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Abstract

Exposure to accidental or deliberate radiation poses a threat to public health, proving lethal at higher
doses in large part due to deleterious effects on marrow. In those cases, allogeneic hematopoietic
cell transplantation (HCT) might be required to restore marrow function. Most radiation accident
victims will have HLA-haploidentical relatives who could serve as HCT donors. Here, we assessed
in a canine HCT model the total body irradiation (TBI) doses after which transplants might be
required and successful engraftment would be possible. In an attempt at mimicking the logistical
problems likely to exist after radiation accidents, 4-, 8- or 10-day intervals were placed between TBI
and HCT. In order to keep the experimental readout simple, no graft-vs-host disease (GVHD)
prevention was administered. All dogs transplanted after a 4-day delay following 700 or 920 cGy
TBI successfully engrafted while virtually all those given 450 or 600 cGy rejected their grafts.
Transplant delays of 8 and 10 days following 920 cGy TBI also resulted in successful engraftment
in most dogs, while a delay of 8 days after 700 cGy resulted in virtually uniform graft failure. The
time courses of acute GVHD and rates of granulocyte recovery in engrafting dogs were comparable
among dogs regardless of the lengths of delay. In other studies, we showed that most dogs not given
HCT survived 700 cGy TBI with intensive supportive care while those given 800 cGy TBI and higher
died with marrow aplasia. Thus, DLA-haploidentical HCT was successful even when carried out 4,
8 or 10 days after TBI at or above radiation exposures where dogs survived with intensive care alone.
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Introduction

Radiation poses a significant threat to public health through either accidental or deliberate
exposures, proving lethal at higher doses in large part due to its deleterious effects on
hematopoiesis. In those cases, allogeneic hematopoietic cell transplantation (HCT) might be
required to restore marrow function. We previously showed that marrow grafts from DLA-
identical canine littermates were beneficial in the setting of total body exposures to y-radiation
ranging from 450-1150 cGy, with most dogs surviving either with sustained allogeneic
engraftment or eventual autologous marrow recovery after cellular support provided by
transient allografts [1,2].

Realistically, most potential radiation accident victims will not have HLA-identical siblings
who could serve as HCT donors, and there will not be sufficient time to search for suitably
HLA-matched unrelated donors. However, it is safe to assume that virtually everyone will have
HLA-haploidentical family members among parents, siblings, or children. Therefore, the
current study evaluated in a canine model after which total body irradiation (TBI) exposures
DLA-haploidentical HCT might be feasible and potentially useful. In order to mimic the
logistical problems likely to exist after radiation accidents, 4-, 8-, and 10-day intervals were
placed between TBI and HCT. In order to have a clear-cut study end point, no attempts were
made to prevent graft-vs-host disease (GVHD), which therefore served as one of the readouts
for successful allogeneic hematopoietic engraftment.

Materials and Methods

Dogs

Litters of random-bred dogs were either raised at the Fred Hutchinson Cancer Research Center
(FHCRC) or purchased from commercial Class A vendors licensed by the US Department of
Agriculture. The dogs weighed from 7.0 to 13.8 (median, 10.8) kg and were between 10 and
27 (median, 16.3) months old. All dogs were enrolled in a veterinary preventive medicine
program that included routine anthelmintics and a standard immunization series [3]. The study
was approved by the Institutional Animal Care and Use Committee at the FHCRC, which has
been fully accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care. Littermate donor and recipient pairs were selected on the basis of complete family
studies showing haplo-identity for highly polymorphic major histocompatibility complex
(MHC)-associated class | and Il microsatellite markers [4] and for DLA-DRB1 alleles
determined by direct sequencing [5].

