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SUMMARY

Acute myeloid leukemia (AML) progression is influenced by immune suppression induced by leukemia cells.
ZEB1, acritical transcription factor in epithelial-to-mesenchymal transition, demonstrates immune regulatory
functions in AML. Silencing ZEB1 in leukemic cells reduces engraftment and extramedullary disease in im-
mune-competent mice, activating CD8 T lymphocytes and limiting Th17 cell expansion. ZEB1 in AML cells
directly promotes Th17 cell development that, in turn, creates a self-sustaining loop and a pro-invasive
phenotype, favoring transforming growth factor 8 (TGF-8), interleukin-23 (IL-23), and SOCS2 gene transcrip-
tion. In bone marrow biopsies from AML patients, immunohistochemistry shows a direct correlation between
ZEB1 and Th17. Also, the analysis of ZEB1 expression in larger datasets identifies two distinct AML groups,
ZEB1™9" and ZEB1'°Y, each with specific immunological and molecular traits. ZEB1"9" patients exhibit
increased IL-17, SOCS2, and TGF-$ pathways and a negative association with overall survival. This unveils
ZEB1’s dual role in AML, entwining pro-tumoral and immune regulatory capacities in AML blasts.

INTRODUCTION leukemia T cell responses. Along this line, the number of T cells,

present in the BM at diagnosis, correlates with overall survival
The bone marrow (BM) is a peculiar primary lymphoid organ in  (OS) in patients with newly diagnosed acute myeloid leukemia
which the recirculation of naive T cells and the presence of anti-  (AML)."™ Progression seen in AML suggests that immune sup-
gen-presenting cells competent for presentation may trigger anti-  pressive mechanisms should be in place, overcoming anti-tumor

':3, Cell Reports 43, 113794, February 27, 2024 © 2024 The Authors. 1
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T cell responses. In the hematopoietic niche, leukemic cells
interact with BM stromal cells, establishing favorable conditions
for survival, proliferation, and resistance to therapy as well as
escape from immune recognition.”® As reported in solid tumors,
potentially immunogenic leukemia cells seem to develop multiple
mechanisms forimmune escape including the establishment of im-
mune suppression. These different immunomodulatory mecha-
nisms encompass regulatory T (Treg) cells, myeloid-derived
suppressor cells,® engagement of inhibitory T cell pathways (i.e.,
PD-L1-/PD-1, arginase [Arg]-2),”® or interference with specific
metabolic pathways through indoleamine-2,3-dioxygenase.’ The
engagement of bystander cells, such as BM mesenchymal stromal
cells, or a direct endogenous activity of AML blast seems neces-
sary to produce key factors capable of regulating immune cell
activities.

ZEB1 has been extensively studied in solid cancers as a main
transcription factor involved in epithelial-to-mesenchymal transi-
tion (EMT)."® Recent evidences indicate that ZEB1 could also
regulate immune cell functions. Indeed, reciprocally to ZEB2,
another member of the ZEB family, ZEB1, is expressed by a va-
riety of immune cells,’" with immune suppressive functions. In
tumor-associated macrophages, ZEB1seems to promote their
polarization toward a pro-tumor phenotype'?; it also acts as a
repressor of miR-200, which negatively regulates the expression
of the PD-L1 immune checkpoint.® As mutated counterparts of
normal myeloid cells,® AML blasts could adopt ZEB1 expression
to modulate the leukemia microenvironment. The expression of
ZEB1 has been already reported in leukemia, leading to different
and, sometimes, opposite conclusions, being that ZEB1
described as both pro- and anti-leukemogenic.'*'®

In this study, we functionally explored the impact of ZEB1 in
murine leukemia cells seeding the BM microenvironment and
confirmed data and clinical relevance in patients with AML.

RESULTS

The median of ZEB1 expression dichotomizes patients
with AML and defines patients with worse OS and
peculiar immune features

To define the relevance of ZEB1 in AML, we performed in silico
analysis on 7 independent cohorts from publicly available data-
sets (GEO: GSE15434, GSE16015, GSE12417, GSE37642,
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GSE6891, and GSE161532 and TCGA,; see the key resource ta-
ble and Figure S1A for the principal-component analysis) for a to-
tal of 1,325 patients with AML. Patients with AML were subdi-
vided into two groups considering the median value of ZEB1
expression among patients to bisect ZEB1"9" and ZEB1'°%
AML (Figure 1A). To identify the main characteristics of ZEB1Md"
and ZEB1"°" AML, we performed a pathway analysis (Figure 1B)
pointing out differences in the expression of immune response
programs, including inflammatory response, interferon y (IFNvy)
response, and allograft rejection, that were down-regulated in
ZEB1M9" patients. On the contrary, ZEB1"9" patients showed
an enrichment in MYC, HEME metabolism, interleukin-17A (IL-
17A), and transforming growth factor B (TGF-B) pathways. Of
note, by combining datasets for a total of 1,298 patients with
known OS (GEO: GSE12417, GSE37642, GSE6891, and
GSE161532 and The Cancer Genome Atlas [TCGA]), we found
shorter OS in ZEB1"9" than ZEB71"°" patients with AML
(Figure 1C).

Considering clinical features such as karyotype, French-
American-British (FAB) classification, and OS of patients with
AML, we observed a significant difference between ZEB71"9"
and ZEBT7"" among cytogenetic subgroups (GEO: GSE6891,
p = 5.00E-07; TCGA-AML+ Beat AML, p = 5.00E-07) (Fig-
ure S1B), with higher and lower percentages of normal karyotype-
and core-binding factor-mutated AML (t(8; 21) and inv(16)) in
ZEB1"S" versus ZEB1'°Y cases, respectively. The different distri-
bution according to FAB classification was also confirmed (GEO:
GSE6891, p =1.00E—07; GEO: GSE37642, p = 4.60E—06; TCGA-
AML+ Beat AML, p = 3.00E—07) (Figure S1B), with ZEB1"9" AML
being enriched for more undifferentiated leukemia types. The
large number of cases in the cohorts of public datasets allowed
testing the association between ZEB17 expression and the AML
mutational profile. ZEB1"9" and ZEB1'°" cases showed a similar
frequency of ASXL1, DNMT3A, IDH1, IDH2, KRAS/NRAS,
RUNX1, NPM1, and FLT3-ITD mutations but differed for the
concomitant presence of FLT3-ITD and NPM1 mutations:
15.8% versus 5.8% in ZEB1"9" versus ZEB1"°", respectively (Fig-
ure S1C). In line with cytogenetic data, ZEB1"9" also included a
higher percentage of TP53-mutant patients (13.5% versus 3.6%
of ZEB1°Y, p = 0.004), while CEBPA biallelic mutations were
only present in the ZEB1'" cohort (6.6% versus 0% of ZEB1™9",
p = 0.003) (Figure S1D). The data as a whole suggest that ZEB1

Figure 1. The median of ZEB1 expression dichotomizes patients with AML and defines patients with peculiarimmune features and worse OS
(A) ZEB1 expression levels in the gene expression profile (GEP) analysis performed combining 7 independent AML cohorts (GEO: GSE15434, GSE16015,
GSE12417, GSE37642, GSE6891, and GSE161532 and TCGA) for a total of 1,325 patients with AML (see also Figure S1 and Table S1).

(B) Relevant pathways associated with ZEB1"9" and ZEB7'°" AML blasts in the 7 cohorts.

(C) Kaplan-Meier (KM) curves showing ZEB1™9" and ZEB1'"°" patients’ overall survival (OS) combining the AML cohorts for which OS data were available (GEO:
GSE12417, GSE37642, GSE6891, and GSE161532 and TCGA,) for a total of 1,298 patients.

(D) Western blot analysis showing ZEB1 expression in WEHI-3B and C1498 murine AML cell lines. BM-derived mesenchymal stem cells (MSCs) isolated from
BALB/c (B/c) mice were used as ZEB1* control. B-Actin was used as internal control.

(E) Stable knockdown of Zeb 1 in C1498 using lentiviral vectors evaluated by western blot and gPCR. B-Actin was used as internal control. See also Figures S2Aand S2B.
(F) XTT proliferation assay performed on Zeb1-expressing (scramble [Scr]) and -silenced cell lines. Cell proliferation for each time point was calculated as the
(absorbance [Abs] at 450 nm - Abs at 670 nm) to4/t4s/t70)/(Abs at 450 nm - Abs at 670 nm) t, x 100. Data represent a pool of 2 independent experiments; n = 12
biological replicates/each experiment.

(G) In vitro invasion assay using 24-well Transwell plates (5 um pore size) coated with 1 mg/mL Matrigel growth factor reduced basement membrane matrix. Five
consecutive fields per Transwell were counted (n = 3/each; one-way ANOVA,; Kruskal-Wallis [KW] test p = 0.0064).

(H) Volcano plot showing the up-regulated and down-regulated genes in Scr versus silenced cells.

