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Abstract

Close HLA matching of donors and recipients has been the dogma for successful allogeneic

blood or marrow transplantation (alloBMT), to limit the complications of graft-versus-host disease
(GVHD). However, many patients in need, especially those within certain ethnic groups such

as those of African-Americans and Hispanics, remain unable to find a match even with the
increased availability of unrelated donors. Over half a century ago, investigators at Johns Hopkins
found that cyclophosphamide’s immunosuppressive properties made it the ideal replacement for
total body irradiation in alloBMT conditioning regimens. They also found it to be the best
chemotherapeutic for preventing GVHD in animal models, but its cytotoxic properties scared them
from using it clinically in the high doses successful in animal models. Subsequent work showed
that cyclophosphamide spared hematopoietic and other stem cells including memory lymphocytes,
prompting re-examination at high doses for GVHD prophylaxis. Animal and extensive human
studies demonstrated that high-dose post-transplantation cyclophosphamide (PTCy) effectively
and safely limited GVHD such that mismatched transplants are now be considered standard-of-
care worldwide. The beneficial effects of PTCy on GVHD appears to be independent of donor
type, graft source, or conditioning regimen intensity.

Keywords
allogeneic; transplantation; cyclophosphamide; HLA; haploidentical; graft-versus-host disease

1. Donor Availability — the Holy Grail of Transplantation

Up until the new millennium, many patients for whom allogeneic blood or marrow
transplantation (alloBMT) could be potentially curative were unable to find appropriate
(meaning at the time HLA-matched) donors in their family or in international registries. This
problem was particularly acute for ethnic minorities, and still exists today despite expansion

"Corresponding author at: Room 244, The Bunting-Blaustein Cancer Research Building, 1650 Orleans Street, Baltimore, MD.
rjjones@jhmi.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Donnell and Jones

Page 2

of international registries, because high HLA diversity, not just under-representation, is an
important obstacle for ethnic groups like African-Americans and Hispanics. An NMDP
analysis in 2014 found that the likelihood of finding an 8/8 HLA-matched unrelated donor
for patients of European Caucasian ancestry was 74%, but for Black Americans it was

only 19%, Hispanics < 40%, and indigenous Americans 47% [1]. Moreover, the lag time
from initiating a search of an effective adult donor to alloBMT (i.e., available, confirmatory
typing, medical clearance, and graft collection) was in the order of 4 months; unfortunately,
such a time interval meant that a substantial percentage of patients in need of alloBMT
would have relapsed. Thus, historically, graft-versus-host disease (GvHD), particularly in
the setting of HLA disparity, has constrained the applicability and availability alloBMT.
Accordingly the search for appropriate alternative donors on behalf of the many potential
BMT recipients lacking matched donors could be considered the “Holy Grail”; of the BMT
field.

At the end of the last millennium, recognition of unrelated umbilical cord blood as a
potential alternative donor source was beginning, but was largely investigational at only a
few specialized centers [2]. Haploidentical (haplo) family members could also be a readily
available alternative donor source, but survival outcomes of studies were extremely poor due
to very high rates of severe GVHD leading to non-relapse mortality (NRM) rates exceeding
50% [3]. The Perugia Group in the early 1990’s found that T cell-depleted haplo grafts
eliminated the problem of GvHD, but survivals were still limited by high rates of NRM from
opportunistic infections [4].

2. Cyclophosphamide-Induced Tolerance

Initial studies by Berenbaum and Brown in 1964 [5] and Santos and Owens in 1966

[6] showed that an antibody immune response to antigens in mice could be blocked

by administration of cyclophosphamide (Cy). Several groups subsequently showed that

Cy given after transplantation allowed both minor and major histocompatibility complex-
mismatched skin and other organ transplants to persist after transplantation into mice [7-12].
The mechanisms responsible remain unclear but require the donor antigens to be present
several days before the administration of Cy. Table 1 summarizes the history of preclinical
studies on Cy-induced tolerance.

