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m Chronic and acute myeloid leukemia evade immune system surveillance and induce

immunosuppression by expanding proleukemic Foxp3™ regulatory T cells (Tregs). High levels
* Rab27‘a-dependent' of immunosuppressive Tregs predict inferior response to chemotherapy, leukemia relapse, and
secretion of leukemic . . . . . .
shorter survival. However, mechanisms that promote Tregs in myeloid leukemias remain
EVs promotes

leukemia engraftment
and immunosuppres-

sive potential of Treg
cells in vivo. with higher abundance of activated, immunosuppressive Tregs. Leukemic EVs attenuated

mTOR-S6 and activated STATS signaling, as well as evoked significant transcriptomic changes
in Tregs. We further identified specific effector signature of Tregs promoted by leukemic EVs.
Leukemic EVs-driven Tregs were characterized by elevated expression of effector/tumor Treg
markers CD39, CCR8, CD30, TNFR2, CCR4, TIGIT, and IL21R and included 2 distinct effector Treg

largely unexplored. Here, we identify leukemic extracellular vesicles (EVs) as drivers of effector
proleukemic Tregs. Using mouse model of leukemia-like disease, we found that Rab27a-
dependent secretion of leukemic EVs promoted leukemia engraftment, which was associated

Leukemic EVs
containing 4-1BBL
protein promote
eTregs displaying

specific signature (eTreg) subsets: CD30" CCR8MTNFR2™ eTregl and CD39" TIGIT™ eTreg2. Finally, we showed that
(CD839, CCRS8, CD30, costimulatory ligand 4-1BBL/CD137L, shuttled by leukemic EVs, promoted suppressive activity
TNFR2, CCR4, TIGIT, and effector phenotype of Tregs by regulating expression of receptors such as CD30 and

and IL21R). TNFR2. Collectively, our work highlights the role of leukemic extracellular vesicles in

stimulation of immunosuppressive Tregs and leukemia growth. We postulate that targeting of
Rab27a-dependent secretion of leukemic EVs may be a viable therapeutic approach in
myeloid neoplasms.

Introduction
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Myeloid neoplasms, including chronic and acute myeloid leukemia (CML/AML), are characterized by eva-
sion of antileukemic effector immune response and induction of immunosuppression. In CML and AML
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patients at diagnosis, effector cells of the immune system (CD8" T
cells, NK cells) are exhausted and dysfunctional.'® Simultaneously,
suppressive immune subsets, including suppressive myeloid cells*
and Foxp3™ regulatory T cells (Tregs), dominate the microenviron-
ment.* Tregs are increased in peripheral blood®® and bone marrow
(BM) of leukemic patients.”® Importantly, high levels of Tregs in
blood and BM of AML patients predict inferior response to chemo-
therapy, disease relapse, and shorter survival.®'® Depletion of Tregs
in a mouse model of MLL-AF9 AML reduced leukemic burden and
increased survival.'' In CML, Tregs were shown to decrease in
patients responding to tyrosine kinase inhibitors, and low Treg levels
were associated with treatment-free remission."?

Although direct Treg targeting and subsequent elimination would
seem like a viable therapeutic strategy, precise depletion of Tregs is
difficult to achieve in patients, and it may lead to severe autoimmune
adverse events.'® Downregulation of proleukemic Tregs and
improved therapeutic outcome could be achieved by targeting fac-
tors that drive expansion and activity of Treg subsets in leukemias.
Even though some candidates, including coinhibitory PD-1/PD-L1,
Gal9/TIM-3 pathways, and IDO enzyme, were implicated in Tregs
expansion,®'*'® Treg-driving mechanism have been poorly investi-
gated in myeloid neoplasms.

Extracellular vesicles (EVs) have recently emerged as important
mediators of intercellular communication. EVs are particles
released by all types of cells and present in body fluids. They are
divided into small exosomes, medium microvesicles, and large
apoptotic bodies.'” EVs have been largely implicated in both
immune cell activation and immunosuppression.'® In solid tumors,
EVs inhibit antitumor activity of T cells'® and are responsible for
induction and expansion of Tregs.?®?! In leukemias, including
myeloid neoplasms, leukemic EVs promote (in an autocrine man-
ner) growth and drug resistance of leukemic cells,>*? as well as
modify stromal and vascular components of the BM niche.?*2¢
Until now, immunomodulatory properties toward T cells have only
been described for AML-derived EVs, which inhibit effector func-
tion of CD8™ cytotoxic T lymphocytes.?”

Using mouse ex vivo models, we previously observed involvement of
CML-derived leukemic EVs in regulation of suppressive activity of
murine Tregs and Foxp3 expression.?® Here, we use ex vivo models
with human lymphocytes and EVs to show that leukemic EVs, con-
taining 4-1BBL/CD137L/TNFSF9 protein, promote induction and
immunosuppressive polarization of human Tregs by modulating
mTOR and STAT5 signaling. We identify specific subsets of effec-
tor Tregs (eTreg), characterized by expression of novel tumor Treg
markers, such as CD30, CCR8, TNFR2, CD39, and TIGIT. Finally,
in vivo in a mouse model of CML-like disease, Rab27a-dependent
leukemic EVs promote leukemic engraftment, which was associated
with higher abundance of activated, immunosuppressive Tregs. Our
results indicate that inhibition of leukemic EVs secretion, to attenu-
ate Tregs, may contribute to improved therapeutic outcome in mye-
loid leukemias.

Methods

Cell lines

Human cell lines CML-K562 (ATCC, CCL-243) and AML-MOLM-
14 (DSMZ, ACC777) were cultured in supplemented Iscove's
modified Dulbecco's medium or RPMI 1640 media, respectively.
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Murine 32D BCR-ABL1"GFP™ cells were obtained from 32D
BCR-ABL1" cells and cultured as previously described.?® To
obtain stable knock-out cell lines without expression of Rab27a
or 4-1BBL, clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technol-
ogy was used, using “all-in-1" plasmids encoding guide RNA,
Cas9, and red fluorescent protein (RFP) (Merck-Sigma-Aldrich).

