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KEY PO INT S

� TAK-981 enhances
macrophage
phagocytosis and NK
cell cytotoxicity in
combination with
rituximab via IFN1
pathway activation.

� Combined treatment
with TAK-981 and ritux-
imab promotes syner-
gistic in vivo antitumor
activity in CD201

lymphoma xenograft
models.

Small ubiquitin-like modifier (SUMO) is a member of a ubiquitin-like protein superfamily.
SUMOylation is a reversible posttranslational modification that has been implicated in the
regulation of various cellular processes including inflammatory responses and expression
of type 1 interferons (IFN1). In this report, we have explored the activity of the selective
small molecule SUMOylation inhibitor subasumstat (TAK-981) in promoting antitumor
innate immune responses. We demonstrate that treatment with TAK-981 results in
IFN1-dependent macrophage and natural killer (NK) cell activation, promoting macrophage
phagocytosis and NK cell cytotoxicity in ex vivo assays. Furthermore, pretreatment with
TAK-981 enhanced macrophage phagocytosis or NK cell cytotoxicity against CD201 target
cells in combination with the anti-CD20 antibody rituximab. In vivo studies demonstrated
enhanced antitumor activity of TAK-981 and rituximab in CD201 lymphoma xenograft
models. Combination of TAK-981 with anti-CD38 antibody daratumumab also resulted in
enhanced antitumor activity. TAK-981 is currently being studied in phase 1 clinical trials
(#NCT03648372, #NCT04074330, #NCT04776018, and #NCT04381650; www.clinicaltrials.
gov) for the treatment of patients with lymphomas and solid tumors.

Introduction
Rituximab is an anti-CD20 therapeutic monoclonal immunoglob-
ulin G1 (IgG1) antibody1 which is central to treatment of B-cell
non-Hodgkin’s lymphoma (NHL). Multiple mechanisms of action
have been reported for the antitumor activity of rituximab,
including direct antiproliferative activity against, or induction of
apoptosis in, CD201 lymphoma cells, as well as Fc-mediated
engagement of the innate immune system to promote
antibody-dependent cellular cytotoxicity (ADCC), antibody-
dependent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity.2-7 Whereas the relative importance of
the effector function of rituximab in clinical outcome has been
debated, accumulating evidence supports a key role for ADCC
and ADCP in mediating tumor cell killing.2,8 As a single agent or
in combination with chemotherapy, rituximab is not curative in
the majority of B-cell NHL patients, and the prognosis of
relapsed/refractory patients is poor,9-12 highlighting the need for
optimizing antitumor activity. Approaches for enhancing ADCC
and ADCP have included glycoengineering or mutagenesis of
the antibody fragment crystallizable (Fc) region to enhance inter-
action with Fc receptors expressed on innate immune cells13,14

or a combination of rituximab with agents that can stimulate
innate immune cell effector function. Several reports have

demonstrated that enhancement of macrophage phagocytosis
by blocking the CD47-SIRPa axis can render tumor cells sensi-
tive to monoclonal antibodies.15-19 In addition, stimulation of
natural killer (NK) cell activity by lenalidomide and enhancement
of ADCC in combination with rituximab has been implicated as
one of the mechanistic rationales for clinical activity of the
combination.20,21

Small ubiquitin-like modifier (SUMO) is a member of a ubiquitin-
like protein superfamily. Subasumstat (TAK-981) is a potent and
selective inhibitor of SUMOylation,22,23 a reversible posttransla-
tional modification that regulates protein function by covalent
attachment of SUMO protein to protein substrates.24 TAK-981
forms an irreversible adduct with each of the 3 functional mam-
malian SUMO paralogues (SUMO1, SUMO2, and SUMO3) when
bound to the E1 SUMO-activating enzyme, preventing transfer
of SUMO to substrates. As demonstrated by genetic inactivation
of the pathway, inhibition of SUMOylation results in an inflam-
matory response dependent upon expression of type 1 interfer-
ons (IFN1) in mouse myeloid cells and human cell lines.25,26 The
IFN1s are potent immunomodulatory molecules induced early in
innate immune responses, which act on multiple cell types to
shape both innate and adaptive antitumor immunity.27-30 In a
recent study, we showed that pharmacological inhibition of
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SUMOylation with TAK-981 stimulated adaptive antitumor
immune responses as a result of activation of IFN1 signaling in T
cells and dendritic cells.23 In this study, we have examined the
effect of TAK-981 on antitumor innate immune responses and
documented IFN1-dependent phenotypic and functional activa-
tion of macrophages and NK cells ex vivo and in vivo. Moreover,
combination of TAK-981 with rituximab was found to markedly
enhance ADCP and ADCC, thereby augmenting antitumor activ-
ity of the therapeutic antibody rituximab and daratumumab.

