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Abstract

Aberrant activity of the SUMOylation pathway has been associated with MYC overexpression and poor prognosis in
aggressive B-cell lymphoma (BCL) and other malignancies. Recently developed small-molecule inhibitors of SUMOylation
(SUMOI) target the heterodimeric E1 SUMO activation complex (SAE1/UBA2). Here, we report that activated MYC signaling
is an actionable molecular vulnerability in vitro and in a preclinical murine in vivo model of MYC-driven BCL. While SUMOi
conferred direct effects on MYC-driven lymphoma cells, SUMO inhibition also resulted in substantial remodeling of
various subsets of the innate and specific immunity in vivo. Specifically, SUMOi increased the number of memory B cells
as well as cytotoxic and memory T cells, subsets that are attributed a key role within a coordinated anti-tumor immune
response. In summary, our data constitute pharmacologic SUMOi as a powerful therapy in a subset of BCL causing
massive remodeling of the normal B-cell and T-cell compartment.

Introduction

The myelocytomatosis oncogene MYC is deregulated in al-
most half of all human cancers by chromosomal amplifi-
cation, translocation or mutations in signaling pathways
that regulate MYC expression.® MYC belongs to a family of
basic helix-loop-helix leucin zipper DNA binding proteins
that function as a transcription factor controlling multiple
biological processes including cell proliferation, differenti-
ation, apoptosis and metabolism." Control of gene tran-
scription is a well-established function of MYC, while MYC
also interferes with translation and protein turnover.** Gen-
etic and epigenetic dysregulation of MYC expression accel-
erates cell proliferation and drives malignant
transformation. So far, there are no effective therapies spe-
cifically targeting MYC signaling that have been established
for clinical use. Uncontrolled cell growth in response to
MYC overexpression creates dependencies on MYC-driven
pathways to maintain the tumor phenotype.® Therefore, the
idea of targeting these cellular processes has been devel-
oped within the concept of “synthetic lethal interactions”."®

SUMOylation is a post-translational protein modification that
controls localization, function and half-life of target
proteins.®® It emerged as a crucial regulatory mechanism for
fundamental cellular processes like chromatin organization,
transcription and cell proliferation.” The conjugation of
SUMO (SUMO1, SUMO2 or SUMO3) to its substrates is con-
trolled by a multi-step cascade involving the E1 SUMO-ac-
tivating enzyme SAE1/UBA2, the E2 SUMO-conjugating
enzyme UBC9, and various E3 SUMO ligases.” SUMOylation
is a fully reversible protein modification. Deconjugation of
SUMO from its substrates is catalyzed by SUMO-specific
proteases (or deconjugases) of the SENP (sentrin-specific
protease) family.” Disruption of this well-controlled balance
contributes to tumor development and progression.*” Of
note, dysregulation of oncogenes such as MYC activates SU-
MOylation and hyperSUMOylation often correlates with poor
prognosis in cancer.®” However, while activated SUMOylation
is a key feature of aggressive cancers, the impact of acti-
vated SUMOylation on tumor biology is multifaceted.* Be-
sides its effect on cancer biology itself, SUMOylation
restrains anti-tumor immunity by repression of interferon
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signaling.®2° Since SUMOylation is activated in cancer cells
with high MYC levels, targeting MYC-induced SUMOylation
as a therapeutic vulnerability seems highly attractive.””* A
selective small-molecule inhibitor of SUMOylation that
blocks activation of SUMO by the E1 activation enzyme was
developed as ML-792 and further refined as ML-093. The
clinically applicable form subasumstat (formerly TAK-981)**2°
is currently investigated in clinical trials (clinicaltrials gov.
Identifier: NCT03648372, NCT04074330, NCT04381650).
Here, we investigated SUMOylation as a MYC-induced mol-
ecular vulnerability in aggressive BCL. We uncovered that
activated MYC signaling confers susceptibility to phar-
macologic SUMO inhibition (SUMOi) in MYC-driven BCL.
Next to direct effects on MYC-driven lymphoma, SUMOi
challenge resulted in pronounced remodeling of the im-
mune cell landscape.

Methods

Chemicals

SUMOi (ML-093 and Tak-981, as specified in the figure leg-
ends) was either purchased from MedChemExpress or pro-
vided by Millennium Pharmaceuticals, Inc., a wholly owned
subsidiary of Takeda Pharmaceutical Company Limited.
SUMOi doses and treatment durations are indicated in the
figure legends.

