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Relapse of myeloproliferative neoplasms (MPNs) after allogeneic hematopoietic stem cell

transplantation (HSCT) is associatedwith poor outcomes, as therapeutic approaches to reinstate

effective graft-versus-leukemia (GVL) responses remain suboptimal. Immune escape through

overexpression of PD-L1 in JAK2V617F-mutated MPN provides a rationale for therapeutic PD-1

blockade, and indeed, clinical activity of nivolumab in relapsed MPN post-HSCT has been

observed. Elucidation of the features of response following PD-1 blockade in such patients could

inform novel therapeutic concepts that enhance GVL. Here, we report an integrated high-

dimensional analysis using single-cell RNA sequencing, T-cell receptor sequencing, cellular

indexing of transcriptomes and epitopes by sequencing (CITE-seq), and assay for transposase-

accessible chromatin using sequencing (scATAC-seq), together with mass cytometry, in

peripheral bloodmononuclear cells collected at 6 timepoints before, during, and after transient

response to PD-1 blockade from an index case of relapsed MPN following HSCT. Before nivo-

lumab infusion, acute myeloid leukemia (AML) blasts demonstrated high expression of che-

mokines, and T cells were characterized by expression of interferon-response genes. This

baseline inflammatory signature disappeared after nivolumab infusion. Clinical response was

characterized by transient expansion of a polyclonal CD41 T-cell population and contraction of

an AML subpopulation that exhibited megakaryocytic features and elevated PD-L1 expression.

At relapse, the proportion of the AML subpopulationwith progenitor-like features progressively

increased, suggesting coevolution of AML blasts and donor-derived T cells. We thus demon-

strate how single-cell technologies can provide complementary insight into cellular mecha-

nisms underlying response to PD-1 blockade, motivating future longitudinal high-dimensional

single-cell studies of GVL responses in relapsed myeloid disease.

Introduction

Relapsed myeloproliferative neoplasms after allogeneic hematopoietic stem cell transplantation (HSCT)
have dismal prognosis, and novel therapeutic options are urgently needed.1 Immunotherapies that reinstate
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the graft-versus-leukemia (GVL) effect may be efficacious in this set-
ting.2 Indeed, the observed overexpression of PD-L1 in JAK2V617F1

mutated acute myeloid leukemia (AML) provided an immunologic
basis for use of off-label PD-1 blockade in an index case of relapsed
JAK2V617F1 secondary AML post-HSCT who experienced transient
response but acquired subsequent resistance.3 While the sensitivity
to PD-1 blockade is uncommon among myeloid malignancies,4 the
course of this patient afforded an opportunity to deeply examine the
coevolving kinetics of heterogeneous leukemic and immune cell pop-
ulations after therapy.

Various DNA-, RNA- and protein-based single-cell technologies now
allow multidimensional phenotypic characterization of cell populations
that promise to provide orthogonal insight into cell identities and
states.5 To leverage their complementary strengths, we performed
an integrated single-cell analysis of the cellular populations in serial
samples collected from the patient described above to elucidate the
molecular and cellular determinants of these distinct clinical outcomes
of AML to PD-1 blockade following HSCT.

Methods

Additional methods are described in the supplemental Appendix.

Biospecimen collection

Peripheral blood samples were collected at the University Medical
Center in Freiburg, Germany3 and procured under the local institu-
tional review board–approved protocol. Written informed consent
was obtained before sample collection. Peripheral bloodmononuclear
cells (PBMCs) were isolated by Ficoll-Hypaque density gradient cen-
trifugation and stored in vapor-phase liquid nitrogen after cryopreser-
vation with 10% dimethyl sulfoxide until analysis.

Mass cytometry

Cytometry by time of flight (CyTOF) was performed using a
35-antibody panel (supplemental Table 1) on a Fluidigm Helios
Mass Cytometer as previously described.6

Single-cell RNA, CITE, TCR, and ATAC sequencing

Single-cell 5' transcriptome/cellular indexing of transcriptomes and
epitopes by sequencing (CITE)/T-cell receptor (TCR) and chromatin
profiles were obtained using the Chromium Single Cell Immune and
Chromium Single Cell assay for transposase-accessible chromatin
using sequencing (ATAC-seq) platforms (10x Genomics) according
to manufacturer’s instructions.

