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data about using this combination regimen after allo-HCT are limited. We conducted
a prospective, phase II, open-label, single-arm study in which we treated patients
with haematological AML relapse after allo-HCT with HMA plus the anti-PD-1 an-
tibody nivolumab. The response was correlated with DNA-, RNA- and protein-based
single-cell technology assessments to identify biomarkers associated with therapeu-
tic efficacy. Sixteen patients received a median number of 2 (range 1-7) nivolumab
applications. The overall response rate (CR/PR) at day 42 was 25%, and another 25%
of the patients achieved stable disease. The median overall survival was 15.6 months.
High-parametric cytometry documented a higher frequency of activated (ICOS",
HLA-DR"), low senescence (KLRG1~, CD57") CD8" effector T cells in responders. We
confirmed these findings in a preclinical model. Single-cell transcriptomics revealed
a pro-inflammatory rewiring of the expression profile of T and myeloid cells in re-
sponders. In summary, the study indicates that the post-allo-HCT HMA /nivolumab
combination induces anti-AML immune responses in selected patients and could be
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INTRODUCTION

Relapse of acute myeloid leukaemia (AML) after allogeneic
haematopoietic cell transplantation (allo-HCT) is frequent
and accounts for more than 50% of the mortality rate after
allo-HCT.! The mechanisms of immune escape are diverse’
and include impaired leukaemia cell recognition due to
downregulation of human leukocyte antigen (HLA) class
Il or loss of mismatched HLA,”™ the emergence of new
mutations in oncogenes or tumour suppressor genes,”®
dysregulated production of cytokines and metabolites that
promote an immunosuppressive microenvironment,”'" and
increased expression of immune checkpoint ligands.>'*"?
Donor lymphocyte infusions (DLI) for AML relapse result
in remission rates of about 20%."*"'® Other approaches to
prevent or treat AML relapse after allo-HCT comprise a sec-
ond allo-HCT,""" FLT3-kinase inhibitors,”>* hypomethyl-
ating agents,”>** BCL-2 inhibitors,”**® immune checkpoint
inhibitors**® and others.?’ Despite the availability of these
treatment options, the long-term prognosis of patients with
AML relapse post-allo-HCT remains dismal.'®'®*

Several studies tested the safety and efficacy of anti-PD-1
antibodies in combination with other agents in patients
with AML outside the allo-HCT setting.” > A recent meta-
analysis reported an overall response rate (ORR) of 58%
(95% CI: 33-81) as a first-line treatment and an ORR of 33%
(95% CI: 27-39) in relapsed/refractory (r/r) disease.”® Apart
from these trials outside of allo-HCT, several reports have
provided a rationale for administering anti-PD-1 antibod-
ies in the post-allo-HCT setting.”” High frequency of PD-1™
TIM-3" T cells with signs of exhaustion was strongly asso-
ciated with AML relapse post-allo-HCT.*® In patients with
relapsed leukaemia, CD34" malignant cells with high PD-L1

considered as a bridging approach to a second allo-HCT.
Trial-registration: EudraCT-No. 2017-002194-18.

acute myeloid leukaemia, allogeneic haematopoietic cell transplantation, hypomethylating agent,
immune checkpoint inhibition, immune phenotype, relapse, single-cell immunomonitoring, single-cell

expression and PD-1 levels on CD8" T cells increased."
Blocking the PD-1/PD-L1 axis augmented the prolifera-
tion of minor histocompatibility antigen-specific (MiHA)
T cells.'? Besides high levels of PD-1, MiHA-specific T cells
from relapsed patients had elevated coexpression of the in-
hibitory receptors PD-1, TIGIT and KLRGI compared to
non-relapsed patients.” Expression of PD-1 was exception-
ally high early after allo-HCT with a progressive normaliza-
tion at the CD8" T cell surface, whereas levels at the CD4"
T cell surface remained elevated.”® Patients with multiple
AML relapses had an increased frequency of CD8" PD-1"
T cells expressing OX-40, TIM3, or LAG3 compared to pa-
tients with first AML relapse or newly diagnosed AML.*" A
high proportion of early-differentiated memory stem and
central memory bone marrow (BM) T cells expressing mul-
tiple inhibitory receptors was present in the BM of patients
with AML relapse after allo-HCT."> These studies suggest
that engagement of anti-PD-1 might be targeted to prevent
or treat post-allo-HCT relapse.

A recent phase I trial using nivolumab for haematological
malignancy relapse post-allo-HCT reported that anti-PD-1
immunotherapy was mainly effective in patients with lym-
phoid malignancies.*? At the same time, anti-CTLA-4 ther-
apy has shown efficacy in AML relapse post-allo-HCT.” So
far, no study has explicitly investigated the hypomethylat-
ing agent (HMA)/nivolumab combination for haematolog-
ical AML relapse post-allo-HCT. Here, we present clinical
patient data, single-cell RNA sequencing, high-parametric
spectral flow cytometry analysis and genome sequencing
from a prospective, investigator-initiated phase II trial on the
efficacy and safety of nivolumab in combination with HMA
in patients with AML relapse after allo-HCT (Study Code:
CA209-9P9, EudraCT-No. 2017-002194-18). Preclinical
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mechanistic studies complement the clinical data to iden-
tify how immune checkpoint inhibition might reinvigorate
graft-versus-leukaemia immunity.

METHODS
Trial design

This prospective, open-label, non-randomized, investigator-
initiated phase II trial assessed the efficacy and safety of
nivolumab in patients with AML relapse after allo-HCT
in combination with HMA and, in selected patients, DLIL
For details on the trial design, see Table S1. Patients were
enrolled and treated at the Medical Center—University of
Freiburg, Germany. Treatment was performed intravenously
with nivolumab 3 mg/kg body weight, infused over 1h and
repeated every 2weeks. The planned duration of the inter-
vention was 12 weeks (a total of 7 cycles of nivolumab) unless
a relapse, disease progression, unacceptable toxic effects, or
death occurred. The administration time could be extended
to 60 weeks at the investigator's discretion in case the patient
experienced a benefit from treatment. HMA were adminis-
tered between the diagnosis of relapse and the first admin-
istration of nivolumab, but not after the patients had started
nivolumab treatment. DLI could be given in combination
with nivolumab after careful consideration of the risk for
GVHD and discussion with the coordinating investigator.
The planned follow-up per patient was 18 months after the
permanent discontinuation of nivolumab.

Trial oversight

All patients provided written informed consent before par-
ticipating in the trial, and approval was obtained from the
University of Freiburg Ethics Committee. The trial was de-
signed and conducted under the guidelines for Good Clinical
Practice of the International Council for Harmonization, the
principles of the Declaration of Helsinki and the local regula-
tions. An independent data monitoring committee reviewed
the safety data. The investigators designed the trial. Data were
collected and analysed by the investigators and their research
staff. Drafts of the manuscript were written by the first and last
authors and revised in collaboration with all the authors.

