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IFN-a with dasatinib broadens the immune
repertoire in patients with chronic-phase
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In chronic myeloid leukemia (CML), combination therapies with tyrosine kinase inhibitors (TKIs) aim to improve the
achievement of deep molecular remission that would allow therapy discontinuation. IFN-a is one promising candidate, as
it has long-lasting effects on both malignant and immune cells. In connection with a multicenter clinical trial combining
dasatinib with IFN- in 40 patients with chronic-phase CML (NordCML007, NCT01725204), we performed immune
monitoring with single-cell RNA and T cell receptor (TCR) sequencing (n = 4, 12 samples), bulk TCRp sequencing (n = 13,
26 samples), flow cytometry (n = 40, 106 samples), cytokine analyses (n = 17, 80 samples), and ex vivo functional studies
(n = 39, 80 samples). Dasatinib drove the immune repertoire toward terminally differentiated NK and CD8* T cells with
dampened functional capabilities. Patients with dasatinib-associated pleural effusions had increased numbers of CD8*
recently activated effector memory T (Temra) cells. In vitro, dasatinib prevented CD3-induced cell death by blocking

TCR signaling. The addition of IFN-a reversed the terminally differentiated phenotypes and increased the number of
costimulatory intercellular interactions and the number of unique putative epitope-specific TCR clusters. In vitro IFN-a had
costimulatory effects on TCR signaling. Our work supports the combination of IFN-a with TKI therapy, as IFN-a broadens
the immune repertoire and restores immunological function.

Introduction
Currently, the ultimate therapeutic goal in patients with chron-
ic-phase chronic myeloid leukemia (CP-CML) is to achieve deep

molecular remission, which would allow the discontinuation of tyro-
sine kinase inhibitor (TKI) therapy and treatment-free remission in
approximately half of the patients. Although treatment responses to
first-generation TKI imatinib are paradigm-shifting, not all patients
with CP-CML gain an optimal deep molecular response with ima-
tinib (1). Thus, current clinical trials are aiming to improve the
response rates with other TKIs and combination therapies.
Second-generation TKIs, such as dasatinib and nilotinib, are
more potent BCR-ABLI inhibitors, inducing higher response rates
than imatinib (2, 3). In addition to BCR-ABLI, dasatinib inhibits
other kinases, such as LCK and those in the SRC family that medi-
ate important immunological functions. Dasatinib has shown con-
tradictory results in in vitro and in vivo studies; in in vitro studies,
it shows inhibitory effects on T and NK cells, but positive immuno-
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modulatory effects are observed in vivo in a proportion of patients
(4). We and others have demonstrated that dasatinib treatment
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increases the frequency of clonally expanded cytotoxic CD4* and
CD8" T cells that are active in IFN-y secretion and induces rap-
id mobilization of lymphocytes (5-7). However, due to its broad
kinase inhibition profile, dasatinib can also induce immune-relat-
ed adverse events, such as dermatitis and pleural effusions (PEs),
which can lead to a treatment switch (2).

Before TKIs, the only regimen that could reestablish normal
hematopoiesis in patients with CML was IFN-a. The combination
of imatinib with IFN-a has been demonstrated to induce higher
rates of molecular responses than imatinib alone in randomized
controlled trials, which are ongoing with second-generation TKIs
(8-10). A potential driver of this success might be the long-term
immunomodulatory effects of IFN-o, which could contribute to
the control or eradication of the TKI-insensitive, quiescent leu-
kemic CML stem cells (11, 12). Supporting this, patients with
increased frequencies of NK cells and more active effector mem-
ory T (Tem) cells have had higher probabilities of discontinuing
IFN-a monotherapy without subsequent disease relapse (13-16),
but the immunomodulatory effects of IFN-a in combination with
TKIs are not well understood.

Recently, 2 phase II clinical trials (NordCMLOO7
[NCT01725204]; Dasa-PegIFN trial, [NCT01872442]) have eval-
uated the safety and efficacy of the combination of dasatinib with
low-dose IFN-a treatment as the first line therapy in patients with
CP-CML (17, 18). In both trials, the addition of IFN-o to dasatinib
showed higher response rates and decreased rates of PEs in com-
parison with historical cohorts treated with dasatinib alone. To
understand the effect of dasatinib and IFN-a combination treat-
ment on the immune system and how it correlates with clinical
parameters, we conducted a substudy of the Nord CMLOO7 clini-
cal trial with single-cell RNA and T cell receptor (TCR) sequencing
(scRNA-seq and scTCRaf-seq), flow cytometry, bulk TCRB-seq,
plasma cytokine profiling, and ex vivo functional studies (Figure
1A). Our results show the opposing effects of dasatinib and IFN-a
on the immune system and how these immunological changes can
be linked to both treatment outcomes and adverse events.

Results

The landscape of CP-CML patients’ immune repertoire during dasati-
nib plus IFN-o combination treatment is dominated by NK and CD8*
T cells. Overall, we recruited 40 newly diagnosed patients from 15
hospitals with CP-CML to receive 100 mg dasatinib q.d., and after
3 months of dasatinib monotherapy, IFN-a treatment was added
(first 3 months 15 pg/week, then 25 pg/week of pegylated IFN-a).
After 12 months of combination treatment, patients resumed
dasatinib monotherapy. More detailed clinical results can be
found in Supplemental Table 1 (supplemental material available
online with this article; https://doi.org/10.1172/]JCI152585DS1)
and in the report of clinical efficacy data (17). In this immuno-
logical substudy involving patients in the clinical trial, peripheral
blood (PB) samples were collected at diagnosis and 3, 12, and 24
months after the start of therapy.

To understand the immune landscape of CP-CML during
dasatinib plus IFN-o treatment, we analyzed over 100,000 flow
cytometry-sorted CD45* blood mononuclear cells from 12 samples
with scRNA-seq and scTCRof-seq (10x Genomics, n = 4; samples
at 0, 3, and 12 months; 2 patients with PE and 2 patients without
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adverse effects; patient details in Supplemental Table 1). By utiliz-
ing deep generative modeling (19), we identified 20 clusters, all of
which were shared among individuals and 6 of which were identi-
fied as CD8" T cells, 4 as B cells, 3 as NK cells, 2 as CD4* T cells, and
1 as monocytes (Figure 1, B and C, cluster annotation in Methods
and Supplemental Figure 1, A-G, differentially expressed genes
[DEGs] in Supplemental Table 2).

At diagnosis, the immune repertoire was skewed toward differ-
ent CD8" T cells (CD8" recently activated effector memory T [Tem-
ra] cluster 5 and cytotoxic CD8* effector T [Teff] cluster 2), while
after 3 months of dasatinib therapy, the landscape was dominated
by NK cells (mature CD56%™ NK cluster 3) (Figure 1D and Sup-
plemental Figure 2, A-C). However, after the addition of IFN-a to
dasatinib, the immune repertoire transformed to a more balanced
distribution of different immune cell types (Figure 1D). This was
noted as a higher immune repertoire richness and measured as a
lower Gini index (P = 0.08, one-sided paired ¢ test, Figure 1E) com-
pared with a higher immune repertoire clonality after dasatinib
monotherapy (P = 0.04). Similarly, unsupervised principal compo-
nent analysis (PCA) of the flow cytometry data (n = 40 patients, in
total 106 samples) revealed unique signatures during each treat-
ment step (Figure 1F). In particular, PC2, which explained the sec-
ond highest variation in the data (8.4%), separated the samplesin a
stepwise manner by time points (P < 0.001, Kruskal-Wallis, Figure
1G). Twelve-month (dasatinib + IFN-o combination therapy) and
24-month (dasatinib monotherapy after discontinuation of IFN-a
at 15 months) samples clustered closer together than diagnosis and
3-month samples, suggesting that the addition of IFN-a causes
long-lasting effects on the immune system, which can be seen even
after 9 months of absence of IFN-q.