Methods
Preparation of mouse and human macrophages, flow cytometry,
macrophage phagocytosis assays, NK cytotoxicity assays, enzyme-
linked immuno-sorbent assay, quantitative polymerase chain reac-
tion (qPCR), RNA sequencing, and animal studies are described in
supplemental Methods, available on the Blood Web site.

Compounds
TAK-981 was synthesized by Takeda Development Center
Americas, Inc.22

Cell lines and culture
The following cell lines were used in this study: human Burkitt
lymphoma Daudi (American Tissue Culture Collection [ATCC]),
Daudi-KILR (DiscoveRx), human Burkitt lymphoma Raji (ATCC),
human diffuse large B-cell lymphoma (DLBCL) OCI-Ly10 (Univer-
sity Health Network), human DLBCL TMD8 (Tokyo Medical and
Dental University), human multiple myeloma LP-1 (Deutsche
Sammlung von Mikroorganismen und Zellkulturen), and mouse
B-cell lymphoma A20 (ATCC) cells. Cell lines were cultured at
37�C with 5% CO2 in the recommended medium supplemented
with 10% to 20% fetal bovine serum (Sigma Aldrich). All cell
lines were stocked after Mycoplasma testing and used within 2
months of resuscitation. No authentication was done by the
authors.

Cell viability assay
Cell viability was assessed using the CellTiter-Glo luminescent
cell viability assay (Promega) according to the manufacturer’s
protocol.

Western blot analysis
Western blot analysis was performed as described in a previous
study.31 The following antibodies were used for the western blot
analysis: anti-STAT1 (#14994), -phospho-Tyr701-STAT1 (#9167),
-ISG15 (#2743), -SUMO2/3 (#4971), and -GAPDH (#5174) (Cell
Signaling Technology).

Statistical analysis
For comparison of 2 groups, significance was assessed by
unpaired, 2-tailed Welch’s t tests (Prism v7.0 and v8.0, Graph-
Pad). For in vivo experiments where treatment groups have dif-
ferent follow-up durations, the statistical analysis was performed
at the time when all groups exist unless otherwise specified. To
assess whether there is an additional benefit from combining 2
drug treatments, we tested the statistical significance of a syn-
ergy score, which is calculated by ðlAB–lA–lBþlV Þ=lV (where
lV is the mean growth rate of the vehicle group, lA and lB are
the mean growth rates of 2 single agent treatment groups, and
lAB is the mean growth rate of the corresponding combo

treatment group). The P value of the synergy score was calcu-
lated by dividing the synergy score by its standard error and
testing against a t distribution (2-tailed) with a corresponding
degree of freedom estimated with the Welch-Satterthwaite
equation. To assess the effect of treatment on survival curve,
Weibull regression hazard ratio was determined unless otherwise
specified. A P value , .05 was considered statistically significant.

Results
TAK-981 promotes IFN1-dependent macrophage
M1 polarization and NK cell activation
Treatment of human monocyte–derived macrophages (hMDM)
and mouse bone marrow–derived macrophages (mBMDM) with
TAK-981 resulted in induction of IFNa/b and IP-10 as well as
phosphorylation of STAT1 without a significant impact on cell
viability (Figure 1A-B; supplemental Figure 1A-D), consistent
with activation of IFN1 signaling. Macrophages have been
broadly classified into 2 phenotypic states of polarization, proin-
flammatory M1 and anti-inflammatory M2, whose nomenclature
is derived from the Th1 and Th2 cytokines that are associated
with these macrophage phenotypes.32,33 To explore whether
treatment with TAK-981 can modulate macrophage polarization,
we examined the expression levels of M1 and M2 markers.32,33

