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Abstract

Background and Purpose—Total body irradiation (TBI) is a common component of
hematopoietic cell transplantation (HCT) conditioning regimens. Preclinical studies suggest
prolonged bone marrow (BM) injury after TBI could contribute to impaired engraftment and poor
hematopoietic function.
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Materials and Methods—We studied the longitudinal changes in the marrow environment in
patients receiving allogeneic HCT with myeloablative (MA, n=42) and reduced intensity (RIC,
n=56) doses of TBI from 2003-2013, including BM cellularity, histologic features of injury and
repair, hematologic and immunologic recovery.

Results—Following MA conditioning, a 30% decrease in the marrow cellularity persisted at 1
year post-transplant (p=0.03). RIC HCT marrow cellularity transiently decreased but returned to
baseline by 6 months even though the RIC group received mostly umbilical cord blood (UCB)
grafts (82%, vs. 17% in the MA cohort, p<0.01). There was no evidence of persistent marrow
vascular damage or inflammation. Recipients of more intensive conditioning did not show more
persistent cytopenias with the exception of a tendency for minimal thrombocytopenia. Immune
recovery was similar between MA and RIC.

Conclusions—These findings suggest that TBI associated with MA conditioning leads to
prolonged reductions in marrow cellularity, but does not show additional histological evidence of
long-term injury, which is further supported by similar peripheral counts and immunologic
recovery.

Keywords
Bone marrow transplantation; total body irradiation; marrow cellularity

Introduction

Total body irradiation (TBI) is commonly used in the treatment of advanced or high-risk
hematologic malignancies as a component of the preparative regimen prior to allogeneic
hematopoietic cell transplantation (HCT). Historically, myeloablative (MA) transplant
regimens have included high doses of cytotoxic chemotherapy and/or TBI with the goal of
eradicating residual disease and achieving immunosuppression to allow for donor stem cell
engraftment. Increasing the intensity of the conditioning regimen has been shown to reduce
the risk of disease relapse albeit with a corresponding increase in the severity of the acute
treatment-related toxicities [1].

Over the past two decades, reduced intensity conditioning (RIC) regimens have emerged as
lower toxicity alternatives, especially in older patients or those with significant medical
comorbidities. Reduced treatment-related mortality has followed HCT using these regimens
[2-4]. In contrast, the development of novel targeted approaches concentrating the dose of
radiation to the marrow (total marrow irradiation, or TMI) explored by our group and others
are designed to maximize tumor killing while sparing more radiosensitive tissues that
typically limit radiation dose [5-7]. Such novel approaches may extend the curative potential
of allogeneic HCT to patients who may otherwise be at substantial relapse risk (e.g., high-
risk myelodysplastic syndromes or acute leukemias with minimal residual disease prior to
HCT). As the spectrum of treatment options expands from RIC to novel, dose-escalated,
marrow-targeted therapeutic radiation protocols and both are further integrated with
chemotherapy, it becomes critical to understand the long term impact of different treatments
on hematopoietic competence and marrow environment health.
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Pre-clinical studies reveal prolonged bone marrow injury after TBI [8]. Specifically, the
bone marrow demonstrates an increase in the number of adipocytes and a corresponding
decrease in hematopoietic precursors following exposure to chemotherapy or ionizing
radiation [9-11]. Following HCT, expanded marrow adipocyte populations have also been
demonstrated to negatively influence post-transplant hematopoietic engraftment in a murine
model [12]. Conditioning-induced structural and functional marrow damage beyond the
necessary immunosuppression for successful engraftment is not well understood in clinical
HCT. While numerous studies have examined treatment responses in a variety of diseases
utilizing either MA or RIC regimens [13-16], less is known regarding the bone marrow
microenvironment, and the relative effect of the pre-transplant irradiation dose on
hematopoietic engraftment and recovery [9-11]. Furthermore, it is unclear whether post-
transplantation peripheral blood cell counts accurately reflect the extent of marrow damage.
Several prior studies have shown that structural changes to the marrow environment may
lead to hematopoietic dysfunction [17,18] as well as decreased bone mineralization and
higher fracture risk [19-21].

