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Relapsed myeloid disease after allogeneic stem cell transplantation (HSCT) remains largely
incurable. We previously demonstrated the potent activity of immune checkpoint blockade
in this clinical setting with ipilimumab or nivolumab. To define the molecular and cellular
pathways by which CTLA-4 blockade with ipilimumab can reinvigorate an effective
graft-versus-leukemia (GVL) response, we integrated transcriptomic analysis of leukemic
biopsies with immunophenotypic profiling of matched peripheral blood samples collected
from patients treated with ipilimumab following HSCT on the Experimental Therapeutics
Clinical Trials Network 9204 trial. Response to ipilimumab was associated with transcrip-
tomic evidence of increased local CD81 T-cell infiltration and activation. Systemically,
ipilimumab decreased naïve and increased memory T-cell populations and increased
expression of markers of T-cell activation and costimulation such as PD-1, HLA-DR, and
ICOS, irrespective of response. However, responding patients were characterized by high-
er turnover of T-cell receptor sequences in peripheral blood and showed increased expres-
sion of proinflammatory chemokines in plasma that was further amplified by ipilimumab.

Altogether, these data highlight the compositional T-cell shifts and inflammatory pathways induced by ipilimumab
both locally and systemically that associate with successful GVL outcomes. This trial was registered at www.clinical-
trials.gov as #NCT01822509.

Introduction
Relapsed acute myeloid leukemia (AML) following allogeneic
hematopoietic stem cell transplantation (HSCT) is associated
with poor prognosis, and therapeutic options remain limited.1

Immune escape mechanisms contribute to relapse post-HSCT2

and suggest a reinvigorated graft-versus-leukemia (GVL) effect
could improve outcomes.3 Indeed, the Experimental Therapeu-
tics Clinical Trials Network 9204 trial demonstrated that im-
mune checkpoint blockade (ICB) can induce regression of
relapsed AML after HSCT through CD81 T-cell recruitment to
leukemic sites.4,5 Through unbiased molecular profiling of the
leukemic microenvironment and peripheral blood immunophe-
notyping of samples from study subjects on this trial, we
sought to elucidate the molecular and cellular features of

immunologic responses to ICB. These fresh insights may inform
new strategies to control relapsed myeloid malignancies after
HSCT and broaden our understanding of leukemia-specific im-
mune responses.6,7

Study design
Additional information is provided in the supplemental Appen-
dix, available on the Blood Web site.

Bulk RNA sequencing
RNA was extracted from formalin-fixed paraffin-embedded
(FFPE) tissue scrolls and sequenced as previously described
(supplemental Figure 1A-D).4

KEY PO INT S

� Increased T-cell infiltra-
tion, activation, and pe-
ripheral chemokine
expression mark ipilimu-
mab response to re-
lapsed leukemia after
HSCT.

� Similar to the
nontransplant setting,
ipilimumab alters
peripheral memory
T-cell populations and
leads to global T-cell
activation.
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Flow cytometry and mass cytometry
Flow cytometry data were acquired using antibody panels
(supplemental Tables 1 and 2) on a BD Fortessa flow cytometer.
Cytometry by time-of-flight (CyTOF) data were acquired using
a 35-antibody panel (supplemental Table 3) on a Fluidigm
Helios Mass Cytometer.8 Data analysis was performed using
CATALYST9 and manual gating (FlowJo 10.7.1).

Bulk T-cell receptor sequencing
RNA was extracted from T cells enriched with CD3 MicroBeads
and MACS columns (Miltenyi) using the RNeasy Midi Kit
(Qiagen). Complementarity-determining region 3 (CDR3) sequen-
ces were obtained using rhTCRseq.10

Plasma analyte analysis
Protein concentration in plasma samples was determined using
the Proximity Extension Assay (Olink Bioscience, Sweden).11