Data annotation and clustering

Annotation of single-cell RNA sequencing (scRNA-seq) clusters of
AML blasts, T cells, B cells, monocytes, erythrocytes, and megakaryo-
cytes was performed based on canonical marker expression,7,8 and
labels were transferred onto single-cell ATAC-seq (scATAC-seq)
data (supplemental Figure 1A-F). T-cell clusters (scRNA-seq) were
identified using an overclustering strategy with FindClusters and a res-
olution of 2.5 with subsequent manual annotation based on CITE-seq
expression of canonical markers.7 CyTOF data were manually gated
for the longitudinal analysis of AML blasts (CD45lo CD341), T cells
(CD45hi CD31), and regulatory T cells (CD127lo CD251) over
time, expression of CD69 and PD-L1 on AML blasts, and export of
T-cell data (FlowJo 10.7.1). Exported T-cell data were clustered and
annotated using CATALYST.9

Results and discussion

The patient relapsedwith JAK2V617F1 secondary AML post-HSCT fol-
lowing polycythemia vera and progressed on multiple salvage thera-
pies (ruxolitinib, hydroxyurea, and decitabine) before treatment with
the anti-PD-1 antibody nivolumab.3 We collected serial peripheral
blood samples before nivolumab infusion, at time of response
(C2D1, C4D1), at relapse, at unsuccessful re-exposure to nivolumab
(C6D1), and at progression. To dissect the cellular mechanisms
underlying this clinical course at high-resolution, we performed amulti-
dimensional, single-cell analysis on this longitudinal sample cohort
(Figure 1A). In total, we obtained 27 777 single-cell transcriptomes
(scRNA-seq with CITE-seq and TCR sequencing), 28 713 chromatin
profiles (scATAC-seq), and measured surface marker expression on
677 322 cells (CyTOF). All 3 data modalities demonstrated transient
reduction of AML blasts and parallel increase of T cells at the time of
response (Figure 1B), mirroring flow cytometric measurements.3

Identification and annotation of T-cell

subpopulations

Within the T-cell/natural killer (NK)-cell compartment, scRNA-seq (n5
2711) distinguished CD41 and CD81 naive, memory, and
exhausted/senescent T-cell populations (Figure 1C), and single-cell
TCR sequencing analysis identified expanded clonotypes (Figure
1D). This annotation was based on surface markers quantified using
CITE-seq (Figure 1E) and single-cell gene expression (Figure 1F).
On CITE-seq, NK cells were characterized as CD32 and CD561.
Annotation of naive and memory T-cell populations was based on sur-
face expression of CD3, CD4, CD8, CD62L, and CD45RA/R0. Acti-
vated memory CD41 T cells had the highest expression of HLA-DR
and CCR4, consistent with Th2 polarization.10 CD81 T cells in the
exhaustion/senescent cluster demonstrated features of both exhaus-
tion (high genemodule scores based on genes linked to T-cell exhaus-
tion; supplemental Figure 1G; high gene expression of TIGIT, LAG3,
granzymes, and chemokines; and downregulation of IL7RA and
CD28) and senescence (ie, upregulation of KLRG1 and CD57)
(Figure 1E-F).

Clonal T-cell expansion was mainly observed within CD81 T cells and
most pronounced in the CD81 exhausted T-cell cluster (Figure 1D),
consistent with previous reports of tumor-infiltrating CD81

T cells.11,12 Using CyTOF, similar naive and memory T-cell clusters
were identified in CD31 cells (n 5 85 574) based on expression of
CD4, CD8, CCR7, CD45RA, CD95, and CD127 (Figure 1G-H; sup-
plemental Figure 1H). The 30-fold higher number of T cells analyzed
with CyTOF provided higher resolution and allowed the ability to dis-
cern additional phenotypes, such asCD41 naive, CD81 central mem-
ory, a small population of CD81 CD561 effector T cells and a distinct
cluster of regulatory T cells (CD127lo CD251). In agreement with
scRNA-seq, most CD81 T cells exhibited a terminally differentiated
effector phenotype (expression of TBX21, GZMB, and TIGIT; down-
regulation of CD28) (Figure 1H).