Primary human samples from patients

Plasma (source of primary EVs) was obtained from whole blood of
10 leukemic (7 CML and 3 AML; before starting treatment and at
diagnosis) patients and 10 healthy donors. Blood was processed
as described in supplemental Methods. Material from patients was
collected with their informed written consent, under the approval of
the Bioethics Committee of the Medical University of Warsaw (KB/
107/2018) and Ethics and Bioethics Committee of the Cardinal
Stanislaw Wyszynski University in Warsaw (KEiB-19/2017), and in
accordance with the Declaration of Helsinki and Polish regulations.

Extracellular vesicles isolation and characterization

EVs released by leukemic cells were isolated from cell culture
medium, conditioned for 24 hours by either K562 (CML EVs) or
MOLM-14 (AML EVs) cells (seeded in media with EVs-depleted
fetal bovine serum). EVs were isolated by differential ultracentrifu-
gation as previously described.'” Pelleted EVs were resuspended
in either nonsupplemented AIM V medium (for functional assay
with T cells) or phosphate-buffered saline (for EVs characteriza-
tion). EVs characterization and uptake analysis (supplemental Fig-
ure 1A-F) was performed as previously described'” (described in
detail in supplemental Methods). For all experiments (unless
specified in dose-dependent studies), T cells were treated with
either 3 X 10° CML EVs or 5 X 10° AML EVs, equivalent of EVs
released by 1 X 10% cells. EVs from plasma were isolated using
size-exclusion chromatography (qEV original 35 nm columns,
Izon) and fractions 7 to 9 (supplemental Figure 1G-H) were
pooled and concentrated using Amicon Ultra-2 10kDa (Merck).
Isolation and characterization of EVs was performed according to
guidelines of the International Society for Extracellular Vesicles®®
and the EV-TRACK consortium®® (EV-TRACK database entry
EV210187).

Primary T cell (Treg) isolation and culture

Human lymphocytes were obtained from buffy coats of healthy
donors (different donor each experiment) from the Regional Cen-
ter for Blood Donation and Blood Care in Warsaw, Poland (in
accordance with the Declaration of Helsinki and Polish regula-
tions). Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation (Lymphoprep, STEMCELL).
T cells, including Tregs, were sorted using BD FACS Aria |l
(gating strategy: supplemental Figure 2A). Sorted T cells
(CD4*CD25"CD127"° Treg, CD4*CD25 ™ conventional T cells/
Tconv) were cultured in AIM V medium (Gibco), stimulated with
antibodies anti-CD3 (coated wells, 5 pg/mL; Biolegend) and anti-
CD28 (soluble, 1 pg/mL; Biolegend), and supplemented with
IL-2 (100 IU/mL for Tconv/Foxp3 induction, 50 IU/mL for Tregs;
Peprotech). Cultures were maintained for 6 days to analyze
Foxp3 induction in Tconv, 5 days to analyze Tregs, and 18 hours
to analyze phosphorylation of signaling molecules in T cells.

22 MARCH 2022 - VOLUME 6, NUMBER 6 & b]OOd advances

€20z Joquiaidas 0z uo 1senb Aq Jpd'G6L9001Z0ZAPESIOUBADE/IG | L 881/6/81/9/9/pd-0[o1e/Sa0ueApEpoo|q/Bi0°suonedlgndysey/:dpy woly papeojumoq



% CD39+ Treg

tSNE2

CTRL CML EVs B CD4+CD25- — Foxp3+ iTreg
3x109 particles
( P ) 60 - vers 60 1 60 -
+ * I *kkk
*%k
_;01 CDR5" Foxp3+ cg_ 40 ol® 40 4 40 -
_.E . e * *kk
i fg e® o 'I.
E = ol
E 3 20 i o|® 20 A 20 A
* lzxd T
3 r L]
o1, 033 {5 o3 ol s e
LS L : T TIr—Tr T N A ? @ 9 2 SIS 1 o 12
PR L | ooy T Lo ] L | L T ,\Q~ \0 \0 \Q \0 \0 \0 Q @ a a sm
0 10° 10* 10° 0  10° 10¢ 10° O o ot et o «© 5 4 s0g
Foxp3 - PE Foxp3 - PE : 2 028
CML EVs (number of particles) T = ‘: o
3 m Treg CTRL
E E B Treg + CML EVs
3 E Tconv
0 10° 10 108 0 10° 10 -1020102  10°  10*  10°
CD39 - PerCP-eFluor710 CTLA-4 - PE-Cy7 Foxp3 - PE
CD39 CTLA-4 Foxp3
*
*
60 > 1200 oo 2500 *
*kk —
*% [ [ ]
= 1000 % ° R
1 . o S s0{ 2 2 o T S 200079 °¢° oo
ofe °fe r < LU ole
~ [ )
20 - H = 600 - eofe +° . ‘é-’_ 1500 .
= =
S 400 400 I
o5
0 T T T T T - 0 T T T T T o T T T T T
| @ @ . [+) (2] > | (2] @ @ o () > - @ @ «© (=) (=) >
¥ o© o o o o & ¥ o© o o o o & ¥ o o o o o &
5 X X X X x 3 5 %X X X X x 3 E ¥ X X X X 3
©C 8 & 5 & o " © 8 & 5 © & " © 8 & 5 © o F
— N = — N = — N =
CML EVs (number of particles) CML EVs (number of particles) CML EVs (number of particles)
Treg + CML EVs F
Treg CTRL (1.56x10° particles) Tconv CD4+ Trespl :
200 3 200 4 200 i i
- e 1 1
- - 1 1
r - 1 1
150 150 150 ) Without Treg i E
100 100 100 . i i
e - 1 1
- - 1 1
50 3 50 J 50 . H 1
E ] Cell densit ! H
] ] Low R Hich Treg CTRL 1:2 :
0 4 04 0 ! !
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 ! !
tSNE1 tSNE1 tSNE1 i ]
Treg+ CMLEVs 1:2 4
Treg suppression — CD4+ Tresp Treg suppression — CD8+ Tresp : i
94 15 J i i
= 84 ]: * Z10 ° i i
= = 5 CPD unstained
= 6 b ° ukad S . * | |
g g 6 1 1
E 5 .i. E ul ole ° i i
2 47 ° 3 .l Non-stimulated i i
S 3 i s 14 ® Lk LS b | T Ty Ty
(=% o 2 4
&g o a5 [ 0 102 100 10t 10°
8 r T = T == 0 T r T Cell Proliferation Dye (CPD) eFluor450
Tresp CTRL CML EVs CTRL CML EVs Tresp CTRL CML EVs CTRL CML EVs