Patients

Key eligibility criteria included age of 18 years and evidence of
AML relapse after at least one previous allo-HCT provided by
cytological or histological examination of a BM biopsy or an
extramedullary site biopsy. Additional eligibility criteria were
at least 10% of donor-derived chimerism, no administration
of immune suppression for at least 2weeks before the screen-
ing, an Eastern Cooperative Oncology Group (ECOG) perfor-
mance status of 0-2, and unavailability of a superior treatment

approach. Key exclusion criteria were previous or currently ac-
tive acute GVHD grade III-1V, chronic GVHD requiring im-
mune suppression at the time of treatment, active autoimmune
diseases, severely impaired pulmonary function (mechanical
ventilation or resting O, saturation<90%), and severely im-
paired cardiac function (requirement for vasopressors, NYHA
class IIT or I'V heart failure, uncontrolled hypertension or ven-
tricular arrhythmias). Patients who had received active treat-
ment in a clinical study of any investigational agent within
30days before the first administration of nivolumab were also
excluded. Table S1 includes a complete list of inclusion and ex-
clusion criteria.

Assessment of response and safety

Response definitions were established based on the rec-
ommendations of the International Working Group and
the guidelines of the European Leukemia Net (ELN).*™*
Complete response (CR) was defined by a BM biopsy with-
out clusters or collections of blast cells (<5%), an absence
of extramedullary leukaemia, normal values for the abso-
lute neutrophil count and platelet count, and independence
from red blood cell transfusion. Complete response with
incomplete recovery (CRi) was achieved when all CR crite-
ria were fulfilled except for residual neutropenia or throm-
bocytopenia. A morphologic leukaemia-free state (MLES)
was recorded when the BM blasts were less than 5% with or
without evidence of a haematological recovery. A partial re-
sponse (PR) was defined as a decrease of blasts by at least
50% compared to the start of study treatment in the PB or
BM, and BM blasts between 5% and 25%. A stable disease
(SD) was considered when AML manifestations remained
identical to treatment initiation and failed to fulfil the cri-
teria for response. A progressive disease (PD) was defined as
an increase of AML cells of at least 50% of the initial value
in the PB or BM or the appearance of a new extramedullary
disease. The ORR was defined as the proportion of patients
achieving CR, CRi, MLFS, or PR.

Patients were monitored for clinical or laboratory signs
of GVHD and immune-related adverse events (irAE) at each
visit. Adverse events (AE) and serious adverse events (SAE)
were scored according to the Common Terminology Criteria
for Adverse Events (CTCAE), version 4.0. Relationship to
nivolumab was assessed for each AE/SAE by the investigator.

Endpoints

The primary endpoint was the ORR on days 42 and 84 after
the start of nivolumab. The secondary endpoints concern-
ing efficacy were: time to treatment response, duration of
response, overall survival (OS), progression-free survival
(PES), non-relapse mortality (NRM), quality of life meas-
ured by EORTC QLQ-C30 and EORTC QLQ-HDC29, and
changes in the alloreactive immune cell phenotype dur-
ing treatment. The secondary endpoints concerning safety
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were: the incidence and severity of GVHD, the incidence
of infectious complications, and the incidence and severity
of irAE.

Statistical analysis of the clinical data

As this is a phase 2 trial without the intention of a con-
firmatory proof of efficacy, no formal sample size calcu-
lation was performed. Initially, it was planned to include
20 evaluable patients, mainly based on feasibility consid-
erations. However, the precision of the ORR estimation
is of interest, for example, when planning future trials.
Therefore, we considered the size of a two-sided 90% con-
fidence interval that can be calculated based on 20 patients
and an expected ORR of 45%. When the sample size is 20,
a two-sided 90.0% confidence interval for a single propor-
tion using the large sample normal approximation will ex-
tend 0.183 from the observed proportion for an expected
proportion of 0.450.

The data cutoff for the statistical analysis of clinical data
was April 12, 2022. The full analysis dataset (FAS) and the
safety set (SAF) included all patients who received at least one
administration of nivolumab (1= 16). The per-protocol dataset
(PP) had all patients who received at least two administrations
of nivolumab (n=11). Descriptive statistics were used to report
continuous and discrete variables' frequency and percentages.
Exact two-sided 95% confidence intervals for ORR were cal-
culated based on the binomial distribution. OS and PFS were
defined as the time from the start of treatment with nivolumab
until death (OS)/death or disease progression (PFS), treating
observation times where the event of interest did not occur as
censored. Analyses of OS and PFS were performed with the
Kaplan-Meier method. NRM was defined as the time from
the start of treatment with nivolumab to the date of death not
preceded by hematologic disease recurrence, which is consid-
ered a competing risk. For chronic graft-versus-host disease
(cGVHD), death without prior observation of ¢cGvHD was
regarded as a competing risk. For these time-to-event end-
points with competing risks, cumulative incidence rates were
calculated. The calculation of time to response and response
duration was restricted to those patients where the response
was related to nivolumab treatment, that is any responses after
prior disease progression or after documentation of treatment
failure were not counted. Due to the low number of respond-
ers, the data are reported descriptively.

All other methods are listed in the Supporting
Information, Materials and methods section.

RESULTS
Patient characteristics and treatments
Between May 2018 and May 2020, 18 patients with AML

relapse after allo-HCT signed written informed consent.
One patient was excluded due to a screening failure, and

BRITISH JOURNAL OF HAEMATOLOGY

one patient did not receive nivolumab. The remaining 16
patients received at least one nivolumab infusion and were
included in the FAS. All patients were treated with 3mg/
kg body weight nivolumab every 2 weeks for up to 12 weeks
unless a relapse, disease progression, unacceptable toxic ef-
fects, or death occurred. An additional treatment phase of
up to 60weeks was allowed if patients had benefited from
the treatment. A per-protocol (PP) dataset was defined as
the patients who received at least two doses of nivolumab
(n=11). An overview of the patient cohorts and trial de-
sign is provided in Figure S1. The primary end-point was
the ORR on days 42 and 84. The ORR was determined as
the summed percentage of patients achieving a CR, a CRi, a
MLES, or a PR defined in line with the recommendations of
the International Working Group and the guidelines of the
ELN 2017.7* A study synopsis describing the inclusion and
exclusion criteria and endpoints is reported in Table S1.