Dasatinib treatment induces NK and CD8" T cell maturation.
After the unsupervised immune landscape analyses revealing dis-
tinct effects of dasatinib and dasatinib plus IFN-a on the immune
repertoire, we studied the effects of dasatinib on the immune
cell phenotypes. A thorough analysis of the flow cytometry data
revealed that the most significant change after 3 months of dasat-
inib treatment was early induction of NK and CD8* T cell matura-
tion (Figure 2A, gating strategies in Supplemental Figure 3, A-D).

NK cell maturation proceeds from a CD56™&" to CD56%™
population, with a simultaneous decrease in cytokine production
and increase in cytotoxic potential (20). After dasatinib treat-
ment, we noted a decrease in the CD56" and cytokine-produc-
ing CD27* NK cell (21) populations (both P, < 0.01, Benjamini-
Hochberg-corrected Mann-Whitney) in the flow cytometry
analysis, while the antigen-experienced CD56“"CD45RA* NK (P, i
< 0.01), mature CD56%™CD57* NK (Padj < 0.05), and CD564"G-
ZMB' NK (P, < 0.001) populations increased significantly (Fig-
ure 2B, Supplemental Figure 4A, P values for cell type abundances
in Supplemental Table 3).

To confirm the early induction of NK cell maturation with
dasatinib, we used the pseudotime algorithm Slingshot (22) to
order the 3 NK cell clusters identified with scRNA-seq from the
most naive to the most mature (see Methods). As expected from
the previous scRNA-seq data from healthy donors (23-25), the
predicted maturation trajectory recapitulated common NK matu-
ration, as it stemmed from a CD56" population (cluster 13), pro-
gressed to an activated CD56%™ population (cluster 3), and ended

J Clin Invest. 2022;132(17):e152585 https://doi.org/10.1172/JCI152585
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Figure 1. The landscape of CP-CML patients’ immune repertoire during
dasatinib plus IFN-a combination treatment is dominated by NK and
CD8" T cells. (A) Schematics showing the outline of the study. Samples
were taken at 0-, 3-, 12-, and 24-month time points. Figure was created
with BioRender.com. (B) UMAP projection showing the scRNA-seq profiles
from all 100,000 cells (n = 4, 3 time points) in the study, colored by inferred
cluster. (C) Dot plot showing the expression of selected canonical markers
aiding in cluster annotation. The color of the dot corresponds to the aver-
age expression (z score) of the gene and the size of the dot corresponds

to the percentages of cells in the cluster expressing the gene. (D) The
same UMAP projection as in B showing the cell densities at different time
points. (E) The immune repertoire evenness at different time points cal-
culated from scRNA-seq clusters with Gini index (higher values correspond
to more skewed repertoires). (F) PCA plot from the flow cytometry-pro-
filed samples (n = 40 patients, 4 time points). (G) Box-and-whisker plot
(defined in the Methods) showing the position of samples in PC2. P value
was calculated with the Kruskal-Wallis test.

in the mature CD56%™ population (cluster O, Figure 2C). The tra-
jectory analysis validated the induced maturation, as there was a
clear shift from the CD56™" and activated CD56%™ population to
the terminally mature CD56%" population (Figure 2D). Simulta-
neously, NK cells seemed to lose their activated function, as they
lost genes related to NK cell activation (FCGR3A [CDI6]), effector
function, and cancer cell engagement (26) (PRF1, CCL4, CD2);
as well as genes related to NF-kB pathway activity (DUSPI, RHO,
FOSB) (all P, 4 < 0-05, Bonferroni-corrected ¢ test, Figure 2, E and F,
DEGs in Supplemental Table 2).

Similar to the situation with mature NK cells, dasatinib treat-
ment also increased mature CD8*CD57* T cells (P, i < 0.01, Fig-
ure 2G). Like in other trajectory analyses (27, 28), we noted 2 dif-
ferent maturation endpoints for CD8* T cells in the scRNA-seq
data stemming from naive CD8" T cells (cluster 8). Trajectory
1 went through the CD8" Temra cluster (cluster 5) and ended in
the CD8" Tem phenotype (cluster 1), while trajectory 2 ended in
an IFNG-producing CD8* Temra cluster (cluster 9, Figure 2H).
Interestingly, T cell maturation seemed to shift after dasatinib,
as trajectory 1 was more pronounced during diagnosis and trajec-
tory 2 was more prominent after dasatinib treatment. As seen in
the trajectory analysis of the NK cells, the CD8* T cells were found
in the latter parts of this trajectory (P < 0.0001, Kruskal-Wallis,
Figure 2J), as the cells had shifted from the homing receptor-posi-
tive (ZNF683*) Temra cluster 5 to the IFNG-producing and IFN-y-
responding Temra population (cluster 9). The changes associated
with this transition included downregulation of genes related to
T cell naiveness and stem-like properties (CCR7, TCF7), upreg-
ulation of cytotoxic genes (GZMH, GNLY), different chemokines
(CCL3,CCL4), and IFNG and IFN-y response genes (IFIT1, IFIT2,
IFIT3; all P, i < 0.05, Bonferroni-corrected ¢ test, Figure 2K and
Supplemental Table 2). Similarly, the DEGs between the 2 trajec-
tories suggested that the dasatinib-associated trajectory is driven
by response to IFN-y, while the other trajectory is driven by NF-«xB
(Supplemental Figure 5, A-C). In conclusion, dasatinib induced
an early maturation of NK and CD8" T cells seen both at the tran-
scriptomic level and in cellular protein level.

The addition of IFN-a reversed the dasatinib-induced matu-
ration of NK cells and CD8* and CD4" T cells, and restored immu-
nological function. Next, we focused on the changes in immune
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cell phenotypes induced by the addition of IFN-a to dasatinib
therapy. scRNA-seq and flow cytometry data revealed that the
combination therapy partly reversed the dasatinib-induced mat-
uration of NK cells and CD8* and CD4* T cells. The number of
mature CD56%"CD57* and CD56%™CD16* NK cell phenotypes
reduced after combination therapy (P, < 0.05, Benjamini-Hoch-
berg-corrected Kruskal-Wallis, Figure 3A, P values for cell type
abundances in Supplemental Table 3). In the scRNA-seq data, this
was observed as a shift back in the pseudotime as the number of
mature CD564™ cells (cluster 0) decreased (Figure 3, B and C).
Similarly, the proportion of CD8" Temra cells decreased (P, <
0.05) and CD8" Tem cells increased (P, < 0.01) (Figure 3, A and
B). In addition, the proportion of CD4" Tem cells increased (P, <
0.05) and there was a trend toward decreased CD4* Temra cells
(Figure 3A). The maturation trajectory in CD4" T cells went from
naive/central memory (Tem/n, cluster 2) to Thi-like (cluster 7),
and the addition of IFN-o to dasatinib resulted in a shift back to
more immature CD4* Tcm/n cells (Figure 3, B and C).