Cell culture

Human diffuse large B-cell lymphoma (DLBCL) cell lines
were kept in RPMI-1640 (U-2932, NU-DHL-1, SU-DHL-
4/5/6/8, DB and Toledo), IMDM (Oci-Ly1) or a-MEM (Oci-
Ly19) medium supplemented with 10-20% fetal calf serum
(FCS), 1% penicillin streptomycin and 2 mM L-glutamine
(Thermo Scientific).

Flow cytometry

Cells were washed in HF2 buffer (ddH,0, 2% FCS, 1% peni-
cillin streptomycin, 1% Hepes, 10% HBSS) and stained on
ice for 30 minutes in HF2 (a list of all antibodies is provided
in the Online Supplementary Appendix). After washing in
HF2 cells were either resuspended in HF2 containing DAPI
or propidium iodide (PI) for fluorescence-activated cell
sorting (FACS) analysis, stained with the respective anti-
body combination or fixed with BD Cytofix/Cytoperm for
intracellular staining. Data were acquired on Beckman
Coulter CytoFLEX S.

Immunoblot analysis

Protein extracts were prepared by solving cell pellets in
lysis buffer (150 mM NaCl, 1% NP-40 oder IGEPAL, 0.5% so-
dium deoxycholate, 01% SDS, 50 mM Tris) supplemented
with NaF, PMSF and NaVvO, followed by sonification. Protein
lysates were fractioned on SDS PAGE gels, transferred to

U.M. Demel et al.

PVDF Transfer Membran (Thermo Scientific) and incubated
with primary antibodies overnight. MYC antibody was ob-
tained by Cell signaling (9402S) and B-tubulin by DSHB (E7).
HRP-conjugated secondary antibodies allowed signal de-
tection via enhanced chemiluminescence (ECL) reagents
(Millipore).

Cell viability assay

Twenty thousand cells per well were seeded and treat-
ments were administered as indicated. After 24, 48 and 72
hours (h) of incubation, CellTiterGlo (Promega, G7572) was
added and luminescence was measured and normalized to
dimethyl sulfoxide (DMSO) control.

Mice

Wild-type (wt) mice (CD45.1, C57Bl/6J) were obtained from
the Jackson Laboratory. Mice were examined twice a week.
All animal experiments were performed in accordance to
local authorities (Regierung von Oberbayern, Munich, Ger-
many).

Transplantation and in vivo treatment of mice

1x10® Eu-myc cells (CD45.2) were transplanted intra-
venously (i.v.) into C57Bl/6J wt mice. SUMOi or carrier
treatment to tumor or wt mice was administered i.v.,
doses and treatment duration are indicated in the figure
legend.

RNA-sequencing and processing of gene expression data
RNA samples were processed and sequenced (paired end,
150 bp/read) by Novogene (Cambridge, UK) on a HiSeq2500
[llumina device with a read depth of >20 M reads. Sub-
sequent quality control, data processing and analysis were
performed as previously described.?® RNA-sequencing
(RNA-seq) data were uploaded to the European Nucleotide
Archive and are available via accession ID: PRJEB53800.
Further processing of transcriptomic data including gene
set enrichment analysis is described in the Online Supple-
mentary Appendix.

Single-Cell RNA-sequencing analysis
A detailed description of the methods is provided in the
Online Supplemental Appendix.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software). The error bars shown in the figures
represent the standard deviation (SD), unless specified
otherwise. A P value lower than 0.05 was generally con-
sidered significant and all exact P values and tests are in-
dicated in the figures.

Study approval
All animal experiments were performed in accordance
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with local authorities (Regierung Oberbayern, Munich, Ger-
many and LAGeSo Berlin, Germany).

Results

Activated MYC signaling confers susceptibility to small-
molecule SUMO inhibition in diffuse large B-cell
lymphoma cell lines

Activation of the oncoprotein MYC is associated with a hy-
perSUMOylated phenotype in DLBCL (Figure 1A and B) and
both MYC overexpression and enhanced SUMO pathway
activity are correlated with adverse clinical outcome (On-
line Supplementary Figure 1SA to C).