3. Preclinical Development of Post-Transplantation Cyclophosphamide (PTCy)

Early preclinical and clinical alloBMT studies exclusively used total body irradiation (TBI),
because of its dual anticancer and immunosuppressive properties. Because of limited access
to facilities capable of providing TBI at Johns Hopkins in the 1960s, as well as toxicity
concerns, Santos and Owens explored potential new BMT conditioning agents by evaluating
the immunosuppressive properties of the anticancer agents in use at the time [13, 14]. They
found Cy to be the most immunosuppressive, and accordingly developed it as a replacement
for TBI for alloBMT conditioning [13, 14], The first 47 patients receiving alloBMT at
Hopkins (1968 — 1976) received high-dose Cy as the sole conditioning agent [15]. Although
most patients receiving high-dose Cy as sole conditioning engrafted, about 20% failed to
engraft but invariably recovered with host hematopoiesis [15, 16]. This was both the first
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evidence that high-dose Cy spared hematopoietic stem cells as well as the first use of
non-myeloablative conditioning for alloBMT. Because of high relapse rates, the Hopkins
group subsequently added busulfan to cyclophosphamide for conditioning [17].

Because of its immunosuppressive properties, Santos and Owens also studied Cy as
prophylaxis against GvHD, and found that Cy administered on days 2-5 after transplantation
was highly effective in preventing alloreactivity in mice [13]. However, only high-doses
prevented mortality from GvHD [18]. Because of concerns that high-dose Cy given after
BMT might damage transplanted hematopoietic stem cells, the clinical trials that arose
from these preclinical studies actually used low-dose Cy as GVHD prophylaxis in a similar
schedule to that developed by the Seattle group for methotrexate. Subsequently, this low-
dose Cy regimen became the standard GVHD prophylaxis at Hopkins in the 1970°s and
early 1980’s [15]. A randomized trial at Hopkins eventually showed that cyclosporine

was significantly better than low-dose Cy for GVHD prophylaxis [19]. Investigators at
Kyusha University in Japan confirmed that high-dose Cy given early after transplant could
prevent GVHD in mice [20]. In addition, this group showed that cyclosporine could block
Cy-induced allograft tolerance [12].

While these studies on the immunobiology of Cy were ongoing, laboratory and
corroborating clinical data confirmed that hematopoietic stem cells are resistant to high-
dose Cy [21]. Hematopoietic and other tissue stem cells, including memory T cells [22]
express high levels of aldehyde dehydrogenase 1 (ALDH1), the body’s primary means of
inactivating Cy, whereas mature lymphocytes generally express low levels [21]. The primary
function of ALDH1, also known as retinaldehyde dehydrogenase, is the biosynthesis of
retinoic acid, which is required for the growth and differentiation of tissue stem cells and
other highly proliferative cells [21]. ALDH1 actually inactivates Cy by serendipity, through
oxidation of the active metabolic aldehyde intermediate aldophosphamide to the inactive
carboxylic acid carboxyphosphamide [21]. The success of high-dose Cy without HSC rescue
as treatment for aplastic anemia [23] and other autoimmune diseases [24] provided further
proof of its potent immunosuppressive but stem cell-sparing properties.

With this background, the Hopkins group again looked at PTCy for GvHD prophylaxis

in mice, but this time with a new twist, using mismatched donors. High-dose Cy given

early after BMT was again shown to effectively prevent alloreactivity (GvHD and graft
rejection) and to spare stem cells, allowing successful mismatched donor BMT in mice [25].
The non-myeloablative regimen of fludarabine and low-dose TBI was used successfully by
the Seattle group starting in the late 1990’s to achieve stable mixed chimerism after BMT
of HLA-matched related or unrelated donors [26]. The Luznik et al study used a similar
non-myeloablative regimen in the mice, demonstrating that engraftment with mismatched
donors and PTCy was even possible with just non-myeloablative conditioning [25].

4. Clinical Development of PTCy

By 1999, we felt that the preclinical and clinical data was sufficient to allow reconsideration
of Cy as GvHD prophylaxis, but this time at the high doses Santos and Owens found to
be most effective in animal models but were unwilling to test clinically because of toxicity
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concerns [18]. We designed a first-in-human phase I/11 clinical trial of haplo BMT in
patients with high-risk hematologic malignancies lacking matched donor options, using T
cell replete bone marrow and PTCy. To limit GvHD, historically the major complication of
haplo alloBMT [3], we utilized nonmyeloablative conditioning and bone marrow grafts. The
conditioning regimen was based on the nonmyeloablative platform that utilized fludarabine
and 200 cGy of TBI, developed by the Seattle group [26]. Bone marrow donors were
first-degree haplo relatives (parents, siblings and children) who were at least 18 years of age.
Initially, The BMT utilized PTCy at 50 mg/kg on day +3 after BMT. On the day following
PTCy, patients also received tacrolimus for 180 days and mycophenolic acid mofetil (MMF)
for 30 days. Filgrastim was given on day +1 and continued until neutrophil recovery to
500/uL.