Flow cytometry and qPCR analyses revealed that M1 markers
(hMDM, CD80 and CD86; mBMDM, CD86 and inducible nitric
oxide synthase [iNOS]) were induced by TAK-981 treatment
(Figure 1C; supplemental Figure 1E-F). This was observed not
only in the presence of M1-skewing factor IFNg or lipopolysac-
charide (LPS),32,33 but also in the presence of the M2-skewing
factor interleukin-4 (IL-4) (Figure 1C; supplemental Figure 1E).
Although CD86 is known as one of M1 markers, the induction of
CD86 by IL-4 treatment was also observed in hMDM (Figure
1C), consistent with a previous observation,34 suggesting that
CD86 alone does not serve as a definitive M1 marker in hMDM.
iNOS expression in mBMDM was strongly induced only in the
presence of LPS and was enhanced by TAK-981 treatment (sup-
plemental Figure 1E), indicating that toll-like receptor
4–dependent induction of iNOS expression in mBMDM can be
further enhanced by TAK-981. To further examine the effect of
TAK-981 on macrophage polarization, we explored expression
of high affinity immunoglobulin gamma Fc receptor I (FCGR1),
shown to be highly expressed in human M1 macrophages.35,36

Flow cytometry analysis revealed that FCGR1 and another acti-
vating FCGR (hMDM, FCGR3; mBMDM, FCGR4) were induced
by TAK-981 or IFNa2 treatment (Figure 1D; supplemental Fig-
ure 1G). Whereas treatment with TAK-981 upregulated mRNA
levels of activating FCGRs, the upregulation in the mRNA levels
of inhibitory FCGRs (hMDM, FCGR2B; mBMDM, Fcgr2) was not
or minimally observed in qPCR and/or RNA sequencing analyses
(supplemental Figure 1H-J). To assess the role of IFN1 signaling
in macrophage responses to TAK-981, blockade of interferon
alpha/beta receptor 1 (IFNAR1) or IFNAR2 was carried out using
a neutralizing antibody. The increase in mRNA levels of CD86,
FCGR1, and IP-10 in response to TAK-981 was suppressed by
treatment with the anti-IFANR2 antibody in hMDM (Figure 1E),
indicating dependency of induction on IFN1 signaling. However,
induction of IFNb expression by TAK-981 was not inhibited by
treatment with anti-IFNAR2 antibody (Figure 1E), consistent with
the observation that IFNb is transcriptionally modulated by
SUMOylation.25 The IFN1-dependent induction of M1 markers
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by TAK-981 was also confirmed at the protein level both in
hMDM and mBMDM (Figure 1D; supplemental Figure 1G).
Regarding M2 polarization in hMDM, treatment with TAK-981
suppressed IL-4–dependent induction of CD206 either when
hMDM was treated with TAK-981 and IL-4 simultaneously or
when hMDM was treated with IL-4 first followed by TAK-981
treatment (Figure 1F; supplemental Figure 1K), suggesting that
TAK-981 can reverse phenotype of macrophages that have
been already M2 polarized. In addition, treatment with TAK-981
suppressed induction of the anti-inflammatory chemokine
CCL22 in hMDM (Figure 1G). Although IL-4–dependent induc-
tion of arginase, which is a well-known M2 marker in mBMDM,
was not prevented by TAK-981 treatment in mBMDM, treatment
with TAK-981 partially or completely suppressed upregulation of
the expression of several other M2 markers including CD206
and CCL22 (supplemental Figure 1L), suggesting that an IFN1-
independent signaling pathway may contribute to induction of
some of the M2 markers. Collectively, our data demonstrate
that TAK-981 enhances macrophage M1 polarization and at
least partially suppresses M2 polarization through IFN1 pathway
activation in both hMDM and mBMDM.

Like macrophages, NK cells are important effectors of innate
immunity. TAK-981 treatment of NK cells isolated from human
PBMCs resulted in a robust, and IFN1-dependent, increase in IP-
10 expression without a significant impact on cell viability (Figure
1H; supplemental Figure 2A). Treatment of mouse splenic NK
cells was also attempted, but ex vivo exposure to TAK-981
uniquely resulted in significant loss of viability in this cell popula-
tion. In human NK cells, treatment with TAK-981 increased mRNA
and protein levels of the early activation marker CD69 in an IFN1
signaling–dependent manner, and treatment with IFNa2 also
induced CD69 (Figure 1H-I). Unlike macrophages, the expression
levels of FCGR1 and FCGR3 were not increased by TAK-981 or
IFNa2 treatment of human NK cells (supplemental Figure 2B-D).

