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of Bologna, Bologna, Italy; 4Humanitas Clinical & Research Center, Milan, Italy; 5Department of Oncology and Hematology, University of Milan, Milan, Italy;
6Mayo Clinic, Rochester, MN; 7Department of Medicine, Adult Bone Marrow Transplant Service, Memorial Sloan Kettering Cancer Center, New York, NY;
8Division of Hematology and Bone-Marrow Transplantation, Chaim Sheba Medical Center, Tel Hashomer, Israel; 9Huntsman Cancer Institute, Salt Lake
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Hematology, Oncology, and Transplantation, University of Minnesota, Minneapolis, MN; 20Department of Pathology, Brigham and Women’s Hospital,

Harvard Medical School, Boston, MA; and 21University College of Medicine, Seoul National University, Seoul, South Korea

Key Points

• HSCT after PD-1 blockade is
feasible, although may be
associated with increased
early immune toxicity.

• PD-1 blockade may cause
persistent depletion of PD11

T cells and alterations in
T-cell differentiation impacting
subsequent treatment.

Anti–programmed cell death protein 1 (PD-1) monoclonal antibodies are being in-

creasingly tested in patients with advanced lymphoma. Following treatment, many of

those patients are likely to be candidates for allogeneic hematopoietic stem cell

transplant (HSCT). However, the safety and efficacy of HSCT may be affected by prior

PD-1 blockade. We conducted an international retrospective analysis of 39 patients with

lymphomawho received prior treatment with a PD-1 inhibitor, at amedian time of 62 days

(7-260) before HSCT. After a median follow-up of 12 months, the 1-year cumulative

incidences of grade 2-4 and grade 3-4 acute graft-versus-host disease (GVHD) were 44%

and 23%, respectively, whereas the 1-year incidence of chronic GVHD was 41%. There

were 4 treatment-related deaths (1 from hepatic sinusoidal obstruction syndrome, 3 from

early acute GVHD). In addition, 7 patients developed a noninfectious febrile syndrome

shortly after transplant requiring prolonged courses of steroids. One-year overall and

progression-free survival rates were 89% (95% confidence interval [CI], 74-96) and

76% (95% CI, 56-87), respectively. One-year cumulative incidences of relapse and nonrelapse mortality were 14% (95% CI, 4-29)

and 11% (95%CI, 3-23), respectively. Circulating lymphocyte subsets were analyzed in 17 patients. Comparedwith controls, patients

previously treated with PD-1 blockade had significantly decreased PD-11 T cells and decreased ratios of T-regulatory cells to

conventionalCD4andCD8Tcells. In conclusion,HSCTafterPD-1blockadeappears feasiblewith a low rateof relapse.However, there

may be an increased risk of early immune toxicity, which could reflect long-lasting immune alterations triggered by prior PD-1

blockade. (Blood. 2017;129(10):1380-1388)

Introduction

Programmed cell death protein 1 (PD-1) is an inhibitory receptor
expressed on activated T cells and other lymphoid and myeloid cells.
The PD-1 synapse is an important mechanism by which malignancies
can evade the host immune response.1,2 Clinical trials of anti-PD-1

monoclonal antibodies (mAbs) have demonstrated promising results in
lymphoma patients with advanced disease. Hodgkin lymphoma (HL),
which appears to have a unique biologic dependence on the PD-1
pathway, is particularly susceptible to PD-1 blockade,3,4 and 1 PD-1
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inhibitor, nivolumab, was recently approved by the US Food and Drug
Administration for treatment of classical HL.5 Clinical activity has also
been observed in several subtypes of non-Hodgkin lymphoma (NHL).6,7

Given the success of these agents in early studies, anti-PD-1 mAbs
are being tested alone and in combination in a growing number of
clinical trials across many hematologic malignancies. Many partici-
pants in these trials will at some point become potential candidates for
allogeneic hematopoietic stem cell transplantation (HSCT); however,
the safety and efficacy of HSCTmay be different in patients previously
exposed to PD-1 inhibitors, given their immunomodulatory mecha-
nism and their prolonged clinical activity.8 Specifically, residual
PD-1 inhibition peri- and post-HSCT could enhance allogeneic T-cell
responses, which could augment the graft-versus-tumor (GVT) effect
but also increase the incidence or severity of immune complications.
Animal models demonstrate that PD-1 blockade early after allogeneic
HSCT may augment GVT in anatomic niches that are susceptible to
relapse,9 but could also result in higher rates of acute graft-versus-host
disease (GVHD) and increased GVHD lethality.10,11 Early clinical
trials suggest that checkpoint blockade therapy with nivolumab or
ipilimumab (IPI) as treatment of relapse after HSCT could be effective
with a tolerable side-effect profile.12,13 Understanding the impact of
prior PD-1 blockade on both the safety and the efficacy of HSCT is
critical to select candidates for PD-1 blockade among patients who
may be future candidates for HSCT and to select appropriate treatment
strategies for HSCT candidates who are responding to PD-1 blockade
or who have relapsed after prior PD-1 blockade.

