2 (6.5–27.7) 19.1 (7.9–32.7) 31.2 (15.4–40) 65.2 (45.8–81.3)
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