Given the role of MYC in DLBCL, we investigated the sen-
sitivity of DLBCL cell lines to pharmacological SUMO in-
hibition.?*?®* Three of ten cell lines (SU-DHL-8, SU-DHL-5
and Oci-Ly19) were responsive to SUMOi with viabilities
below 25% at the highest SUMOi concentration (2,000 nM)
(Figure 1C, subasumstat; Online Supplementary Figure S1D,
ML-093). Importantly, the broad range of response from
exquisite sensitivity (SU-DHL-8, SU-DHL5, Oci-Ly19) to
very minor response/non-response in the remainder of
DLBCL cell lines revealed that the complex genetic and
non-genetic background and dependencies of DLBCL
likely define the response to SUMOi.

In order to systematically identify potential biomarkers
predictive for SUMOi sensitivity, we ranked the cell lines
according to their subasumstat 50% growth inhibitory
power (Gl, ) values and classified the lower third of the
panel as SUMOi-responders, and the remaining two thirds
constituting the SUMOi low sensitivity/non-responder
subset. Gene set enrichment analysis identified the SUMO
core pathway to be enhanced as well as various SUMOy-
lation signatures to be enriched in the SUMOi-responsive
cell lines (Figure 1D; Online Supplementary Figure STE),
whereas baseline growth characteristics and doubling
time were not directly correlated with sensitivity to SUMOI
(Online Supplementary Figure S1F and G). Moreover, sen-
sitivity to SUMOi treatment was associated with activated
MYC signaling and MYC hallmark gene sets scored among
the top enriched gene sets in SUMOi-responsive cell lines
(Figure 1D and E; Online Supplementary Figure S1H). Of
note, the SU-DHL-8 and Oci-Ly19 cell lines, which had the
highest activity of MYC signaling (SU-DHL-8 also harbors
an /IG::MYC translocation), were among the most sensitive
cell lines within the investigated panel (Figure 1C; Online
Supplementary Figure S1D and G). We thus concluded that
activated MYC signaling is an actionable molecular vulner-
ability and would predict response to SUMOI. In order to
experimentally validate these findings and prove a causal
relationship, we ectopically expressed MYC in the human
Oci-Ly1 cell line, classified as a non-responder (Figure 1C
and F; Online Supplementary Figure S1D). Whereas MYC
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overexpression influenced growth kinetics moderately
(Online Supplementary Figure S1/) while not affecting basal
apoptotic rate or viability (Online Supplementary Figure S1J
and K), ectopic MYC expression sensitized Oci-Ly1 to phar-
macological SUMO inhibition (Figure 1F; Online Supple-
mentary Figure S1J to L). Moreover, depletion of SUMO
signaling by pharmacological or genetic targeting resulted
in impaired MYC pathway activity (Online Supplementary
Figure S2; Online Supplementary Table ST7).

In summary, we here identify pharmacological SUMO in-
hibition as a vulnerability and rational treatment strategy
for MYC-driven BCL.

SUMO inhibition is an effective therapy for MYC-driven
B-cell lymphoma in vivo

Principal-component analysis of mRNA expression of the
SUMO core machinery in wt B cells and MYC-driven BCL
from Eu-myc mice confirmed enhanced SUMO pathway
expression in MYC-driven BCL (GSE7897) (Online Supple-
mentary Figure S3A). In order to test whether inhibition
of SUMOylation would offer therapeutic efficacy towards
MYC-induced BCL, we treated cell lines derived from
three independent primary Eu-myc lymphomas with
SUMOi and detected striking sensitivity to pharmacologi-
cal inhibition of SUMOylation (Online Supplementary Fig-
ure S3B and C). In order to test therapeutic efficacy in
vivo, we transplanted primary Eu-myc lymphoma cells
into syngeneic wt recipient mice. Seven days after lym-
phoma cell injection, lymphoma-bearing mice received
treatment with SUMOi or carrier solution (Figure 2A).
CD45.1 and CD45.2 epitope diversity allowed to discrimi-
nate between wt recipient B cells and the syngeneic lym-
phoma compartment. Strikingly, a single SUMOi therapy
resulted in a highly efficient reduction and almost com-
plete eradication of Eu-myc-transgenic CD45.2 lym-
phoma cells in the bone marrow (BM) and spleen (Figure
2B and C; Online Supplementary Figure S4A). Moreover, a
single dose of SUMOi treatment significantly reduced
spleen weight without causing obvious signs of severe
short-term toxicity (Online Supplementary Figure S4B to
D). Thus, we here establish activated MYC signaling as an
actionable vulnerability and inhibition of SUMOylation as
a rational treatment strategy in a preclinical murine
model of MYC-driven BCL.