(I) Heatmap of canonical pathway enrichment analysis performed on Zeb1-expressing versus -silenced (shZeb1-seq-C and shZeb1-seq-D, respectively) cells.

Cell Reports 43, 113794, February 27, 2024 3
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might have an adverse impact on leukemia, potentially due to al-
terations in the immune microenvironment.

Zeb1 gene silencing impairs the invasive ability of
leukemic C1498 cells without affecting their
proliferation

To model the activity of ZEB1 in the context of leukemia, we
started evaluating its expression in two widely used, and well-
characterized, AML murine cell lines, C1498 and WEHI-3B
cells.””'® Western blot (WB) analysis showed high levels of
ZEB1 in C1498 cells and its paucity in WEHI-3B cells (Figure 1D).
C1498 cells were stably silenced for Zeb1 using a lentiviral vector
also carrying a GFP tag to allow fluorescence-activated cell
sorting of infected C1498-GFP* cells. All target-specific short
hairpin RNA (shRNA) significantly decreased Zeb1 expression
compared to scramble transduced control (Figure 1E). In a
reverse approach, we tried to overexpress Zeb1 in WEHI-3B
cells. Despite efficient transduction, according to GFP expres-
sion and Zeb7 mRNA expression (Figure S2A), WEHI-3B cells
failed to express ZEB1 protein (Figure S2B). A similar result
was obtained transducing ZEB1 in human OCI-AMLS3 cells, in
which mRNA, but not ZEB1 protein, was detectable upon gene
transduction (data not shown). Hence, we focused on murine
and human cell lines endogenously producing ZEB1 and their
silenced counterparts because it was unfeasible to force ZEB1
expression in low/negative cells. We first investigated whether
Zeb1 silencing in C1498 cells could negatively impact cell growth
or invasiveness. In vitro experiments showed that Zeb7 down-
regulation did not significantly affect cell proliferation (Figure 1F)
but had some impacts on the C1498 differentiation state,
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increasing the frequency of C1498 cells positive for the intracel-
lular markers Mac-3, CD115, and CD3'” (Table S2). Differently,
Zeb1 silencing significantly reduced the invasive properties of
C1498 cells (Figure 1G), suggesting a possible role of ZEB1 in
regulating the aggressiveness of AML cells. Given the different
behavior of Zeb1-expressing versus -silenced C1498 cells, we
compared their gene expression profiles. Results showed 56
up-regulated and 160 down-regulated genes in control versus
shZeb1-seq-C and 73 up-regulated and 91 down-regulated
genes in control versus shZeb7-seq-D (Figure 1H). Notably,
Zeb1-expressing cells had higher expression of genes related
to Myc and E2F pathways or involved in the mTOR signaling
compared to their silenced counterpart (Figure 1l). Also, Zeb1-
expressing cells had a decreased expression of inflammatory
and immune-related pathways, among them tumor necrosis fac-
tor (TNF), IFNe, and IFNy (Figure 1), confirming the human data
and supporting the involvement of ZEB1 in immune regulation.

Impaired BM engraftment of Zeb1-silenced AML cells is
associated with cytotoxic CD8* T cell expansion

To better recapitulate the AML microenvironment and to test the
immune regulatory activity of ZEB1 in vivo, Zeb1-expressing
(scramble transduced) or -silenced (shZeb1) C1498 cells were
injected orthotopically, intra-bone (i.b.), into the tibia of immuno-
competent, syngeneic C57BL/6 mice. A lower frequency of
GFP* leukemic cells was found in the BM of mice injected with
shZeb versus scramble transduced C1498 cells (Figure 2A for
shZeb1-seq-D; Figure S3A shZebi1-seqg-C). This finding was
associated with reduced extent of diffuse and nodular blast infil-
tration of liver parenchyma occurring in silenced versus control

Figure 2. Zeb1 down-regulation was associated with the promotion of a cytotoxic microenvironment

(A) Scr (n = 32) and shZeb1-seq-D (n = 26) were injected in the tibia of immunocompetent C57BL/6 mice, and the percentage of GFP* cells within the BM was
evaluated with flow cytometry 34 days post-injection. Naive mice (n = 5) were used as controls. Data represent a pool of 3 independent experiments (statistical
analysis: one-way ANOVA; for multiple comparison ****p < 0.0001; ***p < 0.001; KW test p < 0.0001).

(B) Representative hematoxylin and eosin staining of liver explanted from Scr-injected and shZeb 7-seq-D-injected mice. 10x and 20 x magnifications are shown.
(C) Extramedullary disease area quantification of liver explanted by Scr-injected and shZeb17-seqg-D-injected mice. Data represent the quantification of an in-
dividual experiment (n = 5; unpaired t test; p = 0.09).

(D) Frequencies of CD8*PD1* within the BM of control mice (CTRL B6, naive, n = 9) or mice injected with Zeb1-expressing (Scr, n = 31) or -silenced cells (shZeb1-
seq-D, n = 31). Data represent a pool of 3 independent experiments (statistical analysis: one-way ANOVA followed by Tukey’s multiple comparison, p = 0.0001;
the p values relative to the comparisons Scr versus CTRL or versus shZeb1-seq-D are shown in the figure; “p < 0.05).

(E) Frequencies of CD8*IFNy* within the BM of control mice (CTRL B8, naive, n = 9) or mice injected with Zeb 1-expressing (Scr, n = 31) or -silenced cells (shZeb1-
seg-D, n = 31). Data represent a pool of 3 independent experiments (statistical analysis: one-way ANOVA followed by Tukey’s multiple comparison, p = 0.0004;
the p values relative to the comparisons Scr versus shZeb1-seqg-D are shown in the figure; **p < 0.01).

(F) Frequencies of IFNy* cells within the gate of CD8*PD1*Ki67* (CTRL B6, n = 9; Scr, n = 26; shZeb1-seq-D, n = 26). Data represent a pool of 2 independent
experiments (statistical analysis: one-way ANOVA followed by Tukey’s multiple comparison, p = 0.0038; the p value relative to the comparisons Scr versus
shZeb1-seq-D is shown in the figure; *p < 0.05).

(G) Frequencies of CD8 exhausted (PD1*TIM3*) cells within the BM of control mice (CTRL B8, naive mice, n = 4) or mice injected with Zeb7-expressing (Scr, n = 6)
or -silenced cells (shZeb1-seg-D, n = 12) (statistical analysis: one-way ANOVA followed by Tukey’s multiple comparison, p = 0.0178; the p value relative to the
comparisons Scr versus CTRL or Zeb D is shown in the figure; *p < 0.05; ***p < 0.001).

(H) Percentage of CD8"0OX40" lymphocytes within the BM of mice (CTRL B6, n = 9; Scr, n = 22; shZeb1-seq-D, n = 26). Data represent a pool of 2 independent
experiments (statistical analysis: one-way ANOVA followed by Tukey’s multiple comparison, p = 0.0009; the p value relative to the comparisons Scr versus
shZeb1-seq-D is shown in the figure; **p < 0.01).

(I-P) mRNA levels of (I) Perforin1 (Prf1) (KW test, p = 0.001; *p < 0.05; **p < 0.01); (J) Granzyme B (Gzmb) and (K) Ox40L (Tnfsf4) (KW test, p = 0.002; *p < 0.01); (L)
Tnf, (M) Ifng, and (N) Arginase 1 (Arg1) (KW test, p = 0.0133); (O) /10 (KW test, p = 0.0458; *p < 0.05); and (P) //1b (KW test, p = 0.0458; *p < 0.05) and within the BM
of mice injected with C1498-expressing (n = 8) or -silenced cells (n = 11). BM of naive mice (n = 3) was used as control.

(Q) Suppression assay performed by culturing irradiated Scr and shZeb1-seqg-D cells with «CD3-aCD28-stimulated proliferation-dye-labeled T cells at different
ratios. Proliferation was assessed 48 h afterward. Data represent 1 experiment out of 3 performed (n = 3 biological replicates).

(R) Percentage of IFNy-expressing CD8 T cells in the co-culture (n = 8 biological replicates/group).

(S and T) Frequency and mean fluorescence intensity (MFI) of CD69 on CD8 T cells (statistical analysis: unpaired t test **p < 0.01; *p < 0.05; n = 9 biological
replicates/group). See also Figures S2-S4 for additive data.