Treg:Tresp 1:4  Treg:Tresp 1:2

Treg:Tresp 1:4  Treg:Tresp 1:2

Figure 1. Leukemic EVs promote induction, suppressive phenotype, and activity of human Tregs. (A) Representative dot plots and histograms of iTregs induced
from CD4"CD25™ Tconv in control conditions and after treatment with CML EVs (K562-derived). (B) Induction of Foxp3™ cells (iTregs) from CD4"CD25~ Tconv cells by
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In vivo mouse model of CML

To study CML in vivo in immunocompetent animals, murine 32D
BCR-ABL1*GFP™" cells, either wild-type (wt) or Rab27a™'~, were
injected into genetically-matched male C3H mice, 8 to 10 weeks
old (Figure 2A). All experimental procedures were performed
according to the guidelines of Poland's National Ethics Committee
for Animal Experimentation and approved by the First Local Ethics
Committee for Animal Experimentation in Warsaw (835/2019,
1059/2020). In brief, 1 X 10° 32D BCR-ABL1*GFP" cells were
injected intraperitoneally into nonirradiated animals. Control, nonleu-
kemic mice were mock injected with NaCl. Following 2 months,
blood, BM, and spleens were isolated and used for subsequent
analyses. Development of leukemia-like disease was assessed by
analysis of engraftment of GFP™ cells by flow cytometry. Animals
that had GFP™ cells engrafted into BM, blood, and spleen (supple-
mental Figure 5A) were further analyzed.

High resolution spectral flow cytometry and
data analysis

For 23-color phenotyping of Tregs treated with leukemic EVs, cells
from ex vivo cultures were stained with surface antibody cocktail
(including viability dye, supplemental Table 1) in Brilliant Stain Buffer
Plus (BD) for 30 minutes. Cells were fixed and permeabilized for
intracellular staining by eBioscience Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen). Intracellular proteins were stained
for 30 minutes. Samples were acquired using CYTEK Aurora spec-
tral flow cytometer and analyzed in FlowJo (BD). For manual analy-
sis, cells were gated as shown in supplemental Figure 12A. For
computational analyses, each sample was downsampled to obtain
7500 Treg. For tSNE and FlowSOM?' all samples were
concatenated and processed using specific plugins in FlowJo v10.
For FlowSOM, cells were clustered into 6 populations (49 nodes),
based on 15 parameters (Figure 5B). Generated clustering strate-
gies were then used to cluster and quantify detected populations in
individual samples and experimental conditions. Remaining flow
cytometry assays and antibody specifics are described in supple-
mental Methods and Tables.

Statistical analysis

Data were plotted and statistics were performed using GraphPad
Prism v9. Statistical tests used are indicated in figure legends.
Unless indicated otherwise, statistics were performed in comparison
with control (CTRL). Significant differences (P < .05) are marked

on graphs with asterisks (*P < .05, P < .01, *P < .001,
P < ,0001).

Results

EVs released by myeloid leukemia cells induce
Foxp3 and upregulate suppressive phenotype and
activity of Tregs

In tumors, immunosuppressive milieu can either expand and
drive effector polarization of already differentiated Treg or induce
expression of Treg-specific transcription factor Foxp3 in nonregula-
tory, CD4*CD25~ conventional T cells and turn them into CD25"-
Foxp3*induced regulatory T cells (iTregs) (CD4*CD25~ — Foxp3™
iTreg).®? Therefore, we studied the impact of leukemic EVs on Foxp3
induction, phenotypic changes, and suppressive activity of human
Tregs. We performed ex vivo cultures of purified (sorted) human
CD4"CD25"CD127"° Tregs or CD4"CD25~ Tconv, together with
EVs released by CML-K562 cells (CML EVs) or AML-MOLM-14
cells (AML EVs) (characterized in supplemental Figure 1A-C). Inter-
action of EVs with human T cells/Tregs was confirmed by tracking
fluorescent signal of carboxyfluorescein succinimidyl ester
(CFSE)-labeled EVs in a culture with lymphocytes (supplemental
Figure 1D-F).

CML EVs induced expression of Foxp3 in CD4*CD25™ cells, simi-
larly to TGF-B, a widely recognized Foxp3 inducer (Figure 1A-B).
Foxp3 induction was also observed after treatment with AML EVs
and primary EVs from plasma of leukemic patients (as compared
with healthy donor EVs) (Figure 1B). Induced expression of Foxp3
distinguished a separate population of iTreg (Figure 1A).

Treatment of sorted CD4*CD25"CD127"° Tregs with CML EVs
led to elevated expression of molecules responsible for suppressive
activity: CD39, CTLA-4, and Foxp3 (Figure 1C). Unsupervised anal-
yses of flow cytometric data based on these markers and activation
molecule CD25 already indicated EVs-mediated polarization of
Tregs into heterogenous cell states (Figure 1D; supplemental Figure
3B) and expansion of highly suppressive subsets, as revealed by
FlowSOM  clustering  (supplemental Figure 3C-D). Using
“nonconditioned medium” control we confirmed that effects
observed in our experiments were specific to CML EVs (supplemen-
tal Figure 4A-C). Consequently, a functional in vitro suppression
assay confirmed that Tregs treated with CML EVs more potently

Figure 1 (continued) leukemic EVs, either released by CML-K562 cells (left panel), AML-MOLM-14 cells (middle panel, 5 X 10° particles), or primary patients’ plasma
EVs, compared with healthy donors’ (HD) plasma EVs (right panel). For CML-K562, data are from 4 experiments, n = 8 (except n = 4 for 3 X 10° CML EVs); for AML-
MOLM-14 from 4 experiments, n = 4. Mean * SD is presented, unpaired t test with Welch's correction, compared with CTRL. For plasma EVs, n = 10 CML/AML patients