TAK-981 enhances macrophage phagocytosis
and NK cell cytotoxicity ex vivo in an
IFN1-dependent manner
To explore whether TAK-981 modulated the activity of macro-
phages, phagocytosis assays were carried out using Daudi cells
as target cells (treatment schematic shown in supplemental
Figure 3A). In some experiments, Daudi cells expressing a lumi-
nescent protein (Daudi-KILR cells) were used to enable a high-
throughput assay format and to validate the results in different
readouts. Pretreatment of hMDM with TAK-981 or IFNa2 stimu-
lated phagocytosis of Daudi cells (Figure 2A-B; supplemental
Figure 3B). Because the compounds were washed out before

coculture with the target cells, the enhancement of phagocytosis
occurred due to direct effects on macrophages. Similarly,
phagocytosis of Daudi-KILR cells was induced by TAK-981 treat-
ment, irrespective of the presence of M1/M2 skewing factor
IFNg or IL-4 (Figure 2C). Because Daudi cells express CD20, the
activity of the anti-CD20 antibody rituximab was tested in this
assay to determine whether pretreatment of macrophages with
TAK-981 can enhance ADCP. Pretreatment of macrophages
with TAK-981 significantly enhanced the degree of target-cell
phagocytosis achieved when rituximab was added to the cocul-
ture of macrophages and target cells, whereas the viability of
nonphagocytosed target cells was not impacted (Figure 2A-C;
supplemental Figure 3C). Notably, the enhancement of macro-
phage phagocytosis by TAK-981 was inhibited by combined
treatment with anti-IFNAR2 antibody (Figure 2D). In contrast,
direct treatment of the target cells with rituximab, TAK-981, or
IFNa2 did not significantly affect cell viability (supplemental Fig-
ure 3D-E) and rituximab-mediated ADCP by macrophages (sup-
plemental Figure 3F). As described for hMDM, treatment with
TAK-981 also enhanced mBMDM phagocytosis in the presence
of rituximab (supplemental Figure 3G). In order to determine
whether TAK-981–mediated enhancement of ADCP could be
achieved with a tumor-targeting antibody other than rituximab,
we combined TAK-981 with daratumumab, an anti-CD38 anti-
body whose target is also expressed by Daudi cells.37 As shown
in Figure 2E, treatment of hMDM with TAK-981 was also capa-
ble of enhancing daratumumab-mediated phagocytosis of
Daudi-KILR cells in an IFNAR2-dependent manner. To deter-
mine whether TAK-981 similarly stimulates NK cell activity, NK
cell cytotoxicity assays were carried out using Daudi cells or
Daudi-KILR cells (see treatment schematic in supplemental Fig-
ure 3A). Treatment of human NK cells with TAK-981 or IFNa2
promoted NK cell–mediated killing of the target cells, which was
further enhanced in the presence of rituximab, demonstrating
stimulation of NK cell cytotoxicity and ADCC by TAK-981 (Fig-
ure 2F; supplemental Figure 3H-I). Moreover, IFNAR2 blockade
suppressed the enhancement of NK cell cytotoxicity by TAK-981
(Figure 2F). Enhanced NK cell cytotoxicity/macrophage phago-
cytosis and ADCC/ADCP in response to TAK-981 treatment was
also observed against Raji cells (supplemental Figure 3I-J).

Antitumor activity of TAK-981 combined with
rituximab or daratumumab in xenografts
The ability of TAK-981 to enhance ADCP and ADCC ex vivo
encouraged us to explore whether TAK-981 could augment the
in vivo antitumor activity of antibodies such as rituximab, which
are dependent on these effector cells for their antitumor
activity.2-5 As a starting point, we used the CD20- and