Cell Reports 43, 113794, February 27, 2024 5



¢? CellP’ress Cell Reports

OPEN ACCESS

A B (o3 D
60 60 * 60 25 * x
* o L2
©o 50 w2 50 » 2 50 398 20
X8 T3 28 8o o,
Ly 40 £ v 40 o x 40 PERE
b T Ly 53 5 8 S
g0 %= e £9 32 10
Of 20 5E 20 5E 20 5 E —:E
o . o = o B - >
= 0] b FE 10 *3 10 B = @
0 0 0 0 5 .
0 N Q © N Q P @ Q b 'S Q
Q}? N o Q}jb & P o & > «Qy {b& cf’o‘
P & ¥ K & o & e K & S N
O (oo 0\ [d) "00 0\ O of 3 =) éc
& [ & 49
¥ & & &
& 5 3
G
E F .
50 il . 80 g =
o2 2Q P
§ 3 g % 60 b okok »
e 25
NQ ~ Q0
50 28
5E 5 £ 2 Tregs ~
Rz RE
2
0
RS
c}& 3
iL10
H I J kKK K L
Fokkk 10 Kok ) _—
264 T = 8
g . 8 e 2 &
220 & S 2 c g2
) o + a = o
,i( [=3 3 N~ X c o X
=915 o -0 (<] -Q
s s e ~ o¢g
o F + T - =R
=X 10 < S - Cw
58" fa) 2a = =
° o 20 o <
S c 5 o C s a
£ = - ©
3 ° ]
3° L
& &
& N
9 ,Lé,o
X
M N
8- G 80- LIVER
2 0 *k
8 87 3 60
o
+ +
a o a s
o 4 o 40-
o 0]
3 5
X 24 X 201
otune
0- . i 0-
Isotype alL-17A Isotype alL-17A Isotype «alL-17A  Isotype alL-17A
Scramble ShZeb1 seq D Scramble ShZeb1seq D

Figure 3. Zeb1 expression is associated with an expansion of lymphocytes producing IL-17A that, in turn, promote AML aggressiveness
(A) Frequency of Treg cells (CD4*CD25*Foxp3*) within the BM of control mice (CTRL B6, naive, n = 9) or mice injected with ZEB1-expressing (Scr, n = 33) or
-silenced cells (shZeb1-seq-D, n = 31).

(B and C) Frequency of activated CD4 lymphocytes producing (B) TNF and (C) IFN+y (CTRL B8, naive, n = 9; Scr, n = 22; shZeb1-seq-D, n = 25) (statistical analysis:
KW test, p = 0.0388; for the multiple comparisons: *p < 0.05).

(D-F) Frequency of (D) IL-17* CD3"* cells (CTRL B6, naive, n = 3; Scr, n = 16; shZeb1-seq-D, n = 17) (statistical analysis: KW test, p = 0.0289; for the multiple
comparisons: *p < 0.05); (E) IL-17* CD4* cells (CTRL B6, naive, n = 9; Scr, n = 28; shZeb1-seq-D, n = 16) (statistical analysis: KW test, p = 0.0115; for the multiple

(legend continued on next page)
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injected groups (Figure 2B). Notably, the silenced group, exem-
plified by shZeb1-seq-D cells, showed leukemic cells mostly
confined around blood vessels (Figures 2B and 2C). A reduction
in the frequency of C1498 was also observed in the ovary of in
mice injected with shZeb1 cells (Figure S3B). Notably, the
reduced capacity of shZeb1 cells of extramedullary colonization
was better demonstrated in experiments in which AML cells
were injected intravenously (i.v.), which is a route of injection fa-
voring liver dissemination.

The relevance of Zeb1 in shaping the AML immune microenvi-
ronment was investigated by multiparametric flow cytometry
analysis performed on BM cells of mice given an intrabone
(i.b.) injection of shZeb1-silenced or Zeb1* C1498 AML cells.

We found increased frequency of CD3* cells in the BM of mice
injected with Zeb1-silenced than Zeb1* cells (shZeb1-seg-C in-
jectionin Figure S3C). This increase in T cells was not due to major
CD4* cell increment (shZeb7-seqg-C injection in Figure S3D) but
was mainly due to a significant expansion of CD8" T cells in the
BM of mice bearing shZeb1-seqg-D cells versus scramble-treated
C1498 cells (Figure S3E) (shZeb1-seq-C injection in Figure S3F).

Looking at the CD8 subpopulations, we observed a higher fre-
quency of CD8*PD1* (Figure 2D) and CD8*IFNy™ (Figure 2E)
T cells in the BM of mice receiving Zeb1-silenced than Zeb1*
control cells. Since PD1 is expressed on activated CD8 T cells
but is also a marker of exhaustion, another marker of exhaustion,
such as TIM3, was evaluated along with the ability to produce
IFNy. We found an increased CD8"PD™1"Ki67*IFN+y* cell fraction
(Figures 2F; Figures S3G and S3H for the shZeb1-seq-C injec-
tion). Concomitantly, the reduction of PD1*TIM3* cell frequency
(Figures 2G; Figure S3H for the shZeb1-seqg-C injection) in the
BM of mice injected with Zeb7-silenced cells confirms that
Zeb1 down-regulation in leukemic cells unleashes the expansion
of activated T cells. Accordingly, the frequency of OX40*CD8*
lymphocytes was higher in BM injected with Zeb1-silenced cells
than controls (Figure 2H).

The activation of CD8" T cell in the BM was supported by gPCR
analysis performed on total BM cells showing the up-regulation of
Perforin1 (Prf1) and Ox40QlI (tnfsf4) and a trend in increase of Gran-
zyme B, Ifng, and Tnf (Figures 2|1-2M) in mice injected with
shZeb1-seq-D compared to controls. This phenotype was paral-
leled by the decrease of genes encoding for immunosuppressive
molecules, including Arg1, II10, and II13 (Figures 2N-2P). To
further test the direct impact of ZEB1* C1498 AML cells on
CD8 T cell activity, we performed an in vitro assay in which
2 CD3/aCD28-stimulated carboxyfluorescein succinimidy! ester-
labeled T cells were cultured with either Zeb7-silenced or
Zeb1* C1498 cells. Results show that Zeb1™ cells suppressed
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CD8 T cell proliferation if compared to shZeb1-seq-D-silenced
cells (Figure 2Q). On the contrary, the presence of shZeb1-seq-
D cells in the T cell co-culture was associated with an increased
expression of activation markers, such as CD69 (both frequency
and activation; Figures 2R and 2S), and to an increased produc-
tion of IFNy in CD8 T cells (Figure 2T). The same experiment has
been done with shZeb1-seg-C-silenced cells, and results are
shown in Figures S3|-S3L.

ZEB1 promotes Th17 development to support liver
infiltration of leukemia cells

To further characterize the ZEB1-dependent immunosuppressive
effect on the BM microenvironment, we analyzed the CD4* pop-
ulation in the BM of mice injected with shZeb7-silenced or
scramble transduced C1498 AML cells. Although the overall fre-
quency of CD4 T cells was not different, the fraction of Treg cells
was slightly reduced (Figure 3A) in favor of a statistically significant
expansion of TNF-producing CD4" cells (Figure 3B) and a trend
toward increase of IFNy*CD4" (Figure 3C) cells in the Zeb1-
silenced group. Furthermore, we observed an expansion of IL-
17* lymphocytes (Figures 3D and 3E), also including IL-17" Treg
cells (Figure 3F) in the BM of mice injected with Zeb1" parental,
in comparison to shZeb7-seqg-D-silenced cells (data relative
shZeb1-seq-C-silenced cells are shown in Figures S3M and
S3N). Notably, paralleling in vivo findings, in vitro co-culture exper-
iments between T cells and C1498 cells showed an induction of
Th17 cells when T cells were cultured in the presence of Zeb1-
competent cells. Notably, these experiments also showed an
increased frequency of total Treg cells and of IL-17*IL-10* Treg
cells when Zeb1-competent cells were co-cultured with T cells
(Figures 3G-3J). In line with this, the expression levels of IL-17
and IL-10 were significantly higher in Treg cells co-cultured with
parental C1498 cells (Figures 3K-3L).

To test the relevance of IL-17A production by CD3*, CD4*,
and Treg cells on AML cell growth and dissemination in vivo,
IL-17A-neutralizing or isotype-matching monoclonal antibodies
(mAbs) were given every 3 days to mice implanted with Zeb1-
competent or -silenced cells. In line with early experiments sug-
gestive of a limited effect of IL-17 blockade against C1498 cell
engraftment in the BM and a more evident impact against liver
engraftment, additional experiments changing the route of AML
cell injection from i.b. to i.v. showed significant impaired infiltra-
tion of C1498 cells into the liver in the presence of anti-IL-17
Abs in comparison to the isotype control group (Figures 3M
and 3N). The almost unchanged engraftment of C1498-GFP
cells in BM compared to a strong reduction against liver
spreading under treatment with anti-IL-17A-neutralizing Abs

comparisons: **p < 0.01); and (F) Treg cells (CD4*CD25*Foxp3*) producing IL-17A (CTRL B6, naive, n = 9; Scr, n = 32; shZeb1-seq-D, n = 18) (statistical analysis:

KW test, p = 0.0005; for the multiple comparisons: *p < 0.05; ***p < 0.001).