(3 AML, 7 CML) and 10 healthy donors. Pairing was done for samples that were used to treat the same batch of primary CD4"CD25~ Tconv. Two-tailed paired t test. For

panels A and B, cells were gated as in supplemental Figure 2B. (C) Influence of leukemic EVs (K662-derived) on key proteins that drive suppressive activity of Tregs:

CD39, CTLA-4, and transcription factor Foxp3. Non-Treg CD4 *Tconv (CD257) cells were used as negative controls. Representative histograms are shown (for CD39, 3 X
10° CML EVs; for CTLA-4 and Foxp3, 1.5 X 108 CML EVs). Data are from 3 experiments, n = 6 (n = 3 for 3 X 10° particles). (D) Unsupervised tSNE clustering of Tregs,
Treg + CML EVs (K562-derived, 1.5 X 10° particles), and Tconv, based on CD39, CTLA-4, CD25, and Foxp3. In each group, 60 000 cells were clustered, 10 000 from

each replicate (obtained by downsampling). For panels C and D, cells were gated as in supplemental Figure 3A. (E) In vitro suppressive activity of control and leukemic EV

(K562-derived)-treated Tregs, pronounced as expansion index (El) of responder cells (Tresp). Lower expansion index corresponds to higher suppressive activity. Data are

from 3 experiments, n = 6. (F) Representative proliferation profiles of CD4" responder cells in an in vitro suppression assay with control and CML EV (K562-derived)-
treated Tregs. For panels C and E, mean * SD is presented, unpaired t test with Welch’s correction, compared with CTRL. *P < .05, **P < .01, **P < .001,

****P < .0001. SD, standard deviation.
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Figure 2. Rab27a-dependent leukemic EVs promote engraftment of CML cells and activation, amount, and suppressive phenotype of Tregs in vivo in mice.
(A) Experimental pipeline of experiments using in vivo model of CML/leukemia-like disease. (B) Leukemic spreading and engraftment of leukemic (GFP™) cells in BM,

blood, and spleen of mice with leukemia-like disease. (C) Unsupervised tSNE clustering of CD3* T cells from spleens of control, healthy mice (CTRL), and animals with
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inhibited proliferation of effector responder CD4" and CD8™ T cells
(Tresp), confirming superior suppressive activity (Figure 1E-F).

Overall, we demonstrate that leukemic EVs directly induce differenti-
ation and promote suppressive phenotype and activity of human
Tregs.

Rab27a-dependent secretion of leukemic EVs
promotes Treg activity and leukemic
engraftment in vivo

Rab27a is a significant regulator of EVs biogenesis, and Rab27a
deficiency downregulates secretion of EVs, though it is not the only
protein engaged in EVs secretion.®® Due to its major function,
Rab27a deficiency is sufficient to downregulate EVs secretion and
has been used to study effect of continuous EVs secretion in in vivo
models of cancer.'® To evaluate physiological relevance of leukemic
EVs, stable Rab27a-deficient (Rab27a'~) 32D BCR-ABL1*GFP*
cells, which secrete 30% to 40% less EVs (supplemental Figure
5C-D), were used in an in vivo model of CML-like disease (Figure
2A).

Diminished release of EVs by Rab27a '~ BCR-ABL1-expressing
cells led to reduced engraftment of leukemic cells into blood,
spleen, and BM (Figure 2B), whereas Rab27a deficiency did not
affect their clonogenic potential, proliferation, and cell cycle (supple-
mental Figure 5E). These results suggest that leukemic EVs modu-
lated disease development by affecting other cells in the
microenvironment, including Tregs.

We analyzed Tregs in mice, focusing on spleen and BM: tissues
where CML develops and which encompass full spectrum of cellu-
lar Treg interactions. Representative tSNE visualization of multipara-
meter flow cytometry data has already confirmed that in Rab27a™"~
leukemia—like disease, Foxp3* Tregs cluster differently (predomi-
nantly as cells expressing lower CD25, CD39, CD44), as compared
with wt leukemia and healthy animals (Figure 2C; supplemental Fig-
ure 6A). Detailed analysis of CD25"Foxp3™ Tregs has revealed that
Rab27a-dependent secretion of EVs significantly promotes expan-
sion of CD44*CD62L activated Tregs in both BM and spleen,
contrary to naive CD44~CD62L" Tregs (Figure 2D). Moreover,
Rab27a deficiency resulted in lower Treg numbers in spleen, as
well as diminished expression on Tregs of suppressive CD39, IL-10
in spleen and CD73 in BM (Figure 2E-H). Differences between
spleen and BM in some phenotypic features of Treg in Rab27a~/~
leukemia may be an outcome of different tissue context, as BM con-
sists primarily of myeloid cells, whereas T and B cells are most
abundant in the spleen. This may also be relevant in terms of
CD39/CD73 modulation, as these ectoenzymes may be expressed
by other cells in BM/spleen niche.®* Overall, significant changes in
the amount of activated CD44"CD62L" Tregs in both tissues
show that leukemic EVs expand Tregs with immunosuppressive

potential in vivo, even though leukemic EVs did not entirely affect
Treg phenotype or Treg numbers in the BM.

In our model, Rab27a~'~ CML did not significantly influence other

immunosuppressive cells, such as Bregs or myeloid suppressive
cells (supplemental Figure 8A-D), which additionally exhibited low
abundance, compared with mouse models of solid tumors.3>3® This
implicated direct modulation of Tregs by Rab27a-dependent leuke-
mic EVs rather than indirectly via B cell-T-cell, or macrophage-T cell
interactions.

Altogether, in vivo data strongly support our hypothesis that secre-
tion of leukemic EVs and EVs-mediated upregulation of activated,
immunosuppressive Tregs facilitate development of myeloid
leukemias.

Furthermore, pharmacological targeting of EVs secretion by inhibi-
tion of Rab27a or nSMase2 has attenuated expansion of Tregs in
cultures of human PBMCs with myeloid leukemia cell lines K562
and MOLM-14 (supplemental Figure 9). This suggests that effects
similar to genetic targeting of Rab27a (described above) may also
be achieved by pharmacological inhibition of EVs secretion.