Next, we performed in-depth scRNA-seq plus scTCRap-seq
analysis at a T cell clonotype level to study whether we could also
reproduce the trajectories with individual T cell clones in vivo. We
selected T cell clones that had atleast 5 cells in the scRNA-seq plus
scTCRop-seq data (32 clones, all CD8). Fifteen (46.68%) CD8* T
cell clones behaved similarly to the total CD8* T cell population,
and the proportion of IFNG-producing Temra cells (cluster 9)
increased following dasatinib and decreased following the addi-
tion of IFN-a. (P < 0.01, two-sided Mann-Whitney, Figure 3, D and
E), reproducing the CD8* T cell trajectory at the clonotype level.

To address how these findings translate to the functional capa-
bilities of the lymphocyte populations, we performed (a) ex vivo
degranulation and (b) cytokine production analysis on primary
samples from different time points, as well as (c) a TCR activity
assay with a Jurkat reporter cell line.

For the ex vivo analyses, the CD8* and CD4" T cells were stim-
ulated with anti-CD3, anti-CD28, and anti-CD49d antibodies and
NK cells with CML cell line K562 (gating strategies in Supplemental
Figure 6, A-C). The production of TNF-o and IFN-y was higher at
diagnosis than during treatment in CD8" (P < 0.01, Kruskal-Wallis)
and CD4" T cells (P < 0.01, Kruskal-Wallis) (Figure 3F and Supple-
mental Table 3). After 3 months of dasatinib treatment, the degran-
ulation responses (CD107%) diminished in both CD8* (P < 0.05,
Mann-Whitney) and CD4" T cells (P < 0.01, Figure 3F), potentially
highlighting the inhibitory effect of dasatinib on cellular functional
capabilities. After the addition of IFN-o to dasatinib, the degranula-
tion of both CD8* and CD4* T cells markedly improved compared
with dasatinib-only values (both P < 0.05) and were at the same level
as at diagnosis (both insignificant). At 24 months, after the discon-
tinuation of IFN-a therapy, the degranulation responses of T cells
were lower than at 12 months during combination therapy (Figure
3F). There was a similar, yet statistically insignificant, trend with NK
cells, as degranulation responses decreased with dasatinib treatment
and increased after the addition of IFN-o (Supplemental Figure 6D).

To measure how dasatinib and IFN-a affect T cell activation, we
used a Jurkat TCR reporter cell line with a luciferase reporter under
the control of an NFAT response element. TCR (NFAT) activity
and cell viability were measured following CD3, CD28, and IFN-a
stimulation with and without different dasatinib concentrations (10

J Clin Invest. 2022;132(17):e152585 https://doi.org/10.1172/JCI152585
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Figure 2. Dasatinib treatment induces NK and CD8" T cell maturation.

(A) The differentially abundant (Pud/,< 0.05, Benjamini-Hochberg-corrected
Mann-Whitney) flow cytometry cell populations between 3 months after
dasatinib and diagnosis (n = 40). The x axis denotes the log,-transformed
fold change (log,FC) of median population abundances. Populations with
2 markers denote the proportion of positive cells from the host popula-
tion (CD8CD57 = CD57* cells from CD8* cells); a single marker (e.g., T cells)
denotes the proportion of these cells from lymphocytes; “abs” denotes
absolute cell numbers. (B) Selected NK cell subpopulations as percentages
of total NK cells analyzed with flow cytometry (n = 40). The P values were
calculated with the Mann-Whitney test. (C) UMAP projection of the NK cell
clusters identified with scRNA-seq (n = 4) in Figure 1B. The superimposed
line represents the predicted maturation trajectory. (D) The same asin C
showing the cell densities at different time points. (E) The same as in C
showing the expression of canonical markers used to define the clusters as
scaled values. (F) The differentially expressed genes (P, < 0.05, Bonfer-
roni-corrected t test) between 3 months after dasatinib and diagnosis.
The x axis denotes the log FC of average expression across single cells.

(G) The abundances of selected T cell flow cytometry populations as abso-
lute numbers (n = 40) following dasatinib treatment. The P values were
calculated with the Mann-Whitney test. (H) UMAP projection of CD8* T cell
clusters identified with scRNA-seq (n = 4) in Figure 1B. The superimposed
line represents the 2 unsupervised predicted maturation trajectories. (1)
The same as in H showing the cell densities at different time points. (J)
The position of cells in the dasatinib-induced trajectory 2. The P values
were calculated with the Kruskal-Wallis (left) or Mann-Whitney (right)
test. (K) The same as in H showing the expression of markers used to
define the clusters as scaled values. *P < 0.05; **P < 0.01; ****P < 0.0001.
Box-and-whisker plots are defined in the Methods.

nM, 30 nM, and 100 nM; see Methods). Dasatinib suppressed both
anti-CD3/anti-CD28-mediated and IFN-o-mediated TCR activa-
tion in a dose-dependent manner, and its full inhibitory effect was
already seen at the 30 nM concentration (Figure 3G). Interestingly,
IFN-a was found to provide a strong costimulatory signal for TCR
activation, and its effects were comparable to those seen with CD28
costimulation (Figure 3G). Strong CD3 stimulation caused activa-
tion-induced cell death (AICD), which was measured as decreased
viability of Jurkat cells at 24 hours. Markedly, dasatinib protected
cells from AICD in a dose-dependent manner, resulting in similar
reporter cell viability in CD3-stimulated and unstimulated control
cells (Figure 3G). Together, these findings suggest that dasatinib may
induce accumulation of terminally differentiated NK and T cells with
diminished functionality, as cells do not die through normal AICD.

Dasatinib plus IFN-a. widens the predicted epitope landscape of
CD8" T cells and expands anti-CMV T cells. After discovering the
beneficial effect of the added IFN-o on the functional properties of
T cells, we asked whether this affects the TCR repertoire diversity.
Due to the low number of samples in the scTCRap-seq data, no sig-
nificant changes in the clonality were observed, although dasatinib
seemed to increase the clonality, and this was partly reversed by the
addition of IFN-a (Figure 4A).

As previous studies have shown that IFN-a induces T cell anti-
gen recognition (29), we hypothesized that IFN-o could also broad-
en the epitope landscape of T cells. To study this, we used GLIPH2
(30) to sort CD8* TCRs into potential epitope-specific groups based
on the TCR similarity (for performance of GLIPH2 in epitope-spe-
cific data sets, see Supplemental Figure 7 and Methods). In total,
GLIPH2 predicted 115 epitope-specific groups for CD8" T cells
(Figure 4B, GLIPH?2 results in Supplemental Table 4). The CD8* T
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cells clustered in epitope-specific groups were preferentially of the
CD8" Temra phenotype (clusters 9 and 5, Figure 4C), providing an
internal validation for the enrichment for epitope-specific T cells.
The amount of these epitope-specific groups increased following
both dasatinib and dasatinib plus IFN-a combination therapy (Fig-
ure 4D), but this was not statistically significant.