T-cell subpopulations based on scATAC-seq (n 5 4962) were least
defined and mainly permitted the ability to distinguish CD41 and
CD81 naive and memory T-cell clusters as well as an exhausted
CD81 T-cell cluster. T cells in the CD81 exhausted cluster showed
a chromatin accessibility profile notable for a known exhaustion-
associated peak within the PDCD1 gene as well as greater accessi-
bility of TBX21 and EOMES transcription factor motifs and, similar to
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scRNA-seq, high gene activity scores of the granzyme XCL2 or TIGIT
(Figure 1I; supplemental Figure 1I-K).13

In sum, using 3 different single-cell technologies, T-cell subpopula-
tions could be reproducibly identified. While CyTOF was able to ana-
lyze the highest number of single cells and therefore provided the
most granular definition of T-cell clusters, information on cell states
defined by scRNA-seq was most detailed at the level of individual sin-
gle cells and additionally provided information on TCR sequences and
surface marker expression.

Response is driven by expansion of polyclonal CD41

T cells

Having annotated the various T-cell states, we then studied their indi-
vidual kinetics. By scRNA-seq, the increase of T cells at response was
driven by an increase in nonexhausted memory CD41 T cells of
diverse clonotypes that decreased upon disease relapse (Figure 2A,
left). Conversely, the proportion of exhausted/senescent CD81 T cells
diminished at response and then increased at relapse. With CyTOF
and scATAC-seq, we confirmed the increase of CD41memory T cells
at response and their contraction during disease progression (Figure
2A, right; supplemental Figure 1K). Unbiased clustering of CyTOF
T-cell data further indicated that changes in clinical condition were
marked by distinct T-cell states (Figure 2B), likely driven by the propor-
tional shifts of T-cell subsets. For example, regulatory T cells increased
within the CD41 T-cell compartment at the time of progression, which
we were able to also confirm with manual gating (Figure 2C).

To determine whether PD-1 blockade led to changes in the TCR rep-
ertoire of clonally expanded T cells, we compared the abundance of
T-cell clones defined by CDR3b sequences before PD-1 blockade
and after relapse. Among 1679 clonotypes, we detected 11 clono-
types with decreased and 4 clonotypes with increased abundance
(P , .05; Fisher’s exact test) (Figure 2D). The phenotype of these
dynamic clonotypes was CD81 CD282 CD571 (Figure 2E-F) and
reflects the fact that we obtained most TCR sequences from this
T-cell population.

In addition to changes in T-cell subsets and the TCR repertoire, we
measured differences in gene expression using scRNA-seq. Notably,
in both CD41 and CD81 T cells, the greatest difference in gene
expression manifested as increased interferon (IFN)-response genes
before PD-1 blockade, suggesting a baseline inflammatory state
(Figure 2G; supplemental Tables 3 and 4). This gene signature drove
the separation of the uniform manifold approximation and projection
(UMAP) representation of T cells as exemplified by expression of
IFI6 (Figure 2H). Analysis of gene activity scores calculated from sin-
gle T-cell ATAC-seq profiles confirmed this high baseline expression
of IFN-response genes (Figure 2I).

Taken together, response to PD-1 blockade was associated with a
transient expansion of polyclonal CD41 memory T cells. Furthermore,
gene expression of T cells before nivolumab infusion was character-
ized by high expression of IFN-response genes, which disappeared
after PD-1 blockade.

Evolution of AML blasts in response to PD-1 blockade

Differential gene expression analysis in AML blasts using both
scATAC-seq and scRNA-seq revealed baseline enrichment of
pathways involving interleukin-8 (IL-8) (CXCL1, CXCL2, CXCL3,
CXCL6, CXCL8), IFN-g (CXCL10, CCL20, STAT1, JAK1,
IFNGR2), IL-11 (IL-11), and IL-6 (CCL2) (Figure 3A-B; supple-
mental Figure 2A-B). This chromatin-based and transcriptional evi-
dence of broad, proinflammatory baseline activity is consistent with
chronic IFN signaling, which can contribute to the establishment of
the exhausted state before anti-PD-1 therapy through increased
PD-L1 expression.3,14 The baseline inflammatory state was also
detectable with CyTOF through upregulated CD69 expression
on AML blasts (supplemental Figure 2C), a known consequence
of increased IFN-g signaling.15

