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ABSTRACT

Effective pharmacological strategies employed in allogeneic hematopoietic cell transplantation should prevent serious
chronic graft-versus-host disease and facilitate donor-recipient immune tolerance. Based on demonstrated pro-tolero-
genic activity, sirolimus (rapamyecin) is an agent with promise to achieve these goals. In a long-term follow-up analysis
of a randomized phase II trial comparing sirolimus/tacrolimus versus methotrexate/tacrolimus for graft-versus-host
disease prevention in matched sibling or unrelated donor transplant, we examined the impact of prolonged sirolimus
administration (= 1 year post-transplant). Median follow-up time for surviving patients at time of this analysis was
41 months (range 27-60) for sirolimus/tacrolimus and 49 months (range 29-63) for methotrexate/tacrolimus.
Sirolimus/tacrolimus patients had significantly lower National Institutes of Health Consensus moderate-severe
chronic graft-versus-host disease (34% vs. 65%; P=0.004) and late acute graft-versus-host disease (20% vs. 43%;
P=0.04). While sirolimus/tacrolimus patients had lower prednisone exposure and earlier discontinuation of tacrolimus
(median time to tacrolimus discontinuation 368 days vs. 821 days; P=0.002), there was no significant difference in
complete immune suppression discontinuation (60-month estimate: 43% vs. 31%; P=0.78). Prolonged sirolimus
administration represents a viable approach to mitigate risk for moderate-severe chronic and late acute graft-versus-
host disease. Further study of determinants of successful immune suppression discontinuation is needed.

Introduction

The desired outcome of allogeneic hematopoietic cell trans-
plantation (HCT) is cure of malignancy, minimization of
graft-versus-host disease (GvHD)-associated morbidity, dis-
ability and treatment-related mortality, and achievement of
donor-recipient immune tolerance manifested by complete
discontinuation of immune suppressive medications without
recurrent GvHD.

While successive advances in pharmacological GvHD pre-
vention strategies have led to tangible reduction in acute
GvHD, the burden of chronic GvHD largely remains
unchanged with these approaches."*With the combination of
tacrolimus (TAC)/methotrexate (MTX) or TAC/sirolimus
(SIR), approximately 50% of patients will experience chronic
GvHD after matched sibling donor HCT,* and a similar pro-
portion are affected after unrelated donor HCT.® This repre-
sents a major obstacle to the success of HCT, as chronic
GvHD remains a major source of late HCT-associated mor-
bidity and death,”” and is associated with prolonged immune
suppressive therapy.” In contrast, ex vivo and in vivo T-cell
depletion strategies (including ATG and post-transplant
cyclophosphamide) are associated with lower risk of chronic
GvHD,""* and merit ongoing study.

The optimal type and duration of immune suppressive ther-
apy to mitigate risk for serious chronic GvHD and effectively
induce tolerance remains unknown. Several prior studies
have examined variably defined prolonged courses of cal-

cineurin inhibitors after HCT with these goals in mind.""
While some studies have demonstrated reduction in chronic
GvHD, others do not support this conclusion and fail to
demonstrate benefits in ultimate immune suppression discon-
tinuation. Taken together, these studies fail to provide con-
vincing evidence of a beneficial effect of this approach.
Extensive pre-clinical evidence demonstrates that sirolimus
(rapamycin) supports tolerance development,”* and thus this
agent holds promise to facilitate the above-stated goals of
HCT. When early immune suppression taper goals were
employed, a major phase III trial failed to demonstrate a sig-
nificant advantage of SIR/”TAC over MTX/TAC in prevention
of chronic GvHD. In contrast, in an initial report of a ran-
domized phase II trial, we demonstrated that prolonged SIR
administration post-HCT (= 1 year post-HCT among
SIR/TAC-treated patients vs. MTX/TAC-treated patients) led
to a reduction in moderate-severe chronic GvHD and sup-
ported the reconstitution of functional regulatory T cells
(Treg) after HCT.” In the present long-term follow-up analy-
sis, we examined whether prolonged administration of
sirolimus would result in durable reduction in chronic GVHD
and increased rates of immune suppression discontinuation.