The clinical characteristics are presented in Table 1 and
Table S2. The median patient age was 58 years (range 23—
73), and seven patients (43.75%) were female. The majority
of patients (75%) had an adverse genetic risk (according to
the 2017 ELN risk stratification by genetics*?). The median
time between allo-HCT and relapse was 409 days (range 45-
2724 days), and the median time between relapse and study
inclusion was 20 days (range 2-366 days). Treatment between
diagnosis of relapse and the start of nivolumab was as follows:
most patients (10/16, 62.5%) received DLI in combination
with decitabine or azacytidine. Five patients (31.25%) were
treated with HMA alone, and one patient (6.25%) received
DLI alone (Table S3). The median number of nivolumab ap-
plications on trial until week 12 was 2 (range 1-7). The most
frequent reason for discontinuing nivolumab was disease
progression or lack of response (8/16 patients, 50%). Other
reasons were intolerable toxicities, death, CRi achieved, or
patient wish. One patient had a SD with long-term benefits
from nivolumab and continued treatment after week 12 with
an additional 14 doses of nivolumab (Table S3).

Efficacy, survival and NRM

The course of disease during nivolumab treatment for each
patient is shown in Figure 1A. Response evaluations were
performed on days 42 and 84 after the start of nivolumab. The
ORR on day 42 was 25% (95% CI 7.3-52.4) (Table 2; Figure 1B).
Two patients achieved CRi (12.5%), two patients achieved PR
(12.5%), four patients had SD (25%) and two patients had PD
(12.5%). Five patients (31.25%) had died or had disease pro-
gression before day 42, leading to salvage therapy, and for one
patient (6.25%), the evaluation was missing (Figure 1B). On
day 84, two patients were evaluated for response, with one
having an SD (6.25%) and the other having PD (6.25%). Nine
patients (56.25%) had died or had disease progression before
day 84, and for five patients (31.25%), the evaluation was
missing due to discontinuation of the treatment (Table 2).
The percentage of donor-derived chimerism at screening and
week 6 is shown in Table S4. The median follow-up time was
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TABLE 1 Demographic and disease characteristics.

Variable

Number of patients
Median age (range)—years
Sex—no. (%)
Female
Male
ECOG performance status—no. (%)
0
1
2
AML type—no. (%)
De novo

Secondary

AML genetic risk classification—no. (%)

Favourable
Intermediate
Adverse
Unknown
Initial treatment for AML
Cytarabine-based chemotherapy
HMA
Upfront allo-HCT
Allo-HCT donor sex—no. (%)
Female
Male
Median donor age (range)—years
Donor type—no. (%)
Unrelated donor
Sibling
Graft source—no. (%)
Peripheral blood stem cells
Bone marrow
Unknown
Best response to allo-HCT—no. (%)
Complete remission

Refractory disease

Median time from allo-HCT to relapse

(range)—days

Median time from relapse to study inclusion

(range)—days

Extramedullary manifestation of relapse

No
Yes

Unknown

Median bone marrow blasts at screening

(range)—%

Value

16
58 (23-73)

7 (43.75%)
9 (56.25%)

6 (37.5%)
8 (50%)
2 (12.5%)

8 (50%)
8 (50%)

12.5%)
6.25%)
75%)

1(6.25%)

(
(
12 (
(
11 (68.75%)

3 (18.75%)
2 (12.5%)

5 (31.25%)
11 (68.75%)
28 (20-49)

14 (87.5%)
2 (12.5%)

14 (87.5%)
1(6.25%)
1 (6.25%)

15 (93.75%)
1 (6.25%)
409 (45-2724)

20 (2-366)

13 (81.25%)
1(6.25%)
2 (12.5%)

25 (11-96)

Note: Demographic and disease characteristics of the full analysis dataset (FAS)

with n=16 patients.

Abbreviations: allo-HCT, allogeneic haematopoietic cell transplantation; AML,
acute myeloid leukaemia; ECOG, Eastern Cooperative Oncology Group; HMA,

hypomethylating agents.

18.8 months (95% CI 18.1-22.5 months). The median PFS was
1.8 months (95% CI 0.76-6.9 months, Figure 1C). The median
OS was 15.6months (95% CI 0.85-not reached, Figure 1C).
In a subgroup of patients who received at least two doses of
nivolumab (PP dataset), the response on day 42 was 18.2%
(95% CI 2.3-51.8) (Table 2). In this subgroup, the median PFS
was 4.7 months (95% CI 0.85-11.3 months), and the median
OS was not reached (Figure 1D). After nivolumab discontinu-
ation, 10/16 patients (62.5%) underwent a second allo-HCT.
NRM was 25% (95% CI 7.2-48.2).

We sought to determine whether the response to HMA/
nivolumab was dependent on the presence of specific ge-
nomic mutations. To this end, we performed a targeted
genomic next-generation sequencing (NGS) for hotspot
mutations frequently found in AML patients. The panel in-
cluded 15 full-length genes (exons only) and 39 additional
genes, where oncogenic hotspots were covered (Table S5).
DNA extracts from peripheral blood leukocytes directly
before the start of nivolumab and after nivolumab discon-
tinuation were available for nine patients (Table S6). We ob-
served a TET2 mutation loss after therapy in four patients
and a loss of mutations in CUX1 and NRAS in two patients
(Figure 1E). New mutations were found for BRAF, CEBPA
and RUNX1I (Figure 1E). Response varied between the pa-
tients with TET2-mutant clone loss, with one each having
CRi, PR, SD and PD on day 42 after initiating nivolumab
treatment. These data suggest that AML clones might dif-
fer in their sensitivity to HMA/nivolumab, although further
studies are warranted.

Safety

The safety analysis dataset (SAF) included all 16 patients who
received at least one dose of nivolumab. All patients were
monitored weekly for AEs development. Fifteen patients
(93.75%) had at least one AE. The mean number of AEs per
patient was 7.13 (range 0-20). The most frequent AEs were
disorders of the blood and lymphatic system, such as febrile
neutropenia (6/16 pts, 37.5%), thrombocytopenia (5/16 pts,
31.25%), anaemia (3/16 pts, 18.75%) and neutropenia (3/16
pts, 18.75%). Frequent non-hematologic AEs were pyrexia
(4/16 pts, 25%), fatigue (3/16 pts, 18.75%), peripheral oedema
(3/16 pts, 18.75%), pneumonia (3/16 pts, 18.75%) and in-
creased transaminases (3/16 pts, 18.75%). Fourteen patients
(87.5%) experienced at least one AE > grade 3. Frequent AEs
(defined as occurring in at least two patients) are reported
in Table 3. In 7 patients (43.75%), AEs related to nivolumab
were reported (Table S7). The most frequent nivolumab-
related AEs were increased transaminases, fatigue and py-
rexia. In one case each, pericardial effusion, pleural effusion,
pneumonitis, arthralgia, myalgia and encephalopathy were
reported. Nivolumab-related AEs grade 3 or higher were re-
ported in 4 patients (25%) (Table S7). In two patients, severe
adverse events (SAEs) led to death. These were sepsis and
cerebral haemorrhage; none was attributed to nivolumab
(Table S8).
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Development of GVHD/irAE and infections are partic-
ularly interesting in a cohort of allo-HCT recipients treated
with a checkpoint inhibitor and reported as a secondary
endpoint in our study (Table S9). Until day 84, eight patients
(50%) had immune-related complications after nivolumab.
Five patients (31.25%) developed acute graft-versus-host dis-
ease (aGVHD), with the skin affected in four patients and
the liver in one. The maximal overall aGVHD grade was II.
Four patients (25%) had manifestations of cGVHD. One of
them developed severe multiple-organ cGVHD, which led to
death. Six patients (37.5%) developed infections (Table S9).
Overall, our study's frequency and type of AEs align with
published literature, with GVHD remaining frequent toxic-
ity of checkpoint inhibitor treatment.