As GLIPH2 is an unsupervised algorithm, it is unaware of the
epitopes for the clusters it predicts. Therefore, we used TCRGP (31)
— our recent machine-learning classifier — to evaluate the probabil-
ities of TCRs to recognize previously known epitopes from common
viral infections, including cytomegalovirus (CMV), Epstein-Barr
virus (EBV), influenza A virus, and herpes simplex virus 2 (HSV2)
(for performance of TCRGP in epitope-specific data sets, see Supple-
mental Figure 8 and Methods). TCRGP revealed that the most com-
mon target was CMV epitope pp65, . (1.67% [10/600] of clonotypes
with at least 2 cells, TCRGP results in Supplemental Table 5). Inter-
estingly, the proportion of predicted anti-CMV clonotypes increased
during dasatinib treatment (Figure 4E), although CMV viremia or
CMYV manifestations were not reported in any of the patients.

We explored the expansion of CMV-related clones further by
performing bulk TCRB-seq on bone marrow-derived mononu-
clear cell samples from newly diagnosed CP-CML patients before
and after 6 months of treatment with dasatinib (n = 6), imatinib (n
= 4), or nilotinib (n = 3) from the previous first-line NordCML0O06
(dasatinib or imatinib) (32, 33) and ENEST1st (nilotinib) (34-36) tri-
als (patient details in Supplemental Table 1). Dasatinib was the only
TKI that increased the abundance of predicted anti-CMV T cell clo-
notypes (Figure 4F), but this finding was insignificant possibly due
to the low number of samples.

The addition of IFN-o. increases the amount of costimulatory cell-
cell interactions via B cells and monocytes. To study the transcriptional
changes induced by dasatinib plus IFN-a combination treatment,
we performed DEG and pathway analyses on different immune
subpopulations. As expected, scRNA-seq data revealed that the
addition of IFN-a resulted in significant upregulation of IFN-a
response genes as measured by an IFN-o response module score
(Methods, P < 0.01, Mann-Whitney, Figure 5A). By calculating the
fold change between, before, and after the addition of IFN-o to
dasatinib, we noted that the most IFN-a-responding clusters were
plasmacytoid dendritic cells (pDCs), a major physiological source of
IFN-a (37) and previously associated with treatment-free remission
in CP-CML (38, 39), and 3 different B cell clusters (Figure 5B). The
upregulated IFN-a response genes include genes related to the JAK/
STAT pathway (JAK1, STATI), IFN-y response genes (IRF7, IFIT3),
and importantly, HLA class I genes (HLA-B, HLA-E, HLA-F) (Figure
5C, DEGs in Supplemental Table 2).

As the different class I HLAs were upregulated following the
addition of IFN-a, we next asked whether the addition of IFN-a
could increase the number of cell-cell communications. Ligand-
receptor interaction analysis with CellPhoneDB (40) demonstrated
that the amount of cellular communication increased significantly
after the addition of IFN-a to dasatinib (P < 0.01, Mann-Whitney
test, Figure 5D, immune interactions in Supplemental Table 6). The
most changes in the number of ligand-receptor interactions were
observed in the crosstalk between NK cells and CD8* T cells that
are important for the anticancer activity of NK cells (26), but alsoin,
for example, monocyte-NK cell, monocyte-CD8* T cell, B cell-NK
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Figure 3. The addition of IFN-o reversed the dasatinib-induced matura-
tion of NK cells and CD8* and CD4* T cells and restored immunological
function. (A) The abundances of different mature populations of NK cells
and CD8* and CD4* T cells at different time points shown as percentages of
given parent populations. The P values were calculated with the Krus-
kal-Wallis test. (B) UMAP projections of NK cell and CD8* and CD4* T cell
clusters identified in Figure 1B, where the superimposed lines represent
the predicted maturation trajectories. (C) The same as in B showing the
cell densities at different time points, where the more mature clusters are
replaced by immature clusters after the addition of IFN-a to dasatinib.

(D) The proportion of cells belonging to different clusters in individual
CD8* clones, in which the transition toward the IFNG-producing Temra
cluster (cluster 9) can be seen (15 of 32 [46.88%] clones with at least 5
cells). (E) The proportion of CD8* cells belonging to cluster 9 from the 32
clones with at least 5 cells at different time points. The P value was calcu-
lated with the Mann-Whitney test. (F) Cell type abundances of degranu-
lating (CD107*) and IFN-y/TNF-a-producing T cells after being stimulated
with anti-CD3, anti-CD28, and anti-CD49d. The P values were calculated
with the Kruskal-Wallis test. (G) The amount of TCR NFAT activity (mea-
sured by luciferase) and cell viability (measured by CellTiter Glo assay,
normalized to unstimulated wells) after being stimulated with anti-CD3,
anti-CD28, and IFN-a in the presence of DMSO or dasatinib. The P values
were calculated with the 2-sided Kruskal-Wallis test. *P < 0.05; **P < 0.01.
NS, not significant. Box-and-whisker plots are defined in the Methods.

cell, and B cell-CD8* T cell interactions (Figure 5E). Most interac-
tions between B cells, monocytes, and the cytotoxic lymphocytes
were costimulatory, including CD72-SEMA4D known to enhance
IFN-y secretion of NK cells (41), CELC2B-KLRF1 known to promote
cytolysis (42), and ICOSLG-ICOS involved in the adaptive CD4* T
cell responses (43) (Figure 5F). Additionally, many inhibitory recep-
tor-ligand interactions were downregulated, such as TNFRSF14
(HVEM) and its associated molecules (MIF, CD160, BTLA) (44)
and LGALS9 (galectin 9)-HAVCR2 (TIM-3) (45).

To study the cellular communication further, we profiled the
levels of 50 plasma proteins with a multiplexed approach from 3
different time points (n = 17, in total 80 samples). After 3 months
of dasatinib, the levels of several cytokines decreased, including
VEGF-A, TNFRSF9, and TGF-a (all P, i < 0.001, Benjamini-Hoch-
berg-corrected Mann-Whitney, Figure 5G, P values in Supplemen-
tal Table 3). However, the addition of IFN-a increased the levels
of multiple cytokines, including BNGF, CX3CL1, IL-12B, MCP1,
MCP2, and TNF- (all P, < 0.05, Benjamini-Hochberg-corrected
Kruskal-Wallis, Figure 5H and Supplemental Figure 9A, P values in
Supplemental Table 3). Simultaneously, the levels of immune inhib-
itory cytokines were decreased, including IL-10RB (46) and OSM
(47) (Figure 5H). Together, these data highlight the potentially ben-
eficial role of IFN-a in the orchestrated immune activation follow-
ing dasatinib monotherapy.

Immunological biomarkers associated with treatment response and
adverse effects. Finally, to translate these detailed immunological
findings to the clinic, we correlated our immune monitoring results
with clinically important covariates and endpoints (clinical data in
Supplemental Table 1, time to reach clinical responses in Supplemen-
tal Figure 10A). As we noted that IFN-o increased the proportion of
degranulating lymphocytes, it was interesting to discover that they
were associated with better therapy responses. The patients who had
more degranulating and cytokine-producing NK cells (CD107* NK,
CD107*GZMB* NK, TNF* NK, and TNF-o'IFN-y* NK) after 3 months
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of therapy with dasatinib had lower BCR-ABLI transcript levels at
follow-up time points (Figure 6A, correlation Pvalues in Supplemen-
tal Table 7). When further comparing the patients who had optimal
treatment response (defined as <0.1% BCR-ABLI1* levels [MMR3] at
12 months) (n = 30) to patients failing to reach this milestone (n =
10), the most specific immunological alteration was the amount of
TNF-0/IFN-y-producing NK and CD8* T cells at baseline (P < 0.05,
P ;> 0.05, Figure 6B, at 3 months and 12 months see Supplemental
Figure 10, B and C). Instead, the expression of multiple cytokines,
including SIRT1 and CXCL1, at the baseline was associated with
treatment failure (Figure 6B and Supplemental Figure 114).