Leukemic EVs drive Tregs by modulating mTOR
and STATS signaling and remodeling

of the transcriptome

Foxp3 and Tregs undergo complex molecular regulation.3”*® To

identify molecular drivers involved in modulation of Tregs by leuke-
mic EVs, we analyzed activation of signaling pathways crucial for
regulation of Foxp3 and Treg biology (by phospho-specific flow
cytometry)®® in both human Tregs and CD4"CD25~ Tconv differ-
entiating into iTregs, as well as performed transcriptomic analysis of
human Tregs.

Leukemic (both CML and AML) EVs downregulated phosphorylation
of mTOR and its downstream effector protein S6, parallel to upregu-
lation of phosphorylated STATS, in both Tregs and CD4"CD25~
Tconv upon Foxp3 induction by leukemic EVs (Figure 3A-D). Such
changes have been described as favorable for Treg differentiation,
stability, and suppressive function, as activated STAT5 binds the
Foxp3 promoter to drive its transcription, whereas mTOR pathway
inhibits Foxp3 expression.*®° On the other hand, phosphorylation
of p38, p65/RelA, and SMAD2/3 were not changed (supplemental
Figure 10A-B). To validate whether signaling changes induced by
leukemic EVs promote genetic and functional stability of Tregs, we
analyzed demethylation of the Treg-specific demethylated region
(TSDR) in the Foxp3 gene and secretion of both non—Treg-specific
and immunoregulatory cytokines.*® TSDR was demethylated in both
CTRL and leukemic EVs-treated Tregs (Figure 3E). However, CML
EVs blocked secretion of IL-6, IL-17A, and IFN-y, preventing polari-
zation into unstable, Th1/Th17-like subsets (Figure 3F), even though
secretion of immunoregulatory IL-10 and TGF-B was unaffected

Figure 2 (continued) leukemia-like disease, induced by wt or Rab27a~'~ CML cells. The bottom right graph shows localization of Foxp3™ cells on the tSNE map. Data

from 3 to 4 mice (per group) from single experiment were used as representative groups. In each group, 30 000 viable CD3" T cells were clustered, 7500 to 10000 from
each animal (obtained by downsampling in FlowJo). (D) Distribution of activated (CD44*CD62L") and naive (CD44~CD62L") Treg subsets in BM and spleen of mice
bearing leukemia-like disease. Representative density plots showing expression of CD44 and CD62L by Tregs in the BM are shown. Treg amount (E) and expression of

CD73 (F), CD39 (G), and IL-10 (H) on Tregs in BM and spleen of mice bearing leukemia-like disease. In each graph, data are presented as mean = SD, 1-way ANOVA
with Tukey's posttest, *P < .05, **P < .01, ***P < .001, ***P < .0001. N = 6 to 8 animals per group from 3 different experiments (different litters/groups of animals and

leukemic cells’ injections). Gating strategy for Treg phenotyping is shown in supplemental Figure 7A-B. SD, standard deviation.
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Figure 3. Leukemic EVs inhibit mTOR-S6 and upregulate STAT5 signaling in both human Tregs and CD4"CD25~ Tconv (differentiating into iTregs) and
maintain stability of human Tregs. (A) Analysis of phosphorylation of mTOR, S6, and STAT5 in Tregs after treatment with CML EVs (K562-derived). Data are from 5

experiments, n = 5. Single data points, connected for each experiment, are presented. (B) Analysis of phosphorylation of mTOR, S6, and STAT5 in Tconv differentiating into
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(supplemental Figure 10C). These results clearly show that leukemic
EVs not only upregulate suppressive features of Tregs but also
maintain their stability. Both processes are likely modulated by
downregulated mTOR-S6 and upregulated STAT5 signaling.

Analysis of Tregs by RNA sequencing revealed significant remodel-
ing of the transcriptome and elevated expression of 356 genes due
to treatment with CML EVs (Figure 4A-B), as well as influence on
biological processes, such as RNA metabolism (supplemental Fig-
ure 11B-C). We analyzed genes described as characteristic for
Tregs in cancer*'™® and observed a visible trend of upregulated
expression for CCR4, TFRC, TNFRSF1B (encoding TNFR2),
ENTPD1 (CD39), TNFRSF8 (CD30), IL1R1, HAVCR2 (TIM-3),
and TGFB1 (supplemental Figure 11D). However, in most cases,
the difference was not statistically significant, therefore we addition-
ally verified these observations on protein level (Figure 5D,F). Analy-
sis of transcription factor—binding motifs (TFBMs) of differentially
expressed genes identified several transcription factors potentially
engaged in modulation of Tregs by leukemic EVs, such as EGR1,
EGR3, ZBTB7A(LRF), E2F4, or TFDP1 (Figure 4C; supplemental
Figure 11E). Overall, RNA sequencing further signified that leukemic
EVs affect Treg, by global remodeling of gene expression, including
upregulation of genes responsible for immunosuppressive function.
Analysis of transcription factor—binding motifs pinpointed a set of
transcription factors that modulate these changes in Tregs and may
be relevant for immunosuppression in myeloid leukemias.

Tregs driven by leukemic EVs are constituted by
heterogenous effector subsets and characterized by
upregulated CD39, CCR8, CD30, TNFR2, CCR4, TIGIT,
and IL21R

To evaluate changes in human Tregs on single cell protein level, we
developed a 23-color panel for spectral flow cytometry to analyze
markers of effector/tumor Treg.*'*® tSNE clustering revealed that
leukemic EVs promoted expansion of heterogenous Treg subsets
(Figure 5A). Using FlowSOM we clustered Tregs into 6 populations
(Figure 5B). As 2 of them (PopO and Pop3) exhibited very similar
expression pattern of analyzed markers and established 1 joint clus-
ter on tSNE, we decided to merge them and analyze together as 1
population (PopO+Pop3) (Figure 5B, marked in pink). Two identi-
fied populations were upregulated (Pop2, Pop4) and 1 was down-
regulated (PopO+Pop3), by CML and AML EVs (Figure 5CE).
Both upregulated populations exhibited high expression of functional
effector markers (Figure 5B; supplemental Figure 12B), thus we
named them effector Tregl (eTreg1/Pop2) and effector Treg2
(eTreg2/Pop4). eTregl (Pop2) could be distinguished by high
expression of CD30, CCR8, TNFR2, whereas eTreg2 (Pop4) by

high expression of CD39 and TIGIT (Figure 5B; supplemental Fig-
ure 12B). As newly described effector subsets exhibited a distinct
phenotype, it suggests specialized functions of eTreg1 and eTreg2
in the context of leukemic microenvironment. The EVs-
downregulated population (PopO+Pop3) had lower expression of
markers such as CCR4, CD25, Foxp3, ICOS (supplemental Figure
12B), thus it constitutes a less-effector and probably less suppres-
sive population.