(G-L) In vitro induction of Treg cells/Th17 differentiation. Irradiated Scr and shZeb1-seqg-D cells were cultured in the presence of «CD3-0.CD28-stimulated T-cells.
The differentiation of Treg/Th17 cells was assessed after 72h. (G) Representative gating strategy; (H) frequency of IL-17+ effector T-cells (Foxp3~); (I) frequency of
CD4*Foxp3* Treg cells; (J) frequency of IL-107IL-17* Treg cells; (K) MF1 of IL-17 on Treg cells; and (L) MFI of IL-10 on Treg cells. Biological replicates: n = 14/group

(statistical analysis: Mann-Whitney t test **p < 0.01, ***p < 0.001; ****p < 0.0001).

(M-0) Immunocompetent mice were injected with either C1498 Scr or Zeb1-silenced cells (5E+5 cells intravenously [i.v.]) at day 0 and then treated with anti-IL-17
neutralizing antibody or its isotype control (50 pg i.p.) every 3 days. Mice were sacrificed after 30 days, and BM and livers were harvested for fluorescence-
activated cell sorting (FACS) analysis. Frequency of GFP* cells within the (M) BM and (N) liver of mice injected with Zeb7-expressing or -silenced cells and treated
with isotype control (Scr n = 13; shZeb1-seq-D n = 7) or alL-17A (Scr n = 14; shZeb1-seq-D n = 7) (statistical analysis: Mann-Whitney t test **p < 0.01). See also

Figures S2 and S3 for additive data.
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suggests a major role of IL-17A in AML dissemination. Notably,
the tratement with allL-17-blocking mAbs did not affect AML
cell engraftment in mice injected with shZeb7-seqg-D-/seq-
C-silenced cells (Figures 3M and 3N).

ZEB1 supports IL-23, TGF-§, and IL-6 expression toward
Th17 development

To provide more insights into the mechanism through which
ZEB1 regulates Th17 development, we evaluated the expression
of main regulators of Th17 differentiation, //6, Tgfb1, and /123a,'®
in Zeb1-silenced cells and controls. Results show that Zeb1
silencing reduced /123, 16, and Tgfb1 expression in C1498 cells
(Figures 4A-4C).

Subcloning C1498 cells at the single-cell level revealed a
direct correlation between the Zeb? mRNA level and the
mRNA levels of Tgfb1 (r = 0.7653; p < 0.0001; Figure 4D) and
1123a (r = 0.60; p = 0.0023; Figure 4E) but not of /I6 (r = —0.21),
suggesting that Tgfb1 and [123a gene could be direct targets of
ZEB1 activity, whereas IL-6, which is down-regulated in silenced
cells, might be an indirect consequence of the above regulation,
albeit functionally relevant. Indeed, in vitro co-culture experi-
ments between T cells and C1498 cells showed a reduction in
Th17 development in the presence of mAbs blocking IL-6 or
IL-6 plus IL-23 (Figure 4F).

To better understand how IL-17A might promote AML cell
dissemination in relation to ZEB1 expression, Zeb1-silenced and
Zeb1* C1498 cells were stimulated with recombinant mouse
(rm) IL-17 and tested for cell proliferation. Interestingly, rmlL-17
significantly increased the proliferation of Zeb1* cells (Figures 4G
and 4H) but not of Zeb1-silenced cells (Figures 4l and 4J), sug-
gesting in some way the existence of a relationship between
ZEB1 and the capacity of responding to rIL-17, independently
from the IL-17R, which is expressed equally in silenced and
parental cells (Figure S4A). In line with this, we found a direct cor-
relation between the rate of proliferation in the presence of IL-17
and Zeb1 mRNA level in C1598 clones (r = 0.455; p = 0.0291). In
parental C1498 cells, rmIL-17 treatment increased the expression
of Tgfb1 and /l6 but also of Socs2 and mmp9 (Figures 4K-4N),
which are relevant marker of AML aggressiveness®>?' directly
associated with blast invasion capacity.®”
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To understand the significance of SOCS2 up-regulation in
AML cells, C1498 cells were transiently silenced for Socs2. In
this experiment, we used 1 scramble and 3 target-specific se-
quences. We show that Socs2 inhibition reduced mmp9 expres-
sion in C1498 cells and that such a phenotype was associated
witha reduced invasive capacity of C1498 cells (Figures 40-4Q).

To corroborate mouse data in the human setting, we initially
investigated ZEB1 expression in a panel of 6 different leukemic
cell lines. Among them, only the K562 cells were found to express
ZEB1 along with SOCS2 (Figure 5A), allowing the generation of its
ZEB1-silenced counterpart that proved to be also down-modu-
lated for SOCS2 in both WB and qPCR analyses (Figures 5B-
5D) with no impact on cell differentiation status (Figures S4B
and S4C). Notably, the ZEBT-silenced variant also showed
reduced expression of /L.23 and TGFB1 (Figures 5E and 5F).**
Furthermore, K562 cell stimulation with rhiL-17 confirmed the in-
duction of SOCS2, MMP9, and IL6 (Figures 5G-5I).

Remarkably, the relevance of SOCS2 for ZEB1* AML was
further confirmed in human AML showing the increased expres-
sion of SOCS2 in ZEB1"9" patients (Figure 5J) in 7 merged inde-
pendent cohorts from publicly available datasets (GEO:
GSE15434, GSE16015, GSE12417, GSE37642, GSE6891, and
GSE161532 and TCGA) included in Figure 1.

ChIP-gPCR experiments show that IL-17 sustains the
binding of ZEB1 to IL-23, TGF-$1, and SOCS2 promoters
and enhancers

To verify that molecules whose expression is affected by ZEB1
depletion are direct targets of this EMT regulator, we interrogate
ENCODE web source to prioritize their candidate cis-regulatory
elements (cCREs), including active promoters and enhancers,
and repressed chromatin, inferred by H3K4mel, H3K4me3,
H3K27ac, and H3K27me3 chromatin immunoprecipitation
sequencing (ChIP-seq) peaks in K562 cells. ENCODE ZEB1
ChiP-seq was available for the GM12878 lymphoma cell line.
DNA sequences mapping at the potential cCREs were scrutinized
for putative consecutive E-box-based binding sites (CANNTR-
containing sequences) for ZEB12* through JASPAR, and primers
encompassing these regions were designed to perform ChIP-
gPCR in control and rIL-17-stimulated K562 cells. By this

Figure 4. IL-17A stimulation promotes the expression of genes associated with leukemic cell aggressiveness
(A) Semi-quantitative gPCR analysis for //6, (statistical analysis: t test; *p < 0.05; n = 6/Scr; n = 5 shZeb1-seq-D).

(B) gPCR analysis for Tgfb1 (n = 4/Scr; n = 5 shZeb1-seqg-D).
(C) gPCR analysis for //23a (n = 4/Scr; n = 3 shZeb1-seq-D).

(D and E) C1498 cells were cloned to generate different subclones with variable Zeb1 expression. For every clone, we evaluated Zeb1, Tgfb, and //23 mRNA levels.
The graph in (D) shows the direct correlation between Zeb1 and Tgfg mRNA levels (r = 0.76; p < 0.0001); (E) shows the direct correlation between Zeb1 and /123
mRNA levels (r = 0.60; p < 0.0023).

(F) Frequency of Th17 cells from experiments in which C1498 cells were co-cultured with «CD3/aCD28-stimulated T cells in the presence of mAbs blocking IL-6
(10 pg/mL) and IL-23 (10 pg/mL) (n = 4/experimental group).

(G-J) Cell proliferation of C1498-expressing (Scr) (G and H) or -silenced (shZeb 1-seg-D) (I and J) cells upon IL-17A stimulation (50 ng/mL) assessed by tetrazolium
salt XTT assay after 24, 48, and 72 h. Cell proliferation for each time point was calculated as the (Abs at 450 nm - Abs at 670 nm). Bar plots show the proliferation at
48 h. Data represent a pool of 2 experiments; n = 12/group (statistical analysis: two-way ANOVA; multiple comparison test: **p < 0.01; ****p < 0.0001).

(K-N) gPCR showing the induction of Tgfg (K, n = 5), ll6 (L; n = 8), Socs2 (M, n = 7), and Mmp9 (N, n = 7) upon stimulation (7 days) with IL-17A 50 ng/mL in Zeb1-
expressing cells (statistical analysis: paired t test; *p < 0.05).

(O) gPCR levels of Socs2 after 48 h transient silencing performed on C1498 parental cells (n = 6/group; statistical analysis: one-way ANOVA *p < 0.05).

(P) Mmp9 expression levels in Socs2-silenced cells (n = 6/group; statistical analysis: one-way ANOVA *p < 0.05; **p < 0.01).

(Q) In vitro invasion assay performed on C1498 silenced for Socs2 using 24-well Transwell plates (5 um pore size) coated with 1 mg/mL Matrigel growth factor
reduced basement membrane matrix. Two experiments performed with three consecutive fields per Transwell counted (the points represent the media of each
experiment). See also Figure S4 for additional data.
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Figure 5. IL-17 favors ZEB1 binding to IL-23, Tgfb, and SOCS2 promoters

(A) ZEB1 expression in a panel of 6 different leukemic cell lines evaluated by western blot.