Methods

Parent trial
Patients were randomized to receive sirolimus/tacrolimus
(SIR/TAC) versus methotrexate/tacrolimus (MTX/TAC) in a random-
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ized phase 1I trial of graft-versus-host disease (GvHD) prevention
(clinicaltrials.gov identifier: 00803010). Trial inclusion and exclusion
criteria, stratified randomization accounting for donor type and
HCT recipient age, and patients’ characteristics have been previ-
ously described.” The trial recommended the following immune
suppression management: patients were eligible to initiate TAC
taper at day 50 following HCT in the absence of acute GvHD. SIR,
conversely, was intentionally continued through at least one year
after HCT. Beyond this, the protocol did not mandate a taper
schedule for TAC, SIR, systemic glucocorticoids, or other immune
suppressive agents. The original report described the cumulative
incidence of acute GvHD through day 100, estimated the inci-
dence of overall and National Institutes of Health (NTH) moderate-
severe chronic GvHD, relapse, non-relapse mortality, and overall
survival, and described peripheral blood regulatory T cell (Treg)
reconstitution and function after HCT.” A separate report
described longitudinal recovery in patient-reported quality-of-life
(QOL).*

Long-term follow up

In this long-term follow-up study, we collected comprehensive
data on all trial patients to permit the following analyses.

1) Compliance with at least one year of sirolimus therapy
among SIR/TAC patients: Time to discontinuation of SIR was
summarized, and indications (intentional taper, toxicity, TMA per
BMT CTN criteria,”” malignancy relapse) were noted.

2) Incidence, severity, classification, and organ manifestations of
chronic and late acute GvHD: individual chronic GvHD organ
involvement and severity were recorded according to the NIH
Consensus criteria for Diagnosis and Staging; overlap subtype had
concurrent presence of acute GvHD features.*”® Data included
both characteristics at chronic GvHD onset and maximum severi-
ty. Late acute GvHD solely had manifestations of acute GvHD,
and severity was scored according to standard criteria.*’

3) Burden of systemic glucocorticoid exposure: systemic gluco-
corticoid therapy was recorded in all patients. Prednisone expo-
sure [individual time point-wise comparisons and cumulative
exposure to prednisone (mg/kg/day x time)] was compared across
SIR/TAC versus MTX/TAC groups. Data was summarized at stan-
dard time points (days post HCT): 120, 150, 180, 210, 240, 270,
360, 540, 720, 1080, 1440, and 1800 days. Only living patients
without malignancy relapse were considered eligible for this
analysis.

4) Incidence of TAC discontinuation (successful event defined as
intentional taper and discontinuation of TAC; discontinuation of
TAC for toxicity or malignancy relapse was not counted as success
in this analysis) and complete immune suppression discontinua-
tion (complete discontinuation of all immune suppressive agents
including original immune suppressive prophylaxis, all systemic
glucocorticoid therapy, and any other additional systemic immune
suppressive agents added throughout study period).

5) Current estimates of malignancy relapse, non-relapse mortal-
ity (NRM), and overall survival. For the analysis of NRM, interac-
tion of study group and conditioning regimen intensity was
explored. Based on excess NRM among SIR/TAC patients treated
at higher dose busulfan (co-enrollment on investigational trial with
IV busulfan targeted to average daily AUC of 7500 pM/L*min/day
together with fludarabine),* data are presented for all patients,
and separately restricted to only those receiving standard dose
busulfan-based regimens (IV busulfan targeted to average daily
AUC of either 3500 or 5300 wM/L*min/day).

6) Sub-group analysis of patients with established chronic
GvHD. Initial and subsequent lines of systemic immune suppres-
sive therapy (including extra-corporeal photopheresis) were
recorded. The occurrence and time to chronic GvHD resolution

Table 1. Late acute graft-versus-host disease characteristics and
severity.