TBl and HCT

TBI was delivered as a single dose at a rate of 7 cGy/min from a 4MEV and, more recently, a
6MEV linear accelerator (CLINAC 4/80 and CLINAC 600 C/D, respectively, Varian
Associates, Palo Alto, CA). In one arm of the studies, recipient dogs were given 920, 700, 600
or 450 cGy TBI 4 days before HCT (Table 1). In another arm, recipient dogs were given 920
cGy and 700 cGy TBI 8 days before HCT. In a third study arm, recipients were given 920 cGy
TBI 10 days before HCT. HCT consisted of intravenous infusions of marrow containing 1.5
to 7.5 (median, 3.8) x 108 nucleated cells per kilogram recipient body weight and 1.1 to 7.1
(median, 2.4)x108 peripheral blood buffy coat cells per kilogram body weight. The day of HCT
was designated day 0. For comparison, previously published data on dogs given either 450 or
920 cGy TBI immediately preceding hematopoietic cell grafts from DLA-haploidentical
littermates were also summarized (Table 2). For ease of interpretation of results, recipients
were not given postgrafting immunosuppression for prevention of GVHD. Supportive care
included prophylaxis with the oral antibiotic enrofloxacin from the day of TBI until the end of
the study. Broader antibiotic coverage was administered when neutrophil counts declined to
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below 0.3 x 108/ml or fever developed. Intravenous fluids were administered when an excess
of 8% dehydration occurred. Irradiated blood transfusions were given either when platelet
counts declined below 0.5 x108/ml or when petechiae and ecchymoses of skin and mucous
membranes were observed.

Engraftment/Chimerism

Hematopoietic engraftment was assessed by increases in granulocyte and platelet counts
following post-irradiation nadirs, marrow histology from autopsy specimens, documentation
of donor-type hematopoiesis in peripheral blood and marrow by variable number tandem repeat
(VNTR) polymorphisms [6,7], and clinical and histologic evidence of GVHD.

Statistical Analysis

Results

Logistic regression was used to develop a predictive model for the probability of engraftment
as a function of the TBI dose and the delay between TBI and HCT.

Table 1 summarizes the data for seven current groups of dogs, and Table 2 shows results in
three historical groups of dogs. Dogs in groups 1-4 were given TBI 4 days before HCT. All
five dogs given 920 cGy (Group 1) and all five given 700 cGy (Group 2) TBI showed prompt
allogeneic engraftment. Sustained increases in granulocyte counts were seen after the TBI
nadirs, which occurred between 4 and 5 days after HCT, respectively, with counts rising to an
average of 1 x 108/ml 8 days after HCT. All ten dogs developed clinical and histological
evidence of acute GVHD and were euthanized because of GVHD on medians of 15 days after
TBI, and 11 days after HCT, respectively. Complete donor-type hematopoiesis was
documented by VNTR assays of peripheral blood and bone marrow in all 10 dogs. In contrast,
three of five dogs given 600 cGy (Group 3) rejected their allografts and survived with
autologous marrow recovery. One dog (G817) remained pancytopenic, showed predominantly
host but also some donor hematopoietic cells, and was euthanized on day 40 after HCT because
of infection. One dog (G801) had sustained engraftment of donor cells and was euthanized 10
days after HCT because of severe GVHD. All four dogs given 450 cGy (Group 4), rejected
their allografts and three of four showed autologous recovery. Two of the three were euthanized
at the end of study and one was euthanized because of septicemia. The fourth dog (G650)
rejected the allograft and was eventually euthanized on day 40 because of persisting low blood
counts.

All four dogs given HCT 8 days after 920 TBI (Group 5) also had sustained engraftment of
donor cells and developed both histological and clinical signs of GVHD. Granulocyte
recoveries were seen in three of four dogs on average 7 days after HCT (15 days after TBI;
Figure 1). All four were euthanized because of GVHD. In contrast, only 1 of 5 dogs given HCT
8 days after 700 cGy TBI (group 6) had sustained engraftment and GVHD, while four rejected,;
two of the latter four were euthanized after complete autologous recovery, one (H065) was
euthanized because of sepsis, and one (h049) was euthanized because of infection from
pancytopenia and with clinical evidence of GVHD, even though residual hematopoiesis was
entirely of host origin. Three of five dogs given 920 TBI and HCT after a delay of 10 days
(Group 7) had sustained engraftment of donor cells, developed GVHD and were euthanized.
Their neutrophil changes are shown in Figure 1. Two dogs rejected the allografts, remained
pancytopenic, and were euthanized because of septicemia/poor clinical condition.