Asthe clinical trials suggested that dasatinib plus IFN-a resulted
in fewer dasatinib-associated PEs, we tried to find immunological
mechanisms that could explain the lower prevalence of this com-
mon side effect. The median age of patients with PE or pulmonary
arterial hypertension (PAH) (n = 5) was higher than in patients
without PE/PAH (n = 35) (P < 0.05, two-sided Mann-Whitney).
The immunological parameters correlated with higher age were
increased amounts of mature T cells, including CD8* Temra, CD8*,
CD57%, and CD8GZMB"* T cells (Figure 6A and Supplemental
Figure 11B). Similarly, in the scRNA-seq data, patients with PE (n
= 2) in comparison with patients without PE/PAH (n = 2) had ele-
vated amounts of mature cells. Patients with PE/PAH had more
CD8* Temra cells expressing homing receptor ZNF683 transcripts
(cluster 5) throughout the treatment (P < 0.0001, Fisher’s 2-sided
test) and fewer IFNG-producing CD8* Temra cells (cluster 9) than
patients without PE/PAH (Figure 6C and Supplemental Table 3).
The IFNG-producing cells were the endpoint for the dasatinib-asso-
ciated maturation trajectory (Figure 6D), indicating that in patients
with PE/PAH, CD8* T cell maturation did not end as expected.
Overall, these results highlight how changes in the immune profile
can be linked to therapeutic outcomes in patients with CP-CML.

Discussion
The hypothesis of immunological surveillance in CML has garnered
increased interest in the quest to increase the rate of treatment-free
remission (4, 48). Here, we show that the combination of 2 immu-
nomodulatory treatments — dasatinib and IFN-a — induces unique
changes in both innate and adaptive immune systems and show
how they are linked to clinical outcomes in patients with CP-CML.
NK cells, an integral part of innate immunity, have special
importance in CML, as recent studies have shown that the high fre-
quency of NK cells is associated with deep molecular response (49)
and successful TKI (imatinib and dasatinib) treatment discontinu-
ation (50-52). Hence, it was interesting to note that dasatinib treat-
ment increased both the frequency and absolute numbers of NK
cells. However, the largest increase was noted in the terminally dif-
ferentiated mature CD56%™ NK cells with decreased degranulation
responses, and scRNA-seq suggested that the expression of genes
related to NK cell cytotoxicity — such as PRFI, RHOB, and GZMA
— was decreased. Intriguingly, the addition of IFN-a reversed the
transcriptional changes and this was noted as improved ex vivo
degranulation responses of NK cells. Also, in a recent study by Alves
et al., TKI plus IFN-o-treated patients had increased numbers of
CD56ie NK cells (53). The NK cell degranulation also correlated
with lower BCR-ABLI" levels at the follow-up time points (3 and
12 months), which helped the patients to reach optimal treatment
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Figure 4. The addition of IFN-a widens the predicted epitope landscape of CD8* T cells and reactivates anti-CMV T cells. (A) The T cell receptor (TCRaf)
repertoire clonality from the scTCRaf-seq data (n = 4) measured by Gini index, where higher values indicate more clonal, i.e., less diverse, samples. The P value
was calculated with the Kruskal-Wallis test. (B) Network plot showing the putative epitope-specific TCR groups predicted by GLIPH2. Each node is a TCR,

and the edges denote a GLIPH2-predicted shared epitope-specific target. (C) The odds ratios (ORs) for the phenotypes for GLIPH2-predicted epitope-specific
CD8"* T cells identified in the scRNA-seq and scTCRof3-seq data. (D) The number of epitope-specific groups predicted by GLIPH2 normalized by the number of
different clonotypes in each sample. The P value was calculated with the Kruskal-Wallis test. (E) The proportions of TCRGP-predicted cytomegalovirus-specific
(CMV-specific) CD8* T cells from the scTCRuB-seq data. (F) The proportions of TCRGP-predicted CMV-specific T cells from bulk TCRB-seq data from the periph-
eral blood from patients treated with dasatinib (n = 6), imatinib (n = 4), or nilotinib (n = 3). Box-and-whisker plots are defined in the Methods.

response at the 12-month time point. The improved degranulation
responses could also partly relate to lower tumor load, as previous
studies have shown that deep molecular remission with TKIs cor-
relates with increased NK counts, cytotoxicity, and CD8* T cells
(49-54). However, the analysis of 24-month samples (9 months
after IFN-o discontinuation at 15 months) suggested that the
degranulation responses were lower during continued dasatinib
monotherapy than at 12 months when combination therapy was
used. This highlights the beneficial effect of IFN-a treatment.

Like NK cells, T cells also increased in number, and their phe-
notypes also changed to terminally mature cells during dasati-
nib treatment. The CD8* and CD4* T cells also partially lost their
degranulation ability and CD4* T cells lost cytokine secretion. This
is in agreement with recent data suggesting that dasatinib can act
as a reversible on/off switch for CAR T cells (55, 56). Interestingly,
our data with a Jurkat TCR reporter cell line suggest that dasatinib
not only prevents TCR signaling, but it can also spare cells from
strong-stimulation-induced cell death via inhibiting TCR/NFAT(-
FASL) activation, and this may lead to the accumulation of Temra
cells, as they are not dying through normal AICD. This could par-
tially explain the previously noted discrepancy of in vivo and in
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vitro immunomodulatory effects of dasatinib. Interestingly, we also
found that IFN-a can induce a strong costimulatory signal for TCR
activation, which is consistent with the observed improved func-
tionality of T cells in patients after the addition of IFN-o.

The dasatinib-induced T cell maturation and inverse effects of
IFN-a were also noted at a single T cell clonotype level. The increase
in mature T cells was accompanied with an increase in predicted epi-
tope-specific T cells studied with the unsupervised GLIPH2 algorithm
measuring similarities of TCRs (30). With the supervised TCRGP
algorithm (31), where we used available tetramer-specific-TCR data
on common viruses, we noted that the proportion of T cells that were
predicted to target the CMV pp65 epitope seemed to increase follow-
ing dasatinib, and the bulk TCRB-seq from samples from the previous
first-line NordCMLOO6 (dasatinib or imatinib) (32, 33) and ENEST-
1st (nilotinib) (34-36) trials confirmed that CMV-specific T cell clo-
notypes expanded only during dasatinib treatment. This is of special
interest, as reactivations of latent CMV have been associated with
dasatinib treatment, especially in patients with multiple prior treat-
ment lines (7). Clinical CMV reactivations were not observed in our
patient cohort, but no CMV PCR monitoring was performed. There-
fore, the possibility of subclinical reactivations cannot be ruled out.
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Figure 5. The addition of IFN-a increases the amount of stimulatory
cell-cell interactions via B cells and monocytes. (A) The median IFN-a
response score in different clusters at different time points identified with
scRNA-seq. The P values were calculated with the Kruskal-Wallis test.