We therefore conducted an international retrospective study of
patients treated with an anti-PD1 mAb at some point prior to HSCT,
with the goal of describing toxicity and disease control. In addition,
immune profiling analysis using flow cytometry was performed on a
subset of patientswith available samplespre- andpost-HSCT toexplore
the possible basis of observed differences in HSCT outcomes.

Methods

Patients

To develop this collaboration, we contacted centers that participated in early
studies of PD-1 inhibitors for lymphoma, or that informed us of patients at their
center who had been transplanted after prior PD-1 blockade. Between July 2013
and March 2016, we identified 39 patients who received pembrolizumab or
nivolumab for treatment of HL or NHL and subsequently underwent allogeneic
HSCT. Patients underwent transplantation under a variety of treatment plans and
investigational protocols. The Institutional Review Boards at all sites approved
the protocol prior to patient enrollment. A waiver of informed consent was
obtained for this retrospective chart review. Medical records of all patients were
reviewedbyparticipating investigators.AssessmentofGVHDwasperformedby
each center following their standard grading practice.

Immune profiling analysis

Patients treated at Dana-Farber Cancer Institute/Brigham andWomen’sHospital
(DFCI/BWH) who had available samples pre- and post-HSCTwere included in
an immune reconstitution subanalysis. Patients treated at the same institution
with reduced-intensity conditioning (RIC) HSCT without prior anti-PD-1
treatment between 2011 and 2015 were used as a control cohort. Blood samples
fromboth cohorts were obtained on day 0 (prior to stem cell infusion) and 1, 2, 3,
6, 9, and 12 months after transplant. Whenever possible, fresh samples were
analyzed prospectively. When fresh samples had not been analyzed,
cryopreserved samples were thawed and tested with the same panel of mAbs.
Samples obtained after relapse were not included in this analysis. Written
informed consentwas obtained fromall patients prior to sample collection as part
of established research sample collection protocols.

A panel of directly conjugatedmAbswas used to define functionally distinct
T-cell subsets, as previously described.14 Threemajor T-cell populations: CD41

T-regulatory cells (CD4Treg), conventional CD4 cells (CD4Tcon), and effector
CD81 T cells, were defined as CD31CD41Foxp31, CD31CD41Foxp32, and
CD31CD42CD81, respectively. Within each population, subsets were defined
as follows: naive T cells (CD45RA1CD62L1); central memory (CD45RA2

CD62L1); effector memory (CD45RA2CD62L2); and CD8 terminal effector
memory T cells (CD81CD45RA1CD62L2). In addition, we quantified the
populations of PD-11 cells among all subsets.

Statistical considerations

Patient baseline characteristics and immunophenotype data were analyzed
descriptively. Endpoints of interest included overall survival (OS), progression-
free survival (PFS), relapse, nonrelapse mortality (NRM), as well as acute and
chronicGVHD.OSwas defined as the time fromstemcell infusion to death from
any cause. Patients whowere alive or lost to follow-upwere censored at the time
last seen alive. PFS was defined as the time from stem cell infusion to disease
relapse, progression, or death from any cause, whichever occurred first. Patients
who were alive without disease relapse or progression were censored at the time
last seen alive and progression-free. OS and PFS were calculated using the
Kaplan-Meiermethod, and the log-rank testwasused for comparisonsofKaplan-
Meier curves. Cumulative incidence curves for nonrelapse death, relapse with or
without death, and GVHD were constructed in the competing risks framework
considering relapse, NRM, and death or relapse without developing GVHD,
respectively, as competing events. All time to events were measured from the
date of stem cell infusion. The difference between cumulative incidence curves
in the presence of a competing risk was tested using the Gray method.15

Immunophenotype data were compared using Wilcoxon rank sum test for
unpaired group comparison and Wilcoxon signed rank test for paired
comparison. Correlation analysis was performed using the Spearman rank test.
All tests are 2-sided at the significance level of 0.05 and multiple comparisons
were not considered. All statistical analyses were performed using SAS version
9.3 (SAS Institute, Cary, NC) and R version 3.1.3 (the CRAN project).