For comparison, Table 2 summarizes previous data in dogs given either 450 or 920 cGy TBI
immediately before infusion of marrow/buffy coat cells or canine stem cell factor (SCF) and/
or canine G-CSF-mobilized peripheral blood stem cells from DLA-haploidentical littermates
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[8-10]. Historically, G-CSF + SCF mobilized blood cells have shown the same engraftment
potential as the combination of marrow and buffy coat cells used in the present study. All 15
dogs treated with 920 cGy and immediate HCT (groups 8 and 9) had sustained donor
engraftment and were euthanized because of GVHD,; their survivals were comparable to those
of dogs given HCT after 4 to 10-day delays. Only one of six dogs given 450 cGy TBI on the
day of HCT (Group 9) had sustained engraftment and was euthanized on day 13 because of
GVHD while five rejected their grafts and showed autologous marrow recovery. Four of the
latter were euthanized at the end of study while one died of pneumonia on day 19. This outcome
was comparable to that in dogs given 600 cGy TBI 4 days before HCT.

Peripheral blood granulocyte changes among dogs given 920 cGy TBI 4, 8 and 10 days before
HCT (Groups 1, 5 and 7) were normalized with respect to day of HCT (Figure 1). The times
to nadir and recovery of granulocytes were similar for dogs in the 3 groups. The immediate
but transient neutrophil rises seen after delayed HCT were likely the result of transient
production from committed granulocyte precursors contained in the marrow grafts. For
comparison, Figure 1 also shows granulocyte changes in 9 dogs given HCT on day O; note that,
while the nadir is obviously delayed and higher, the recovery curve matches those in the other
3 groups of dogs. Full recovery of lymphocyte counts was precluded by the onset of GVHD
and the need for euthanizing the dogs with the possible exception of the 8-day delay group in
which the median lymphocyte counts increased to 800 cells/pl from less than 100 cells/ul 10
days after HCT (data not shown).

A logistic regression model was fit to the data from all of the groups except group 8 in order
to develop a predictive model for the probability of engraftment as a function of TBI dose and
the delay between TBI and HCT. The estimated probability of engraftment (p) from this model
was expressed as p = exp(X) / (1 + exp(X)), where X =-13.1 + 2.68 x TBI dose (Gray) — 1.03
x Delay (days). Model predictions and observed data are shown in Figure 2. Consistent with
radiobiological principles, the TBI doses required for uniform engraftment increased in direct
relation to the increases in time intervals between TBI and HCT.

Discussion

In order to create a preclinical setting that mimicked the logistical problems likely to exist after
radiation accidents, we focused on HCT donors among the immediate family which shared at
least one MHC-haplotype with the accident victims, in this case, surrogates in the form of
DLA-haploidentical littermates. In the case of human patients, MHC-haploidentical donors
would include both parents, all children, and half of the siblings. MHC-haplodisparity raised
two major issues: engraftment without rejection and, once the engraftment barrier had been
crossed, GVHD.