Classical, manual gating analysis of the entire Treg population
revealed that CML and AML EVs upregulated expression of several
effector tumor Treg markers, identifying a specific leukemic
EVs-driven Treg signature that includes elevated expression of
CD39, CCR8, CD30, Foxp3, TNFR2, CCR4, TIGIT, and IL21R
markers (Figure 5D,F, blue frame). Although LAG-3 and CD73 were
highly upregulated, their expression was limited to <1% of Tregs.
Altogether, these data demonstrate that leukemic EVs mediate
development of specific subsets of eTreg cells and promote
EVs-dependent signature of Tregs (elevated expression of CD39,
CCR8, CD30, Foxp3, TNFR2, CCR4, TIGIT, and IL21R).

Finally, we verified whether primary EVs isolated from plasma of
CML/AML patients promote similar effector polarization of human
Tregs and the same specific marker signature of Tregs. The treat-
ment of Tregs with primary EVs from the plasma of leukemic
patients (compared with healthy donor EVs) led to elevated expres-
sion of the signature molecules CD39, CCR8, TNFR2, CCR4,
TIGIT, IL21R, and CD30 (Figure 5G). This provides evidence sup-
porting the hypothesis that leukemic EVs, present in the circulation
(plasma), can influence immune cells in distant tissues to facilitate
immunosuppression outside the BM.

Collectively, leukemic EVs, both released in vitro by CML/AML cells
and of primary origin (plasma EVs), upregulate specific signature of
Tregs (characterized by high expression of CD39, CCR8, TNFR2,
CCR4, TIGIT, IL21R, and CD30) that includes 2 effector immuno-
suppressive Treg subsets.

Leukemic EVs contain 4-1BBL protein, which
contributes to Treg activity and effector phenotype

Finally, we aimed to identify specific protein content of EVs that
influences human Tregs. Mass spectrometry, followed by functional
annotation of detected proteins, identified groups of proteins con-
nected to immune response, such as TNF signaling, including
4-1BBL/TNFSF9/CD137L (Figure 6A-B). Presence of 4-1BBL in
CML and AML EVs was confirmed by western blotting (Figure
6C). TNF receptor superfamily was recently implicated in Treg
function, though by far mainly in the small intestine, colon, and

Figure 3 (continued) iTregs (CD4*CD25~ — Foxp3™ iTreg as in Figure 1A-B) after treatment with CML EVs (K562-derived). Data are from 4 experiments, n = 4. Single
data points, connected for each experiment, are presented. (C) Analysis of phosphorylation of S6 and STAT5 in Tregs after treatment with AML EVs (MOLM-14-derived).

Data are from 5 experiments, n = 5. Single data points, connected for each experiment, are presented. For panels A and C, cells were gated as in supplemental Figure 3A,

using antibodies conjugated with fluorochromes as in supplemental Table 1. (D) Analysis of phosphorylation of S6 and STAT5 in Tconv differentiating into iTregs
(CD4"CD25~ — Foxp3™ iTreg as in Figure 1A-B) after treatment with AML EVs (MOLM-14—derived). Data are from 3 experiments, n = 3. Single data points, connected
for each experiment, are presented. For panels B and D, cells were gated as in supplemental Figure 2B, using antibodies conjugated with fluorochromes as in supplemental

Table 1. (E) Level of methylation of TSDR region in the Foxp3 gene in Tregs treated with leukemic EVs (K662-derived; Tconv served as positive control). Data are from 3

experiments, n = 3. Mean + SD is presented. (F) Secretion of effector/proinflammatory cytokines (pg/ml, calculated per 1 X 10° cells; final concentration shown on graphs)

detected in cultured medium of control Tregs or Tregs cultured with leukemic EVs (K662-derived). Data are from 6 experiments, n = 6. For all experiments in the figure,
statistics was 2-tailed paired t test. *P < .05, **P < .01, ***P < .001. SD, standard deviation.
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Figure 4. Leukemic extracellular vesicles (K562-derived) remodel human Treg transcriptome. (A) Principal component analysis (PCA) of transcriptomes of control

(TregCTR) and CML EVs-treated Tregs (TregEVs). (B) Volcano plot comparing differences in gene expression between CTRL and CML EVs-treated Tregs (TregEVs).

Treatment with CML EVs led to 356 upregulated (marked in blue) and 566 downregulated (marked in red) differentially expressed genes (DEGs). Genes were considered

as differentially expressed when —log10 (adjusted P value) < .05 and |log fold change (LFC)|>1. (C) Analysis of transcription factor binding motifs (TFBMs) enriched in

DEGs (|LFC|>1), performed using PSCAN software. Significantly enriched TFBMs are indicated by dark purple dots, and top 20 hits are named. Transcription factors (TFs)

that are differentially expressed at mRNA level are additionally indicated in either blue (upregulated by CML EVs) or red (downregulated by CML EVs). RNA sequencing was

performed for n = 3 per group. For each replicate, Tregs obtained from a different donor

during colitis.*®*® We hypothesized that it may also contribute to
EVs-mediated eTreg polarization in myeloid leukemias. Using
CRISPR/Cas9 mutagenesis, we generated 4-1BBL-deficient
K562 CML cells, leading to the absence of 4-1BBL in CML cells
and EVs (Figure 6D; supplemental Figure 13A). Tregs treated with
4-1BBL-deficient CML EVs no longer upregulated CD30, TNFR2,
and LAG-3 (Figure 6E, but not the remaining receptors upregu-
lated by leukemic EVs, such as CD39 or Foxp3; supplemental

L blOOd advances 22 MARCH 2022 . VOLUME 6, NUMBER 6

were used. mRNA, messenger RNA.

Figure 13B-C), as well as exhibited weaker suppressive activity in
a functional in vitro suppression assay (Figure 6F; supplemental
Figure 13D). These data demonstrate the regulatory role of
4-1BBL in promotion of Treg activity and effector phenotype.