Results

Patients

A total of 39 patients who were treated with PD-1 blockade prior to
HSCT (4 in combination with the anti-CTLA-4 mAb IPI) were
included in this analysis. Baseline characteristics are summarized in
Table 1. Median age at the time of transplantation was 34 years (range,
21-67). Thirty-one patients (79%) were transplanted for classical HL,
and the remainder for NHL. Patients received a median of 4 systemic
treatments (range 2-8). Eighty-two percent received an autologous
HSCT amedian of 23months (range 2-132) prior to allogeneic HSCT.
Among the31patientswithHL,24 (77%)were treatedwithbrentuximab,
in 22 cases prior to PD-1 therapy. Patients received amedian of 8 (range,
3-27) cycles of a PD-1 inhibitor. The best response to PD-1 therapywas a
complete response (CR) in 14 patients (36%), partial response in 10
patients (26%), stable disease in 7patients (18%), andprogressivedisease
in 8 patients (21%). The overall response rate was higher among patients
with HL (74%) compared with NHL (13%). The median time from last
dose of PD-1 therapy to HSCT was 62 days (range, 7-260). Nineteen
patients (49%) had intervening salvage therapy between anti-PD-1
treatment andHSCT, all for progression after PD-1 blockade.All patients
received T-cell–replete grafts, and all but 1 patient had RIC.

Survival and relapse

Median follow-up for survivors was 12 months (range, 2-33 months).
Overall, the 1-year OS and PFS were 89% (95% confidence interval
[CI], 74-96) and76%(95%CI, 56-87), respectively,whereas the 1-year
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cumulative incidences of relapse (CIR) and NRMwere 14% (95% CI,
4-29) and11%(95%CI, 3-23), respectively (Figure 1;Table2).Among
the 31 patients with HL, 1-year OS, PFS, CIR, and NRM were
90% (95% CI, 71-97), 74% (95% CI, 50-88), 16% (95% CI, 3-36),
and 10% (95% CI, 3-25), respectively (Table 2).

Toxicity

The 1-year cumulative incidences of grade 2-4, grade 3-4, and
grade 4 acuteGVHDwere 44%, 23%, and 13%, respectively, with a
median day of onset of 27 days. The 1-year cumulative incidence of
chronic GVHD was 41%. The rates of GHVD were similar for the
HL cohort (Table 2). There were 4 treatment-related deaths: 3 from
acute GVHD arising within 14 days of HSCT and 1 from hepatic
SOS (Table 2). Among the 3 patients with fatal acute GHVD,
2 patients (patients 3 and 8) had a noninfectious febrile syndrome,
which began within 1 week of transplant and 4 to 6 days prior to
neutrophil engraftment. Patient 3 developed severe acute GVHD,
bacteremia, acute kidney injury, and hypoxic respiratory failure
leading to death on day 100. Following an initial noninfectious
febrile syndrome, patient 8 also developed severe acute GHVD,
which was complicated by bacteremia, diffuse alveolar hemor-
rhage, posterior reversible encephalopathy syndrome, and death on
day 123. The third patient with fatal GVHD (patient 18) had a
pretransplant course complicated by grade 2 colitis and pneumo-
nitis after prior combination treatment with nivolumab and IPI.
After transplantation, she developed severe liver GVHD, hepatic
encephalopathy, and hypotension. A liver biopsy prior to her death
on day 35 demonstrated acute liver GVHD as well as lobular
hepatitis consistent with drug-induced hepatitis (Figure 2). Her last
treatment with nivolumab and IPI was 49 days before HSCT and
74 days prior to the biopsy.

Three patients (8%) developed severe hepatic SOS despite RIC.
All 3 patients were treated with defibrotide, and 2 required central
venovenous hemofiltration, with 1 fatality 51 days after transplant
(patient 14; see Table 2). The third patient who developed severe SOS
received corticosteroids in addition to defibrotide and recovered rapidly
and completely.

Table 1. Baseline characteristics of patients

Patient characteristics N 5 39*

Sex

Male 20 (51%)

Female 19 (49%)

Age at transplant, y (median, range) 34 (21-67)

Institution, N (%)

DFCI/BWH 19 (49)

Mayo Clinic 3 (8)

MSKCC 3 (8)

University of Bologna 4 (10)

Humanitas Clinical & Research Center 9 (23)

Chaim Sheba 1 (3)

Disease, N (%)

Classical HL 31 (79)

DLBCL 2 (5)

FL 2 (5)

PMBCL 2 (5)

EATL 1 (3)

MCL 1 (3)

Total number of systemic treatments (median, range) 4 (2-8)