Normalized protein expression was calculated from cycle thresh-
old values.12

Results and discussion
Transcriptomic evidence of T-cell activation in
long-term responders to ipilimumab
We focused on patients enrolled on Experimental Therapeutics
Clinical Trials Network 9204 with relapsed myeloid disease, which
constituted the majority of subjects (38/71 [54%]; Figure 1A). To
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Figure 1. Response to ipilimumab is characterized by transcriptional evidence of T-cell infiltration and activation. (A) RNA sequencing on FFPE disease-site biopsies
(�, n 5 33) from 3 patients with CR (17, 21, 26; dark blue), 3 patients with TR (6, 14, 28; light blue) and 7 patients with NR (5, 11, 22, 24, 29, 31, 33; red) pre-ipi or post-ipi ipili-
mumab treatment. Disease sites: bone marrow (light), extramedullary (dark), or isolated skin (white). Peripheral blood samples (�, n 5 28) used for TCR repertoire sequencing. (B)
DGEA between 4 site-matched biopsies from CR patients (top) and between unmatched biopsies from NR patients pre- (n 5 7) vs post-ipi (n 5 8) (bottom). Genes that are part
of the Gene Ontology term “leukocyte activation” are labeled and those associated with T-cell activation are highlighted. (C) Gene ontology enrichment analysis of the differential-
ly expressed genes. (D) PCA based on expression of the differentially expressed genes. Biopsies from all CR pre-ipi (n 5 4, gray) and post-ipi (n 5 7, blue), NR pre-ipi (n 5 7,
salmon), and post-ipi (n 5 8, red) samples, and biopsies from sites of GVHD or immune-related toxicities (n 5 9, black). (E,F) Cell type abundance estimation of CD81 T cells with
(E) CIBERSORTx and (F) clonotypes per million reads assembled using TRUST. Relapse biopsies post-ipi were sampled at time of relapse.
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define transcriptomic characteristics underlying successful GVL
responses with ipilimumab, we performed bulk RNA-sequencing
(RNA-seq) on 33 high-quality disease-site biopsies from 13
patients (3 complete responders [CR; response . 12 months], 3
transient responders (TR; response , 12 months], and 7 nonres-
ponders [NR]) before (pre-ipi) and after (post-ipi) ipilimumab treat-
ment (supplemental Tables 4-7). Disease sites included bone
marrow, skin, and extramedullary manifestations. In addition,
we generated RNA-seq data from 9 biopsies from sites of

graft-versus-host disease (GVHD) or ICB-associated toxicity
(supplemental Figure 1E).

Differential gene expression analysis (DGEA) between all pre-
and post-ipi CR samples demonstrated enrichment of T
cell–specific genes post-ipi but revealed no consistent change in
NR samples post-ipi (Figure 1B; supplemental Figure 1F). DGEA
on 4 site-matched paired pre-post samples from 3 CR patients
revealed a signature of 47 up- and 3 downregulated genes
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Figure 2. Systemic effects of ipilimumab. (A) Peripheral blood T-cell subsets in patients with myeloid (n 5 14) and nonmyeloid (n 5 6) disease pre-ipi and after 1
(C2D1) or 3 (C4D1) cycles of ipilimumab (post-ipi) quantified using flow cytometry as percentage of CD41 or CD81 T cells. (B) MDS plot calculated from CyTOF data
of peripheral blood T cells of 10 NR patients pre-ipi (baseline, n 5 10), 1 cycle post-ipi (C2D1, n 5 10), or a later timepoint (follow-up, n 5 8). Numbers next to dots
refer to the patient identifiers used throughout the study (supplemental Tables 4-7). (C) Mean metal intensity (CyTOF) on CD41 and CD81 T cells pre-ipi (blue) or 1 cy-
cle post-ipi (yellow) from samples shown in panel B. (D) Frequency of CDR3a and CDR3b sequences in peripheral blood pre-ipi (baseline) and post-ipi (C2D1) (n 5

572 017; TCR repertoire sequencing). Dynamic CDR3 sequences with significant changes in abundance (adjusted P value , .01) in purple (expanded, novel 5 not de-
tectable pre-ipi) or green (contracted, disappeared 5 not detectable post-ipi). (E) Percentage of CDR3 sequences from disease biopsies detectable in peripheral blood
pre-ipi and post-ipi. (F) Absolute number of dynamic CDR3 sequences in patients with response to ipilimumab (CR/TR) (blue, n 5 4) and NR (red, n 5 5). (G) Differen-
tial protein expression post-ipi in patients with response (n 5 4) vs patients without response (n 5 8) to ipilimumab measured with proximity extension assay (PEA,
Olink). (H) Heatmap of protein expression measured with PEA in NR pre-ipi (n 5 8), NR post-ipi (n 5 16), CR/TR pre-ipi (n 5 4), CR/TR post-ipi (n 5 8). C2D1/C4D1,
second/fourth cycle of ipilimumab; EM, effector memory T cell; MDS, multidimensional scaling; MMI, mean metal intensity; naive, naive T cell; PB, peripheral blood.
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(adjusted P value , 1024; absolute log2 [fold change] .2) en-
riched for the Gene Ontology terms “lymphocyte activation”
and “antigen receptor-mediated signaling” (Figure 1B-C; sup-
plemental Table 8). By principal component analysis (PCA), this
signature showed similarity between samples collected from
GVHD or toxicity sites with post-ipi CR samples (Figure 1D), sug-
gesting expression of related gene programs. TR and CR biop-
sies were similar post-ipi on PCA (supplemental Figure 1G).
However, DGEA between TR and CR biopsies pre-ipi, although
limited by available samples, revealed upregulation of
interferon-response genes and checkpoint molecules in TRs that
may contribute to ICB resistance (supplemental Figure 1H).13,14