To interrogate longitudinal compositional changes in AML blasts, we
identified 3 AML subsets marked by gene activity scores of character-
istic transcription factors: a megakaryocyte-like subpopulation
expressing FLI1 (Mega), a progenitor-like subpopulation with expres-
sion of TAL1 and GATA2 (Pro), and an erythrocyte-like population
expressing KLF1 (Ery) (Figure 3C-D; supplemental Figure 2D), similar
to previous scRNA-seq–defined cell populations.16

At response, the most notable changes were contraction of the Mega
cluster and expansion of the Ery cluster. After relapse, the Pro cluster
progressively expanded (Figure 3C). We hypothesized that this kinet-
ics may have been driven by immune evasive or suppressive mecha-
nisms. Although downregulation of HLA class II has been reported
to contribute to leukemic immune evasion after HSCT,17-19 we did
not detect differences in HLA expression after PD-1 blockade (supple-
mental Figure 2E). To address suppressive mechanisms, we exam-
ined the CD274 gene (encoding PD-L1) given its recently
described regulation by the JAK2 gene.3 Notably, 2 chromatin peaks
withinCD274 and 2 peaks in its promoter region were only observed
in the Mega subpopulation (Figure 3E). Furthermore, integration of
scRNA-seq data into scATAC-seq space showed the highest expres-
sion of PD-L1 in the Mega cluster, consistent with the finding in
JAK2V617F1 myeloproliferative neoplasms that thrombocytes have
high PD-L1 expression3 (Figure 3F). Finally, CyTOF showed that while
expression of PD-L1 on AML blasts was generally low, it was highest
at baseline compared with any timepoint after nivolumab therapy
(Figure 3G), confirming these results to be detectable at the level of
DNA accessibility, RNA, and protein expression.

Figure 1. Annotation of T-cell subclusters across different single-cell technologies. (A) Clinical course showing white blood cell (WBC) count per nanoliter with

transient partial response to nivolumab (C2D1, C4D1) and subsequent disease progression with unsuccessful re-exposure to nivolumab (relapse, C6D1, and progression).

(B) Percentage of AML and T cells in peripheral blood quantified with scRNA-seq (27 777 cells), scATAC-seq (28 713 cells), and CyTOF (677 322 cells). (C) UMAP rep-

resentation and clustering (scRNA-seq) of T/NK cells (n 5 2711). Annotation of clusters based on surface marker expression (E) and single-cell gene expression (F). (D) Clonal

expansion of T cells defined as number of T cells with the same clonotype based on identical complementarity defining region 3b (CDR3b) sequence. Gray indicates no CDR3b

sequence detected. (E-F) Surface marker expression obtained through CITE-seq (E) and single-cell gene expression (F) of single T/NK cells across clusters. (G) UMAP rep-

resentation and clustering of T cells (CyTOF) based on protein expression of lineage-defining surface markers. The heatmap shows the median expression of markers used for

cluster annotation. (H) Protein expression of TBX21, TIGIT, CD28, and GZMB on T cells (CyTOF). (I) Chromatin accessibility of PDCD1 gene (encoding PD-1 protein) across

T-cell subpopulations defined by scATAC-seq (supplemental Figure 1I). exh., exhausted; sen., senescent; CM, central memory; EM, effector memory; TEMRA, effector memory T

cell re-expressing CD45RA.

4704 PENTER et al 23 NOVEMBER 2021 • VOLUME 5, NUMBER 22



C

0
101

2

3

4

10
10
10

Pr
14

1D
i :

: C
D4

5

Nd143Di :: CD3

Nd
14

6D
i::

CD
8a

Nd145Di :: CD4

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

Baseline

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

C2D1

0

0

101

10
1

2

3

4

10

210

10

310

10

4
10

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

C4D1

0 10
1 210 310

4
10

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

Relapse

0 10
1 210 310

4
10

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

C6D1

0 10
1 210 310

4
10

Er
16

8D
i :

: C
D1

27

Sm149Di :: CD25

Progression

B

M
DS

2

-2

-1.0
-0.5

0.5
0.0

-1 0 1
MDS1

Response
Untreated

BaselineRelapse

Relapse

Progression

C2D1

C4D1 C6D1

2 3

ND
ND

0.1

0.1

1
% Baseline

1

10

T cell clones Stability Contraction Expansion

10

%
 R

ela
ps

e

D

CD8 (CITE-seq)

1

1

2

2 3

-1

–1

0

0

CD
4 

(C
ITE

-s
eq

)