High-parametric cytometry reveals a correlation
between CD8" effector memory T cell
phenotype and response

Immune checkpoint inhibition induces clinical responses by
boosting the T cell-driven anti-tumour response. We next
asked whether responders displayed specific phenotypic pat-
terns in their T cell compartments. To address this question,
we first interrogated samples from the peripheral blood col-
lected at screening and at serial time points after the start
of nivolumab (Figure 2A) using high-parametric spectral
flow cytometry (Table S10). Specimens were collected only
as long as patients did not receive an AML treatment other
than HMA, nivolumab and DLI. An overview of the samples
analysed at each time point is presented in Table S11. The pa-
tients were stratified according to the response at week 6 after
the start of nivolumab treatment, where patients with CRi or
PR were classified as responders, and patients with SD or PD
were classified as non-responders. We found that the frequen-
cies of B, T, NK and myeloid cells at screening and during
treatment with HMA/nivolumab were comparable between
responders and non-responders (Figure S2). We then focused
on the T cell compartment (Figure S3A,B) and analysed the
expression of activating and inhibitory cell surface molecules.
We found that CD8" effector memory T cells (CD8 Tem) of
responders showed a signature of higher activation and co-
stimulation marker expression (HLA-DR, ICOS, CD27 and
CD38) and lower senescence marker expression (KLRG1 and
CD57) than CD8 Tem from non-responders (Figure 2B-D).
This signature was detectable 1week after the first admin-
istration of nivolumab and was statistically significant at
week 6 when we assessed the clinical response (Figure 2B-
D). Comparable results in CD4" T cells (Figure S3C) and
lower frequencies of CD8" terminal effector T cells (Temra,
Figure S3D) in responders suggest that terminal T cell differ-
entiation/senescence associates with inferior response rates.
Transfer of responder patient T cells into a xenograft mouse
AML model resulted in prolonged survival compared to the
transfer of non-responder patient T cells, indicating an im-
proved leukaemia control (Figure 2E).

BRITISH JOURNAL OF HAEMATOLOGY

Surprisingly, the longitudinally obtained cytokine polar-
ization profile of CD8 Tem and other T cell subsets, as well
as NK cells, did not significantly correlate with the response
(Figure S4), suggesting that activation/senescence marker
expression might be a better predictive marker for response
than cytokine production. To expand on this finding, we
studied the response to azacytidine and anti-PD-1 in an
experimental mouse model resembling the human setting.
We observed that treatment with azacytidine increased the
expression of the PD-1 ligand PD-L1 (encoded by Cd274)
on AML cells (Figure 3A,B). We next used a mouse model,
in which mice received AML cells (bearing MLL-PTD and
FLT3-ITD mutations), followed by a transfer of allogeneic
T cells and treatment with one dose of azacytidine and five
doses of an anti-PD-1 antibody, either alone or in combi-
nation (Figure 3C). The combination treatment resulted in
significantly prolonged survival, compared to no or single-
agent treatment (Figure 3D). We found a higher percent-
age of CD8" T cells within the CD3" population of mice
treated with azacytidine and anti-PD-1 than vehicle-treated
animals (Figure 3E). CD44 expression on CD3" T cells
was elevated, indicating an enhanced memory phenotype
(Figure 3F). Furthermore, we observed lower expression of
LAG3 (Figure 3G) and higher expression of the activation
markers CD27 and CD38 on T cells (Figure 3H,I) following
treatment. The production of the pro-inflammatory cyto-
kines IFN-y, TNF and Granzyme B remained unchanged
(Figure 3J-L). These data suggest—in line with our obser-
vations in patients—that surface activation markers, rather
than cytokine production, correlate with response to HMA/
nivolumab treatment and should be further explored as bio-
markers of response.

The transcriptional profile of the BM
immune microenvironment has patient- and
response-specific features

Next, we performed single-cell RNA sequencing of avail-
able BM aspirates from two responders (patients 01-02 and
01-05) and two non-responders (patients 01-08 and 01-11,
Figure 4A). Disease characteristics for these patients are pro-
vided in Table S12. For patient 01-02, we analysed samples at
screening, week 6 (in PR), and week 12 (in PD) after the first
nivolumab administration. For patient 01-05, we analysed a
sample obtained 24 weeks after the first nivolumab adminis-
tration (in CRi). For patient 01-08, we analysed samples ob-
tained at screening and week 6 after the start of nivolumab
(in SD). Finally, for patient 01-11, we analysed samples ob-
tained at screening and 12 weeks after nivolumab adminis-
tration (in PD). The BM samples were accordingly classified
as “screening”, “responder follow-up (R-FU)” (defined as PR
or CRi and termed as R-FU), or “non-responder follow-up
(NR-FU)” (defined as SD or PD and termed as NR-FU). We
confirmed patients' association with these categories by flow
cytometry analysis of the BM composition (Figure 4A).
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FIGURE 1 Response and survival. (A) Swimmer plots of all n=16 patients. (B) Response assessment for the full analysis dataset (FAS; n=16
patients) on day 42 after the start of nivolumab. CRi, complete response with incomplete recovery (green), PR, partial response (blue), SD, stable disease
(grey), PD, progressive disease (pink). (C) Progression-free survival (PFS; red curve) and overall survival (OS; blue curve) for the FAS (n =16 patients). (D)
PFS (red curve) and OS (blue curve) for the PP dataset (n=11 patients). (E) Heatmap showing the occurrence (red) or absence (grey) of specified genomic
mutations before and after hypomethylating agent/nivolumab. Patients are sorted from high to low mutation number (left to right).