(B) Stable knockdown of ZEB1 in K562 using lentiviral vectors evaluated by western blot. B-Actin was used as internal control.

(C—F) Semi-quantitative qPCR analysis for (C) ZEB1, (D) SOCS2, (E) IL23A, and (F) TGF in K562 cells silenced for ZEB1 and relative Scr control.

(G-1) Semi-quantitative qPCR showing the induction of (G) SOCS2 (*p < 0.05), (H) MMP9, and (l) IL6 (**p < 0.01) upon stimulation (7 days) with IL-17A 50 ng/mL in

ZEB1-expressing cells (n = 3 biological replicates/group).
(J) SOCS2 expression level in the AML dataset.

(K) Zeb1 enrichment at cCREs of TGFB1, IL23A, and SOCS2 genes. Calling of Zeb1 binding and permissive chromatin marks at cCREs for Zeb1 occupancy was
addressed by the ENCODE Project (see Figures S5-57) and verified by ChIP-gPCR in K562 cells. By setting the level of biological significance at 2-fold the value

of background (NegCntrl: dashed red line for control cells; dotted red line for rlL-

17-stimulated cells), three Zeb1 binding sites were confirmed at promoters of

SOCS2 (peaks 3835/3837) and TGFB1 (peak 8917) in control cells (p < 0.005). Most of the cCREs showed improved ZEB1 occupancy with significance following
rlL-17 stimulation (statistical analysis: paired t test between control (Contrl) and treated cells; unpaired t test between each cCREs and corresponding NegCntrl;

*p < 0.05; **p < 0.01). See also Figures S5-S7 for additive data.

approach, to corroborate gene expression data, we assayed
ZEB1 direct binding to cCREs within 50 kb of TGF-p1, IL-23A,
and SOCS2 transcription start sites, as well as an unrelated nega-
tive control locus (centered on the rs667515 SNP mapping at
chr11g13.3) devoid of clustered E-box motifs, and of H3K4me3/
H3K27ac permissive chromatin marks. As shown in Figures 5K
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and S5A-S5C, the ZEB1 transcription factor significantly binds
to each locus analyzed, as opposed to immunoglobulin G~ con-
trols, which might indicate its widespread distribution in the
genome due to its affinity to degenerate ZEB1 motifs and to addi-
tional binding sites in cooperation with co-factors.>> However,
most of the cCREs assayed show an enrichment of ZEB1
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occupancy as compared to the unrelated control locus. Notably,
cells stimulated by rlL-17 demonstrated the most up-regulation of
ZEB1 binding to these loci, which parallels an increase of permis-
sive chromatin marks at certain cCREs (Figures 5K and S5-S7).
This finding appears to underpin ZEB1-dependent up-regulation
of these target genes by IL-17.

Underscoring the Th17-ZEB1 axis in human AML reveals
an association between ZEB1 and AML relapse
To further challenge the association between ZEB1 expressionin
leukemic blasts and Th17, we performed a double immunofluo-
rescence (IF) staining on archival BM biopsies from 26 patients
with AML divided into ZEB1"9" and ZEB1'°" according to the
median number of ZEB1* nuclei, which ranged from 0.5% up
to 60% (Figure 6A). Results show a higher number of CD3*IL-
17+ cells in ZEB1"9" than ZEB1'°" AML cases (Figures 6B and
6C), with a positive correlation between ZEB1 levels and the
number of CD3*IL-17A" cells (Figure 6D). Accordingly, a gene
signature able to identify Th17 cells in TSGA AML cohorts using
the GEPIA2 tool revealed an association with poor outcome in
terms of OS (Figure 6E) in patients enriched for this signature.
Given the known activities of ZEB1 in drug resistance,*® we
investigated its possible role in AML relapse. To this end, we per-
formed in silico studies using gene expression profiling analysis
on paired AML blasts obtained at diagnosis and relapse (GEO:
GSE66525).>” We found a remarkable increase of ZEB1 expres-
sion in relapsed samples compared to the baseline at diagnosis
(Figures 7A and 7B), along with increased expression of SOCS2
(Figure 7C). Concordantly, in these same patients, the higher
level of ZEB1 in relapsed patients was associated with the
enrichment of the Th17 pathway (Figure 7E). Moreover, by inves-
tigating the differentially expressed hallmarks at relapse
compared to at diagnosis, we found up-regulation of MYC tar-
gets and ultra-violet (UV) response and a down-regulation of in-
flammatory response, allograft rejection, and IFNy response
(Figure 7E), all pathways related to ZEB1* blasts. This finding
supports the hypothesis that relapsed AML is enriched in
ZEB1" blasts that maintain the ZEB1-driven Th17 skewing.

Association between ZEB1 and chemoresistance

To test the relevance of ZEB1 in chemotherapy response, we
went back to immune-competent mouse models and treated
AML-bearing mice with cytarabine (AraC) in vivo. To this end,
C57BL/6 mice were injected i.b. with scrabble C1498 cells or
Zeb1-silenced clones. Starting 9 days after leukemia cell injec-
tion, mice were treated with AraC (50 mg/kg) (Figure 7F). Results
show that AraC treatment was more efficient in reducing the AML
cell engraftment of Zeb-17-silenced than Zeb-1-proficient leuke-
mia cells. Indeed, mice injected with Zeb-17-silenced cells
showed increased OS, evaluated using humane endpoint criteria
(Figure 7G), paralleled by a reduced frequency of leukemia cells
in BM, liver, and ovary when euthanized (Figures 7H-7J).

DISCUSSION
Nowadays, it is widely accepted that AML cells can influence the

BM microenvironment to their own advantage such as to create
a peculiar niche that supports their survival, resistance to ther-
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apy, and immune evasion. Nevertheless, beside IFNy, no other
molecular drivers active in molding the BM immune microenvi-
ronment under AML influence have been characterized in
depth.>?® Here, we demonstrate a previously unknown activity
of the EMT regulator ZEB1 in shaping the BM immune microen-
vironment, when expressed by leukemic blasts, sustaining AML
progression. Our data indicate that ZEB1 directly orchestrates a
T cell immune microenvironment favoring Treg cells and Th17
cell expansion. IL-17, in turns, promotes proliferation and inva-
sion of ZEB1* cells.

Previous studies performed on AML characterized by the
MLL-AF9 fusion gene showed ZEB1 expression associated
with aggressive LT-HSC-derived AML and with reduced OS.
Regarding the potential oncogenic activity of ZEB1 in
AML,®%15 discordant pieces of evidence have been published.
Almotiri and colleagues postulated that ZEB1 acts as a transcrip-
tional regulator of hematopoiesis and that its expression is
required to suppress leukemic potential in AML models.?® These
data might fit with our failure in over-expressing ZEB1 protein
despite efficient gene transduction and mRNA expression in
both mouse and human cell lines that endogenously are low/
negative for ZEB1. Differently, the possibility of silencing ZEB1
where it is spontaneously expressed suggests a cell-dependent
protein dosage limitation. Our analysis of ZEB1 expression and
distribution in larger datasets, including those evaluated by Al-
motiri, revealed that when patients were categorized into two
groups based on the median level of ZEB1 expression, it is
possible to identify two distinct groups, ZEB1"9" and ZEB1'"°",
each with unique immunological and molecular characteristics.
At the molecular level, ZEB1"9" patients with AML showed
increased expression of pathways related to MYC, IL-17,
SOCS2, TGF-B, and HEME metabolism and down-modulation
of inflammatory pathways, along with a negative association
with OS. However, it is important to emphasize that, when eval-
uated at the RNA level in datasets, the expression of ZEB1 can
be lower than in normal BM that is rich in ZEB1* cells (granulo-
cytes, T cells). This is in line with the immunohistochemistry
(IHC) analysis showing that ZEB1 staining does not always
encompass the entire blast population. What is to be under-
scored is that, although underrepresented, ZEB1* blasts with
their distinctive characteristics could have highly significant
functional relevance, for example being more refractory to
chemotherapy treatment, as shown in a preclinical study per-
formed by treating C1498-bearing mice with AraC. This is in
line with the concept that although clonal evolution is associated
with AML resistance after chemotherapy or hematopoietic stem
cell transplantation, leukemia cells initially present at disease
onset may also have features of intrinsic resistance associated
withimmune regulatory functions and be responsible for relapse.

Our IHC/IF analyses and in silico data from GEO: GSE66525
indicate that the presence of ZEB1* blasts is associated with a
unique immune environment rich in Th17 cells and Treg cells.
Extending the analysis of ZEB1 to larger cohorts of patients
will help define whether ZEB1 could be endowed with a prog-
nostic role.