Both graft failure and GvHD are concerns with mismatched BMT. One aspect of the phase
| trial was to determine if fludarabine and low-dose TBI were sufficient to prevent rejection
of the haplo grafts. Patients were initially treated with just fludarabine and TBI, and if
there were at least two rejections, increasing doses of Cy would be given on days —6 and
-5. Cohort 1 received no pre-transplant Cy and two of the three patients in that cohort
rejected the haplo graft. One recovered autologous neutrophils at day +46 and the other
died of infection during aplasia at day +58. Cohort 2 gave pre-transplant Cy at 14.5 mg/kg
on days —6 and -5, and this dose was sufficient to permit engraftment of the next three
patients. Cohort 2 then was expanded to 10 patients and 8 of 10 patients showed full donor
engraftment (=95% donor cells by day 60). The median time to absolute neutrophil count
>500/uL was 15 days (range, 13-16 days) and to unsupported platelet count >20,000/uL, 14
days (range, 0-26 days) [27]. Two patients with myelodysplastic syndrome did not engraft
but experienced autologous neutrophil recovery at 24 and 44 days, respectively. Acute
GVvHD developed in six of the eight engrafted patients (grade Il in two patients, grade 111 in
four patients) at a median of 99 days (range, 38-143 days) after BMT and was fatal in two
patients. Three of these patients remain alive and disease-free 20 years later.

The two patients in cohort 2 who rejected their grafts both had high-grade MDS with

no prior chemotherapy and a long history of transfusion dependence. Such patients
generally would not be eligible for non-myeloablative conditioning today (with either
matched or mismatched donors) without at least azacitidine or decitabine as treatment.

Both these patients recovered autologous hematopoiesis, but interestingly in morphologic
complete remission that was maintained for one and three years, respectively. It is now well-
recognized that graft failure after haplo BMT can be associated with prolonged remissions,
suggesting that some graft-versus-tumor effect may have occurred in the initial stages of
haplo transplantation prior to graft loss [28].

Although engraftment was acceptable with the addition of low-dose Cy to the non-
fludarabine and low dose TBI nonmyeloablative conditioning regimen, GVHD was still
problematic. Thus, in addition to low-dose Cy being adding to the conditioning, the
subsequent 40 patients on the trial received a second dose of high dose Cy on day 4 after
alloBMT [29]; this is the standard haplo transplant backbone that is still used at many
centers, including Hopkins, today. Also at about that time, the initial principal investigator
on the clinical trial at Hopkins (PVVO) moved to Fred Hutchinson Cancer Research Center
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and directed a parallel trial there. In 2008, we reported the outcomes for the 40 patients
transplanted in Baltimore and an additional 28 patients transplanted at Seattle [29]. The
second day of PTCy resulted in a significantly lower incidence of extensive, chronic GvHD
(5% versus 25% at one year with only one day of PTCy). The incidence of severe, grades
I11/1V acute GVHD was also low at 6%. Figure 1 shows the final nonmyeloablative BMT
regimen using haplo donors that emerged from that clinical trial [29].

Based on these emerging results [29], the Blood and Marrow Clinical Trials Network (BMT
CTN) carried out a multi-institutional trial of haplo BMT with PTCy, which confirmed the
Hopkins results [30]. Subsequently, many trials worldwide confirmed the safety and efficacy
of haplo BMT using PTCy [31-34], including a prospective randomized BMT CTN trial
that found superiority for haplo BMT with PTCy over unrelated cord blood transplants

[35, 36]. Moreover, retrospective comparisons showed that related haplo alloBMT with
PTCy provided results similar to those seen with both matched related [37—40] and matched
unrelated donors (MUDSs) [41-43]. Perhaps not surprisingly, haplo BMT using second and
third degree haplo donors is just as successful as using first-degree haplo relatives when
PTCy is utilized [44]. Recent reports demonstrate that PTCy also allows safe and effective
alloBMT using mismatched unrelated donors [45, 46]. Studies from Hopkins also showed

6 months of tacrolimus was unnecessary, and our standard is now 2 months [47, 48].

This shortened immunosuppression not only decreases the toxicities related to long-term
calcineurin use, but also facilitates the use of post-transplant maintenance therapies with
immunologic agents.