Analysis of single-cell transcriptomic data was per-
formed using our customized bioinformatic pipeline (see the
Supporting Information, Materials and method section). In
total, 76 375 cells were captured and sequenced. After merg-
ing duplicates of the same sample, the number of cells per
sample ranged from 6104 to 12606 (median 9675). Details
on the different metrics for the dataset and for each sam-
ple are reported in the Supporting Information, Materials
and method section and Table S13. When merging cells
from all samples into a single dataset, we could identify 19
different clusters that we annotated as follows: HSCs, Early
Progenitors and Leukaemic Blasts (clusters 0, 1,4, 6,9, 10, 12,
13, 18), Erythroid Progenitors (cluster 8), Monocytes (clus-
ter 2), Dendritic Cells (cluster 16), CD4 T cells (cluster 3),
CD8 T cells (cluster 5), Exhausted CD8 T cells (cluster 14),
T cell-leukaemia doublets (cluster 15), NK cells (cluster 7),
B cells (cluster 11) and Plasma cells (cluster 17) (Figure 4B;
Figure S5). Of note, one of the clusters (number 15) showed
unusual features, including a high proportion of cell dou-
blets (Figure S6A,B). While doublet-rich clusters are usu-
ally not considered in downstream scRNAseq analyses, it
is intriguing to observe that this one contained clonally ex-
panded TCR" T cells (Figure S6C,D) and cells expressing the
immature-myeloid CD34 and FLT3 genes (Figure S6D), pos-
sibly indicating it could be comprised of CD8" T cells bound
to their leukaemic targets (this cluster is mainly composed of
cells from non-responder patient 01-08).

We first observed that the BM composition of patients
that responded to therapy appeared to be associated with a
patient-specific immune signature. In particular, the R-FU
sample of patient 01-05 was strongly enriched in monocytes,
while the R-FU sample of patient 01-02 featured large popu-
lations of T cells, natural killer cells and B cells (Figure 4C),
both in line with flow cytometry data (Figure 4A). Next, we
focused on the whole T-cell compartment. We re-ran our
bioinformatic pipeline on cells belonging to the CD4, CD8
and T cell-Leukaemia doublets clusters to obtain a more fine-
grained characterization of T lymphocyte cellular subtypes.
We could distinguish nine subtypes (Figure 4D; Figure S7).
The higher resolution of the re-clustered T cell map revealed
a marked expansion of CD4" T and CD8" GZMK cells in
the 01-02 R-FU compared to screening, which was not docu-
mented in non-responder patients (Figure S4E,F). Moreover,
we observed that NR-FU samples respective to their prece-
dent time points increased the proportion of cells belonging
to the CD8 exhausted cluster (Figure 4F).

We next characterized further the BM T cell compartment
at the phenotypic level. Multiparametric immunopheno-
typic analysis evidenced that at the time of response, a higher
fraction of PD-1" T cells infiltrated the BM (median among

samples: Scr.: 6.9%, R-FU: 10.4%; NR-FU: 4.1%), with a higher
fraction of CD4" compared to CD8" T cells, and in partic-
ular in the long-term responder patient 01-05 (Figure 4G;
Figure S8A-D). Furthermore, in non-responder samples, we
observed a higher proportion of T cells infiltrating the BM co-
expressing more than two inhibitory receptors compared to
responder ones (Figure 4G), which was more pronounced in
CD8" T cells from patient 01-08 (Figure S8A-D). These data
suggest that the response to nivolumab treatment is possibly
associated with the presence of T cells positive for the PD-1
receptor and with a lower fraction of lymphocytes infiltrating
the BM co-expressing more than two inhibitory receptors.

Single-cell protein- and RNA-based analyses
indicate that a pro-inflammatory myeloid
immune compartment might facilitate response
to HMA/nivolumab

To complement our studies of immune phenotypes in re-
sponders and non-responders, we next focused on the
myeloid/dendritic cell compartment. First, we analysed
the expression of activating and inhibitory cell surface
molecules on circulating cells by spectral flow cytometry
(Figure S9A,B). We observed a trend towards lower expres-
sion of CD155 in classical monocytes of responders compared
to non-responders (Figure 5A). Previous studies have shown
that tumour-derived CD155 inhibits the anti-tumour activity
of natural killer cells.*® Additionally, CD155 mediates CD8"
T cell suppression through TIGIT, CD96* and the degra-
dation of the activating receptor CD226.*® The lower levels
of CDI155 were also seen in intermediate and non-classical
monocytes of responders (Figure S9C). There was also a
trend towards an increased HLA-DR expression on classical
monocytes of responders compared to non-responders indi-
cating improved antigen presentation through MHC-II by
these cells (Figure 5B). Downregulation of HLA class II was
connected to AML relapse post-allo-HCT.® Conversely, in-
creased PD-LI1 expression was found in conventional DCs of
responders compared to non-responders (Figure 5C). High
PD-L1 levels on DCs may render the AML relapse more sus-
ceptible to anti-PD-1 immunotherapy. Taken together, we
detected immunosuppressive features on myeloid cells in the
peripheral blood of non-responders.

Moreover, in the single-cell transcriptomic analy-
sis of BM aspirates, we observed that the immune envi-
ronment in patient 01-05 (who had the longest CRi) was
characterized by a large mature monocyte compartment
(Figure 4C). In-depth analysis of the monocyte cluster 2
showed that compared to non-responders, monocytes in
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TABLE 2 Response evaluation.

Variable Value

Response evaluation FAS on day 42—no. (%) 16 (100%)

CR 0 (0%)

CRi 2 (12.5%)

MLES 0 (0%)

PR 2 (12.5%)

SD 4 (25%)

PD 2 (12.5%)

Progression/death before day 42 5 (31.25%)

Missing evaluation 1(6.25%)
Response evaluation FAS on day 84—no. (%)

CR 0 (0%)

CRi 0 (0%)

MLES 0 (0%)

PR 0 (0%)

SD 1 (6.25%)

PD 1 (6.25%)

Progression/death before day 84 9 (56.25%)

5 (31.25%)
11 (100%)

Missing evaluation

Response evaluation PP on day 42—no. (%)

CR 0 (0%)
CRi 1(9.1%)
MLES 0 (0%)
PR 1(9.1%)
SD 4 (36.4%)
PD 2 (18.2%)
Progression/death before day 42 2 (18.2%)
Missing evaluation 1(9.1%)

Response evaluation PP on day 84—no. (%) 11 (100%)

CR 0 (0%)
CRi 0 (0%)
MLES 0 (0%)
PR 0 (0%)
SD 1(9.1%)
PD 1(9.1%)
Progression/death before day 84 4 (36.4%)
Missing evaluation 5 (45.5%)

Note: Response evaluation on days 42 and 84 after the start of nivolumab treatment
using response definitions based on the recommendations of the International
Working Group and the guidelines of the European Leukemia Net.****

Abbreviations: CR, complete response; CRi, complete response with incomplete
recovery; FAS, full analysis dataset; MLES, morphologic leukaemia-free state;
PD, progressive disease; PP, per-protocol dataset; PR, partial response; SD, stable
disease.

responder samples (the latter overwhelmingly from pa-
tient 01-05) expressed higher levels of genes such as HLA-
DQA2 and DQBI, PSMB9 and IFITM]1 that were enriched
in processes involved in antigen processing and presenta-
tion and response to interferons (Figure 5D,E; Tables S14
and S15). IRF7, in particular, was previously shown to be

TABLE 3 Adverse events (AE).