We examined the features of marrow in response to TBI-containing MA and RIC regimens
in a cohort of patients undergoing HCT for treatment of advanced or high-risk leukemia. We
additionally explored the hematopoietic and immunological recovery to determine if there is
a demonstrable effect of the conditioning regimen on the bone marrow histological structure
and function over time. We correlated the degree of structural marrow change with
hematopoietic function as demonstrated by peripheral blood cell production to better
characterize marrow response and recovery following two commonly-utilized treatment
regimens. This will inform clinical decision-making in the selection of appropriate
conditioning protocols, including the optimization of novel TMI regimens.

Medical records from 98 patients (47 male, 51 female) receiving allogeneic HCT using
either TBI-containing MA or RIC regimens at the University of Minnesota between January
2003 and June 2013 were reviewed. Patients were limited to age 45-55 at HCT to avoid
confounding age-related differences in marrow cellularity [22,23].

Preparative Regimens

MA conditioning included cyclophosphamide 60 mg/kg on days -6 and -5 pre-HCT
followed by 1320 cGy TBI delivered in 8 twice-daily fractions. Those receiving umbilical
cord blood (UCB) grafts had the same MA conditioning, but with the addition of fludarabine
25 mg/m?/day x 3 days. Patients receiving RIC regimens received cyclophosphamide 50
mg/kg on day -6 in addition to fludarabine 40 mg/m?2 on days -6 to -2 pre-transplant
followed by TBI delivered in a single 200 cGy fraction on day -1. Total body radiotherapy
for both MA and RIC groups was delivered via an opposed lateral technique [24]. Custom
aluminum compensators for head/neck, lung and legs to account for the transverse tissue
deficit were used to provide a uniform dose homogeneity within 10% of the prescribed dose.
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Anti-thymocyte globulin was added to patients receiving UCB grafts without prior exposure
to combination chemotherapy within 3 months prior to transplantation. Due to the
retrospective nature of the study, there was heterogeneity in the patient populations
receiving MA and RIC in addition to differences in the treatment protocols. We therefore
analyzed the groups separately. The characteristics of MA and RIC patients including
diagnosis, disease risk, prior autologous transplants, performance status and CMV serostatus
were extracted from the medical record and reported.

Transplant procedures and engraftment

The graft and graft versus host disease (GVHD) prophylaxis protocols were extracted from
the medical records for each group of patients. Factors impacting engraftment in each group
were evaluated.

Bone Marrow Analysis

Iliac crest bone marrow specimens for each patient were examined at baseline prior to pre-
transplant conditioning and at 21 days, 6 months and 1 year post-transplant according to the
normal monitoring protocol for our institution. The average bone marrow cellularity for each
specimen was determined from original clinical bone marrow biopsy reports. Data was
censored for specimens that demonstrated evidence of recurrent leukemia or if the patient
had undergone treatment for relapsed disease prior to specimen collection. The white blood
count (WBC), absolute neutrophil count (ANC), hemoglobin and platelet count were also
obtained for each patient on the same dates as the bone marrow collection. A subset of
patients randomly selected from those having excellent quality archived bone marrow core
biopsy slides available for review (i.e. large specimen, minimal artifacts that would interfere
with interpretation). (10 MA, 10 RIC) underwent more comprehensive microscopic
evaluation of the primary bone marrow biopsy samples. The goal was to elucidate changes
in bone marrow environment not routinely characterized in detail during clinical evaluation
of marrow sections that might be relevant to long term changes in the hematopoietic
microenvironment. In addition to standard examination of the hematopoietic component,
marrow samples were evaluated for vascular changes (edema, congestion, sinusoidal
dilation, vasculitis), evidence of inflammation and necrosis, hemosiderosis, and
fibrohistiocytic proliferation. For each characteristic, samples were scored as not present (0),
mild (1), moderate (2), marked (3) or severe (4). All samples were evaluated by a single
investigator (LS) and then independently verified by a second board certified
hematopathologist (SY).

Immune Reconstitution

Samples were prospectively analyzed for the absolute numbers of lymphocytes, NK cell
(CD3-CD56+), T cells (CD3+ lymphocytes), CD4+ T cells (CD3+CD4+ cells), CD8+ T
cells (CD3+CD8+) and B cells (CD19+ lymphocytes) at 3, 6 and 12 months according to an
institutional immune monitoring protocol. Comparison of analytes by conditioning at
individual time-points was carried out by the non-parametric General-Wilcoxon test.
Comparison of the overall average level of each cell type was evaluated at each time point
among only those patients without non-relapse mortality prior to 1 year. Values for each cell
type were transformed by the natural logarithm to yield a normal distribution assumption in
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the repeated measures analysis. Linear mixed models was employed to evaluate the repeated
measures of each cell type using time from transplant as a continuous variable.