Remarkably, SUMOIi therapy not only affected the tumor
compartment (CD45.2%), but phenotype analysis hinted to-
wards major changes in the composition of the recipient
primary and secondary lymphoid organs. Analysis of the
CD45.1 wt compartment in lymphoma-grafted mice re-
vealed a significant increase in the abundance of CD3* T
cells in both BM and spleen after SUMOi treatment that
was accompanied by a distinct reduction of the recipient
B220* B-cell compartment, particularly in the spleen (Fig-
ure 2D; Online Supplementary Figure S4E and F), revealing
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that B cells were more sensitive to SUMO inhibition than
T cells (Online Supplementary Figure S4G). Besides, the ef-
fect on B cells was less pronounced in recipient B cells
than in MYC-driven lymphoma B cells (Online Supplemen-
tary Figure S4H). The abundance of granulocytes and
monocytes mostly remained unaffected by SUMOi treat-
ment (Figure 2D; Online Supplementary Figure S4E and F).
Thus, SUMO inhibition leads to killing of MYC-driven B-cell
lymphoma in vivo. This fast and most likely direct effect
was accompanied by alterations of cellular components
of the immune system.

U.M. Demel et al.

SUMO inhibition remodels immune cell abundance

in vivo

Impaired immune surveillance is involved in lymphoma
pathogenesis?” and induction of immune activity con-
tributes to cancer control.?®?° In order to test if immune
effects by SUMOi treatment are a general feature indepen-
dent of the presence of lymphoma, we treated C57Bl/6J
mice with either SUMOi or carrier control on 2 consecutive
days and analyzed splenocytes and BM cells by multicolor
flow cytometry (Figure 3A; Online Supplementary Figure
S5A and D). In line with our previous findings in lymphoma

SUMQMigh SUMQ"™v
H@E% e e e e
(17 TR B 20 h o e T
saE1r M4
sumMo3 2
0
| SUMO2
2
I UBA2 |
4
n SUMO1
, 6
B
o Hallmark MYC Targets V1 o _— Hallmark MYC Targets V2
= S X —
B 2x10° q=6.09e-39 | 2 q=3.45e-16
T 1.6x10° & 6x10° -
e 1.2x10° £ .
5 8x10° g 7107
»n OX - i
2 4x10° E 2x10° 1
& | I
sumo high sumo low sumo high sumo low
C
1.00-
2 0.75- I U-2932
S B SU-DHL-4
L: M Oci-Ly1 SUMOi-
) DB non-
> 0.50-
£ M NU-DHL-1 | responder
- M SU-DHL-6
4 M Toledo
0.25- -
M Oci-Ly19 | suMOi-
=2ggntg responder
000 T | T | T | T | -
0 1 3 3 4

log (SUMOi (nM))

Continued on following page.

Haematologica | 108 February 2023

558



ARTICLE - SUMO inhibition for MYC-dependent B-cell lymphoma U.M. Demel et al.

D Reactome SUMOylation Enrichment in SUMOi-responders
15
2 q=384e-7 | .
g 3 e
3 s MYC Hallmark V1
> > 5 . s
g (_? - . a * . .
T " *** °MYC Hallmark V2
= I I I
SUMOi-responder non-responder 05 0 05 1
Median gene score
= Hallmark MYC Targets V1 Hallmark MYC Targets V2
Z 1.6x10°] q=1.37e26| 3 6x10° q=5.52e-13
— 6 h—
% 1.2x10°~ % 4)(1057
£ &0 S 2x10°
%) o 2%X107
é’ 4x10° 1 g)
= 0 = 0 4
5 S T L1
& 10 it —H
SUMOi-responder non-responder SUMOi-responder non-responder
F 1.00
> 0.75 f\},_}_}
= ] P=0.0039
o] °
.©
S
o 0-507 .
=
5 - e
X .25+ - . M Oci-Ly1 control
WD W o-tubuin g6yt MyC
0.00 ' | ' | ' | ' |
0 1 2 3 4

log (SUMOI (nM))

