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A Commentary on:

Post-Transplantation Cyclophosphamide Uniquely Restrains Alloreactive CD4+ T-Cell
Proliferation and Differentiation After Murine MHC-Haploidentical Hematopoietic Cell
Transplantation
By Hadjis AD, Nunes NS, Khan SM, Fletcher RE, Pohl AdP, Venzon DJ, Eckhaus MA and Kanakry
CG (2022) Front. Immunol. 13:796349. doi: 10.3389/fimmu.2022.796349

In their recent article Hadjis et al. investigated whether post-transplant cyclophosphamide (PT-CY)
is unique in protecting against graft-versus-host disease (GvHD) by comparing it to multiple other
“optimally dosed” chemotherapeutics (1). They concluded that PT-CY was superior to all other
agents in ameliorating both clinical and histopathological GvHD. We posed analogous questions
when we were the first to report on the use of post-transplant bendamustine (PT-BEN) as an
alternative agent that could replace PT-CY (2). In contrast to the Hadjis et al. study, we
demonstrated that PT-BEN was equally effective in preventing early GvHD and protecting
against late GvHD, while enabling superior graft-versus-leukemia (GvL), when compared to PT-
CY in murine haploidentical bone marrow transplantation (haplo-BMT) (2).

We would like to use this forum to discuss these discordant results. Firstly, the murine
haploidentical models used in the two studies have noteworthy differences. In the Hadjis et al.
report, a B6C3F1/Crl (H-2b/k)! B6D2F1/Crl (H-2b/d) mouse model was used. Recipient mice were
conditioned with 10.5 Gy of single dose total body irradiation (TBI), were given 107 bone marrow
cells along with 4x107 splenocytes (SC) on the same day (day 0), and received levofloxacin
in their drinking water (1). We used a CB6F1 (H-2d/b) ! CAF1/J (H-2d/a) model with recipient
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mice conditioned on day -1 with 6 or 10 Gy of TBI and
infused 107 donor bone marrow cells along with 3x107 SC
without prophylactic antibiotics (2). There are inherent strain
combination variabilities in type, severity, and immunopathology
of GvHD and the higher TBI dose, increased splenocyte dose,
and use of prophylactic antibiotics altering gut microbiome
would favor more severe GvHD in the Hadjis et al. haplo-BMT
model compared to ours (3–6). Secondly, we gave PT-BEN only
on day + 3 as we found that a single dose was more effective than
a split dose and, importantly, it was administered intravenously
(i.v.), using a different diluent. We injected PT-BEN i.v.
because it is a known irritant/vesicant that has been reported
to cause peritoneal sarcomas or fibrosarcomas when given
intraperitoneally (i.p.) in certain strains of mice (7). In
humans, vesicant agents given intraperitoneally are known to
cause adhesions and trigger abdominal pain. Interestingly,
Hadjis et al. gave PT-BEN i.p. and indicated that their optimal
dose was 10 mg/kg given on days +3 and +4 compared to our 30
mg/kg i.v. single dose. Even with tail vein injections, these
irritant/vesicant properties were evident, as we repeatedly
observed that PT-BEN had substantial local irritation and in
some cases loss of tails distally to the injection site when
extravasation occurred during administration. Additionally, the
doses of PT-CY differed in the two studies with 25 mg/kg versus
75 mg/kg given on days +3 and +4 i.p. Our higher dosing
corresponded to 40% of the maximum tolerated dose (MTD)
for both BEN and CY in our recipient mouse strain. To our
knowledge, the MTD for BEN and CY in Hadjis et al’s recipient
model is unknown, so it is unclear how the doses they used
compare to ours. There is no data directly comparing an optimal
i.v. dose of BEN to the PT-CY dosing optimized by Kanakry’s
team in their model.

While in our studies we did observe histopathological
evidence of liver GvHD in PT-BEN treated mice, equivalent to
that seen with PT-CY, we did not observe the acsites with PT-
BEN as reported by Hadjis et al. who stated that “the higher
mean body weight in BEN-treated mice was a result of
substantial weight gain from ascites, rather than clinical benefit
from the chemotherapeutic and that autopsy suggested that these
mice were developing ascites secondary to GVHD-induced liver
failure and protein-losing enteropathy”. It is not clear how liver
failure was confirmed as particular to PT-BEN as this drug does
not have specific liver toxicity and severe GvHD was present with
many of the other agents tested. It is also intriguing that the mice
that received the chemotherapeutic agents with vesicant or
irritant properties (BEN, VCR, PTX) all had higher liver
GvHD histopathologic scores when compared to those
receiving non-vesicants (CY, MTX, ARA-C), which raises the
question of whether direct local toxicity to peritoneum and
intraperitoneal organs, such as the liver, may have been a
contributing factor, especially in the post-TBI setting.
Moreover, the small and large intestine histopathologic scores
were similar in recipients receiving BEN, VCR, PTX and ARA-C.
It is thus unexpected that only PT-BEN recipients developed
protein-losing enteropathy. It is also possible that cytokine
release syndrome (CRS)/capillary leak, rather than GvHD
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alone, may have contributed to the ascites observed with
PT-BEN.