(B) The log,-transformed fold change (log,FC) of the median IFN-a response
score in different clusters between the 12-month (dasatinib+IFN-o) and
3-month (dasatinib) time points. (C) Heatmap showing the differentially
expressed genes (Padj < 0.05, Bonferroni-corrected t test) related to IFN-o
response between the 12-month (dasatinib + IFN-a) and 3-month (dasati-
nib) time points. (D) The numbers of ligand-receptor interactions predicted
by CellPhoneDB at different time points. **P = 0.011 by the Kruskal-Wallis
test. (E) Heatmap showing the log,FC of the change in the numbers of
significant (Pmﬁ < 0.05, Benjamini-Hochberg-corrected CellPhoneDB test)
ligand-receptor interactions between 3 months (dasatinib) and diagnosis
and between the 12-month (dasatinib + IFN-a) and 3-month (dasatinib)
time points. (F) The costimulatory immune interactions after the addition
of IFN-a to dasatinib (12 months) as predicted by CellPhoneDB in 4 different
B cell clusters and 3 different monocyte clusters. (G) Volcano plot showing
the differentially expressed (Pad/. < 0.05, Benjamini-Hochberg-corrected
Mann-Whitney) cytokines between the 3-month (dasatinib) and diagnosis
time points. The x axis denotes the log,FC of median cytokine expression,
where higher values denote upregulation at the 3-month time point.

(H) The expression of different statistically differentially expressed (P . <

adj

0.05, Benjamini-Hochberg-corrected Kruskal-Wallis) cytokines. The P val-
ues were calculated with the Kruskal-Wallis test. NPX, normalized plasma
expression. Box-and-whisker plots are defined in the Methods.

Future studies with TCRGP armed with training data of TCRs against
leukemia-associated antigens, such as WT1 and PR1, could provide
crucial information on the antitumor immunity in patients with CML
treated with different therapies.

Besides the NK and T cells, B cells are noted to be affected by
off-target TKI responses, resulting in decreased immunoglobulin
levels, loss of memory status, and downregulation of key kinases
implicated in B cells (49, 57, 58). Hence, it was interesting to note
that different B cell classes benefited from the addition of IFN-q,
with an increased amount of costimulatory interactions and cyto-
kines. Cytokines that increased during the treatment — CX3CLl1,
MCP1 (CCL2), and MCP2 (CCL8) — are chemoattractant for leu-
kocytes, while TNF- regulates leukocyte proliferation, differen-
tiation, and survival. Many of the treatment failure-associated
cytokines (e.g., SIRT1 and CXCL1) could support leukemia stem
cell proliferation and survival (59).

The previously published clinical results from the NordC-
MLOO7 study showed a lower initial incidence of PE than expect-
ed (1-year incidence of 1 out of 40 patients treated with the combi-
nation) (10, 11), which is in line with data from the French study (1
out of 80) (18). In comparison, the first-line dasatinib monothera-
py study, DASISION, showed a 1-year incidence of PE 0f 10% and
a 5-year incidence of 28% (2). Older age is a recognized risk factor
for PE (60, 61), and this is in line with our observation showing
that patients with PE had an increased proportion of highly dif-
ferentiated CD8* T cells, which have been associated with older
age (62). It has also been shown that increased amounts of large
granular lymphocytes (LGLs) are observed in patients with dasat-
inib-induced PE (5, 63), correlating well with the highly differen-
tiated cytotoxic T cell phenotype in our data. In addition, as the
increased amounts of cytotoxic LGLs are shown to reside especial-
ly in pleural fluid samples of patients with PE (5), it was intriguing
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to see that patients with PE had elevated amounts of CD8" Tem-
ra cells expressing the homing receptor ZNF683. The addition of
IFN-aresulted in a significant decrease in the frequency of mature
CD8" T cells, but the mechanism(s) of how these T cells could be
associated with the PE/PAH occurrence needs further elucida-
tion. Dasatinib may promote the extravasation of lymphocytes to
the pleural space, as it inhibits SRC family kinases that are known
to regulate adhesive interactions of epithelial cells (64, 65).

Taken together, we observed that IFN-a and dasatinib treat-
ments have differential effects on the immune system. It could be
speculated whether dasatinib may drive immunity too excessively
into an oligoclonal cytotoxic effector cell state, whereas the combi-
nation with IFN-a may widen the immune repertoire and increase
the interaction of different immune cells. Similar effects have been
observed in solid tumor trials where anti-CTLA-4 has been com-
bined with anti-PD-1, resulting in a widened immune repertoire
and reactivation of the putative tumor-reactive, terminally differ-
entiated memory T cells with clinical benefit (66). Ongoing clini-
cal trials, such as the German Tiger trial (NCT01657604) (67), will
address whether the beneficial effects of low-dose IFN-a will also
translate into improved long-term clinical outcomes, especially as
increased rates of treatment-free remission.

Methods

Patients and samples. Forty newly diagnosed CML patients participated
in the NordCMLOO7 clinical trial (NCT01725204) (10, 11). Patients were
treated with 100 mg dasatinib q.d. and after 3 months IFN-a treatment
was added (first 3 months 15 pg/week, then 25 pg/week of pegylated
IFN-0). After 12 months of combination treatment, patients resumed
dasatinib monotherapy. In this immunological substudy, PB samples
were collected at diagnosis and 3, 12, and 24 months after the start of
therapy. PB samples were collected before the daily dasatinib dose.

PB mononuclear cells (PBMCs) were isolated with Ficoll-Paque (GE
Healthcare) density gradient centrifugation. Fresh PBMCs were used
for immunophenotyping of T and NK cells. The remaining PBMCs were
stored in liquid nitrogen and plasma was frozen at -70°C. All the experi-
ments were performed once per patient sample.

NK and T cell phenotyping and analysis. T and NK cell markers were
stained with conjugated antibodies. For staining of T cells, the following
antibodies were used: CD45-APC H7 (2:100; BD, clone 2D1, cat. 641417),
CD3-APC/PeCy7 (0.5:100/5:100; BD, cat. 561810/557851), CD4-PerCP
(4:100; BD, cat. 553052), CCR7-PE (1:10; Biotechne, cat. FAB197P-100),
CD45RA-Alexa Fluor 700 (5:100; BD, cat. 560673), CD27-V500 (1:100;
BD, cat. 561222), and CD57-FITC (1:10; BD, cat. 555619). For stain-
ing of NK cells, the following antibodies were used: CD45-APC H7,
CD19/CD14-Pacific Blue (5:100/5:100; Invitrogen, cat. MHCD1617/
MHCD1428), CD3-APC/PeCy7, CD56-PE (2:100; BD, cat. 345812),
CD45RA-Alexa Fluor 700, CD27-V500, CD57-FITC, and CD16-Texas
Red (4:100; Invitrogen, cat. MHCD1617). The analyzed populations are
defined in Supplemental Table 3. The absolute numbers of populations
were determined by multiplying the flow cytometry populations with the
differential counts obtained from the electronic health records. The gat-
ing strategies can be seen in Supplemental Figures 3 and 5.