Figure 1. Active MYC signaling confers susceptibility to small-molecule SUMO inhibition in diffuse large B-cell lymphoma cell
lines. (A) Hierarchical clustering (Euclidean/Ward) of indicated SUMO core components of normalized human diffuse large B-cell
lymphoma (DLBCL) transcriptome profiles (GSE98588) revealed SUMOME" and SUMO"" subgroups as indicated. (B) Gene set
enrichment analysis of SUMOM&" and SUMO"" subgroups using Hallmark gene sets from the molecular-signature database
(MSigDb). Indicated MYC target gene signatures have been identified using GeneTrail v3 (Kolgomorov-Smirnov-Test). Adjusted P
values (q) are indicated. (C) Flow cytometry analysis of relative viability of indicated DLBCL cell lines treated with increasing
SUMO inhibitor (SUMOI) concentrations (Tak-981, 0, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, 1,000, 2,000 nM) for 72 hours (h) (n=3).
(D) Gene set enrichment analysis of SUMOi-responder (Oci-Ly19, SU-DHL-5, SU-DHL-8) vs. SUMOi-non-responder (U-2932, SU-
DHL-4, DB, NU-DHL-1) on expression profiles accessed via GSE53798. Enrichment plot on SUMOylation signatures, obtained from
the Reactome knowledgebase. Adjusted P values (q) are indicated. Volcano plot displays significant gene signatures of the
Hallmark gene set (MSigDb) with both MYC Hallmark signatures (V1, V2) highlighted. (E) Enrichment plot on MYC Hallmark
signatures, based on the analysis described in (D). Adjusted P values (q) are indicated. (F) Relative viability of Oci-Ly1 cells
transduced with a MYC expression plasmid or a control plasmid, treated with increasing SUMOi concentrations (Tak-981, 0, 3.9,
7.8, 15.6, 31.2, 62.5, 125, 250, 500, 1,000, 2,000 nM) for 72 h (n=3). P values refers to 2,000 nM SUMOi and is determined by
unpaired t-test. Immunoblot analysis of Oci-Ly1 control and MYC cell lines.

bearing mice, SUMOi treatment led to a relative increase
of the CD3*CD4* T-cell compartment (Figure 3B; Online
Supplementary Figure S5B, C, E and F). The increase of
CD3*CD4* T cells, a cellular subset holding an important
role in anti-tumor immunity,*** was most prominent in
the spleen. These effects were accompanied by a reduc-
tion of the B220* B-cell compartment (Figure 3B; Online

Haematologica |

Supplementary Figures S5B, C, E and F; and S6A and D).
Shifts in immune cell abundance were detected in both
BM and spleen, despite of a decline in overall BM and
spleen cell numbers upon SUMOi challenge (Online Sup-
plementary Figure S5A and D).

We next substantiated the in vivo effects of pharmacologi-
cal SUMOi on immune cell distribution in more detail.
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Figure 2. SUMO inhibition is an effective therapy for Myc-driven B-cell lymphoma in vivo. (A) Schematic illustration showing
transplantation of Eu-myc lymphoma cells (CD45.2) into wild-type (wt) (CD45.1) recipient mice. Mice were treated with carrier
or SUMO inhibitor (SUMOIi) (ML-093, 50 mg/kg) at day 7 post transplantation. Analysis of bone marrow, spleen and blood was
performed at day 9, n=6 per condition. (B) Pie charts representing the frequencies of wt and Eu-myc lymphoma cells in the bone
marrow (BM) and spleen after carrier vs. SUMOi treatment. (C) Total number of Eu-myc lymphoma cells in the BM and spleen
following SUMOi treatment compared to carrier. N=6, P values were determined by unpaired t-test. (D) Pie charts representing