Definitions and Statistical Analysis

Results

Neutrophil engraftment, defined as 3 consecutive days with ANC = 0.5 x 109/L, was
determined for each patient. In order to determine the influence of baseline bone marrow
environment on hematopoietic recovery, we stratified the MA and RIC cohorts into quartiles
based upon their pre-transplant marrow cellularity. Cumulative incidence treating non-event
death as a competing risk was used to estimate engraftment and disease relapse [25]. Fine
and Gray regression analysis was used to examine the independent effect of cellularity on
engraftment [26]. For longitudinal analysis of cellularity, changes in the white blood count
(WBC), hemoglobin (Hgb), absolute neutrophil count (ANC) and platelet count (PIt), were
analyzed with repeated measures using general linear mixed models to test the hypothesis
that measures change over time. The models assumed zero correlation between patients and
constant correlation within subjects across time. The non-parametric Spearman’s rank
correlation was used to measure the correlation between cellularity and other blood
parameters within each time point. Overall significance of correlation over time between
cellularity and the other blood parameters was tested using general linear mixed models.
Statistical comparisons of histology at various time-points were evaluated using the sign-
rank test.

Table 1 describes the demographic and clinical characteristics of the patients in each cohort.
The MA and RIC cohorts were similar with respect to diagnosis, disease risk, prior
autologous transplants, performance status and CMV serostatus. There was a slight male
predominance in the MA cohort (60% versus 40% in the RIC cohort; p=0.05). The majority
(81%) of patients undergoing MA conditioning received hematopoietic stem cell grafts from
matched sibling donors while most of the others (17%) received umbilical cord blood (UCB
grafts). In contrast, most patients undergoing RIC regimens received UCB grafts (82%)
versus matched sibling donors (13%). More patients in the MA cohort received calcineurin
inhibitor plus methotrexate (MTX)-based GVHD prophylaxis, while in the RIC cohort, most
received calcineurin inhibitor and mycophenylate mofetil (p=<0.01). This is expected based
upon different standard of care approaches to GVHD prophylaxis with respect to the
different conditioning intensities at our institution.

At baseline pre-HCT, the mean hematopoietic cellularity for MA and RIC cohorts was 47%
and 45%, respectively. As expected, at day 21 following HCT, both cohorts demonstrated
significant decreases in bone marrow cellularity (Figure 1a). However, recipients of MA
conditioning demonstrated persistently decreased cellularity over time (least square means
(standard error) of 47% (3%) at baseline, 36% (5%) at 6 months and 33% (6%) at 1 year; p
=0.04). In contrast, recipients of RIC conditioning had no statistically significant difference
over time for marrow cellularity

There were no significant longitudinal changes in the total WBC (Figure 1b) or ANC
(Figure 1c) in the MA cohort, with mean values remaining within reference intervals at each
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time point. In recipients of RIC conditioning, WBC and ANC were within reference
intervals at baseline, but were significantly lower at day 21, with mean WBC falling below
reference values (2.5 x 109/L, reference interval 4-11). Normalization of both the WBC and
ANC was noted by the 6 month time point and remained stable at 1 year post-transplant in
this patient demographic. In both MA and RIC, Hgb (Figure 1d) dropped significantly at day
21, but then increased significantly across each subsequent phase of the study. Platelets
(Figure 1e) were within reference intervals (150,000-450,000/ul) at baseline and markedly
dropped at day 21 under both MA and RIC conditioning. In recipients of MA conditioning,
the platelets remained slightly below the reference interval at 6 months and 1 year while RIC
patients had normalization of their platelet counts by 6 months and it additionally remained
stable by 1 year.