Radiation therapy, N (%) 25 (64)

Prior autologous transplant, N (%)t 32 (82)

Number of cycles of PD-1 inhibitor (median, range) 8 (3-27)

PD-1 inhibitor received, N (%)

Nivolumab† 28 (72)

Pembrolizumab 11 (28)

Best response to PD-1 inhibitor, N (%)

Complete response 14 (36)

Partial response 10 (26)

Stable disease 7 (18)

Progressive disease 8 (21)

Number of patients with immune-related adverse

events while on PD-1 inhibitor (prior to

transplant), N (%)

4 (11)

Colitis 2 (6)

Pneumonitis 2 (6)

Hepatitis 1 (3)

Uveitis 1 (3)

Interval between last PD-1 treatment and HSCT (d) 62 (7-260)

Patients with intervening salvage therapy between

PD-1 and HSCT, N (%)

19 (49)

Graft source, N (%)

PB 28 (72)

BM 11 (28)

Donor type, N (%)

MRD 9 (23)

MUD 12 (31)

Haploidentical transplant 14 (36)

MMUD‡ 4 (10)

Disease status at allogeneic transplant, N (%)

Complete response 25 (64)

Partial response 11 (28)

Stable disease 2 (5)

Progressive disease 1 (3)

Conditioning regimen, N (%)

RIC 38 (97)

Cy, Flu, TBI 13 (33)

Bu, Flu 11 (28)

Flu, Mel 5 (13)

TT, CY, Flu, ATG 4 (10)

TT, CY, Flu, TBI 2 (5)

TT, Flu, Mel 2 (5)

TT, Flu 1 (3)

MAC 1 (3)

Bu, Flu 1 (3)

Table 1. (continued)

Patient characteristics N 5 39*

GVHD prophylaxis, N (%)

PTCY 7 (18)

PTCY, Tacrolimus, MMF 7 (18)

Tacrolimus, Sirolimus, MTX 6 (15)

Tacrolimus and MTX 6 (15)

CSA, MTX 5 (13)

Other§ 8 (21)

ATG, antithymocyte globulin; BM, bone marrow; Bu, busulfan; Chaim Sheba,

Chaim Sheba Medical Center in Ramat Gan, Israel; CSA, cyclosporine; CY,

cyclophosphamide; DLBCL, diffuse large B-cell lymphoma; EATL, enteropathy-

associated T-cell lymphoma; FL, follicular lymphoma; Flu, fludrabine; MAC,

myeloablative conditioning; MCL, mantle cell lymphoma; Mel, melphalan; MMF,

mycophenolate mofetil; MMUD, mismatched-unrelated donor; MRD, matched-

related donor; MSKCC, Memorial Sloan Kettering Cancer Center; MTX, methotrex-

ate; MUD, matched-unrelated donor; PB, peripheral blood; PMBCL, primary

mediastinal B-cell lymphoma; PTCY, posttransplant cyclophosphamide; TBI, total

body irradiation; TT, thiotepa; University of Bologna, Hematology Institute “L. e A.

Seragnoli” at the University of Bologna.

*Percentages may not add to 100 because of rounding.

†Among those, 4 patients received nivolumab in combination with ipilimumab.

‡One permissive DR mismatch; 1 DQ mismatch, and unidirectional HvG

mismatch.

§One patient received a GVHD regimen that included a single dose of ATG. No

patients received alemtuzumab.
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In addition, 7 patients (18%) developed a prolonged febrile
syndrome beginning 1 to 7 weeks after HSCTwith elevated transam-
inases in 3 patients and rash in 4 patients (Figure 3). Only 1 of
7 patients met Spitzer criteria and 3 of 7 patients met Maiolino
criteria for engraftment syndrome.16,17 All patients were started on
corticosteroids (;1 mg/kg) within 3 weeks of fever onset. Two
patients with this syndrome (patients 3 and 8) developed severe, fatal
acute GVHD shortly after the onset of fevers, as described above.
Of the remaining 5 patients, 4 required prolonged steroid courses
for management of recurrent fevers, rash, or liver function test
abnormalities (Figure 3). Two of those 4 patients developed clear
chronic GVHD while on a steroid taper.