the frequencies of B cells (B220*), T cells (CD3"), granulocytes (Gr.1*CD11b*) and monocytes (Gr.1- CD11b*) in the BM and spleen
after carrier vs. SUMOIi treatment. i.v.: intravenously.
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Figure 3. SUMO inhibition induces major changes in the B-cell compartment, favoring a memory B-cell phenotype. (A)
Schematic illustration showing treatment of wild-type (wt) mice with carrier or SUMO inhibitor (SUMOi) (ML-093, 50 mg/kg) at
day 1 and 2. Analysis of bone marrow (BM) and spleen was performed at day 3, n=6 per condition. (B) Pie charts representing the
frequencies of indicated cell populations (B220* B cells, CD3*CD4* T cells, CD3*CD8* T cells) in the BM and spleen after carrier
vs. SUMOi treatment. (C) Pie charts representing the frequencies of indicated cell populations in the B220* BM compartment
(B220*IgM" pre-pro B cells, B220*IgM*IgD™ immature B cells, B220*CD19*MHC-II* activated B cells, B220*CD80*CD86" memory B
cells) and B220* spleen compartment (B220'CD93* Immature B cells, B220*CD21"¢"CD23"" marginal zone B cells,
B220*CD21'°"CD23"¢e" follicular B-cells, B220*CD80*CD86* memory B cells, B220*CD19*MHC-II* activated B cells) after carrier vs.
SUMOi treatment. (D) Percentage of memory B cells (B220* CD80* CD86*) of B220* BM and spleen cells. N=6, P values were
determined by unpaired t-test. iv.: intravenously.
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SUMO inhibition resulted in a decline of most B-cell sub-
sets within both primary lymphoid BM tissue and the sec-
ondary lymphoid organ spleen (Figure 3C), which is in line
with recent reports.” Besides, we detected a significant
increase in B220* B-memory cells after SUMO inhibition in
BM and spleen (Figure 3D; Online Supplementary Figures
S6D and S7A), indicating effects on a cellular subset im-
portant for a coordinated antibody-dependent immune re-
sponse.*

SUMO-directed intervention not only exerted broad ef-
fects on the B-cell subsets, but also on the T-cell com-
partment, as we observed a significant increase in CD4*
memory and regulatory T cells within BM and spleen upon
SUMOi (Figure 4A, B; Online Supplementary Figures S6B
and E; and S7B). Beyond, the abundance of BM CD8" ef-
fector memory cells was significantly increased (Figure
4C; Online Supplementary Figures S6C and S7C). Both CD4*
and CD8" T memory cells are antigen-specific long-term
persisting cells that arise from naive T-cells upon en-
counter to a cognate antigen and are designated to
execute a protective immune response upon antigen re-
encounter.?*** Of note, SUMO inhibition was accompanied
by a substantially higher abundance of activated CD8" T
cells (Figure 4C and D; Online Supplementary Figures S6C
and F; and S7D), a population referred to as cytotoxic T
cells with well-described features in host defense and
tumor cytolysis.* This finding is in line with current re-
ports linking SUMO inhibition to enhanced T-cell activa-
tion.19’20’36

In summary, our analyses revealed a substantial remodel-
ing of immune cell subsets following SUMO-directed in-
tervention, underscoring the important role of the SUMO
pathway in the immune system.

SUMO inhibition substantially alters the normal B-cell
landscape

Our preceding analyses revealed pharmacologic inhibition
of SUMOylation as a vulnerability in MYC-driven lymphoma
that was associated with pronounced changes in the im-
mune cell compartment. In order to decipher the effects
of short term highly specific small-molecule SUMOQi on B-
cell subsets in more detail, we next opted for Cellular In-
dexing of Transcriptomes and Epitopes by Sequencing
(CITE-seq) analysis (dataset GSE193359).2° CITE-seq com-
bines the measurements of surface protein levels and
transcriptome analysis to determine cellular states and
their alterations at single-cell level.*” In this experiment
wt mice were challenged with a lower dose of the SUMO
inhibitor subasumstat in line with a recent publication re-
porting enhanced anti-tumor T-cell capacity upon
SUMOI.’® CITE-seq analysis was conducted on spleens
from three control and three SUMOi-treated mice. Prior to
analysis cells were marked with oligo-conjugated anti-
bodies allowing discrimination between B- and T-cell sub-
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sets (Figure 5A). Transcriptomics and surface proteomics
were conducted on the 10x Genomics platform. In total
18,361 cells (9,878 cell from control mice and 8,483 from
SUMOi-treated mice) were analyzed. Using expression
data of B-cell surface markers and B-cell specific marker
genes, we annotated 11 different murine B-cell populations
(Figure 5B; Online Supplementary Figure S8). SUMOi treat-
ment resulted in decreased abundance of the early and
more immature splenic B-cell subset T1 and T3 (Online
Supplementary Figure S9A). The abundance of memory
and marginal zone B cells was substantially higher in
SUMOi-treated mice (Figure 5C and D). Moreover, we de-
tected a striking decline in dark zone and light zone B
cells (Figure 5C and D). Of note, MYC expression is induced
in light-zone B cells in direct proportion to antigen capture
during the dark-zone to light-zone germinal center tran-
sition to coordinate residence time in the dark-zone.*® Ac-
cordingly, we observed high expression of the MYC core
machinery in light-zone B cells that was associated with
enhanced expression of the SUMO core machinery (Figure
5E). Remarkably, SUMO inhibition abrogated this effect
(Figure 5F; Online Supplementary Figure S9B). Assessing
the question of whether cellular proliferation needs to be
considered as a confounder effect when evaluating the
changes in abundance between treatment conditions, we
performed proliferation score analysis on B and T cells
within the CITE-seq dataset (Online Supplementary Figure
S10A, B and D to F). Differences in proliferation among the
different cell populations were overall moderate and not
significantly altered after SUMO inhibition among all sub-
sets analyzed (Online Supplementary Figure S10C).