Overall, we postulate that TNF superfamily protein 4-1BBL contrib-
utes to effector immunosuppressive polarization of Tregs promoted
by leukemic EVs.
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Figure 5. Human eTreg subsets and effector/tumor Treg signature are driven by leukemic EVs (A) Unsupervised tSNE clustering of CTRL and CML EV (K562-
derived)-treated Tregs. (B) Unsupervised FlowSOM clustering of CTRL and CML EVs(K562-derived)-treated Tregs. Identified 5 to 6 FlowSOM clusters/populations were
overlaid onto the tSNE map. Heatmap shows relative expression of selected markers by 6 FlowSOM populations. For panels A and B, data from 16 samples (8 per group),
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Discussion

In the presented study, we report leukemic (CML and AML) extra-
cellular vesicles as novel, significant drivers of human immunosup-
pressive Foxp3"™ Tregs with an effector phenotype, including 2
distinct effector subsets (Figure 7). We show this by complemen-
tary approaches, using pure leukemic EVs released by human cell
lines and primary EVs isolated from the plasma of leukemic patients,
compared with EVs of healthy donors. Using the mouse model of
CML-like disease, we showed that leukemic EVs-Tregs interaction
facilitates the development of leukemia-like disease, which impli-
cates importance for human leukemia.

EVs enable intercellular communication between distant tissues and
cells. EVs may thus promote the growth of leukemic cells outside
the BM by creating leukemia-permissive microenvironment in
faraway tissues. It has already been established that Tregs and
immunosuppression are critical elements that facilitate such
leukemia-supporting conditions.>®'! We found that circulating, pri-
mary EVs from plasma of CML and AML patients induced Foxp3
and promoted effector signature of Tregs. This supports our hypoth-
esis that leukemic EVs in circulation may drive proleukemic Tregs
outside the BM and established a previously undescribed mecha-
nism facilitating spreading of leukemic blasts.

Indeed, one of our critical findings, significant for myeloid neo-
plasms, is that EVs secretion facilitates leukemia development in vivo
in mice, demonstrated in a model of leukemia-like disease induced
by Rab27a~/~ CML cells with downregulated EVs secretion.
Rab27a deficiency and diminished release of EVs in vivo partially
reversed expansion of proleukemic, activated Tregs in the BM and
spleen. In parallel, significantly lower engraftment of leukemic cells
was observed. Importantly, we excluded the role of autocrine influ-
ence of EVs on growth and clonogenicity of leukemic cells and
excluded the involvement of B cells or immune myeloid cells in the
identified effects. These observations strongly suggest direct modu-
lation of Tregs by CML EVs in vivo and the relevance of EVs-Tregs
interaction for leukemia progression. Even if leukemic EVs have
been shown to modulate other components of the BM niche,?*°
and we cannot entirely conclude that the effect depends solely on
Tregs and immunosuppression, our data indicate significant involve-
ment of Tregs. In a translational context, our in vivo discoveries pro-
vide rationale for therapeutic targeting of EVs/Rab27a in leukemias.
Similar conclusions have been drawn by Poggio et al,'® based on
mouse models of Rab27a '~ colorectal and prostate cancers,
where targeting EVs also targeted immune checkpoint molecule
PD-L1. EVs secretion may be clinically targeted by pharmacological
inhibitors of Rab27a*® or other EV-regulatory hubs (nSMase2).>°
In our experiments, such treatment indeed attenuates expansion of

Tregs in cultures of human PBMCs and leukemic cells. Overall,
our discoveries identified leukemic, Rab27a-dependent EVs and
EVs-Tregs interaction as potential, previously unrecognized, thera-
peutic targets in myeloid neoplasms.

Recent studies of Tregs in cancer have identified new molecules
specific for tumor Tregs, such as CCR8,*> CD30, IL21R,** and
others,®' as well as specific eTreg subsets.*’ Remarkably, our find-
ings provide evidence that leukemic EVs contribute to the expansion
of highly suppressive effector subsets of Tregs and promote spe-
cific effector signatures of Tregs, which has not been previously dis-
sected in the cancer field. The eTreg1 subset we described had
high expression of CCR8, CD30, and TNFR2, as well as transcrip-
tion factor IRF4 (supplemental Figure 12B). It thus resembles an
effector, IRF4-driven Treg population described in lung cancer.*'
On the other hand, tissue and cellular context for these molecules in
myeloid neoplasms remain to be elucidated, such as expression of
CCR8 chemokine ligands in the leukemic BM. Presence of TNFR2,
which is usually expressed by T cell receptor-activated Tregs,**
implies interaction with antigen-presenting cells, such as tolerogenic
dendritic cells.’? The ubiquitous expression of CD39 and TIGIT on
the eTreg2 subset we identified suggests different function of this
population in the leukemic microenvironment. TIGIT acts as a coinhi-
bitory receptor, capable of inhibiting Th1- and Th17-polarized CD4*
T cells,>® whereas CD39 is an ectoenzyme, converting adenosine
triphosphate to adenosine (jointly with CD73), also to inhibit effector
T cells.®* Moreover, CD39 on Tregs can support hematopoietic
stem cells in the BM,?® which implies possible interaction of eTreg2
with leukemic stem cells. Thus, even though identified populations
of Tregs have well-documented immunosuppressive phenotype and
function, it would be important to dissect the precise relevance of
eTreg1 and eTreg2 in the leukemic microenvironment, both function-
ally and spatially. The significance of leukemic EVs-Tregs interaction
is further highlighted by our discoveries of molecular regulators. We
identified transcription factors that may be responsible for driving
eTreg or markers of eTregs in myeloid neoplasms. Some of them,
such as EGR3°® E2F4,*° ZBTB7A/LRF°” or TFDP1,*' have
already been implicated in regulation of Tregs, as well as in tumors.
We also pinpoint that although leukemic EVs modulate mTOR and
STAT5 pathways, they do not engage TGF-B/SMAD signaling,
which classically induces de novo Foxp3 expression,®® implicating a
new modality of Treg induction and modulation.