Any grade Grade 23
Absolute Absolute
AE number (%) number (%)
Any 15 (93.75%) 14 (87.5%)
Hematologic AE
Febrile neutropenia 6 (37.5%) 6 (37.5%)
Thrombocytopenia 5(31.25%) 3 (18.75%)
Anaemia 3 (18.75%) 2 (12.5%)
Neutropenia 3 (18.75%) 3 (18.75%)

Non-hematologic AE

Pyrexia 4 (25%) 1 (6.25%)
Fatigue 3 (18.75%) 1(6.25%)
Peripheral oedema 3 (18.75%) 0 (0%)
Pneumonia 3(18.75%) 1 (6.25%)
Transaminases increased 3 (18.75%) 1(6.25%)
ALAT increased 2 (12.5%) 1(6.25%)
ASAT increased 2 (12.5%) 1(6.25%)
Blood bilirubin increased 2 (12.5%) 1(6.25%)
C-reactive protein 2 (12.5%) 0 (0%)
increased
Weight loss 2 (12.5%) 0 (0%)
Polyneuropathy 2 (12.5%) 0 (0%)
Pleural effusion 2 (12.5%) 0 (0%)
Urinary retention 2 (12.5%) 0 (0%)
General physical health 2 (12.5%) 2 (12.5%)

deterioration

Note: AEs were recorded weekly according to CTC-AE Version 4.0. Frequent AEs
defined as those occurring in at least two patients are reported.

Abbreviations: ALAT, alanine aminotransferase; ASAT, aspartate
aminotransferase.

connected to GVL effects.” Consistent with this observa-
tion, 01-05 R-FU monocytes showed high surface expres-
sion of HLA-DR, even compared to monocytes from the
peripheral blood of a healthy individual (Figure 5F). By
combining data from routine diagnostic chimerism anal-
ysis, immune phenotype and computational genotyping
(see Methods), we could identify the (patient or donor)
origin of monocytes in each of the samples, and this led
us to conclude that the transcriptional differences that
we observed in this cluster between responders and non-
responders were not linked to the patient or donor origin.
In particular, monocytes from both sample 01-05 R-FU
and sample 01-11 NR-FU were determined to be of likely
donor origin (Figure S10A,B). These data show that a pro-
inflammatory, actively antigen-presenting monocyte pop-
ulation dominated the BM microenvironment of patient
01-05, who remained in CRi for 11 months after discontin-
uing nivolumab.

Based on these findings, we hypothesized that myeloid
cells could improve the cytotoxic capacity of exhausted
CD8" T cells. We generated exhausted T cells in vitro using
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FIGURE 2 High-parametric spectral flow cytometry identifies an association between CD8" T cell activation markers and response. (A) Work flow

for spectral flow cytometry analysis. Image created with Biorender.com. (B) Spider plots depicting the median expression of indicated activating and
inhibitory surface markers in FlowSOM-generated CD8" effector memory T cell cluster of responders and non-responders at the defined time points.
(C) Median expression of CD27, HLA-DR, KLRGI, ICOS and CD57 in FlowSOM-generated CD8" effector memory T cell cluster shown over time,
stratified for responders and non-responders. (D) Median expression and the 25th and 75th percentile of HLA-DR (left panel) and ICOS (right panel)

at screening and first follow-up (week 1 or 3) stratified according to response. (B-D) Statistical comparisons were performed using the non-parametric
Mann-Whitney-Wilcoxon test (paired for panels B, D; unpaired for panel C) with Benjamini-Hochberg correction for multiple comparisons, *adjusted
p-value <0.05. (E) Survival of Rag2™~ I12rg™ mice injected with MOLM-13 human AML cells and total T cells isolated either from a responder or a
non-responder patient to HMA/nivolumab. Statistical analysis was performed using a Mantel-Cox test (n=>5/group).
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a well-established model based on repetitive antigenic stim-
ulation.”” We co-cultured non-exhausted and exhausted T
cells with media harvested from a bone marrow-derived
macrophage (BMDM) culture. As expected, chronic antigen

Granzyme B-PE-Cy7 B Aza/Anti-PD-1 (n=4)

stimulation resulted in reduced viability, higher expression
of the exhaustion marker TOX and lower capacity to pro-
duce IEN-y (Figure 5G, “non-exhausted Tc” vs. “exhausted
Tc”). These effects were partially reversed upon culture
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FIGURE 3 T cell activation markers, but not pro-inflammatory cytokines increase in response to azacytidine/anti-PD-1 treatment in mice. (A) Left:
Gene expression of Cd274 in RMB-1 cells, treated for 24h in vitro with vehicle or 2.5 pM azacytidine (n=4/group). Right: Gene expression of Cd274

on AML-MLL?™"* FLT3"™"* cells isolated from the bone marrow of leukaemia-bearing mice treated with vehicle (n=5) or azacytidine (n=6). (B)

RMB-1 leukaemia cells were treated in vitro for 24 h with vehicle or 2.5 uM azacytidine. PD-L1 expression was measured by flow cytometry. Statistical
analysis was performed using an unpaired two-tailed ¢-test on n=>5 replicates/group. (C-K) C57BL/6 mice were irradiated twice with 6 Gy at least 4h
apart, followed by an injection of 5 million BM cells from a BALB/c donor and 5000 AML-MLL?™™"* FLT3'™"* cells. Two days later, 300000 pan T cells
enriched from the spleen of a BALB/c donor were transferred. Mice were treated with a single dose of 2.5 mg/kg body weight azacytidine (on day 9), five
doses of 0.2 mg/mouse anti-PD-1 (on days 10, 13, 16, 19, 22), a combination of both or an equal volume of PBS. Flow cytometry analysis of the spleen cells
was carried out on day 23 after transplantation. Cells were gated on Live/Dead” CD3" single cells. (C) Experimental model. Image created with Biorender.
com. (D) Survival (n=5 mice/group). Statistical analysis was performed using a Mantel-Cox test comparing all groups with the “Azacytidine + Anti-PD-1”
group. (E) Percentage of CD8" cells within the splenic CD3" population of recipient mice. (F) Right panel: mean fluorescence intensity of CD44 within
the CD3" population. (G-L) Expression of LAG3 (G), CD27 (H), CD38 (I), TNF (J), IFN-y (K), Granzyme B (L) is shown. Left panels: representative
histograms. Right panels: Mean fluorescence intensity of the indicated marker. Every symbol indicates an individual biological replicate. Error bars
indicate standard error of the mean. Statistical analysis was performed using an unpaired two-tailed t-test on n=5 animals in the PBS group and n=4
animals in the Aza/Anti-PD-1 group. Data are representative of three independent experiments.

with BMDM media (Figure 5G, “exhausted T cells+ BMDM
media” vs. “exhausted T cells”). Our results indicate that a
pro-inflammatory myeloid population might boost the T
cell immune response.