The identified cell population abundances and absolute numbers
were first visualized with PCA to understand overall trends and detect
possible outliers. The PCA was performed in base R (4.0.0) (https://
www.r-project.org/) with the “prcomp” function, where scaling was
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Figure 6. Immunologic biomarkers associated with treatment response and adverse effects. (A) Heatmap showing the R? values from Spearman'’s rank
correlation analysis of flow cytometry populations with the clinical parameters. Only correlations with P < 0.1 are shown. (B) Volcano plot showing the differ-
entially abundant (P < 0.05, Mann-Whitney test) immune cell populations in the flow cytometry cohort and the differentially expressed cytokines between
the patients with early treatment success (defined as <0.1% BCR-ABLT* levels at 12 months) to patients failing to reach this milestone. The x axis denotes
the log -transformed fold change (log,FC) of median population abundance in clusters, where higher values denote upregulation in patients with optimal
treatment response. (C) Volcano plot showing the differentially abundant (Pud/ < 0.05, Benjamini-Hochberg-corrected Fisher's 2-sided exact test) scRNA-seq
populations between patients with and without dasatinib-associated pleural effusion (PE). The x axis denotes the log,FC of median population abundance
in clusters, where higher values denote upregulation in patients with PE. (D) UMAP projections of CD8* T cell clusters identified in Figure 1B, where the
superimposed lines represent the predicted maturation trajectories. (E) The same as in D showing the cell densities at different time points in patients with

(n = 2) or without (n = 2) dasatinib-associated PE.

used. The PCA wasvisualized in the first 20 dimensions, and the weights
for the components were also analyzed. Afterwards, the cell populations
were used in statistical testing to detect differences between different
treatment time points. The statistical testing was performed with non-
parametric tests (Mann-Whitney for 2 groups, Kruskal-Wallis for more
than 2 groups), and the P values were further corrected with the Benja-
mini-Hochberg method in base R (4.0.0).

Plasma cytokine analysis. A multiplexed cytokine and growth fac-
tor panel including 50 proteins was performed using 78 plasma sam-
ples from 17 patients (samples collected at diagnosis, 3 months, and 12
months) (Proseek Multiplex Inflammation I°*°, Olink). The first 17

patients included in the study were selected for the analysis. Similar to
flow cytometry data analysis, the received normalized plasma expression
levels provided by Olink for cytokines were first analyzed with PCA with
the “prcomp” function in base R (4.0.0), after which statistical testing
was performed with nonparametric tests (Mann-Whitney for 2 groups,
Kruskal-Wallis for more than 2 groups), and the P values were further
corrected with the Benjamini-Hochberg method in base R (4.0.0).
ScRNA-seq and scTCRof-seq. Single cells were partitioned using a
Chromium Controller (10x Genomics) and scRNA-seq and scTCRaf3-seq
libraries were prepared using a Chromium Single-Cell 5" Library &
Gel Bead Kit (10x Genomics), as per the manufacturer’s instructions
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(CGO00086 Rev D), with a target of 7,500 to 25,000 cells from each
sample and as previously published by us (68). The cells were suspend-
ed in 0.04% BSA in PBS and were loaded on the Chromium Single-Cell
A Chip. Full-length cDNA was amplified using 14 cycles of PCR (Veriti,
Applied Biosystems). TCR ¢cDNA was further amplified in a heminest-
ed PCR reaction using a Chromium Single-Cell Human T Cell V(D)]
Enrichment Kit (10x Genomics). The total cDNA and the TCR-enriched
cDNA were subjected to fragmentation, end-repair and A-tailing, adap-
tor ligation, and sample index PCR (14 and 9 cycles, respectively). The
gene expression libraries were sequenced using an Illumina NovaSeq S1
flow cell with the following read length configuration: Readl = 26,i7 =8,
i5 =0, Read2 = 91. The TCR-enriched libraries were sequenced using an
Ilumina HiSeq 2500 in Rapid Run mode with the following read length
configuration: Read1=150, i7 =8, i5 = 0, Read2 = 150. The raw data were
processed using Cell Ranger 3.0.0 (https://support.10xgenomics.com/
single-cell-gene-expression/software/downloads/latest) with GRCh38
as the reference genome with default parameters.

ScRNA-seq and scTCRof-seq data analysis. All cells were subject
to quality control. Cells with high amounts of mitochondrial tran-
scripts (>15% of all UMI counts) or ribosomal transcripts (>50%), cells
with less than 100 genes or more than 4,500 genes expressed, cells
expressing low or high (<25% or >60%) numbers of housekeeping
genes, or cells with low or high read depth (<500 or >30,000) were
excluded from the analyses.

To overcome batch effects, we used a recently described proba-
bilistic framework to overcome different nuisance factors of variation
in an unsupervised manner with deep generative modeling with scVI
(0.5.0) (19). Briefly, the transcriptome of each cell is encoded through
a nonlinear transformation into a low-dimensional, batch-corrected
latent embedding as per vignette with default parameters. The latent
embedding was then used for graph-based clustering implemented in
Seurat (3.0.0) (https://satijalab.org/seurat/articles/install.html) and
UMAP-dimensionality reduction (69). Clusters were annotated by anal-
ysis of canonical markers, DEGs, relationship to other clusters, signature
scores, TCR repertoire, and automated cell type annotation with SingleR
(70) (1.2.4) based on sorted immune subsets with default parameters.

Differential expression analyses were performed with the Find-
Markers function implemented in Seurat (3.0.0) based on the ¢ test, and
the Pvalues were further corrected with Bonferroni’s method. Pseudo-
time analyses were done with Slingshot (22) in unsupervised mode on
precalculated UMAP coordinates from latent dimensions with default
parameters. The DEGs between the 2 CD8" T cell trajectories were
analyzed with the “diffEndTest” function in tradeSeq (71) (1.6.0) with
default parameters. Genes were annotated as differentially expressed
if the P, was less than 0.05 and the average fold-change was greater
than 0.10. The DEGs were further evaluated with enrichment analysis,
which was performed with hypergeometric testing implemented in the
clusterProfiler (72) (4.0.5) R package on HALLMARK, GO, KEGG, and
REACTOME categories.