With respect to engraftment, TBI is not only myeloablative but also immunosuppressive. Thus,
at high TBI doses, host resistance to MHC-haploidentical hematopoietic grafts is weakened to
a point where the immunological balance is shifted in favor of the grafts. Typically, TBI
delivered as a single dose of 920 cGy was sufficient for uniform, sustained engraftment in dogs
given MHC-haploidentical hematopoietic cell grafts within 24 hours of TBI when the
immunosuppressive effect of radiation was at its peak [11,12]. Early studies on the effects of
TBI onimmune responses had shown regeneration of immunity as time elapsed after irradiation
exposure [13-17]. When designing the current studies, we reasoned that, at the very earliest,
an MHC-haploidentical donor might be identified and ready to deliver a hematopoietic cell
graft 4 days after accidental radiation exposure of the recipient, although 4 days might be
unrealistically short for mobilizing appropriate emergency care considering the recent
experience after hurricane Katrina. Therefore, we also explored HCT 8 and 10 days after TBI.
Encouragingly, the study showed virtually uniform engraftment of DLA-haploidentical
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hematopoietic cells transplanted 4 and 8 days after 920 cGy, the highest TBI dose studied,
while only 3 of 5 dogs transplanted after a 10-day delay engrafted, suggesting the time limits
for successful engraftment had been approached. The rates of neutrophil recovery in the three
groups of dogs were not distinguishable from each other, or from those of "historical” control
dogs given HCT on the day of TBI, when "normalized"” for day of transplantation, suggesting
normal function even when grafts were infused 10 days after TBI. Lowering the TBI dose to
700 cGy allowed for uniformly sustained grafts after a 4-day delay; however, all but one of
the dogs rejected their grafts when infused after an 8-day delay. This finding was consistent
with the notion of immunological recovery of host cells over time, as shown by the early
radiobiological studies [13-17]. As we lowered the TBI dose to 600 cGy and 450 cGy,
respectively, virtually all DLA-haploidentical grafts infused after 4 days were rejected,
indicating inadequate host immunosuppression at these doses.

The 4-day minimum interval between radiation exposure and HCT precluded use of G-CSF-
mobilized PBMC for which at least 5 days were required to transfer sufficient numbers of
CD34+ progenitor/stem cells from marrow into blood [8]. Conversely, using marrow alone led
to very high incidences (60-90%) of graft rejection in MHC-mismatched dogs, even when
infused immediately after 920 cGy TBI[12,18]. This problem has been attributed to destruction
of marrow grafts by relatively radio-resistant host natural killer cells [19]. Given these
restrictions, we added donor buffy coat cells to the marrow inoculum which, as shown already
years ago [11,12], helped overcome the host natural killer cell barrier, presumably through a
shift in the immunological balance toward the donor by high numbers of infused lymphocytes
[12,20].

A number of studies have evaluated the effects of varying time intervals between TBI and
infusion of hematopoietic grafts. Virtually all studies were done in inbred rodents. One of the
first, published in 1961 [21], found that 30-day survivals after syngeneic grafts declined from
92% to 50% as the time interval was increased from 1 to 8 days. Vos et al. [22], grafting rat
marrow into mice, also reported declining 30-day survivals from 85% to 25% when increasing
the time interval from 1 to 4 days. Fiala et al. saw best results when murine grafts were carried
out 1 day after TBI and worse outcomes after 4 days [23]. In contrast, more recent studies of
marrow transplantation in inbred H2-mismatched mice suggested that a 4 day delay compared
to no delay improved engraftment at doses of 500 and 600 cGy but not at 700 cGy TBI [24].
The authors explained this counter-intuitive finding by a significant increase in the
inflammatory cytokine IL-6 directly after TBI which, somehow, impaired engraftment early
after TBI and which declined over time.

Another study in H2-incompatible mice showed both a dramatic reduction in GVHD and
improvement in survival from 0% to 60% when the time interval from TBI to transplantation
was increased from O to 4 days [25]. The uniformly poor outcome of transplantation on day 0
was attributed to cytokine release (“'cytokine storm™) induced by TBI [26—28] which "caused
or aggravated host tissue damage and modulated MHC antigen expression,” thereby leading
to lethal GVHD. The authors postulated that by delaying the transplant by 4 days, the cytokine
reaction cycle would be interrupted, thereby reducing tissue damage and GVHD incidence and
mortality.