Clinical predictors of GVHD, survival, and NRM

PD-1 dosing and timing. Patients who received greater than or
equal to 8 doses (the median value in this cohort) of PD-1 blockade
appeared to have improved PFS at 1 year compared with those
receiving ,8 doses (91% [95% CI 70-98] vs 54% [95% CI 25-76],
P5 .039). A slightly larger proportion of these patients had a CR at the
time of HSCT, but the difference was not significant (69% vs 54%,
P5 .5).No significant differenceswere seen in 1-year rates ofOS (95%
[95%CI 72-99] vs 77% [95%CI 44-92], P5 .064), CIR (4% vs 23%,
P5 .4), andNRM(5%vs23%,P5 .070)when stratifiedby total doses
of PD-1 (8 or more doses vs,8 doses). Duration of time between the
last dose of PD-1 blockade andHSCT (.60 days vs,60 days) did not

significantly affect 1-year rates ofOS,PFS,CIR,NRM,or the incidence
of GVHD or febrile syndrome.

The 4 patients treated concurrentlywith IPI and a PD-1 inhibitor all
developed acuteGVHD, including 1 fatal case of grade 4 acuteGVHD.
The 6-month rate of grade 3-4 acuteGVHDwashigher in these patients
compared with those treated with PD-1 blockade alone (75% vs 17%
P 5 .010). There were no significant differences seen in 1-year OS
(75%vs 91%P5 .3), 10-monthPFS (75%vs 80%P5 .13), 10-month
CIR (0% vs 11% P 5 .4), 10-month NRM (25% vs 9% P 5 .3), or
1-year incidence of chronic GVHD (25% vs 43%, P5 .8).

Donor and graft characteristics. Among patients receiving
BM grafts, rates of grade 3-4 acute GVHDwere lower compared with
patients receiving peripheral blood stem cells (PBSCs; 0% vs 32%,
P5 .036), but this did not result in a significant difference in chronic
GVHD, NRM, or survival. There were no significant differences in
outcomes based on donor source (ie, matched vs unmatched). Among
the 14 patients undergoing haploidentical donor transplants, 1-year OS,
PFS,CIR, andNRMwere similar to the entire cohort (OS93% [95%CI,
59-99], PFS 70% [95%CI, 30-90], CIR 23% [95%CI, 2-56], andNRM
7% [95% CI, 0-28]). Likewise, there were no significant differences
based onGVHDprophylaxis regimen, treatmentwith a salvage regimen
betweenPD-1blockadeandHSCT,or timingofprior autologousHSCT.

Immune reconstitution after HSCT

Seventeen of 19 patients who underwent HSCT at DFCI/BWH had
blood samples available and were included in a subgroup analysis.
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Figure 1. OS, PFS, CIR, and NRM following HSCT in patients previously treated with a PD-1 inhibitor. (A) OS, (B) PFS, (C) CIR, and (D) NRM.
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Twenty-four patients treated with RIC HSCT during the same time
period were assembled as a control cohort. They were matched as
able for disease, conditioning intensity, sex, and GVHD prophylaxis
regimen (supplemental Table 1, available on the Blood Web site).
Patients treatedwith PD-1 blockade prior toHSCThad similar absolute
counts of CD41 andCD81T cells across studied time points (0, 1, 2, 3,
and 6 months) after transplantation (Figure 4). Likewise, there were no
significant differences in subset populations of naive T cells, central
memory, effector memory, or CD8 terminal effector memory T cells
between the PD-1 and control cohort. However, among patients
previously treatedwithPD-1blockade, the ratio ofCD4Treg:CD4Tcon
cells was significantly decreased at 0 and 1 months and the ratio of

CD4Treg:CD8 T cells was significantly reduced at 0, 1, and 2 months
after transplantation (Figure 4). Further examination of CD4Treg,
CD4Tcon, and CD8 T-cell subsets revealed that the expression of
PD-1 was significantly decreased across all examined T-cell subsets
at the time of transplant (0 months) and 1, 2, 3, and 6 months after
HSCT (Figure 5), despite a median time from last PD-1 treatment to
transplant of 148 days in this subgroup (range, 7-260).

Total leukocyte donor chimerism values were slightly but signif-
icantly lower in the control group compared with the PD-1 cohort at 30
days after HSCT (median donor chimerism 95% [range 34% to 100%]
vs99%[range0% to100%],p5 .036).A similar trendwas seen for day
30 CD3 chimerism (75% [range 6% to 100%] vs 87% [range 1% to

Table 2. Toxicity, outcomes, and deaths

Toxicity and outcomes (1-y cumulative incidence)

All patients (N 5 39) HL subset (N 5 31)
% (range, 95% CI) % (range, 95% CI)

Acute GVHD

Grade 2-4 44 (28-59) 45 (27-62)

Grade 3-4 23 (11-37) 26 (13-55)

Grade 4 13 (5-25) 13 (4-27)

Chronic GVHD 41 (22-60) 33 (13-55)