A strategy being explored to reduce relapse rates, due to
suppressed GvL, is a dose reduction of PT-CY. Preclinical studies
in mismatched murine BMT models by Kanakry et al. have
demonstrated benefits of reducing the PT-CY dose (8). This led
to a clinical trial by the same investigator at the NIH
(NCT03983850) evaluating de-escalation of PT-CY to half the
dose (25 mg/kg on days +3 and +4) of current standard.
Presentation of their early findings indicated that a reduction
in the dose of PT-CY maintained protection against severe acute
GVHD, while promoting more rapid engraftment and
decreasing early post-transplant toxicity (9).

A body of literature has only recently started to emerge,
in large part from our group (2, 10–14), regarding the
immunomodulatory properties of BEN on MDSCs, DC
subsets, and T cells (10–14). In all our murine models, whether
BEN is given pre- or post-transplant, it has been associated with
decreased GvHD and increased GvL. Our extensive preclinical
work has provided the foundation to explore a different approach
than simply reducing the dose of PT-CY. Our first in human
Phase Ia clinical trial (NCT02996773) was a 3 + 3 dose escalation
trial, which accrued pediatric and young adult patients with
hematologic malignancies. In our interim analysis, we reported
that PT-CY/BEN was well tolerated with early engraftment and
no dose limiting toxicities (15). Hadjis et al. stated that post-
transplantation BEN has shown mixed results in early phase
clinical trials citing our Phase Ia (15) and a recent report by
Moiseev et al. (16). These studies both documented early
engraftment and reduction in aGvHD. However, the Moiseev
et al. study was complicated by cytokine release syndrome
(CRS) after PT-BEN in 70% of their patients (16). Of
significance, however, is that their study population consisted
of older patients with advanced refractory hematologic
malignancies who received much higher doses of PT-BEN
(total dose 140-280 mg/m2) and no concurrent PT-CY.
Additionally, 44% of their patients did not receive tacrolimus
(Tacro) or mycophenolate mofetil (MMF) and 85% received
peripheral blood stem cell (PBSC) rather than bone marrow
grafts, which is known to elicit more severe GvHD. CRS was
not observed in our first three cohorts who received lower
doses of PT-BEN (20-90 mg/m2) in combination with PT-
CY, Tacro and MMF but did occur in one of three patients
(Cohort 4) who received a dose of PT-BEN totaling 110 mg/m2

(20 mg/m2 day +3 and 90 mg/m2 day +4) given following
day +3 PT-CY (40 mg/kg). Taken together, this might indicate
a) a dose dependent effect on risk of CRS with escalation of
PT-BEN, b) a protective effect against CRS when PT-BEN is
used following PT-CY and in conjunction with Tacro and
MMF, c) CRS may be more common with PBSC grafts and/or
d) CRS may be more frequent in patients transplanted with
relapsed refractory disease.

We appreciate the many contributions of Kanakry and
colleagues to our understanding of the mechanisms by which
PT-CY reduces GvHD in both pre-clinical and clinical studies.
However, it is imperative to always seek to thoughtfully explore
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Stokes et al. Commentary: Commentary on PT-CY/BEN
potential improvements in current therapeutic approaches and
the PT-CY arena is no exemption. It is important to highlight
that the trial by Moiseev et al. (16) was sparked by our preclinical
studies (2) and mirrored them as they completely replaced PT-
CY with PT-BEN and initially did not combine it with Tacro
and/or MMF. They soon discovered the necessity to de-escalate
their dose and add additional GvHD prophylaxis. In stark
contrast, we did not directly translate our own preclinical
approach, but instead very cautiously designed our Phase Ia to
explore progressive replacement of PT-CY starting with day +4
and given in combination with Tacro and MMF (15). Our trial
continues as a Phase Ib without further escalation of PT-BEN to
Frontiers in Immunology | www.frontiersin.org 3
confirm the safety and assess potential benefits of day +3 PT-CY
50 mg/kg with day +4 PT-BEN 90 mg/m2 compared to PT-CY
alone with a thorough investigation of immune reconstitution.
We contend that combining PT-CY/BEN remains a promising
treatment option that necessitates continued rigorous and
cautious evaluation.
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