In recipients of MA conditioning, the WBC (correlation = 0.59, p=0.01) and Plts
(correlation = 0.51, p=0.03) were correlated with marrow cellularity at day 21 only,
reflecting peripheral cytopenias associated with marrow cellularity (Table 2). Otherwise,
there was no significant correlation of marrow cellularity and peripheral blood cell counts at
any of the other examined time points in the MA cohort. In contrast, recipients of RIC
showed significant correlation of WBC, ANC, and platelet count at baseline, with Hgb also
demonstrating a trend (p=0.07). At day 21, only leukocytes and platelets were correlated
with cellularity in the RIC group. Hgb was correlated at 6 months and there was a negative
correlation observed between the ANC and marrow cellularity at one year, demonstrating
decreasing impact of marrow cellularity on peripheral cell counts over time in RIC.

Representative micrographs depicting the marrow changes over time are shown in Figure 2.
Detailed histologic analysis of the randomly selected MA and RIC subsets showed no
inflammatory lesions in either group (Figure 3). The overall cellularity was lower at later
time points in recipients of MA conditioning as described previously, however, there was no
evidence of significant changes in vascular damage (sinusoidal dilation, edema, congestion),
hemosiderosis, or fibrohistiocytic proliferation over time. In recipients of RIC conditioning,
there was a trend toward increased edema and fibrohistiocytic proliferation at day 21
(p=0.06 for both) that resolved by 1 year post-transplant (Figure 3).

During the planning of this study, we reasoned that injury to the BM might also influence
hematopoiesis including the recovery of lymphocyte subgroups after transplantation. Thus,
we examined whether the MA and RIC groups showed different kinetics of NK cell (CD3-
CD56+), T cell (CD3+, CD3+CD4+ and CD3+CD8+) or B cell (CD19+) recovery at 3, 6 or
12 months following HCT. We did not observe any significant difference in the absolute
numbers of any of these subgroups with either MA or RIC conditioning (see supplemental
data).

We did not observe any significant difference in either the 12-month relapse rate (29% vs
36%; p=0.56) or non-relapse mortality (19% vs 13%; p=0.40) in the MA or RIC patients,
respectively. We also evaluated acute and chronic GVHD in both the acute and chronic
setting as GVHD has been demonstrated to influence both marrow recovery and peripheral
blood counts following transplant [27-29]. Among our cohort, the incidence of GVHD was
broadly defined as involvement of any organ system, in either the acute (<100 day post-
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transplant) or late stages following HCT. The RIC patients were noted to have slightly
higher rates of moderate to severe acute GVHD compared to the MA group (55% vs 38%;
p=0.13) while the MA cohort tended to have a higher rate of chronic GVHD compared to
their RIC peers (33% vs 18%; p=0.09) although neither difference achieved statistical
significance (see supplemental data).

Discussion

In this study, we analyzed the longitudinal impact of MA and RIC regimens on the BM
environment and functional reconstitution post-HCT. Due to the fact that there was
considerable variation in the conditioning regimen and graft source for the RIC and MA
patients, we did not seek to directly compare the individual marrow cellularity
measurements and peripheral blood counts at specified time points. Rather, we examined the
changes over time compared with the pre-transplant baseline for each conditioning regimen.
We observed that after RIC conditioning, the bone marrow cellularity and peripheral blood
counts returned to pre-transplant baseline by 6 months following HCT, despite a
predominant UCB graft source in this population, which has historically been associated
with more prolonged hematopoietic recovery [30]. In contrast, a long-term decrease in
cellularity was observed in recipients of MA conditioning. This observation suggests that
prolonged injury to the marrow space with the MA regimen may have occurred but without
major histologic differences noted on detailed analysis of the MA and RIC marrow
specimens.

The observed modest discordance between rates of marrow and peripheral blood recovery
may reflect baseline marrow reserve that, under the influence of homeostatic and
pharmacologic stimuli with filgrastim, yield prompt recovery of peripheral counts despite a
compromise in residual marrow reserve. In addition, bone marrow specimens obtained from
the iliac crest may not be representative of the complete functional hematopoietic
environment, which may be heterogeneously distributed throughout the skeleton, especially
after chemotherapy and radiation [31,32]. Non-invasive imaging studies may help to further
characterize the marrow distribution as our recent studies of water-fat MRI [32] and whole
body MRI emphasize that the marrow structure is highly heterogeneous following exposure
to chemotherapy and radiation.