Hepatic SOS (3-mo cumulative incidence) 8 (2-19) 6 (1-19)

OS 89 (74-96) 90 (71-97)

PFS 76 (56-87) 74 (50-88)

CIR 14 (4-29) 16 (3-36)

NRM 11 (3-23) 10 (3-25)

Deaths

Pt. no. Histology Donor source Graft source
Interval between PD-1

and HSCT, d Day of death Complications

3 Mixed cellularity HL MMUD PB 17 100 Febrile syndrome, hyperacute grade 4 acute

GVHD, bacteremia, acute kidney injury,

hypoxic respiratory failure

8 Nodular sclerosing HL MUD PB 100 123 Febrile syndrome, hyperacute grade 4 acute

GVHD, bacteremia, diffuse alveolar

hemorrhage, posterior reversible

encephalopathy syndrome

14 Nodular sclerosing HL Haploidentical BM 156 51 Severe SOS and renal failure requiring central

veno-venous hemofiltration (CVVH)

18 Enteropathy-associated

T-cell lymphoma

MUD PB 49* 35 Grade 4 acute GVHD, hepatic encephalopathy,

and hypotension

PB, peripheral blood; SOS, sinusoidal obstruction syndrome.

*Received ipilimumab concurrently with anti-PD-1 therapy. The last dose of ipilimumab was also 49 d prior to HSCT.

Figure 2. Liver biopsy from patient with acute liver

failure after HSCT compared with example cases.

(A) Example case, low power image of GVHD (left) with

minimal lobular inflammation in contrast to IPI-associated

hepatitis (right) showing pronounced lobular hepatitis

(original magnification 350; hematoxylin and eosin

stain). (B) Example case, high power view of a portal

tract in a patient with GVHD exhibiting cholestasis and

bile duct injury, evidenced by cells with nuclear pleomor-

phism, eosinophilic cytoplasm, and intracytoplasmic vac-

uoles (original magnification 3400; hematoxylin and

eosin stain). (C) Example case, high power image of IPI-

associated hepatitis exhibiting a pan-lobular, predominantly

lymphocytic infiltrate with spotty hepatocellular necrosis

(original magnification3200; hematoxylin and eosin stain).

(D-F) Patient case demonstrating striking centrizonal he-

morrhage and hepatocellular dropout as well as bile duct

injury. (D) Original magnification 350; hematoxylin and

eosin stain. (E) Original magnification 3400; hematox-

ylin and eosin stain. (F) Original magnification 3400;

hematoxylin and eosin stain.
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100%], p5.40). At 100 days, both total leukocyte and CD3 donor
chimerism values were significantly lower in the control cohort
comparedwith PD-1 cohort (total leukocyte 95% [range 15% to 100%]
vs 100% [range 60% to 100%], p 5 .027; CD3 64% [range 25% to
100%] vs 97% [range 56% to 100%], p5 .015).

Discussion

Preclinical studies have suggested that immune activation from
checkpoint blockade could lead to both increased immune-related
toxicity and antitumor activity.9-11 Our results strongly support the

hypothesis that prior checkpoint blockade affects HSCT outcomes,
based on several aspectsof this cohort. In terms of toxicity,weobserved
a higher than expected rate of early severe transplant-related compli-
cations. Although the overall incidences of acute and chronic GVHD
did not appear very different from that expected in a population of
patients undergoing T-cell replete RIC HSCT for lymphoma, the
incidence of grade 4 acute GVHD appears higher than prior studies
(13% vs 3% to 4%)18,19; in addition, the 3 patients who succumbed to
GVHD developed a particularly rapid and virulent form of acute
GVHD, which is rare after RIC HSCT. These early deaths prompted a
USFood andDrugAdministration label warning for use ofHSCT after
prior PD-1 blockade. In further support of the possible role of prior
checkpoint blockade, the liver biopsy of one of the patients with fatal
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Figure 3. Febrile syndrome: time course among

affected patients. Seven patients (18%) developed

prolonged noninfectious febrile syndromes shortly

after HSCT. They received allografts from 2 MMURD,

2 MURD, 2 haploidentical donors (haplo), and 1 MRD.

Five grafts were PB and 2 were BM. (Patient 2: PB
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graft, MUD; patient 10: BM graft, haplo; patient 13:
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30: BM graft, haplo.) Patient 10 and 30 received PTCY.