Cell type abundance estimation (CIBERSORTx) detected evi-
dence of increased CD81 T-cell infiltration in CR biopsies post-
ipi compared with pre-ipi (median score 0.56 vs 0.04, P , .01)
(Figure 1E). Quantification of de novo assembled T-cell receptor
(TCR) clonotypes per million reads (TRUST4) similarly indicated
increased T-cell infiltration post-ipi in CR samples (0.33 vs 1.65;
P , .05) (Figure 1F). In sum, response to CTLA-4 blockade is
characterized by transcriptional evidence of T-cell infiltration and
activation within the tumor microenvironment, similar to the sig-
natures linked with GVHD/ICB-associated toxicity.

Systemic effects of ipilimumab
Ipilimumab alters peripheral T-cell differentiation and broadens
the TCR repertoire in solid malignancies.15-17 We hypothesized
that these effects may also mark clinical responses in the
post-HSCT setting and thus evaluated serial peripheral blood
samples prospectively collected from 20 study subjects by flow
cytometry. We observed an increase in effector memory
(CD45RO1 CD62L2) and a decrease in naïve (CD45RO2

CD62L1) CD41 and CD81 T cells post-ipi (P values , 0.05)
independent of response, disease type, or dosing (Figure 2A;
supplemental Figure 2A-C).18

Additionally, we characterized the longitudinal changes in activa-
tion states as defined by co-inhibitory or costimulatory molecule
expression in 10 patients using CyTOF.8 Even though these analy-
ses were all performed on NR, we observed that pre-ipi and post-
ipi samples clustered separately (Figure 2B). Consistent with T-cell
activation, we detected increased expression of PD-1 on both
CD41 and CD81, and HLA-DR and ICOS on CD81 T cells post-
ipi (all P , .05; Figure 2C). The proliferation marker Ki-67 was
higher on CD81 T cells post-ipi (P , .05), but no changes in abso-
lute lymphocyte counts were detected (supplemental Figure 2D).
CD69 was upregulated on regulatory T cells post-ipi (false discov-
ery rate , 0.05), which may reflect a compensatory mechanism to
ipilimumab-induced T-cell activation (supplemental Figure 2E-F).
Altogether, ipilimumab thus alters differentiation and activation
states of circulating T cells independent of clinical response.

Hypothesizing increased TCR diversity post-ipi,17 we performed
TCR sequencing on longitudinally collected peripheral blood
samples of 9 AML/myelodysplastic syndrome patients (3 CR, 1
TR, 5 NR). However, TCR repertoires remained relatively stable
without consistent changes in TCR diversity (supplemental Fig-
ure 2G). Of 572017 total CDR3a/b sequences, only 776 dynam-
ic CDR3s (0.13%) changed in abundance after 1 cycle of
ipilimumab (adjusted P value , .01; Figure 2D). Increased T-cell
infiltration of disease biopsies post-ipi suggested ipilimumab
may mobilize T cells from systemic sites into the leukemic

microenvironment. Indeed, we observed an increase in CDR3
sequences shared between tissue sites and blood post-ipi re-
gardless of clinical outcome (Figure 2E; supplemental Figure
2H). We also observed differences in the systemic effects of ipili-
mumab between CR/TRs and NRs. Dynamic CDR3s were more
frequent in CR/TR (613 of 776 vs 163 of 776, P , .01; Figure
2F). Moreover, ipilimumab induced higher plasma expression of
pro-inflammatory factors modulating a broad range of cell types
in CR/TR (n 5 4) compared with NR (n 5 8; adjusted P value ,

.05, log2 fold change . 1) (Figure 2G-H; supplemental Figure 3;
supplemental Table 9). Thus, peripheral TCR repertoires largely
remain stable, and increased T-cell mobilization into tissue sites
occurs independent of outcome. In addition, responders show
more dynamic changes in a subset of the peripheral TCR reper-
toire and greater systemic expression of chemokines associated
with leukocyte activation and trafficking.19

In summary, T-cell reinvigoration accompanies clinical response to
ipilimumab. Similar observations following response to donor lym-
phocyte infusion suggest common mechanistic pathways for effec-
tive GVL reinstatement.20 Moreover, the convergence both locally
and peripherally of gene and chemokine response signatures that
invoke GVL and GVHD processes speak to the involvement of
CD28-CTLA-4 signaling to each pathway. Future studies that com-
pare tissue sites of GVL and GVHD will be critical to divorce these
processes to ensure improved HSCT outcomes. Because of the
limitations imposed by small cohort size and tissue heterogeneity,
longitudinal high-resolution studies on larger cohorts are urgently
needed to deconvolute the heterogeneous cellular populations
driving clinical outcomes to ICB.21,22
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