DISCUSSION

AML relapse after allo-HCT is marked by a high mortal-
ity rate and remains a therapeutic challenge with no gold
standard. Several trials have tested the efficacy of HMA
combined with DLI. A phase II prospective trial reported
an ORR of 30%.”" A retrospective study from our institu-
tion found a CR rate of 9% with a median OS of 108 days.”"
Decitabine with DLI induced a CR/CRi in 15% of the pa-
tients and PR in 4% in another retrospective study, and the
median OS was 4.7 months.”* We found that HMA increased
anti-CD123 CAR T cell cytotoxicity against AML.** Based
on these results, we hypothesized that HMA and immune
checkpoint inhibition might synergize to potentiate graft-
versus-leukaemia immunity. The efficacy and safety of
the HMA/nivolumab combination in allo-HCT recipients
have not been explicitly studied in a prospective trial. We
observed an ORR (CR, CRi, PR) at day 42 after the initia-
tion of nivolumab treatment of 25%, comparable with an
earlier study that reported an ORR of 21% (4/19 patients)
with nivolumab as monotherapy for myeloid malignancy
relapse post-allo-HCT.** In comparison, CTLA-4 blockade
with ipilimumab induced a CR in 5/12 (42%) patients with
myelodysplastic syndrome/AML.”” Decitabine combined
with ipilimumab resulted in a CR/CRi in 5/25 (20%) patients
with post-allo-HCT relapse.®® Our data align with the lit-
erature and demonstrate that long-lasting responses to PD-1
blockade, even in combination with HMA and DLI, are seen
primarily in individual patients. We propose that HMA/
nivolumab can be applied as a “bridging” approach to the
subsequent treatment, such as a second allo-HCT. It may be
essential to intervene earlier than at haematological relapse
as a recent case report showed that the combined application
of tislelizumab (an anti-PD-1 antibody) and azacytidine in
an AML patient with molecular relapse was effective at pre-
venting haematological relapse.”* An earlier treatment might

also be beneficial as it might prevent T cells from reaching a
terminal effector/senescence stage through chronic antigen
stimulation.

One primary clinical concern in the context of immu-
notherapy is the risk of developing immune-related com-
plications. We observed these in 50% of the patients in our
cohort. In 1/16 treated patients (6.25%), GVHD was fatal de-
spite immunosuppressive treatment. These data align with
previous studies reporting severe acute GVHD grade III-1V
in 29% of the patients,” total GVHD rates of 30% in patients
with Hodgkin lymphoma treated with nivolumab after allo-
HCT,* and 39% in patients with lymphoid and myeloid ma-
lignancies.*> Overall, GVHD remains a significant toxicity
for this combination and warrants close monitoring of the
patients.

We questioned whether patients who responded to HMA/
nivolumab had characteristic changes in the BM or periph-
eral blood immune compartment. We combined single-cell
RNA sequencing and multidimensional spectral flow cy-
tometry to profile T cells and myeloid immune cells exten-
sively. First, we set out to determine whether the response
to HMA/nivolumab could be predicted by analysis of the
peripheral immune compartment. Defining biomarkers
of response would be necessary for the early identifica-
tion of patients who might benefit from the treatment. We
found that the CD8 Tem of responders showed a signature
of higher activation and costimulation marker expression
and lower senescence marker expression than CD8 Tem
from non-responders. This signature was detectable already
1 week after the first administration of nivolumab. Our data
align with a recently published phase II trial of pembroli-
zumab after high-dose cytarabine in r/r AML outside of the
allo-HCT setting.” In this study, the frequency of senes-
cent T cells (CD45RA" KLRG1'CD57") in the BM and PB
of non-responders was significantly higher compared to pa-
tients who achieved a CR.*® Notably, the presence of such
senescent-like CD3" CD8" KLRG1" CD57" cells in the BM
of newly diagnosed AML patients was associated with sig-
nificantly worse OS after treatment with chemotherapy.”
Our findings that HLA-DR and ICOS increased in CD8 Tem
in the peripheral blood of responders are different from a
study using an anti-CTLA-4 treatment that showed that
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ipilimumab increased expression of T cell activation and
costimulation markers such as PD-1, HLA-DR and ICOS, ir-
respective of response.”® It is conceivable that changes in the
immune compartment are specific to the type of checkpoint
inhibitor used.

Furthermore, we observed that response in one patient
was associated with a substantial expansion of T cells in the

BM, particularly CD4" central memory/effector memory T
cells and Granzyme K" T cells. Using single-cell RNA se-
quencing analysis from paired BM samples pre/post azacyt-
idine and nivolumab treatment outside of the allo-HCT
setting, it was shown that the disease-related T cell subsets
were highly heterogeneous, and their abundance changed
following PD-1 blockade-based treatment.” The authors
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FIGURE 4 Single-cell RNA sequencing analysis of bone marrow samples reveals distinct, patient-specific patterns of response to nivolumab
treatment. (A) Overview of the BM samples analysed by single-cell RNA sequencing from four patients at different time points of the study. Screening
samples are highlighted by black circles, R-FU time points in green circles and NR-FU time points in red circles. The pie charts report the distribution of
the cells between the leukaemia, T cell, B cell and other compartments, derived from immunophenotypic flow cytometry analysis. (B) UMAP projections
of scRNA-seq data for all sequenced cells that passed quality filters, pooling together all samples (Methods), clustered on the basis of transcriptional
similarity. Unsupervised reference-based method SingleR® and manually-curated lineage-specific markers (Figure $5) were used to annotate the cell
identity of clusters. (C) Percentage of cells belonging to clusters defined in (B) in each of the analysed samples. The squares above each bar represent the
total number of cells captured and analysed for each sample, according to a white-to-blue colour code scale. (D) UMAP projections of scRNA-seq data for
all cells belonging to T cell clusters annotated in (B) (that is, cluster 3 for CD4 T cells, 5 for CD8 T Cells, 14 for exhausted CD8 T cells and 15 for T cell-
leukaemia doublets) pooling together all samples from the dataset, and clustered on the basis of transcriptional similarity. Unsupervised reference-based
method SingleR® and manually-curated lineage-specific markers (Figure S7) were used to annotate the cell identity of clusters. (E) Percentage of cells
belonging to clusters defined in (D) in each of the analysed samples. The squares above each bar represent the total number of T cells present in each BM
sample according to a white-to-blue colour code scale. (F) Logarithmic-transformed ratios of the percentage of cells belonging to each cluster defined in
(D) in the FU time point with respect to the preceding time point, separated in responder (in green) and non-responder (in red) time points for the three
patients with longitudinal samples: 01-02 (circle), 01-08 (square) and 01-11 (triangle). Bars and whiskers represent mean + SEM (standard error of the
mean). (G) Patterns of surface coexpression of selected inhibitory T cell receptors dividing the eight BM samples into screening (black), responder (green)
and non-responder (red) follow-up time points. Each coloured arc represents the percentage of expression of a single receptor: KLRG1 in red, PD-1 in
yellow, TIGIT in green, LAG3 in spring green and TIM3 in blue. Colours related to the chart pies are grouped according to the number of receptors co-
expressed: 5 to 4 in black, 3 in blue, 2 in light blue, 1 in grey and none in white.