The PTCy regimen published in 2008 [29] remains the Hopkins standard GvHD prophylaxis
- but now using only two months of tacrolimus or sirolimus [47, 48] - for diseases that

have a good outcome with alloBMT. These indications include B cell lymphomas [49],
Hodgkin lymphoma [28], and acute leukemias without minimal residual disease [50, 51]
regardless of donor-type (haplo, matched, or mismatched unrelated). However, we made
several modifications/advancements to the regimen for other diseases over time. Although
Hopkins still uses bone marrow grafts for the indications just mentioned, most patients
undergoing alloBMT outside of Hopkins receive peripheral blood (PB) allografts, largely
because of BMT physician choice. Most studies found that higher T cell content of PB
allografts produced higher rates of GVHD, but also higher graft-versus tumor (GvT) activity,
with little difference in overall outcomes [52-54]. The higher rates of GVHD/GvT with

PB actually appear beneficial for diseases at high-risk for relapse after alloBMT, such as
myelodysplastic syndromes, myeloproliferative neoplasms, and leukemias with MRD [54-
56]. We also increased the dose of TBI from 200 cGy to 400 cGy for these high-risk
malignancies, and the combination of PB and increased TBI appears to have lowered

the risk of relapse. Importantly, the improved disease control also appears to offset any
increased toxicity, such that outcomes also appear improved. Since there is no advantage for
GVvHD/GVT in non-malignant conditions like aplastic anemia and sickle cell anemia, BM

is the preferred donor type for these patients [57]. Aplastic anemia and sickle cell anemia
do have a higher risk of graft failure, so we now utilize 400 cGy of TBI in these diseases

as well, and graft failure with non-myeloablative conditioning and PTCy is now unusual

in these diseases [58, 59]. In addition, we have added pretransplant ATG, which also has
decreased the combined risk of acute and chronic GvHD in patients with aplastic anemia
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and sickle cell anemia to less than 10%, with cure rates over 90% [58, 59]. PTCy has also
been shown to be effective after myeloablative conditioning [32, 33, 38, 41, 43].

5. Conclusion and Future Directions

Since the initial publication of our PTCy regimen for haplo BMT in 2008 [29], PTCy

has become standard of care worldwide for not only haplo donors, but also matched and
mismatched unrelated donors. Its beneficial effects against GVHD appear to be independent
of donor type, graft source, or conditioning regimen intensity [38]. Not only is PTCy
associated with low rates of both acute and chronic GVHD as well as NRM regardless of the
type of donor, but it also is “low tech” such that its relative low-cost and simple technology
allows easy transportability even to emerging economies [60-64]. Thus, in 2022, no patient
in need of alloBMT should lack a suitable donor, be it a matched sibling, haplo relative, or
matched or mismatched unrelated individual.
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Practice Points:

. The development of PTCy is a prime example of bench-to-bedside and back
again translational research.

. Cellular aldehyde dehydrogenase (ALDH1 family) is responsible for
inactivating cyclophosphamide.

. Cells with stem cell features, including hematopoietic stem cells and memory
lymphocytes, are resistant to high-dose cyclophosphamide due to their high
expression of aldehyde dehydrogenase. This unique pharmacology underpins
the activity of PTCy as GVHD prophylaxis.

. The ability of PTCy to allow the use of half-matched donor now permits all
patients in need of alloBMT to undergo the procedure.

Research Agenda

. Now with universal donor availability and low NRM rates, studies in
alloBMT should focus on reducing disease relapse.
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Fig. 1.
The classic Hopkins non-myeloablative haploidentical schema.
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Table 1

History of Preclinical Studies on Cyclophosphamide-Induced Tolerance

Cy prolongs allogeneic skin graft survival in mice

Reference 8

Cy most effective agent in preventing Ab production in mice

Reference 5

Confirmation that Cy can prevent Ab production in mice

Reference 6

Cy prolongs allogeneic skin graft survival in rats

Reference 7

PTCy limits GVHD in mice

Reference 13

PTCy limits GVHD in mice, but is most effective at high doses

Reference 18

Confirmation that PTCy can limit GVHD in mice

Reference 20

Both allogeneic antigens and stem cells are needed for Cy-induced skin allograft tolerance in mice

Reference 10

Cy prolongs survival of allogeneic heart grafts in mice

Reference 11

CsA interferes with allogeneic skin graft survival in mice

Reference 12

PTCy allows haplo BMT after nonmyeloablative conditioning in mice

Reference 25
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Cy - cyclophosphamide, PTCy — post-transplant cyclophosphamide, Ab — antibody, GVHD - graft-vs-host disease, CsA — cyclosporine, haplo —

haploidentical, BMT — blood or marrow transplantation
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