If the prognostic role of ZEB1 is not known, then there
are already data demonstrating the prognostic relevance of
the associated immune microenvironment. Musuraca and
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Figure 6. ZEB1"9" |evels in patients with AML positively correlate with the expansion of IL-17* CD3 cells

(A) ZEB1 quantitative analysis of immunohistochemical staining performed using the Image Analysis software provided by Leica (“nuclear hub” tool) (statistical
analysis: Mann-Whitney t test “***p < 0.0001).

(B) Quantification of CD3*IL-17" cells within the BM of ZEB1"9" (n = 9) and ZEB1"°¥ (n = 17) patients with AML (statistical analysis: Mann-Whitney t test
****p < 0.0001).

(C) Representative immunohistochemical staining for ZEB1 and immunofluorescence for CD3*IL-17A* evaluation (CD3 in green and IL-17A in red) performed on
26 archival BM biopsies of patients with AML (University of Palermo cohort). Original magnifications, X200 and x400. Scale bars, 50 and 100 um.

(D) Positive correlation between ZEB1* cells and CD3*IL-17A" infiltrate (statistical analysis: Pearson’s correlation; r = 0.6265; p < 0.0001).

(E) OS of patients with AML (TCGA) with high and low Th17 infiltration. 16 genes (CXCL3, IL22, IL3, CCL4, GZMB, LRMP, CCL5, CASP1, CSF2, CCL3, TBX21,
ICOS, IL7R, STAT4, LGALS3, and LAG3) were used to define specific cell populations.

colleagues described a population of IL-17/IL-10-secreting im-
mune suppressive Th17 cells that could identify patients with
AML with a higher risk of severe infections and relapse.*°

and a molecule directly involved
aggressiveness.”*’
In the present study, we demonstrate that IL-17 could be a po-

in controlling leukemia

Furthermore, SOCS2, which is induced in leukemic blasts
upon rlL-17 treatment, is a well-known AML prognostic factor

12 Cell Reports 43, 113794, February 27, 2024

tential chromatin regulator able to enhance the binding of ZEB1
to target promoters, providing a sort of feedback loop that
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Figure 7. Relevance of Th17-ZEB1 axis in AML relapse

(A and B) ZEB1 expression levels in the in 11 patients with AML (GEO: GSE66525) (A) also matching each patient at diagnosis (Dx) and relapse (Rel) (B).

(C) Expression levels of SOCS2 at Dx and Rel in the same dataset.

(D) IL-17 enrichment pathway at Rel versus at Dx.

(

(

injection.

(G) KM survival analysis in mice injected i.b. with Scr (n = 12 untreated versus 1

E) Hallmark pathways enriched or down-regulated in relapsed patients compared to patients at Dx.
F) Schematic representation of the experiment. Mice were injected i.b. with the different cell lines and treated with cytarabine (AraC) starting at 7 days after cell

2 treated with AraC), shZeb7-seq-C (n = 10 untreated versus 9 treated with AraC),

and seq-D-silenced cells (n = 11 untreated versus 10 treated with AraC). KM was obtained according to human endpoints (HEPSs) (statistical analysis: log-rank

[Mantel-Cox]; p = 0.0006).
(H-J) Frequency of leukemia cells in BM, liver, and ovary at sacrifice (statistic

causes a different gene expression not sustained by underlining
mutations (called “epigenetic”).

We also show that IL-17 promotes invasion and proliferation of
ZEB1" cells only, despite both Zeb1-silenced and parental cells
having the same level of IL-17R expression. Our ChIP-gPCR

al analysis: KW test, multiple comparison test; *p < 0.05; **p < 0.01).

analysis, along with data from the ENCODE Project, supported
the direct binding of ZEB1 to SOCS2, TGFB1, and IL23A regula-
tory regions. ZEB1 binding to the cCRE appears to regulate
expression of rlL-17 downstream targets through activation of
specific candidate regulatory regions.
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It remains to be understood why IL-17 exerted some anti-pro-
liferative activity on Zeb-1— cells. An anti-proliferative activity of
IL-17 has been described only in adult T cell leukemia, where the
activation of a RORC/IL-17 pathway had a negative impact on
clonality and proliferation.®? Despite the in-depth and detailed
phenotypic characterization of C1498 cells that demonstrated
in vitro and in vivo the myeloid differentiation,’” some leukemic
cells express T cell markers. These cells are present in higher fre-
quency in Zeb1-silenced cells. Therefore, it is possible that the
negative effect of IL-17 on proliferation could be ascribed to
the effect of IL-17 in this fraction of leukemic cells.

Although there has been advancement in understanding the
disease and its treatment strategies, there is a pressing require-
ment to unravel the fundamental factors associated with AML
cases that have a high likelihood of progression and recurrence.
This comprehension is vital for the development of novel diag-
nostic pathways and treatment methods aimed at improving pa-
tient outcome. Despite the improvements in the treatment,
relapse still represents a common scenario in AML, occurring
in 40%-50% of younger and the great majority of elderly pa-
tients.*® We suggest that ZEB1 could be a candidate predictive
marker to be targeted using specific approaches.

Finally, our findings, linking ZEB1 to AML immune suppres-
sion, are mirrored in solid tumors where EMT factors contribute
to immune evasion®~°° and highlight the need to further investi-
gate the molecular mechanisms by which tumor-intrinsic EMT-
related pathways affect the microenvironment.

Limitations of the study

The study is constrained by its emphasis on mechanistic as-
pects, particularly generated on cell lines instead of primary
AML samples. Nevertheless, it is worth mentioning that the rela-
tionship between Th17 cells and ZEB1 has been observed in
AML patient biopsies despite this limitation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal rat anti-mouse CD11b (clone M1/70) BD cat#563402; RRID:AB_2738184
Monoclonal mouse anti-human CD66b (clone G10F5) BD cat#562940; RRID:AB_2737906
Monoclonal mouse anti-human CD15 (clone HI98) BD cat#563838; RRID:AB_2738444
Monoclonal mouse anti-human CD16 (clone 3G8) BD cat#561248; RRID:AB_10612010
Monoclonal mouse anti-human CD14 (clone M5E2) BD cat#555397; RRID:AB_395798
Monoclonal rat anti-mouse CD71 (clone M-A712) BD cat#748082; RRID:AB_395918
Monoclonal mouse anti-human HLA-DR (clone LN3) eBioscience cat#47-9956-42; RRID:AB_1963603
Monoclonal mouse anti-human CD33 (clone HIM3-4) Invitrogen cat#12-0339-42; RRID:AB_10855031
Monoclonal mouse anti-human CD10 (clone HI10a) Biolegend cat#312228; RRID:AB_2565878
Monoclonal mouse anti-human CD3 (clone HIT3a) BD cat#740961; RRID:AB_2740586
Monoclonal mouse anti-human CD8 SK1 (clone SK1) BD cat#563919; RRID:AB_2722546
Monoclonal mouse anti-human Lineage Cocktail 1 BD Cat#340546; RRID:AB_400053
Monoclonal rat anti-mouseCD45 (clone 30F11) eBioscience Cat #14-0451-82; RRID:AB_467251
Monoclonal hamster anti-mouse CD3 (clone 145-2C11) BD Cat #564379; RRID:AB_2738780
Monoclonal rat anti-mouse CD45R (clone RA3-6B2) BD Cat #552094; RRID:AB_394335
Monoclonal rat anti-mouse CD115 (clone AFS98) Biolegend Cat #25-1152-82; RRID:AB_2573386
Monoclonal rat anti-mouse CD18 (clone M18/2) BD Cat #744597; RRID:AB_2742346
Monoclonal rat anti-mouse CD107b (clone M3/84) eBioscience Cat #12-5989-82; RRID:AB_466103
Monoclonal rat anti-mouse Ly6G (clone 1A8) BD Cat #562737; RRID:AB_2737756
Monoclonal rat anti-mouse Ly6C (clone AL-21) BD Cat #563011; RRID:AB_2737949
Monoclonal rat anti-mouse CD8a (clone 53-6.7) BioLegend Cat #100714; RRID:AB_312753
Monoclonal rat anti-mouse CD4 8clone GK1.5) eBioscience Cat #12-0041-81; RRID:AB_465505
Monoclonal rat anti-mouse CD134 (OX-86) eBioscience Cat #17-1341-82; RRID:AB_10717260
Monoclonal rat anti-mouse CD25 (clone PC-61) BD Cat #564021; RRID:AB_2738547
Monoclonal rat anti-mouse, human FOXP3 eBioscience Cat #45-5773-82; RRID:AB_914351
(clone FJK-16s)

Monoclonal mouse anti-human Ki-67 (B56) BD Cat #561126; RRID:AB_10611874
Rat anti-mouse CD279 (clone RMP1-30) BD Cat #748268; RRID:AB_2872696
Rat anti-mouse TNF-a (clone MP6-XT22) BD Cat #563386; RRID:AB_2738172
Rat anti-mouse IL-17a (clone TC11-18H10) BioLegend Cat #506910; RRID:AB_536012
Mouse anti-mouse CD366 (clone RMT3-23) BD Cat #747626; RRID:AB_2744192
Monoclonal mouse anti mouse/rat/rabbit/ Sigma Cat #A1978; RRID:AB_476692
human B—actin