Red, febrile syndrome prior to steroids; green, treatment

with steroids for febrile syndrome; purple, acute GVHD;

blue, chronic GVHD; X, death. Both deaths were from

complications of severe acute GVHD, described in detail

in Table 2.
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GVHD (Figure 2) provides histologic evidence of both GVHD and
drug-induced hepatitis, strongly suggesting that prior checkpoint
blockade may have magnified the severity of liver injury. In addition,
severe SOS is a rare event in the RIC setting, and the rate of severe
SOS in this cohort appeared greater than that seen in a prior large
retrospective series of RIC allogeneic transplants (8% vs 2.1%).20 We
also report an atypical noninfectious febrile syndrome that occurred in a
sizeableminority of patients. Themajority of these patientsdidnotmeet
criteria for engraftment syndrome and required much longer courses of
steroid treatment than is typically seen in engraftment syndrome. The
syndrome also appeared to be distinct from reports of cytokine-release
syndrome in patients receiving PTCY after a haploidentical PBSC.
None of the 7 patients we report received PTCY after a haploidentical
PBSC, and theonset of fevers is delayed inour cohort (median, 15days;
range, 6-47 days) compared with those reported with cytokine-release
syndrome, which occurred within 72 hours of HSCT.21 As many of
these patientswent on to developGVHD, this febrile syndromemay lie
on the same immunologic/inflammatory spectrum as GVHD. Pro-
spective assessment with measurements of cytokines and immune
activation is needed to better define this phenomenon.

Despite these toxicities, the rate ofNRMwasnot appreciably higher
than previously published series in similar patient populations.22-25

Furthermore, HSCT after PD-1 blockademay be associatedwith lower
than expected relapse rates. CIR at 1 year in this study compares
favorably to that expected for this cohort based on the Disease Risk
Index mix of patients (14% vs 26%).26 Among the HL subgroup, the
1-year relapse rate appears lower than that observed in many historical
series of HL patients undergoing RIC allogeneic transplant (16% vs
26% to 41%)18,19,22,24,27; however, patients in most of these series
likely had a higher disease burden at the time of HSCT compared with
our cohort. Rates of relapse were similar to that seen in 1 small phase 2
trial of RIC for HL in which patients had a comparable rate of CR prior
to transplant.28 Clearly longer-term follow-up of larger populations
is necessary (which is ongoing, as we continue to expand this

collaboration and follow thepatients included).Nonetheless, our results
at least lend credence to a possible accentuation of GVT by prior PD-1
blockade.

Immune profiling of circulating T-cell subsets also supports an
immunologic difference inpatients treatedwithPD-1blockade.Although
it was not possible to create a control cohort for this analysis that was
perfectly matched with respect to all possible salient characteristics (eg,
age, disease, sex, donor, graft source, GVHD prophylaxis), we observed
clear patternsof differences in immune reconstitution after PD-1 exposure
that warrant additional investigation. Specifically, the increased rates
of early immune complications and potentially decreased relapse rates
may be due to imbalanced T-cell recovery after transplantation. Prior
checkpoint blockade therapy did not appear to affect the overall recovery
ofCD4orCD8Tcells after transplant, but patients treatedwith anti-PD-1
mAbs had a decreased Treg:CD4Tcon ratio at 0 and 1 months after
transplant and a decreased Treg:CD8 ratio at 0, 1, and 2 months after
HSCTwhen comparedwithmatched controls (Figure 4). In prior studies,
a ratio ofTreg:CD4Tconcells of,9%predictedboth increased incidence
and severity of acute GVHD, and the ratio was 3% to 5% in our PD-1
cohort vs 10% to 11% in controls.29,30 In addition, decreased Treg:
CD4Tcon ratios may also predict an augmented GVT effect as observed
in a trial of IPI for relapse after HSCT where there was a trend among
clinical responders of lower Treg:CD4Tcon.13

Notably, the immune profiling results also demonstrate severe and
persistent depletion of PD11 T cells in patients exposed to prior PD-1
blockade, a finding that to our knowledge has not been published
previously. Decreased PD-1 expression could contribute to the relative
decrease in Treg cell populations, as the PD-1/PD-L1 pathway appears
to be important in the conversion of type 1 T helper cells to Treg cells
andmaintenanceofTregpopulations.31,32Ofparticularpractical relevance,
the depletion of PD-11 T cells was strongly apparent despite a median
interval fromPD-1blockade toHSCTofover4monthsandpersisted for at
least 6 months after HSCT. Chimerism data confirm that prior PD-1
inhibition does not negatively affect engraftment; moreover, the high
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Figure 5. PD-1 expression among case and control patients displayed as heatmap. PD-1 expressing cells were quantified at the time of HSCT (0 months) and at multiple

post-HSCT time points (1, 2, 3, 6, and 12 months after HSCT) in a control cohort (left columns, yellow top bar) and in patients previously treated with PD-1 (right columns, blue

top bar). Each column represents an individual patient. The PD-1 cohort is arranged by time from last PD-1 treatment to HSCT (see legend). The percentage of PD-11 cells

among various T-cell subsets is displayed as a heatmap where blue, white, and red represent low-, intermediate-, and high-subset frequency, respectively. Gray indicates

missing value. Values in each row were subtracted from row median and divided by row median absolute deviation. Treg, T-regulatory cells; Tcon, conventional CD4 cells.