Prior studies have suggested that host osteoblastic niches are responsible for the subsequent
engraftment of donor HSCs following pre-transplant conditioning [11]. In our study, we
observed that pre-transplant marrow cellularity did not significantly impact engraftment for
either the patients receiving MA or RIC regimens (see supplemental material). The vascular
niche may also play a role, and we identified a trend for increased interstitial edema and
fibrohistiocytic proliferation in the short term (day 21) in RIC patients, suggesting that
evaluation of vascular factors should be a potential consideration. Older age is an
independent factor associated with increasing bone marrow adiposity and reduced
hematopoietic cellularity [23,33]. RIC HCT is used for older patients or those with
significant co-morbidities and thus we attempted to minimize this confounding factor by
studying patients between the ages of 45-55.
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GVHD has previously been demonstrated to influence the marrow environment as well as
peripheral blood components [27-29]. In our study, we did not observe a significant
difference in the rates of either acute or chronic GVHD stratified by either RIC or MA
conditioning. While there is undoubtedly some influence on the marrow and peripheral
blood counts by GVHD, we do not believe that the longitudinal differences in marrow
recovery between these two groups can be solely attributed to this factor. Preclinical models
have demonstrated that chemotherapy and radiation-induced damage can cause suppression
of the hematopoietic component through an expansion of the adipocyte-niche within the
marrow environment [9] and it is possible this effect is being observed in the present study
with the more intensive MA conditioning regimen. Additional trials with detailed marrow
histopathologic analysis performed in a prospective manner could potentially help to further
clarify this finding.

Relapse of the underlying malignant disease is the most frequent cause of treatment failure
following HCT. Typical MA conditioning regimens include up to 12 or 14 Gy, which has
been considered to be the maximum tolerated TBI dose. While higher TBI doses than this
have previously been tested and been shown to result in lower leukemia relapse, any benefit
of disease control has been offset by increases in non-relapse mortality, resulting in
equivalent disease free survival in retrospective analysis [1].

In addition to TBI, alternative radiotherapy techniques such as total lymphoid irradiation
(TLI) or TMI have been utilized as part of the pre-transplant conditioning regimens. The
advantage of these techniques is that they allow for immunomodulation and/or site-specific
cytotoxic therapy to be delivered with relative sparing of non-involved critical organs. TMI,
in particular, is currently being evaluated for its theoretic ability to permit dose escalation to
the bone marrow which may harbor residual malignant progenitor cells while avoiding
excess radiation-induced toxicities to critical structures that have limited dose escalation in
the TBI setting. Improved knowledge of radiation induced injury to the bone marrow
environment thus becomes critical to understanding the long-term impact on marrow
function and hematopoiesis with these escalated marrow radiation doses. Although we did
not specifically examine the effect of dose escalation on the marrow beyond conventional
treatment paradigms, the evaluation of the longitudinal marrow response to two commonly
utilized conditioning regimens in allogeneic HCT provide us with a basis on which to
evaluate subsequent dose escalation/de-escalation studies. Each new approach poses novel
challenges to long term bone marrow health and reconstitution and must be evaluated for
impact in cancer survivors.

In conclusion, we observed decreased overall marrow hematopoietic cellularity over time
associated with the MA conditioning regimen. This suppressed cellularity, although
statistically significant, was not associated with clear differences in histologic marrow
damage compared to RIC conditioning. Additionally, despite a predominance of UCB grafts
in the RIC cohort, we observed a return to baseline marrow cellularity by 6 months that
remained stable at 1 year post-transplant in this group of patients. Altogether these results
provide insight into the structural and functional marrow changes following two common
HCT conditioning regimens. Further prospective studies are necessary to further elucidate
the marrow response with regards to treatment alterations in order to provide the optimal
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clinical outcomes — the eradication of residual disease while facilitating engraftment with
minimal treatment-induced toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Quantitative analysis of the marrow cellularity (A) and peripheral blood components (B:

white blood count, C: absolute neutrophil count, D: hemoglobin, E: platelets) for both
cohorts undergoing MA or RIC conditioning. Both cohorts are represented in this figure to
facilitate visual comparison of patterns of change over time, but direct comparison of groups
at a given time point is not appropriate given heterogeneity between the study populations.
The least square means of each component are shown at baseline prior to initiation of pre-
transplant conditioning, 21 days, 6 months and 1 year post-transplant. (Error bars are SE).