SIR/TAC MTX,/TAC P

Late acute GvHD subtype

De novo 4 0 0.005
Persistent 1 3

Recurrent 2 13

Organ involvement

Skin 5 6 NS
Gastrointestinal 4 1

Liver 4 9

Overall grade

1 2 2 0.007
2 2 14

3 0 0

4 3 0

GuHD: graft-versus-host disease.

was recorded in cases that achieved complete resolution.
Treatment success and failure-free survival definitions were mod-
eled after previous literature.*** Treatment success was defined as
complete resolution of chronic GvHD and discontinuation of all
immune suppression. Failure-free survival was defined as time to
a composite event including death, relapse or additional systemic
immune suppressive therapy beyond first-line chronic GvHD

therapy.

Statistical analysis

Descriptive statistics included medians and ranges for continu-
ous variables and frequencies for categorical variables. Categorical
variables were compared using Fisher exact test, and continuous
variables were compared using Wilcoxon rank-sum test. The
cumulative incidence function was used to estimate outcomes
including late acute GvHD, overall chronic GvHD, moderate-
severe chronic GVHD, immune suppression discontinuation (all
accounting for malignancy relapse and non-relapse death as com-
peting risk events), malignancy relapse (with non-relapse death as
competing risk event) and non-relapse death. Cumulative inci-
dence of these outcomes was compared across groups using the
Gray test.* Fisher exact test was used to compare chronic GvHD
organ involvement and severity, as well as late acute GVHD organ
severity across study groups. A multivariate model was developed
to assess relationship of study variables: study group [(SIR/TAC vs.
MTX/TAC), as well as patient (age), disease (diagnosis, CIBMTR
risk category), and transplantation variables (donor type,
donor/recipient CMV matching, donor/recipient gender matching,
conditioning regimen, prior acute GvHD)] with risk for develop-
ment of moderate-severe chronic GvHD: those with P value <0.25
were included in the initial multivariable model. The Kaplan-
Meier method was used to estimate survival end points including
failure-free survival and overall survival, and the log rank test was
used to compare survival data across groups.

Results

Patients’ characteristics

The trial design, included patients, and GvHD prophy-
laxis treatment plans have been previously described for
the original trial.” Median follow-up time for surviving
patients at the time of the initial study analysis was 20
months (range 4-32) for SIR/TAC, and 17 months (range 4-
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32) for MTX/TAC. There were no significant differences
between study arms for recipient or donor age,
recipient/donor gender, diagnosis and pre-HCT remission
status, CIBMTR risk category, donor type, or conditioning
regimen (P=n.s. for all comparisons). The cumulative inci-
dence of grade II-IV acute GvHD through day 100 post
HCT showed a significant difference between study
groups: 43% (95%CI: 27 %-59%) in the SIR/TAC group,
and 89% (95%Cl: 72%-96%) in the MTX/TAC group;
P<0.001. All patients (74 total, SIR/TAC n=37 and
MTX/TAC n=37) were included in this long-term follow-
up analysis. Median follow-up time for surviving patients
at time of this analysis was 41 months (range 27-60) for
SIR/TAC and 49 months (range 29-63) for MTX/TAC.
Compliance with the planned one year or more of SIR
therapy among SIR/TAC patients was excellent: One
patient discontinued SIR at 161 days post HCT due to
TMA (grade 1). Otherwise, SIR was not discontinued for
toxicity in other cases. The median duration of SIR thera-
py among patients (n=27) surviving one year or more was
33 months (range 5-60 months).

Chronic graft-versus-host disease

The reduction in NIH Consensus moderate-severe
chronic GvHD among SIR/TAC-treated patients persisted
in this long-term follow-up analysis. The cumulative inci-
dence of moderate-severe chronic GVHD is presented in
Figure 1. A total of 9 patients in the SIR/TAC group expe-
rienced moderate-severe chronic GvHD versus 22 in the
MTX/TAC group. On multivariate analysis, the SIR/TAC
group had significantly lower risk for moderate-severe
chronic GvHD (HR 0.32, 95%CI: 0.15-0.68; P=0.003). No
other considered patient, disease, or HCT variables
remained in the final multivariate model. Maximal chronic

GvHD organ involvement and severity are presented in
Figure 2. Most commonly affected organ sites were eyes,
mouth, skin, and liver. The global severity score was sig-
nificantly lower in SIR/TAC patients; however, no individ-
ual organ-specific comparisons were significantly different
between groups. Overlap subtype of chronic GvHD was
diagnosed in 7 SIR/TAC patients versus 14 MTX/TAC
patients (P=0.15).