Polyclonal rabbit anti mouse/human/rat CD3 Abcam Cat #ab5690; RRID:AB_305055
Polyclonal goat anti-human IL-17 R&D Cat #AF-317-SP; RRID:AB_354463
Monoclonal mouse anti-human ZEB1 Abcam Cat #ab18905; RRID:AB_286

(clone OTI3G6)
Polyclonal rabbit anti-human ZEB1(E2G6Y)
Polyclonal rabbit anti-human ZEB1

Monoclonal rabbit anti human H3K27me3
(clone G.299.10)

Polyclonal rabbit anti-human H3K4me3

Cell Signaling Technology
Genetex

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat #70512; RRID:AB_2935802
Cat #GTX105278; RRID:AB_11162905
Cat #MA5-11198; RRID:AB_11000749

Cat #PA5-120809, RRID:AB_2914381

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse monoclonal H3K27ac
Histone H3 (clone D2B10)

Thermo Fisher Scientific
Cell Signaling Technology

Cat #MA5-23516, RRID:AB_2608307
Cat #4620, RRID:AB_1904005

Chemicals, Peptides, and Recombinant Proteins

InVivoMADb anti-mouse/rat IL-17A BioXCell Cat #BE0246

InVivoMADb polyclonal Armenian hamster IgG BioXCell Cat #BE0091

InVivoMADb anti-mouse IL-23 BioXCell Cat #BE0313

Recombinant human IL-17A Peprotech Cat #200-17

Recombinant mouse IL-17A Peprotech Cat #200-17

Cell Proliferation dye eFluor670 Cat #65-0840-85

Cytosine B-D-arabinofuranoside Merck Cat #C1768

rowheadCritical commercial assays

SimpleChlIP Enzymatic Chromatin IP kit Cell Signaling Technologies Cat ##9003

Transcription Factor Buffer Set BD Cat #562574

Deposited data

Raw and analyzed data This paper GEO:GSE192473

Experimental models: Cell lines

Mouse: C1498 ATCC Cat #TIB-49

Mouse: WEHI-3B ATCC Cat #TIB-68

Human: K562 ATCC Cat #CCL-243

Oligonucleotides

Primers for gPCR are Listed in Table S3

Primers for CHIP-PCR are Listed in Table S4

Recombinant DNA

pLKO.1-shZEB1-565 (MISSION®) Merck Cat #TRCN0000017565

pLKO.1-shZEB1-631 (MISSION®) Merck Cat #TRCN0000364631

pLKO.1-puro-CMV-TurboGFP™ Positive Merck Cat #SHC003

Control Plasmid DNA (MISSION®)

pGFP-C-shLenti Origine Cat # TL513177V

Software and algorithms

Prism version 9 GraphPad https://www.graphpad.com/updates/
prism-900-release-notes

FlowdJo version 10 BD https://www.flowjo.com/solutions/

flowjo/downloads

RESOURCE AVAILABILITY

Lead contact

Further information and request should be directed to and will be fulfilled by the corresponding author Sabina Sangaletti (sabina.

sangaletti@istitutotumori.mi.it)

Materials availability

This study did not generate unique reagents.

Data and code availability

® Gene expression data included in this study are available in GEO accession number GSE192473. All other original data re-

ported in this paper are available from the lead contact upon request.

® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAIL

Cell lines

The C1498 cell line, a murine AML cell line isolated from a leukemic 10-month-old C57BL/6 (H-2b) was purchased from ATCC, while
the WEHI-3B murine myelomonocyte cell line syngeneic to BALB/c mice was purchased from Sigma Aldrich (Merck, 86013003).
K562 are a human erythroleukemia cell line isolated from the bone marrow of a 53-year-old patient. Cells were cultured in DMEM
(Dulbecco’s modified Eagle’s medium) or RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific), 1% antibiotics (Thermo Fisher Scientific), 2mM glutamine, 1mM sodium pyruvate, 1mM HEPES and 1X
Minimum Essential Medium (MEM) Non-Essential Amino Acids Solution, in a humidified atmosphere containing 5% CO, at 37°C.

Animal models

Animal studies were approved by Institutional Committee for Animal Welfare and by the Italian Ministry of Health and performed in
accordance with national law D.lgs 26/2014 (authorization n. 781/2018-PR). For the experiments involving C1498 intra-bone (i.b.) in-
jection, at day 0, 2x10° Scr-C1498 or shZeb1-C1498 cells were injected into the tibia of immunocompetent 8-weeks old female mice.
After 34 days, mice were sacrificed.

For experiments using the IL-17A-neutralizing antibody, animals were injected with 5x10° Zeb7-competent or silenced C1498. Af-
ter 3 days, they were randomized. IL-17A-neutralizing or isotype control Ab (50pg/mouse) were injected i.p. twice a week. Mice were
sacrificed after 30 days and BM and liver were explanted for further FACS analyses.

Experiments with AraC were performed administering the drug at day 7, 9, 12, 14 after ib injection. In all the in vivo studies cohorts
of mice were euthanized for FACS analysis if they reached the humane endpoints (https://www.humane-endpoints.info): loss
of >15% body weight for up to 72 h (score 6), dyspnea (score 4) diarrhea (score 2) blood stool (score 6) or signs of pain and distress
including poor grooming and decreased activity, light moderate severe lameness (score 1, 4 and 6). With a score > 0 = 6 mice were
euthanized.

Patients
IHC analysis was performed on BM biopsies from retrospective AML cases (n = 26) from the University of Palermo (Protocol 443/1/
10/18, authorization number 09/2018). No clinical information concerning disease features and patients outcome are currently
available.

METHOD DETAILS

Flow cytometry analysis

For the intracellular staining we used the the Foxp3/Transcription Factor Staining Buffer Kit (Tonbo Biosciences). Samples were
analyzed with the FACSCelesta flow cytometer equipped with FACSDiva software (v 6.0) (Becton Dickinson). Flow cytometry
data analyses were performed using FlowJo software (v10.2).

Quantitative immunolocalization analyses

For immunohistochemistry (IHC), human and murine bone marrow samples were fixed in 10% buffered formalin, decalcified using an
EDTA-based buffer, and paraffin-embedded. Four micrometers tissue sections were deparaffinized and rehydrated. Novocastra
Epitope Retrieval Solution (pH9) was used to unmask antigens in a thermostatic bath at 98°C for 30 min. Subsequently, the sections
were brought to room temperature and washed in PBS. After neutralization of the endogenous peroxidases with 3% H,O, and Fc-
blocking by 0.4% casein in PBS (Novocastra), the sections were incubated with primary antibodies listed in the key resources table.
IHC staining was developed using the Novolink Polymer Detection Systems (Novocastra) or IgG-Peroxidase specific secondary anti-
body (Sigma Aldrich) and DAB (3,3'-diaminobenzidine) as substrate chromogen. Anti-mouse and anti-goat (Alexa Fluor 488 and 568
conjugate) secondary antibodies were used for immunofluorescence (IF) and DAPI (4’,6-diamidin-2-fenilindolo) for nuclei visualiza-
tion. Slides were analyzed under a Zeiss Axioscope A1 microscope equipped with four fluorescence channels widefield IF. Micro-
photographs were collected using a Zeiss Axiocam 503 Color digital camera with the Zen 2.0 Software (Zeiss). Slide digitalization
was performed using an Aperio CS2 digital scanner (Leica Biosystems) with the ImageScope software (Aperio ImageScope version
12.3.2.8013, Leica Biosystems). Quantitative analyses of IHC stainings were performed by calculating the average percentage of
positive signals in five separate fields at medium-power magnification (X200) using the Nuclear Hub Image Analysis package and
the result was expressed as a percentage.

Extramedullary disease evaluation

Livers from i.b. injected mice either with Zeb1-expressing or -silenced C1498 cells were explanted after 34 days, washed in PBS and
fixed in 10% neutral buffered formalin overnight before embedding in paraffin. Four-micrometers-thick tissue sections were depar-
affinized using xylol and firstly rehydrated in 100% ethanol for 5 min. Then, sections were incubated in 95%, 80%, 50% ethanol for
5 min and finally washed in distillated water. Sections were incubated with hematoxylin for 8 min and then washed. Eosin was added
to the tissue sections for 3 min and then washed. The stained sections were dehydrated in 70% ethanol for 2 min, 100% ethanol for
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2 min and finally in xylol twice for 5 min. Sections were mounted using Eukitt (Biosigma). Infiltrated areas were then quantified using
Leica software. For flow cytometry analysis, livers were mechanically smashed in DMEM with 10% FBS and then filtered through
70 um cell strainer. Red blood cells were lysed using a solution of Ammonium-Chloride-Potassium lysing Buffer (ACK). If necessary
a second step of filtration was made prior analysis by flow cytometry to avoid clogging issues.