Different scores were calculated with Seurat’s AddModule-
Score-function, which is an implementation of the method suggested
by Tirosh et al. (73). Briefly, it calculates the average expression levels
of selected genes at a single-cell level from which is then subtracted a
similarly counted expression of randomly selected control feature sets.
The cytotoxicity score was calculated as described with genes suggest-
ed by Dufva, Pdlonen, et al. (74), including GZMA, GZMB, GZMH,
PRF1, and GNLY, while the exhaustion score was calculated with
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CTLA4, PDCDI, LAG3, HAVCR2, and TIGIT, and HLA class II score
with HLA-DRA, HLA-DRB5, HLA-DRBI, HLA-DQAI1, HLA-DQBI,
HLA-DQBI-AS1, HLA-DQA2, HLA-DQB2, HLA-DOB, HLA-DMB, HLA-
DMA, HLA-DOA, HLA-DPA1, and HLA-DPBI. The IFN-a response
score was calculated with genes gathered from HALLMARK IFN-o
response pathway genes, including ADAR, B2M, BATF2, BST2, CIS,
CASP1, CASP8, CCRL2, CD47, CD74, CMPK2, CMTRI, CNP, CSFI,
CXCL10, CXCL11, DDX60, DHX58, EIF2AK2, ELF1, EPSTI1, GBP2,
GBP4, GMPR, HELZ2, HERC6, HLA-C, IFI27, IFI30, IFI35, IFI44,
[FI44L, IFIHI, IFIT2, IFIT3, IFITMI, IFITM2, IFITM3, IL15, IL4R,
IL7, IRF1, IRF2, IRF7, IRF9, ISG15, ISG20, LAMP3, LAP3, LGALS3BP,
LPARG6, LY6E, MOVI10, MVBI2A, MX1, NCOA7, NMI, NUB1, OASI,
OASL, OGFR, PARPI2, PARP14, PARP9, PLSCRI1, PNPTI, PROCR,
PSMA3, PSMBS8, PSMB9, PSME1, PSME2, RIPK2, RNF31, RSAD2,
RTP4, SAMDY9, SAMDYL, SELL, SLC25A28, SP110, STAT2, TAPI,
TDRD7, TENT5A, TMEMI140, TRAFDI, TRIMI4, TRIM21, TRIM25,
TRIM26, TRIM5, TXNIP, UBA7, UBE2L6, USP18, and WARSI.

Receptor-ligand interactions were calculated with CellPhoneDB
(40) with default parameters on subsampled cells from each cell type to
have an identical amount of cells for each subtype.

Unsupervised epitope specificities for TCRs were calculated with
GLIPH2 (30) (v.0.0.1) with default parameter CD4CD8 as reference sets
where clusters with less than 3 TCRs were removed. Supervised epitope
specificity of TCRs was calculated using TCRGP (31) with default param-
eters. The epitope models for TCRGP were directly downloaded from
the project’s GitHub page (https://github.com/emmijokinen/TCRGP;
accessed on March 2, 2021). The tested epitopes were “GILGFVFTL_
cdr3b” (from influenza A M1 antigen), “GLCTLVAML, _cdr3b” (EBV
BMLF1 antigen), “IPSINVHHY cdr3b” (CMV p65 antigen), “NLVPM-
VATV cdr3b” (CMV p65 antigen), “RAKFKQLL_cdr3b” (EBV BZLF1
antigen), “RPRGEVRFL _cdr3b” (HSV2 B7 antigen), “TPRVTGGGAM_
cdr3b” (CMV p65 antigen), and “YVLDHLIVV cdr3b” (EBV BRLF1 anti-
gen). A cutoff to be used in the annotation was determined to be 0.90,
and any scores above that were annotated as specific to that given epitope.

Bulk TCRp-seq. TCRB-seq from genomic DNA was conducted as
previously described using the ImmunoSEQ assay by Adaptive Bio-
technologies (75) on bone marrow samples from newly diagnosed
patients treated with dasatinib (n = 6), imatinib (n = 4), or nilotinib (n
= 3). Nonproductive clonotypes were removed from the analysis. The
TCRGP predictions were made as described above.

Immune cell functional assays. For T cell stimulation, cryopreserved
PBMCs were stimulated with anti-human CD3-APC (0.5:100; BD, cat.
561810), anti-human CD49d (1:1000; BD, cat. 340976), anti-human
CD28 (1:1000; BD, cat. 340975), and incubated overnight (16 hours) at
37°Cin the presence of CD107a/b-FITC (1:18/1:18; BD, cat. 555800 and
cat.555804). For NK cell stimulation, PBMCs were stimulated with K562
cells at a PBMC/K562 ratio of 10:1 in the presence of CD107a/b-FITC.

After the stimulation, the surface markers were stained with CD45-
V500-C (1:100; BD, cat. 655873), CD3-APC, CD4-PerCP, CD8-PeCy7
(0.8:100; BD, cat. 335822), and CD56-PE, and cells were permeabi-
lized with FIXPERM (BD, cat. 554714) according to the manufactur-
er’s instructions. Following permeabilization, intracellular cytokines
(3:100; TNF-0-FITC, BD, cat. 554512) and IFN-y-FITC (3:100; BD, cat.
554700) and granzyme B-Alexa Fluor 700 (0.9:100; BD, cat. 560213)
were stained at room temperature. Unstimulated PBMCs were used as
controls and samples were acquired with a BD FACSVerse. Gating strat-
egies are shown in Supplemental Figure 5.
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Jurkat TCR activation assay. The Jurkat NFAT luciferase reporter
cell line was obtained from Signosis (SL-0032-NP). The Jurkat cells
were plated at 20,000 cells/well on a black-walled, 384-well plate in
RPMI-1640 (Lonza) with 10% FBS, 2 mM L-glutamine, 100 U/mL pen-
icillin, and 100 mg/mL streptomycin. The cells were stimulated with
anti-CD3 solution (0.5 pg/mL mouse anti-human CD3 [BD, 555329]
and goat anti-mouse IgG [Thermo Fisher Scientific, 31160] at 1:4 ratio)
and additionally with anti-CD28 (BD, 340975; 0.5 ug/mL) or IFN-o
(R&D Systems, 11100-1; 500 U/mL) in the indicated combinations or
left unstimulated (Figure 3G). The cells were also treated with dasatinib
at 10 nM, 30 nM, or 100 nM or DMSO as control, resulting in a total
volume of 25 uL/well. NFAT activation was measured after 5-hour incu-
bation by adding 25 uL One-Glo (Promega) to the wells and measuring
luminescence using a PHERAstar FS plate reader (BMG Labtech). To
measure cell viability after 24-hour incubation, 25 pL of CellTiter-Glo
(Promega) was added to the wells and luminescence was measured.

The experiment was conducted in 6 wells in each condition, and the
experiment was done twice, resulting in 288 unique measurements (6
conditions [no stimulation, CD3 stimulation, CD3 + CD28 stimulation,
IFN-a stimulation, IFN-o + CD3 stimulation, and IFN-o + CD3 + CD28
stimulation], 4 treatments [DMSO, 10 nM dasatinib, 30 nM dasatinib,
and 100 nM dasatinib], 6 wells, 2 batches).

Data and code availability. The processed and raw single-
cell data will be found in the European Genome-Phenome Archive
(EGAS00001005049, https://ega-archive.org/studies/EGAS00001005049).
Code to reproduce the findings can be found in github.com/janihuuh/
cml 007 _manu.

Statistics. Nonparametric tests were used throughout unless oth-
erwise stated, including the Mann-Whitney U test in comparisons
between 2 groups or Fisher’s exact test where the alternative hypothe-
ses are reported; and Kruskal-Wallis in comparisons between 3 or more
groups. Adjustment for multiple testing was performed when the num-
ber of tests exceeded 20, and were either done with Benjamini-Hoch-
berg correction or with Bonferroni’s correction in the DEG analysis.
Nominal Pvalues and adjusted P values less than 0.05 were considered
significant. All calculations were done with R (4.0.0) or Python (3.7.4)
(https://www.python.org/downloads/). In the box-and-whisker plots,
the center line corresponds to the median, the box corresponds to the
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interquartile range (IQR), and whiskers 1.5 x IQR, while outlier points
are plotted individually where present.

Study approval. All patients and healthy controls gave their written
informed consent, and the study was approved by local University Hos-
pitals and conducted in accordance with the Declaration of Helsinki.
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