In summary, these data revealed the complexity of a
SUMO-directed therapeutic intervention on immune cell
abundance and specifically on the B-cell landscape. Fur-
thermore, we could link MYC expression to expression of
the SUMO core machinery on a single-cell level, highlight-
ing MYC signaling as an actionable vulnerability targeted
by SUMO inhibition.

Discussion

Here, we unraveled activation of SUMOylation as a striking
vulnerability in MYC-driven BCL. Next to direct effects of
specific pharmacological SUMO inhibition on MYC-induced
lymphoma, our investigations depicted a substantial re-
modeling of components of the innate and specific im-
munity in vivo by SUMOi.

Defining strategies to tackle MYC-driven tumors is of huge
relevance based on the well-established activation of MYC
in the vast majority of cancers, however, direct MYC tar-
geting remains challenging.®®* Although MYC targeting via a
dominant-negative peptide OMOMYC showed promising
preclinical results and is currently tested in a phase I/l
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Figure 4. SUMO inhibition remodels the T-cell compartment towards a memory and activated T-cell phenotype. (A)
Experimental setup as outlined in Figure 3A. Pie charts representing the frequencies of the indicated cell populations in the
CD3*CD4* bone marrow (BM) and spleen compartment (CD3*CD4*CD44'°“CD62L" naive T cells, CD3*CD4*CD44"€"CD62L" memory
T cells, CD3*CD4*CD44"““CD62L effector T cells, CD3"CD4*CD25*CD69*FoxP3* regulatory T cells). (B) Percentage of memory T
cells (CD3*CD4*CD44Me"CD62L") of the CD3*CD4* BM and spleen cells. N=6, P values were determined by unpaired t-test. (C) Pie
charts representing the frequencies of the indicated cell populations in the CD3*CD8" BM and spleen compartment
(CD3*CD8*CD44°“CD62L* naive T cells, CD3*CD8* CD44"¢"CD62L" effector memory T cells, CD3*CD8*CD44"e"CD62L* central
memory T cells, CD3*CD8*CD25*CD69* activated T cells) after carrier vs. SUMOIi treatment. (D) Percentage of activated T cells
(CD3*CD8*CD25*CD69*) of the CD3*CD8* BM and spleen cells. N=6, P values were determined by unpaired t-test.

clinical trial (clinicaltrials gov. Identifier: NCT04808362),*°
no direct MYC inhibitor has reached clinical practice.®
These unmet challenges favor the idea of targeting de-
regulated cellular pathways in MYC-overexpressing tumors
to translate the concept of “synthetic lethality””® into
clinical cancer therapy. We here identified aberrant activity
of the SUMO core pathway in aggressive BCL with acti-
vated MYC signaling and identified activated MYC signaling

as an actionable molecular vulnerability in vitro and in a
preclinical murine model of MYC-driven lymphoma in vivo.
Notably, SUMO inhibition alone or administered as com-
bination therapy with rituximab, a standard therapy for
BCL patients, showed remarkable efficacy in preclinical
DLBCL xenograft models.>**' Besides, SUMO inhibition is
currently tested in various clinical trials (clinicaltrials gov.
Identifier: NCT03648372, NCT04074330, NCT04381650),
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Figure 5. SUMO inhibition substantially alters the normal B-cell landscape. (A) UMAP visualization of spleen scRNA-sequencing
data from control and SUMO inhibitor (SUMOi)-treated mice (subasumstat 7.5 mg/kg on day 1 and 4, spleen cell analysis day 5;
dataset GSE193359). (B) B-cell populations identified in (A) were subsetted and reclustered. The UMAP visualization represents
B cells from both conditions. (C) Differentially abundant B-cell populations in control and SUMOi-treated mice identified with
DA-seq. Cells are colored by DA-seq measure. Yellow = more abundant after SUMOi challenge. Dark blue = more abundant after
control treatment. (D) Differential abundance testing on mouse-wise pseudobulks (indicated by white dots, n=3). Bar plots
represent the subpopulation frequencies stratified by condition. The median is indicated by the center line of the box plot. The
box extends from the 25% to 75" percentiles, whisker length reaches from minimum to maximum. Significance is determined by
a Negative Binomial Generalized Linear Model. (E) SUMO and MYC score correlation analysis in control mice. Scaled mean
expression values are plotted against each other for each cell population identified in (B). R indicates the Pearson correlation
coefficient. The regression line is shown in black. The grey area indicates the 95% confidence interval. (F) SUMO and MYC score
correlation analysis in control and SUMOi-treated mice. For each population the Pearson correlation coefficient (R) is plotted.
Black bars indicate the range of the 95% confidence interval. The dashed black line at R=0 is a reference line and plotted as a