Immunoblotting

40ug of the total protein lysate was separated on 8 or 12% SDS-polyacrylamide gel electrophoresis under reducing conditions and
transferred onto nitrocellulose membranes (Amersham, Biosciences). Following blocking with 5% bovine serum albumin (BSA) and
0.1% Tween 20, the membranes were incubated with the antibodies listed in the key resource table (1:1000 dilution) overnight at 4°C.
After rinsing in tris-buffered saline (TBS) 0.1% Tween 20, membranes were incubated with horseradish peroxidase conjugated goat
anti-rabbit secondary antibodies (Thermo Scientific; 1:2000) and reactions were visualized with the Western BLoT Quant HRP
Substrate (TakaraBio).

Invasion assay

2.5x10° C1498 cells either with and without silenced Zeb1 expression were resuspended in 200uL of serum-free high glucose
DMEM and placed onto the upper chamber of a 24-well Transwell plate (5-um pore size) coated with growth factor reduced
matrigel (1 mg/mL). 750uL of high glucose DMEM containing 10% FBS was added into the lower chamber. After 24 h at 37°C
and 5% CO,, top chambers, containing non-migrated cells were removed, while cells that migrated into the lower chamber
were counted using the all-in-one digital inverted fluorescence microscope (EVOS fl — advance microscopy group). Five randomly
selected fields per well were counted.

Proliferation assay

To assess the proliferation of Zeb1-expressing or -silenced cells, we used the colorimetric XTT assay. This test is based on the cleav-
age of tetrazolium salts added to the culture medium and allow the evaluation of cell viability and proliferation. Briefly, 10* cells were
seeded in a 96-well plate in 100 mL of DMEM 10% FBS for four different time point, termed to, t24, 45 and t;». For each time point,
plated cells were incubated with 50uL XTT labeling mixture per well and incubate for 4h at 37°C and 5% CO.. Absorbance of the
formazan products was measured at 450nm Tecan’s Spark Microplate reader, while the reference wavelength was read at 670nm.

In vitro suppression assay

4 x10° naive C57BI/6 splenocytes were labeled with CFSE (Carboxyfluorescein Succinimidyl ester; 10mM, SIGMA Aldrich) or with
the eBioscience Proliferation Dye eFluor670 and co-cultured with irradiated (3Gy) C1498 Zeb1-expressing or -silenced cells at
different ratio in presence of 2 pg/ml of soluble anti-CD3 and 1 png/ml of anti-CD28 to activate lymphocytes. Each sample was seeded
in triplicate. Proliferation of CD4 and CD8 T cells has been assessed after 48h by flow cytometry evaluating CFSE/proliferation dye
dilution in the CD4* and CD8* gated populations.

Human transcriptomic data analysis

For each experiment raw data were imported in R software, background corrected, log transformed and normalized using Robust
Multichip Average (RMA) method from oligo package.®” Multiple probes representing the same gene were collapsed by selecting
the probe with the highest variance across samples through the collapse Rows function in the WGCNA package. For DEG analysis,
data from GSE6891, GSE12417, GSE15434, GSE16015 and GSE37642, profiled with Human Genome U133 Plus 2.0 Array were
selected. Datasets were merged together by matching probes and batch effect was removed through ComBat function from sva
package.*® Samples were separated into two groups according to the median level of ZEB1 expression and DEGs were calculated
using the limma package®® then p values were adjusted for multiple tests using the Benjamini-Hocheberg FDR. Genes with an
FDR <0.05 were considered statistically significant. Pre-ranked GSEA “° was performed to calculate which hallmark pathways
were significantly up or down modulated. Selected genes where charted through a boxplot.

Three datasets including information on survival, GSE6891 (Human Genome U133 Plus 2.0 Array), GSE37642 and GSE12417
(Human Genome U133A Array), were used for molecular and clinical correlation studies. Survival analysis was first performed in
each dataset independently and then merging the datasets together as described above. After data quality control, normalization
and correction, samples were separated into two groups according to the median level of ZEB1 expression, the Kaplan Meier curves
were plotted and the statistical significance was assessed performing a log rank test.

To assess the differences between diagnosis and relapse we exploited the data from GSE66525, consisting of 11 samples pre and
post-chemotherapy. Pre-processed RMA normalized data were downloaded from NCBI Gene Expression Omnibus (GEO) repository
and multiple probes representing the same gene were collapsed selecting the probe with the highest variance across samples.
Limma package was used to calculate differentially expressed genes and selected genes where charted through a boxplot.

ChIP-gPCR

ChIP was performed on previously cross-linked K562 cells. Briefly, 107 cells were fixed with 1% formaldehyde and digested with
Micrococcal Nuclease into fragments <900-bp following manufacturer’s recommendation (SimpleChIP Enzymatic Chromatin IP
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kit, CST). Clarified cell extracts (0.5 mL aliquots) were incubated o/n with antibodies to ZEB1 (1 ng, N2C1, Genetex); H3K27me3
(0.5 ng, clone G.299.10), H3K4me3 (2.5 pg, polyclonal #49-1005), H3K27ac (2 ng, mouse monoclonal) from Invitrogen; histone
H3 (10 pL, D2B12) and normal rabbit IgG (1 pL) from CST. Antibody-chromatin complexes were spun down following 3 h incubation
with protein G magnetic beads and eluted strictly following protocol instructions. Cross-reversal of chromatin and protein digestion
with Proteinase K were achieved at 65°C for 3 h, and purified DNA fragments were opportunely processed by gPCR with primers
encompassing target loci (Figures S5-S7). Amplicon enrichment by specific antibodies and IgG were normalized to nucleosomal his-
tone H3, as an internal referral of total chromatin content per sample. Oligonucleotides are provided in Table S4.

Stable gene-silencing

Lentiviral Particles were purchased from OriGene Technologies (catalog number TL513177V). Two specific constructs (“seq-C” and
“seq-D") were tested for efficiency compared to a negative control construct (“Scr”). For ZEB1 stable silencing in human K562 cells,
we used the Mission Lentivirus Transduction Particles (pLKO.1-shZEB1-565 - TRCN0000017565 and pLKO.1-shZEB1-631 -
TRCNO0000364631), purchased from Sigma-Aldrich. A non-target (Scramble - SHC003) sequence was used as negative control.

Transient gene-silencing

Silencer pre-designed siRNA SOCS2 sequences were purchased from Ambion (Life Technologies). A scramble and 3 sequences
were used (see key resource Table). For the transient silencing C1498 cells were maintained 72h with 20um of each sequence.
The invasion assay was performed starting at 48h.

Total RNA extraction, reverse transcription, and quantitative polymerase chain reaction (qQPCR)

Total RNA was extracted using the Quick RNA micro prep kit (Zymo Research) and subsequently quantified by NanoDrop 2000c
Spectrophotometer (Thermo Scientific). cDNA was generated using the high capacity Reverse Transcriptase kit (Applied
Biosystems) according to the manufacturer’s instructions. Values were normalized to internal control (B-Actin) using the ACT method.
For IL-17A stimulation experiments, 5x10% human and murine cell lines expressing or silenced were treated for 7 days with 50 ng/mL
rlL-17A. Untreated cells were used as control. AACT results are shown. rlL-17A-stimulated cells were normalized to untreated cells.
Oligonucleotides are provided in Table S3.

Gene expression profile of mouse cell lines

Gene expression profiles were established by Thermo Fisher Mouse Clariom S Assay. RNA labeling, processing, and hybridization
were performed according to manufacturer’s instructions, and microarrays were scanned with the Gene Chip System 3000 scanner.
Raw data were pre-processed using the sst-RMA algorithm implemented in the Transcriptome Analysis Console software (Thermo
Fisher). Downstream analyses were performed on pre-processed data using R software. Multiple probes representing the same gene
were collapsed by selecting the probe with the highest variance across samples through the collapseRows function in the WGCNA
package.*" Differentially expressed genes (DEG) were identified using limma package.? P-values were adjusted for multiple testing
using the Benjamini-Hocheberg false discovery rate (FDR). Genes with an FDR<0.05 were considered statistically significant. Gene
set enrichment analysis (GSEA“°) was carried out in pre-ranked mode, according to the limma t-statistic, using the hallmark gene set
collection from the MSigDB database (http://software.broadinstitute.org/gsea/msigdb/index.jsp). Gene sets with an FDR<0.05 were
considered statistically significant.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses have been performed with GraphPad Software (Prism 8). The statistic applied to every single experiment is shown
in the relative figure legend. Parametric and non-parametric analysis (Student t test, Mann-Whitney test) have been applied according

to data distribution. A one-way ANOVA analysis with Tukey’s or Dunnett’s multiple comparison has been applied according to
multiple comparison.
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