PD-1 expression was significant lower on Treg cells, Tcon cells, and CD81 cells at 0, 1, 2, 3, and 6 months. N, no; Y, yes.
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T-cell chimerism among PD-1–pretreated patients confirms that the
differences we observed in PD-1 expression and T-cell subsets must
indeed involve donor T cells. For patients with a short interval between
PD-1 therapy and HSCT, residual circulating antibodies may explain
decreased PD-1 detection early after transplant; however, the mech-
anismof prolonged decreased PD-1 expression after HSCT is not clear.
The PD-1 pathway is critical for both positive and negative selection of
T cells in the thymus and is necessary for development of systemic self-
tolerance.33-36 As such, previous PD-1 blockade could have long-
lasting effects on the thymus, resulting in altered PD-1 expression and
imbalanced processing of the large number of T cells infused during
HSCT. In addition, PD-1 blockade may alter posttransplant immune
reconstitution through its effects on circulating cytokines and antigen-
presenting cells.10,11 Alternatively, the pattern of prolonged PD-1
depletion in combination with evidence of immunelike liver toxicity
(Figure 2) in a patient who had last received checkpoint blockade
.10 weeks earlier might suggest that PD-1 inhibitors have longer
effective half-lives than measured by pharmacokinetic analyses in
blood (roughly 4 weeks).5,37 Regardless of the mechanism of
PD-1 depletion, our results imply that anti-PD-1 therapy creates a
long-lasting disturbance in the composition of circulating T-cell
populations. These findings would explain the absence of any apparent
association between the time interval from PD-1 to transplantation and
early toxicity and suggests that the use of a window period to delay
HSCT for even several months after PD-1 therapymay notmitigate the
impact of this therapy on HSCT outcomes.

Although the associations we examined are only hypothesis
generating in nature and in no way intended to support definitive
conclusions, they suggest that patients receiving PD-1 blockade who
are considering allogeneicHSCTcould possibly benefit from receiving
at least 8 doses of a PD-1 inhibitor, when clinically possible; this
hypothesis should be validated in future studies. In addition, we
observed a dramatic decrease in the rate of severe acute GVHD among
patients receiving BM compared with PBSC grafts. This pattern has
been reported previously, but to a lesser degree than our preliminary
findings.38 Although rates of NRM and PFS were not significantly
reduced among recipients ofBMgrafts, this approachmaybebeneficial
for GVHD control. We also noted significantly higher rates of acute
GVHD in patients who received combined therapy with IPI and PD-1
blockade prior to HSCT, suggesting that HSCT in such patients likely
carries increased risk and should be performed cautiously. Additional
studies of a larger patient cohort are clearly needed to validate and refine
these findings.

We acknowledge that this analysis has several limitations. In order
to report all known cases of allogeneic HSCT after prior PD-1 therapy,
we included patients regardless of their transplant regimens. The
heterogeneity of transplant strategies makes interpretation of subset
analyses more challenging. Although we directly contacted all centers
involved in the earlyphase studiesofPD-1 inhibitors for lymphoma, the
growing use of PD-1 blockade on- and off-label makes it impossible
to include all patients worldwide who received HSCT after PD-1
blockade.We therefore acknowledge the possibility of selection bias in
reporting patient outcomes, although our recruitment strategy, which
was center based rather than patient based, should effectivelyminimize
this bias. Finally, the control cohort for the immune reconstitution
analysis was older and could not be perfectly matched for all impor-
tant transplant-related variables, as discussed above.

There are currently many questions regarding the role and
appropriateness of HSCT after PD-1 blockade. The sample size and
follow-up of this study are limited, which precludes examination
of long-termoutcomes and limits our ability to studypredictivemarkers
of efficacy or toxicity. Despite these limitations, with a 1-year PFS of

over 75% in a population of heavily pretreated patients with advanced
disease, our study does demonstrate that HSCT after PD-1 blockade is
feasible in appropriately selected patients and may be associated with
increased immune toxicity but also good disease control. We conclude
that prior PD-1 blockade should not be considered a contraindication to
HSCT in this patient population.
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