Late acute graft-versus-host disease

SIR/TAC patients had significantly lower incidence of
late acute GVHD (Figure 3). Late acute GvHD severity and
organ involvement is presented in Table 1. In keeping with

1_

— MTX
0.9r ====SIR
osl P=0.004
0.7 64.6%
0.6+
05F
0.4r 33.7%
0.3r E
0.2¢ i

‘----l
017 '
0 ] "T--T---l 1 L L 1 1 L
0 6 12 18 24 30 36 42 48 54 60

Months

Figure 1. Cumulative incidence of NIH Consensus moderate-severe
chronic graft-versus-host disease.
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greater classic acute GvHD within 100 days, the
MTX/TAC group had a greater burden of persistent and
recurrent late acute GvHD.

Systemic glucocorticoid therapy

Systemic glucocorticoid exposure (presented as
mg/kg/day of prednisone) differed according to study
group (Figure 4). Total exposure (SIR/TAC: median 20.1
mg/kg total exposure over study period, range 0-360
mg/kg vs. MTX/TAC: median 46.9 mg/kg total exposure
over study period, range 0-474.8 mg/kg; P=0.18) was
lower among SIR/TAC patients. Individual point-wise
comparisons demonstrated significantly lower prednisone
dose at day 540 (P=0.028) among SIR/TAC patients; how-
ever, no other point-wise comparisons were significantly
different.

Immune suppression discontinuation

While a comparable number of SIR/TAC versus
MTX/TAC patients successfully discontinued TAC in the
absence of toxicity or malignancy relapse (SIR/”TAC n=15
vs. MTX/TAC n=12), median time to TAC discontinuation
was shorter (SIR/TAC 368 days vs. MTX/TAC 821 days;
P=0.002) for the SIR/TAC group. The cumulative inci-
dence of successful TAC discontinuation is presented in
Figure 5.

In contrast, a greater number (n=8) of patients in the
SIR/TAC group stopped TAC for toxicity (TMA n=6;
thrombocytopenia n=1, and renal insufficiency n=1,
respectively, without meeting criteria for TMA), com-
pared to the MTX/TAC group (TMA n=1). One patient in
each group stopped TAC for post-HCT malignancy
relapse.

Table 2. Causes of death.

By 60 months of follow up, the cumulative incidence of
complete discontinuation of all immune suppression in
the absence of death or relapse was comparable for
SIR/'TAC versus MTX/TAC groups (SIR/TAC 43% vs.
MTX/TAC 31%; P=0.78).

Overall survival, malignancy relapse, non-relapse
mortality

There was no significant difference in overall survival
between groups. Causes of death are outlined in Table 2.
Patients in the SIR/TAC arm were less likely to die from
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Figure 3. Cumulative incidence of late acute graft-versus-host dis-
ease.

SIR/TAC MTX/TAC
conditioning Days post-HCT conditioning Days post-HCT
regimen regimen
Malignancy relapse 6 14
GvHD 3 1
Acute GvHD 0 0
Late acute GvHD 2 Bu/pent, FluMel 123,724 0
Chronic GvHD 1 FluMel 726 1 Bu (5300)/Flu 730
Sepsis 2 1
sepsis, HHV6, MOSF 1 Bu (7500)/Flu 92 0
sepsis, resp. failure 1 Bu (5300)/Flu 839 1 Bu (5300)/Flu 364
Organ failure 6 2
GIB, renal/MOSF 1 Bu (7500)/Flu 221 0
VODMOSF 1 Bu (5300)/Flu 58 0
GIB, MOSF/sepsis 1 Bu (5300)/Flu 138 0
Respiratory failure
Pneumonia 1 Flu/Mel 986 0
Influenza pneumonia 1 Bu (7500)/Flu 227 0
RSV pneumonia 1 Flu/Mel 199 0
Diffuse alveolar 0 1 Bu (7500)/Flu 162
Hemorrhage
Liver failure 0 1 Bu (3500)/Flu 451