Finally, we detected a functional role of TNF superfamily member
4-1BBL/TNFSF9/CD137L in leukemic EVs and propose that its
presence contributes to the amplified immunosuppressive poten-
tial of Tregs. According to ExoCarta database, 4-1BBL protein
was previously not detected in EVs®® but was identified on hema-
topoietic and progenitor cells in the BM..° Moreover, 4-1BB

Figure 5 (continued) 7500 events/sample, were concatenated and used to create tSNE map and FlowSOM clustering scheme. (C) Abundance of Treg subsets (identified
by FlowSOM as in panel B) in CTRL and CML EV (K562-derived)-treated Tregs. (D) Expression (fold change to CTRL samples) of tumor Treg markers after treatment of
Tregs with CML EVs (K562-derived). For TNFR2, Foxp3, IRF4, and BATF, gMFI was analyzed; for other markers, percent of positive cells. For panels C and D, data are from
4 experiments, n = 8. (E) Abundance of Treg subsets (identified by FlowSOM as in panel B) in CTRL and AML EV (MOLM-14-derived)-treated Tregs. (F) Expression (fold
change to CTRL samples) of tumor Treg markers after treatment of Tregs with AML EVs (MOLM-14-derived). For TNFR2, Foxp3, IRF4, and BATF, gMFI was analyzed; for

other markers, percent of positive cells. For panels E and F, data are from 4 experiments, n = 6. For panels C through F, statistics were unpaired t tests with Welch's

correction. *P < .05, **P < .01, **P < .001, ****P < .0001. (G) Expression of selected tumor Treg markers after treatment of Tregs with primary patients’ plasma EVs,

compared with healthy donors’ (HD) plasma EVs. For leukemic group, plasma from 3 AML and 7 CML patients was used. For TNFR2, gMFI was analyzed; for other markers,

percent of positive cells. N = 10 CML/AML patients and 10 healthy donors. Pairing was done for samples that were used to treat the same batch of (primary) Tregs. Two-

tailed paired t test. *P < .05, **P < .01. Gating strategy for Treg phenotyping is shown in supplemental Figure 12A. gMFI, geometric mean fluorescence intensity.
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Figure 6. Leukemic EVs contain 4-1BBL/TNFSF9 protein, which contributes to effector phenotype and suppressive activity of human Tregs. (A) Protein
groups identified (annotation 4 only, out of 18 statistically significant annotations; details in supplemental Table 4) in mass spectrometric profiling of CML EVs (K562-
derived). Number of proteins in each group is indicated. Data were collected from 4 experiments (n = 4). (B) Proteins from TNF (TNFSF9/4-1BBL) and TNF receptor
(TNFRSF1B/TNFR2, TNFRSF8/CD30, TNFRSF10A/DR4) superfamilies identified in proteomic analysis of CML EVs (K562-derived). (C) Western blot analysis of 4-1BBL/
TNFSF9 protein in K662 (CML) and MOLM-14 (AML) cells and EVs. An equal amount of protein was loaded on gels. Data are representative for 4 experiments (CML EVs)
and 2 experiments (AML EVs). (D) Western blot analysis of 4-1BBL/TNFSF9 protein in wt and 4-1BBL™’~ K562 (CML) cells and released EVs. An equal amount of protein
was loaded on gels. Data from the same gel are presented (marked with dashed line). (E) Expression (fold change to CML wt EVs samples) of CD30, TNFR2, and LAG-3
after treatment of Tregs with CML EVs (K562-derived) from wt and 4-1BBL ™'~ CML cells. For TNFR2, gMFI was analyzed; for CD30 and LAG-3, percent of positive cells.
Data are from 3 experiments, n = 6. (F) In vitro suppressive activity of Tregs treated with either wt or 4-1BBL—deficient CML EVs (K562-derived), toward CD4* responder
T cells, pronounced as expansion index (El) of responder cells (Tresp). Lower expansion index corresponds to higher suppressive activity. Data are from 3 experiments,

n = 6. For panels E and F, mean * SD is presented, unpaired t-test with Welch's correction. *P < .05, **P < .01, **P < .001, ****P < .0001. gMFI, geometric mean

fluorescence intensity; SD, standard deviation.

receptor is highly expressed on Tregs in tumors.®**' Our conclu-
sion is also supported by recent findings, which have demon-
strated relevance of 4-1BBL/4-1BB signaling in Treg activation,
physiological function, and transcriptomic identity.***® Our
results pinpoint 4-1BBL as a new protein engaged in the upregu-
lation of suppressive activity and eTreg phenotype in leukemia,
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and we show, to our knowledge for the first time, that 4-1BBL
signaling may occur via EVs. Such findings may have a diagnostic
and therapeutic value, and 4-1BBL expression in leukemic EVs
could be considered in liquid biopsy approaches as an early bio-
marker of leukemia and immunosuppression in CML/AML. Sub-
stantial advances in the extracellular vesicles field have been
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Figure 7. Proposed model of proleukemic eTreg generation, driven by 4-1BBL containing leukemic extracellular vesicles. Leukemic cells secrete

Rab27a-dependent EVs that contain 4-1BBL protein. EVs are internalized by Tregs to upregulate STAT5 and attenuate mTOR-S6 signaling. As a result, Foxp3 expression
is driven and Tregs upregulate specific EVs-mediated phenotypic marker signatures (CD39, CCR8, CD30, TNFR2, CCR4, TIGIT, and IL21R), responsible for
immunosuppressive, proleukemic function. Leukemic EVs-driven Tregs include 2 distinct eTreg subsets - CD30* CCR8"TNFR2" eTreg1 and CD39* TIGIT" eTreg2. CCR4

and IL21R are expressed by both eTreg1 and eTreg2 subsets.

developed for such approach, in terms of quick and effective phe-
notyping of EVs in plasma, for instance by EV-cytometry.®"

In conclusion, we discovered a proleukemic, immunosuppressive
mechanism, dependent on 4-1BBL-containing EVs derived from
CML and AML cells. Leukemic EVs act as drivers of effector sub-
sets and highly suppressive phenotype of Tregs. Our findings dem-
onstrate the rationale to target Rab27a-dependent EV secretion,
which may lead to prospective therapeutic applications aimed at
attenuating immunosuppression in myeloid neoplasms.
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