E

CD28 (CITE-seq)

4

6

2

0

–2

2

0

CD
57

 (C
ITE

-s
eq

)
F

average log  FC2

100

150

1

0
–3 –2 –1

50

0

-lo
g 1

0 (
ad

jus
te

d 
p-

va
lue

)  
 

CD4+

IFI6

MX1

ISG15 ISG20

SAT1 IFIT2
IFITM1

OASL

OAS1IFIT3

IFI16 IRF7

CD52
IFI35

G

average log  FC

Baseline On nivolumab (Combined)

2

100

150

1 2

0

–3 –2 –1

50

0

CD8+

IF16
ISG20

ISG15 IFITM1

SAT1

IFT2

OASL

CD52

S100A4
MX1

H

UM
AP

2

UMAP1

Expression

IFI6

Min Max

I

B
as

el
in

e

10
32

 g
en

es

P
ro

gr
es

si
on

R
el

ap
se

C
2D

1
C

4D
1

C
6D

1

Response Relapse

Row Z-Scores

–1.93 2

MX1

CCL4L2

OAS3
IFITM5

IFIT5
IFIT1
IFIT3

B
as

el
in

e

P
ro

gr
es

si
on

R
el

ap
se

C
2D

1
C

4D
1

C
6D

1

0

25

50

75

100

Mass cytometry
Response Relapse

CD4  naive

18.3

59.4

29.7 4.90 7.07

4.73 8.75 12.5 14.4

+
+
+

+

+
+
+
+

+

+

CD8  naive
CD8  CM
CD8  EM
CD8  TEMRA
CD8  exh./sen.

CD4  /CD8+
CD4–/CD8–

NK

CD4  CM
CD4  EM
act.CD4  EM
Tregs

%
 o

f T
 c

ell
s

B
as

el
in

e

P
ro

gr
es

si
on

R
el

ap
se

C
2D

1
C

4D
1

C
6D

1

0

25

50

75

100

A scRNA-seq
Response Relapse

Cells
10000
20000
30000

Figure 2. Expansion of CD4
1
T cells at time of response to PD-1 blockade. (A) Relative abundance of T-cell clusters defined by scRNA-seq (Figure 1C) and cytometry by

time-of-flight (CyTOF) (Fig. 1G) at transient partial response to nivolumab (C2D1, C4D1) and subsequent disease progression with unsuccessful re-exposure to nivolumab

(relapse, C6D1, and progression). (B) Multidimensional scaling (MDS) plot of T cells based on marker expression (CyTOF). The size of the dots indicates the number of T cells per

sample. Black indicates sampling before nivolumab; green, sampling at time of transient response; red, sampling at time of relapse. (C) Quantification of regulatory T cells using

CyTOF and manual gating. (D) Abundance of clonally expanded T-cell clonotypes relative to all detected T-cell clonotypes before nivolumab (%Baseline) and at relapse (relapse,

C6D1, and progression). T-cell clonotypes are defined by identical complementarity defining region 3b (CDR3b) sequence. Statistical testing using Fisher’s exact test (P , .05).

Gray indicates unchanged abundance; red, lower abundance at relapse; black, higher abundance at relapse; ND, not detected. (E-F) Expression of CD8, CD28, and CD57 on
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expressed genes in T cells before and after nivolumab treatment based on scRNA-seq. Expression of IFI6 on single T cells (H) mapped to UMAP representation (Figure 1C). (I)

Differential gene activity scores calculated from scATAC-seq of T cells. FC, fold change.
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Discussion

Novel approaches to reinvigorate GVL responses through immuno-
modulation are urgently needed to overcome the poor prognosis in
relapsed myeloid disease following HSCT. Immune checkpoint

blockade using CTLA-4 or PD-1 blocking antibodies has shown clin-
ical activity in this setting. Examples include durable responses in
relapsed extramedullary AML following ipilimumab or remissions after
nivolumab infusion.4,20 However, response rates are generally low,
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Figure 3. Evolution of AML blasts following PD-1 blockade. (A-B) Differentially expressed genes in AML blasts calculated from imputed gene activity scores based on

scATAC-seq (A) or from gene expression obtained through scRNA-seq (B). Timepoints include transient partial response to nivolumab (C2D1, C4D1) and subsequent disease
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PD-L1 on AML blasts measured with CyTOF at different timepoints.
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and more insight into the exact mechanisms underlying clinical activity
is needed. Recent work suggests that PD-L1 overexpression in
JAK2V617F1-mutated MPN may be a mechanism that could be tar-
geted using PD-1 blockade.3 Here, we used 3 different single-cell
technologies to deeply interrogate serially collected peripheral blood
samples from a patient with relapsed JAK2V617F1 secondary AML
post-HSCTwho experienced transient response to nivolumab in order
to generate novel hypotheses for research on PD-1 blockade and
GVL.