*Bu: busulfan; Flu: fludarabine; GIB: GI bleeding; GVHD: graft versus host disease; HCT: allogeneic hematopoietic cell transplantation; HHV6: human herpes virus 6; Mel: melpha-
lan; MOSF: multi-organ system failure; pent: pentostatin; RSV: respiratory syncytial virus; VOD: hepatic veno-occlusive disease; 3500/5300/7500: targeted average daily busulfan

exposure (uM/L*min/day).
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Figure 4. Comparison of
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relapse. In keeping with data reported in the initial study
report,” the cumulative incidence of relapse was lower in
the SIR/TAC group (48-month estimate: SIR/TAC 19% vs.
MTX/TAC 39%); P=0.06). As well, non-relapse mortality
was increased in the SIR/TAC group (4- month estimate
for total study population: SIR/TAC 32% vs. MTX/TAC
11%; P=0.03). Co-administration of escalated dose IV
busulfan (7500 wM/L*min/day) together with fludarabine
resulted in excess NRM among SIR/TAC (NRM: 3 of 5)
patients, but not MTX/TAC (NRM: 1 of 11).* When
restricted to standard dose conditioning (daily busulfan
AUC of 5300 wM/L*min/day or less), no difference in
NRM was observed (48-month estimate: SIR/TAC 10%
vs. MTX/TAC 16%; P=0.98).

Subset analysis of cohort with established chronic
graft-versus-host disease

While chronic GvHD therapy was not controlled on trial,
subgroup analysis of those with chronic GvHD did not
demonstrate differences to suggest that ongoing SIR treat-
ment modified the natural history and therapeutic respon-
siveness of chronic GvHD. First, comparable numbers of
patients per study arm received additional lines of systemic
immune suppressive therapy for chronic GVHD (SIR/TAC
n=7, and MTX/TAC n=5; P=0.15) beyond first-line treat-
ment. Comparable agents were utilized in this setting as
well: SIR/TAC (ECP 2, imatinib 2, MME 5, pentostatin 1, rit-
uximab 2) versus MTX/TAC (ECP 2, imatinib 1, MMF 2,
sirolimus 3, rituximab 1). Next, there was no significant dif-
ference in the proportion of patients with chronic GvHD
resolution by time of last follow up, or time from chronic
GvHD onset to resolution. Finally, there was no significant
difference in treatment success (cumulative incidence at 48
months: SIR/TAC 18% vs. MTX/TAC 21%; P=0.66), or fail-
ure-free survival (Figure 6).
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Figure 5. Cumulative incidence of successful TAC discontinuation

Discussion

Effective strategies that prevent serious chronic GvHD
and facilitate donor-recipient immune tolerance are need-
ed. Currently available pharmacological strategies not
employing complete or selective T-cell depletion largely
fail to achieve these goals, and prior studies examining
prolonged administration of calcineurin inhibitors have
not demonstrated consistent benefit. In addition, a major
randomized phase Il comparative trial has shown compa-
rable rates of chronic GvHD (comparing SIR/TAC vs.



MTX/TAC) when earlier goals for immune suppression
taper were implemented.” Based on extensive evidence
supporting  pro-tolerogenic activity of sirolimus
(rapamycin), we determined whether prolonged adminis-
tration of sirolimus would decrease risk for GvHD and
enhance rates of successful complete immune suppression
discontinuation.

These randomized controlled trial data support the con-
cept that SIR administration for greater than one year is
feasible and safe, and associated with beneficial reduction
in moderate-severe chronic GvHD. This novel finding is of
particular importance, as moderate-severe chronic GvHD
is associated with increased mortality, symptom burden,
and impaired quality of life.” The global 0-3 summary
chronic GvHD score was significantly improved among
SIR/TAC patients. While not significantly different, lung,
liver, and gastrointestinal involvement and severity were
decreased in the SIR/TAC group, and fewer cases had
overlap subtype of chronic GvHD. While some controver-
sy exists, current evidence supports adverse prognosis of
overlap subtype of chronic GVHD.* There were no major
differences in genital, joint, eye, or mouth involvement
between study groups. Subgroup analysis of those with
established chronic GVvHD did not demonstrate any major
differences to suggest that ongoing SIR treatment modi-
fied the natural history and therapeutic responsiveness of
chronic GvHD.