Radiother Oncol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 13

- B C

&

Figure 2.
MA Figure (A, B, C). Bone marrow biopsy sections demonstrating hematopoietic cellularity

and fat over time in a patient treated with a myeloablative pre-conditioning regimen (H&E,
40X). (A) Baseline hematopoietic cellularity was normal at 50% of the area of the section.
(B) By day 21 post-treatment, hematopoietic activity was barely perceptible at an estimated
2%, and (C) one year after treatment, hematopoietic activity was improved but still
markedly low at 10%.

RIC Figure (D, E, F). Bone marrow biopsy sections demonstrating hematopoietic cellularity
and fat over time in a patient treated with a reduced intensity conditioning regimen (H&E,
40X). (D) Baseline hematopoietic cellularity was normal to slightly low at 30% of the area
of the section. (E) By day 21 post-treatment, hematopoietic activity was barely perceptible at
an estimated 2%, and (F) one year after treatment, hematopoietic activity had recovered to
above baseline at 40%, in contrast to the ablative patient above who continued to exhibit
markedly suppressed hematopoietic activity).
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Figure 3.
Histologic quantification of marrow vascular damage from 20 patients (10 MA, 10 RIC)

selected from the study cohort. Both cohorts are represented in this figure to facilitate visual
comparison of patterns of change over time, but direct comparison of groups at a given time
point is not appropriate given heterogeneity between the study populations.
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Clinical characteristics for the patients undergoing either myeloablative (MA) or reduced
intensity conditioning (RIC)

P-values for continuous variables were analyzed by the general Wilcoxon test while categorical variables were

= methotrexate; MMF = mycophenolate mofetil)

Variable MA RIC p-value
Age 40-50 25(60%) 31(55%)  0.68
51-59 17 (40%) 25 (45%)
Age (Years) N 42 56 0.35
Median 49.7 50.4
Min 45 46
Max 55 55
Gender Male 25 (60%) 22 (39%) 0.05
Female 17 (40%) 34 (61%)
Diagnosis ALL 11 (26%) 12 (21%) 0.77
AML 26 (62%) 35 (63%)
CML 5(12%) 9 (16%)
Dx Risk Standard Risk 38(91%) 46 (82%) 0.24
High Risk 4(9%) 10 (18%)
Donor Type Matched Sibling 34 (81%) 7 (13%) <0.01
Matched URD 1 (2%) 3 (5%)
ucB 7(17%) 46 (82%)
Year of TX 2003-2008 25 (60%) 44 (79%)  0.04
2009-2013 17 (40%) 12 (21%)
GvHD Prophy MTX/CsA 35 (83%) <0.01
CsA/MMF 7(17%) 54 (96%)
Sirolimus/MMF 2 (4%)
Prior Auto HCT ~ No 38(91%) 53(95%)  0.43
Yes 4(9%)  3(5%)
Karnofsky <90 3 (7%) 9 (16%) 0.18
90-100 39 (93%) 47 (84%)
Recipient CMV  Negative 21 (50%) 21 (38%) 0.22
Serostatus
Positive 21 (50%) 35 (62%)
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Table 2

Correlation of marrow cellularity and peripheral blood counts within time points in recipients of (a)

myeloablative and (b) reduced-intensity conditioning.

A. Myeloablative

Correlation Baseline D21 6 months 1year Overall whether
of measures are
Cellularity correlated using
by repeated
measures
analysis
ANC: NS NS NS NS p=0.22
WBC: NS 0.59 NS NS p=0.05
(p=001)
PLT: NS 0.51 NS NS p=0.04
(p=003)
HGB: NS NS NS NS p=0.71
B. Reduced intensity
Correlation Baseline D21 6 months 1 year Overall whether
of measures are
Cellularity correlated using
by repeated
measures
analysis
ANC: 0.43 0.39 NS -0.44 p<0.01
(p<0.01) (p=0.01) (p =0.04)
WBC: 0.47 0.59 NS NS p<0.01
(p<0.01) (p<0.01)
PLT: 0.55 0.51 NS NS p<0.01
(p<0.01) (p<0.01)
HGB: NS NS 0.61 NS p<0.01
(p<0.01)
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