visualization aid.

emphasizing the relevance of our findings for biomarker-
informed clinical applications. Our data is in line with an
unbiased synthetic lethality screen in MYC-driven breast
cancer that uncovered a role for the SUMO activation
complex SAE1/2 in MYC-driven tumorigenesis.?! Fur-
thermore, a previous loss-of-function study in BCL-linked
silencing of SAE2 to tumor regression in vivo.?? The MYC-
SUMO connection and MYC-related sensitivity to SUMOi
was also identified in aggressive pancreatic cancer.”® We
here provide first data indicating that highly specific
small-molecule SUMO inhibition is an effective therapy for
MYC-driven BCL in vivo and demonstrate a key role for ac-
tivated MYC signaling in conferring susceptibility to SUMO
inhibition in B cells, while non-cancer syngeneic B cells
showed remarkably lower killing rates as compared to the
MYC-driven lymphoma population. This MYC-dependent
effect of SUMO inhibition was confirmed by ectopic ex-
pression of MYC in the human DLBCL cells. Moreover, fol-
lowing in vivo low dose SUMOIi challenge, CITE-seq
analysis showed diminished abundance of wt light-zone
B cells that are characterized by high MYC expression and
concurrent high expression of the SUMO core machinery.
Beyond depicting MYC signaling as a vulnerability, we
would like to emphasize that uncovering additional bio-
markers predicting SUMOi sensitivity in cancer therapy is

an area worthy of further investigations.

Apart from driving cancer progression through tumor cell
intrinsic acquisition of cancer hallmarks, MYC restrains the
anti-cancer immune response and dysregulates the tumor
microenvironment.?”*> We show substantial alteration of
the B-cell landscape upon SUMO inhibition in a wt mouse
model and report higher abundance of memory B cells
after pharmacological SUMO inhibition, accompanied by a
decline in immature subsets, which is in line with recent
publications.” B-memory cells are accounted with a key
role in sustaining a long-term immune response.?*** SUMO
inhibition not only altered B-cell abundance, but also
strikingly increased the abundance of CD8* cytotoxic T
cells as well as CD4* and CD8" memory T cells and par-
ticularly T-regulatory cells. CD8" effector T cells exert di-
rect anti-tumor cytotoxicity and CD4* T cells enhance
cytolytic efficacy of CTL by antigen cross-presentation and
mediate plasma cell differentiation.?**"** T-regulatory cells
are accounted with a double-edged role in anti-tumor im-
munity.** They suppress anti-cancer immunity, but also
drive and control the T-cell immune responses against
tumor neoantigens.*® So far, only enhanced CD8* T-cell ac-
tivation and augmented anti-tumor sensitivity by SUMOI-
mediated reactivation of type | interferon signaling have
been reported before®2°3¢ We here identified a novel
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function of SUMO inhibition in remodeling the immune cell
landscape by enhancing abundance of cellular subsets in-
volved in the innate and specific immune response.

In summary, we here depict activated MYC signaling as
an actionable molecular vulnerability for SUMO inhibition
in vitro and in a preclinical murine model of MYC-driven
BCL in vivo. Next to direct effects on MYC-driven lym-
phoma, SUMO inhibition substantially remodels the im-
mune cell landscape in vivo independent of a tumor
microenvironment. Our findings thus identify SUMO in-
hibition as a powerful therapy in a subset of MYC-driven
B-cell lymphomas and suggest SUMO-targeted therapies
as a potential therapeutic strategy for cancer immuno-
therapy.
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