In contrast to the observations in mice, current and past results in randombred dogs failed to

show attenuation of GVHD with increasing time interval between TBI and HCT. Regardless
of whether grafts were infused on days 0, 4, 8 or even 10 after 920 cGy TBI, all dogs promptly
developed GVHD which was fatal within 8-14 days of HCT. Extending the reasoning used to
explain the murine study results [24,25], we would expect a TBI-induced "cytokine storm" to
have subsided by days 4, 8, and 10 when current grafts were infused. Yet, acute GVHD occurred
as fast and was as severe in dogs transplanted 4-10 days after TBI as in those given their
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hematopoietic grafts within hours of TBI. Clearly, in this large, randombred animal model, the
degrees of histoincompatibility between donors and recipients were the major determinants for
the tempo of immunological reactions leading to GVHD, regardless of the timing of
transplantation after TBI.

How to explain the profound effect of the "cytokine storm™ on outcomes of murine HCT and
the apparent lack of effect in the canine model? Is it possible that inbred mice, kept in relatively
pathogen-free barrier facilities, were especially responsive to radiation insults in generating
cytokines, while dogs (and also human patients) have been continuously exposed to bacterial,
fungal and viral antigens with the result that those exposures overshadowed the effect of the
additional TBI exposure?

As already indicated, the current study did not attempt to prevent GVHD. Earlier studies had
shown that antimetabolites, such as methotrexate or mycophenolate mofetil, given either alone
or combined with calcineurin inhibitors could ameliorate or even prevent GVHD [29-32].
Yet other studies in dogs conditioned with 920 cGy TBI showed facilitation of engraftment
of DLA-nonidentical marrow with a short course of postgrafting methotrexate [33],
presumably by hindering the proliferation of radio-resistant host natural Killer cells
[19]. Similarly, combining mycophenolate mofetil with a calcineurin inhibitor facilitated
engraftment of DLA-identical marrow after suboptimal TBI doses [34]. Conceivably,
therefore, the use of postgrafting immunosuppression in the current model might not
only extend the time threshold for uniform engraftment, say, after 920 cGy TBI beyond
8 days, but, moreover, allay GVHD and assure long-term survival.

Current study results have to be seen in the context of what can be achieved with state-of-the-
art supportive care without HCT in this canine model. We reported previously uniform
endogenous recovery and survival in dogs given 200 cGy TBI without marrow “rescue,” while
most dogs given 400 cGy TBI died as a consequence of pancytopenia [35,36]. Most recently,
perhaps owing to more advanced antibiotics and more intensive fluid and electrolyte support,
most dogs exposed to up to 700 cGy TBI survived, while those given 800 cGy TBI eventually
were euthanized because of complications from pancytopenia (G. Georges et al., unpublished
observations). Taken together, results of the current study and those in dogs not given
hematopoietic grafts suggested that optimal supportive care could save individuals exposed up
to a maximum of 700 cGy TBI, while DLA-haploidentical HCT were successful at doses of
700 cGy or higher. It must be remembered, however, that these data were generated using a
relatively low dose rate of 7 cGy/min. We know from earlier studies in dogs that higher dose
rates generated different toxicity profiles on the hematopoietic system, the gut, and slow-
responding tissues [36,37]. Dose rates experienced in radiation accidents might vary widely,
and higher dose rates should be evaluated in the current preclinical model.

In conclusion, most DLA-haploidentical HCT was successful even after 4-, 8- and 10-day
intervals from TBI doses at and above levels where dogs could be saved by intensive supportive
care.
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Figure 1.

Granulocyte changes in dogs given 920 cGy TBI and transplanted with marrow and buffy coat

cells from DLA-haploidentical littermates after 0-, 4-, 8-, and 10-day delays. The median

granulocyte counts for each group were determined and normalized to Day 0, the day of marrow

and buffy coat infusions.
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Figure 2.

Estimated probability of engraftment as a function TBI dose for delays of 0, 4, 8, and 10 days.
The lines were the estimated percentages derived from the logistic regression model; points
were the observed percentages from groups 1-7 and 9 in Table 1.
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