Another important novel finding is the reduction in late
acute GvHD among SIR/TAC patients, as prior retrospec-
tive studies predominantly suggest that this syndrome is
associated with greater risk for mortality.”** The observed
excess of recurrent and persistent late acute in the
MTX/TAC arm is in keeping with the greater burden of
acute GVHD within 100 days post HCT for this group;
however, determinants of late acute GvHD need further
study. A national Chronic GvHD Consortium longitudinal
observational study (clinicaltrials.gov identifier: 01206309)
will provide new insight in the expected incidence of late
acute and predictors for the development of this syn-
drome.

The analysis of immune suppression discontinuation
largely did not support the hypothesis that prolonged SIR
therapy would facilitate development of immune toler-
ance, as defined by successful complete discontinuation of
immune suppression. While time to TAC discontinuation
differed, there was no difference in ultimate incidence of
both TAC and complete IS discontinuation between
SIR/TAC and MTX/TAC groups. These data suggest that
approximately one-third of patients will successtully dis-
continue all immune suppression by four years post-HCT
in the absence of death or malignancy relapse under these
treatment conditions. Further study follow up may be nec-
essary to observe differences in rates of immune suppres-
sion discontinuation. It is possible that the use of TAC in
both study groups antagonized the development of
immune tolerance, and a calcineurin inhibitor-free pro-
phylaxis regimen may be ideal. Unfortunately, currently
available evidence does not support the safety of this
approach.” We also acknowledge a more complete model
of functional tolerance would include preservation of
graft-versus-malignancy effects and immune competence
for control of infection. The study was not designed to
address these aspects of functional tolerance, and further
investigation is needed.

The reduction in malignancy relapse is in keeping with
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Figure 6. Failure-free survival for chronic graft-versus-host disease
cohort.

some,43 but not all, prior reports,” suggesting a potential
benefit of SIR-based immune suppression in HCT. While
there was a decrease in malignancy relapse, non-relapse
mortality was increased in the SIR/TAC group. Our analy-
ses support the concept that SIR should not be given with
escalated dose of busulfan (> average daily exposure of
5300 uM/L*min/day). Additional work is needed to fur-
ther examine which patient, disease, and HCT character-
istics are associated with excess mortality with SIR/TAC
prophylaxis. A comprehensive analysis using a larger
number of SIR/TAC-treated patients at our institution is
planned to address this concern.

This analysis had some limitations. First, this random-
ized phase II trial was not adequately powered to demon-
strate conclusive benefit of SIR/TAC over MTX/TAC for
acute GVHD prevention, and power for the secondary
analyses studied here is limited. These findings are
hypothesis-generating, however, and further study of pro-
longed SIR administration post HCT is indicated. Second,
the trial only provided guidance in the initial taper of TAC
for those without acute GvHD and also required SIR
administration for one year or more post HCT; taper and
discontinuation of immune suppression was otherwise
not regulated by the trial, and therefore was subject to
individual practices of treating clinicians. While previous
evidence supports variation in practice of immune sup-
pression discontinuation,®” we anticipate that the duration
of immune suppressive therapy was largely driven by
GvHD activity rather than arbitrary factors. Thus, time to
immune suppression discontinuation should serve as a
useful indicator of immune tolerance development.
However, we note that development of GvHD after
immune suppression discontinuation is common, and
therefore the true measure of tolerance is sustained free-
dom from GvHD after immune suppression discontinua-
tion. Next, peripheral blood samples were not obtained
beyond day 360 in the parent trial, and therefore further
examination of Treg reconstitution, activity, and associa-
tion with late clinical outcomes was not possible in this
long-term follow-up study. In addition, this trial included
only 8/8 or more HLA-matched sibling or unrelated
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