Single-cell technologies are able to provide unprecedented resolution
into cellular mechanisms and expression profiles. While still very
costly, this wealth of information can serve as the basis for hypothesis
generation from selected clinical cases or experiments, followed up
with more focused analyses on larger numbers of samples.21 These
technologies have their individual strengths and caveats. For example,
mass cytometry allows for high-dimensional phenotypingwith compar-
atively low cost per cell of hundreds of thousands of cells but is
restricted to antibody panels that measure expression of fewer than
100 analytes. scATAC-seq and scRNA-seq technologies give insight
into thousands of features per individual cell and are increasingly com-
bined with additional modalities such as surface marker expression
(CITE-seq) or TCR and B-cell receptor sequencing,22 potentially pro-
viding almost-complete profiles of the genetics, transcriptional state,
and protein expression of individual cells. Nevertheless, the costs of
single-cell sequencing are considerable, and current technologies
are limited to thousands of cells, rendering analysis of rare cell popu-
lations such as antigen-specific T cells challenging. For example, due
to the sparse nature of single-cell sequencing data and the lower num-
ber of T-cell profiles obtained, smaller cell populations such as regu-
latory T cells were not clearly identifiable with scRNA-seq or
scATAC-seq but formed a distinct cluster on CyTOF. A potential
approach to overcome this limitation is the annotation of single-cell
profiles using larger reference datasets, enabling the annotation of
small subpopulations with few events.23 At the same time, the current
pace of technological development suggests a significantly increased
throughput for single-cell sequencing in the next years that may allevi-
ate this problem.

Using CyTOF, scRNA-seq, and scATAC-seq, we showcase that
DNA-, RNA-, and protein-based single-cell technologies can provide
overlapping cell definitions and orthogonal insights into immune
responses. While our study precludes generalization, these results
highlight 2 important themes. First, all 3 technologies showed that
the transient expansion of T cells was driven by CD41 memory T cells,
suggesting their involvement in mediating response. Indeed, studies
have linked CD41 T-cell frequencies to clinical benefit from PD-1
pathway blockade in AML/MDS and lung cancer,24,25 and effective
use of CD8-depleted donor lymphocyte infusions (“CD41 DLI”)
attests to the clinical potency of GVL-inducing CD41 T cells.26,27

Thus, understanding the mechanistic role CD41 T cells play in medi-
ating anti-leukemic responses to checkpoint blockade may elucidate
therapeutic strategies to ensure durable remissions.

Second, both scATAC-seq and scRNA-seq detected high baseline
T-cell expression of IFN-response genes that was no longer detect-
able after PD-1 blockade and was mirrored by a unique baseline che-
mokine signature in AML blasts evident on all 3 technologies.
Importantly, the composition of AML blasts evolved over time. Using
scATAC-seq, we saw that AML blasts with megakaryocytic features
and higher PD-L1 expression contracted after PD-1 blockade and

were outgrown by AML populations with erythroid-like and
progenitor-like features. Multiple studies in both solid and hematologic
malignancies have reported the role of IFN signaling in mediating
resistance to checkpoint blockade,28 and upregulation of PD-L1
expression through IFN-g signaling is a known resistance mechanism
in AML.14 Our data implicate this pathway as a harbinger of adaptive
resistance and highlight the importance of defining the distribution of
PD-L1 expression across all leukemic cells, especially for current clin-
ical trials investigating PD-1 blockade in relapsed myeloid disease. In
addition, IFN signaling expression should be evaluated as a predictive
marker of transient response and a potential disease modifier.

Altogether, these findings provide a blueprint for how complementary,
high-dimensional approaches can elucidate coevolving features of leu-
kemia and immune cells after immunotherapy, and such aspects
should be explored in future studies.
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