found that a BM-residing memory CD8" T cell subset with
stem-like properties, which expressed granzyme K was en-
riched in responders.” Of note, an important difference be-
tween the two studies lies in the fact that all of our patients
had undergone an allo-HCT, whereas the study by Abbas
et al. was performed outside the allo-HCT setting. Our data
indicate that the expansion of activated, low-senescence T
cells is associated with response to HMA/nivolumab.

We further focused on profiling the BM and peripheral
blood myeloid compartment. We found that the patient
who had the longest CRi on the trial (>11 months) had a
remarkable monocyte population with pro-inflammatory
gene signature in the BM. Pro-inflammatory macrophage
infiltration predicted the response to atezolizumab in
urothelial cancer with a robustness was comparable with
tumour mutational burden and tumour neoantigen burden
and superior to CD8" T cell infiltration and PD-L1 expres-
sion.®” Consistent with our findings, a study performed in
non-small-cell lung cancer patients found that “M1-like”
macrophage and high peripheral T cell signature were asso-
ciated with a significantly longer PFS.®" Interestingly, AML
blasts can re-educate monocytes and macrophages towards
aleukaemia-supporting “M2-like” phenotype® through the
secretion of arginase and other mechanisms.®> We speculate
that response to HMA/nivolumab is more likely to occur
in a pro-inflammatory BM microenvironment shaped by
inflammatory macrophages. Similarly, there were differ-
ences in the peripheral myeloid compartment of respond-
ers and non-responders, such as a trend towards increased
PD-L1 expression in conventional DCs of responders ver-
sus non-responders. In a study of breast cancer patients
receiving anti-PD-1 treatment combined with neoadjuvant
chemotherapy, the relative frequency of PD-L1" immuno-
regulatory DCs correlated positively with T cell expan-
sion.®* Additionally, we observed reduced expression of
CD155 on classical monocytes of responders. CD155 inhib-
its the anti-tumour activity and activation of both T cells
and NK cells,*®*® once again reinforcing our hypothesis
that the phenotype of the myeloid compartment shapes the

response to HMA/nivolumab. This concept is further sup-
ported by our data showing that macrophage-conditioned
cell culture media can reverse impaired cytokine produc-
tion in T cells caused by chronic antigen exposure.

In summary, we show that the HMA/nivolumab com-
bination has limited anti-AML activity post-allo-HCT and
could be considered as a bridging approach to a second allo-
HCT. Response correlates with confined terminal effector
T cell differentiation/senescence and pro-inflammatory
myeloid profiles in a patient-dependent manner. Although
further investigation in a larger cohort of patients is needed,
we believe that the myeloid compartment might be an im-
portant predictor of response of AML to HMA/checkpoint
inhibitor treatment and should be investigated in future
studies. Additionally, we propose analysis of surface mark-
ers of T cell activation (HLA-DR, ICOS) and senescence
(KLRG1, CD57) as a potential approach for early identifica-
tion of patients who might benefit from treatment.
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FIGURE 5 Single-cell protein- and RNA-based analyses indicate that a pro-inflammatory myeloid immune compartment might facilitate response.
(A-C) High-parametric spectral flow cytometry was performed as in Figure 2 with a focus on the myeloid compartment. Left panels: Median expression
of CD155 (A) and HLA-DR (B) in FlowSOM-generated classical monocyte cluster as well as PD-L1 in FlowSOM-generated conventional DC cluster (C)
from responders and non-responders at the indicated time points. Right panels: representative spectral flow cytometry plots and histograms comparing
the expression of indicated parameters in non-responders and responders. (A, B) Classical monocytes were defined as CD3~ CD19~ CD56~ CD33*

CD14" CD16". (C) Conventional DCs were defined as CD3~ CD19~ CD56~ CD14~ CD16- HLA-DR' CDI11c" CD123™. (D) Volcano plot of differentially
expressed genes (DEGs) in monocytes (cluster 2 as defined in Figure 4B) between R-FU and NR-FU time points. DEGs were defined by adjusted p-value
<0.05 and average log,Fold change >0.15 or <-0.15. Shown in grey are DEGs with ~1 <log,Fold < 1; DEGs with log,Fold <~1 or >1 are highlighted in black
or, if linked to immune-related processes, in red. (E) Normalized enrichment score (NES) and corresponding adjusted p-values resulting from a gene

set enrichment analysis (Methods) of Gene Ontology terms related to biological processes, comparing monocytes (cluster 2) in R-FU and NR-FU time
points. Enriched immune-related processes are evidenced in red. (F) Histogram plots showing surface expression of HLA-DR from monocytes (defined
as CD45"/CD14"/CD33" cells) in the peripheral blood of a healthy individual, in the R-FU BM sample from patient 01-05 (green), and in the screening
and NR-FU BM samples from patient 01-11 (black and red, respectively). The control fluorescence minus one (FMO) histogram for HLA-DR expression is
shown for the healthy individual monocytes (grey). Numbers indicate the mean fluorescence intensity (MFI) of the corresponding population. (G) Mouse
CD8" T cells were activated with 5pg/mL plate-bound anti-CD3, 0.5 pg/mL anti-CD28 and 10ng/mL IL-2 for 48 h. Then, T cells were either cultured in
IL-2-containing media only (“non-exhausted T cells”) or were plated every 48 h with on a fresh plate coated with 5pug/mL anti-CD3 for repetitive antigen
stimulation (“exhausted T cells”). From days 4 to 8, cells were cultured in either standard medium (“T cells”) or medium that was used for 24h to culture
bone marrow-derived macrophages (“T cells+ BMDM media”). Read-outs were performed on day 8 of culture. Left panel: percentage viable cells. Middle

panel: mean fluorescence intensity for TOX. Right panel: Mean fluorescence intensity for IFN-y. Statistical analysis was performed using a One-way
ANOVA test with correction for multiple comparisons (n = 3 biological replicates). The result is representative of two independent experiments.
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