Figure 1. TAK-981 treatment enhances M1 polarization and NK activation in an IFN1-dependent manner. (A) Amount of IFNb and IP-10 protein in the supernatant
of 1 mM TAK-981- or 10 kU/mL IFNa2-treated hMDM at indicated time points (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (B) Western
blots of indicated proteins in TAK-981–treated hMDM at 24 hours. (C) Representative flow cytometry histogram and median fluorescence intensity (MFI) of indicated
proteins in 50 ng/mL IFNg (M1 polarizing stimulation)-, 20 ng/mL IL-4 (M2 polarizing stimulation)-, and/or 1 mM TAK-981–treated hMDM at 48 hours (mean with SD;
n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (D) MFI of indicated proteins in 20 mg/mL anti-IFNAR2 antibody (aIFNAR2)-, 1 mM TAK-981-, and/or
10 kU/mL IFNa2-treated hMDM at 48 hours (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (E) mRNA expression of indicated genes in
20 mg/mL aIFNAR2- and/or 1 mM TAK-981–treated hMDM at 24 hours (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (F) Representative
flow cytometry histogram and MFI of CD206 in 20 ng/mL IL-4- and/or 1 mM TAK-981–treated hMDM at 48 hours (mean with SD; n 5 3 biological replicates, 2-tailed
unpaired Welch’s t test). (G) mRNA expression of CCL22 in 20 ng/mL IL-4- and/or 1 mM TAK-981–treated hMDM at 24 hours (mean with SD; n 5 3 biological replicates,
2-tailed unpaired Welch’s t test). (H) mRNA expression of IP-10 and CD69 in 20 mg/mL aIFNAR2- and/or 1 mM TAK-981–treated human NK cells at 24 hours (mean with
SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (I) Representative flow cytometry histogram and percentage of CD691 cells or MFI of CD69 in 1 mM
TAK-981- or 10 kU/mL IFNa2-treated human NK cells at 24 hours (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). *P , .05, **P , .01,
***P , .001, ****P , .0001. Experiment was repeated using hMDM or human NK cells generated from at least 2 healthy PBMC donors. mRNA, messenger RNA; N.S.,
not significant (P . .05); PBMC, peripheral blood mononuclear cells; SD, standard deviation.

SUBASUMSTAT POTENTIATES RITUXIMAB ACTIVITY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2773

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2770/1895412/bloodbld2021014267.pdf by guest on 01 June 2024



C 

No an
tib

ody

hIg
G1

Ritu
xim

ab
−20

0

20

40

60

80

Ph
ag

oc
yt

os
is 

(%
) DMSO

TAK-981

IFN�

IFN�/TAK-981

IL-4

IL-4/TAK-981

** **
** * ***

**

**

**

**

hI
g

G
1

0.
00

01

0.
00

1

0.
01 1

0.
1

R
it

ux
im

ab

E 

−20

0

20

40

60
Ph

ag
oc

yt
os

is 
(%

)

Daratumumab
(�g/ml)

** **
**

**
** **

***

No an
tib

ody

hIg
G1

Ritu
xim

ab

F 

−20

0

20

40

60

80

100

120

Ce
ll 

lys
is 

(%
)

Control

TAK-981

aIFNAR2

TAK-981/aIFNAR2

** *
** **

** *

IFN�2

A 

0

10

20

30

40

50

Control
TAK-981
Rituximab
TAK-981/RituximabPh

ag
oc

yt
os

is 
(%

)

***

*

CellTrace Violet+ target cells 

C
el

lT
ra

ce
 R

ed
+

 m
ac

ro
p

ha
g

es
 

Control

BV 421-A

0

AP
C-

A

0

4.76 14.2

14.6 40.2

103 104 105

103

104

105

TAK-981

BV 421-A

0

AP
C-

A

0 103 104 105

103

104

105

Rituximab

BV 421-A

0

AP
C-

A

0 103 104 105

103

104

105

TAK-981/Rituximab

BV 421-A

0

AP
C-

A

0 103 104 105

103

104

105

B 

Control

TAK-981

TAK-981/aIFNAR2

Control

TAK-981

aIFNAR2 Ab

TAK-981/aIFNAR2

***

** **

D 

−20

20

0

40

60

Ph
ag

oc
yt

os
is 

(%
)

No an
tib

ody

hIg
G1

Ritu
xim

ab

Figure 2. TAK-981 treatment augments rituximab-mediated macrophage phagocytosis and NK cell cytotoxicity in an IFN1-dependent manner. (A)
Representative flow cytometry scatter plots. Macrophages are defined as CellTrace Red1 events and Daudi cells as CellTrace Violet1 events. Percent of CellTrace
Red1Violet1 in CellTrace Violet1 events corresponds to percent of phagocytosed Daudi cells in total Daudi cells. (B) Phagocytic activity of 1 mM TAK-981–treated
hMDM against Daudi cells in the presence of 1 mg/mL human IgG1 (hIgG1) or rituximab at an effector to target (E:T) ratio of 1:1 (mean with SD; n 5 3 biological
replicates, 2-tailed unpaired Welch’s t test). (C) Phagocytic activity of 50 ng/mL IFNg-, 20 ng/mL IL-4-, and/or 1 mM TAK-981–treated hMDM against Daudi-KILR cells in
the presence of hIgG1 or rituximab at an E:T ratio of 4:1 (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (D) Phagocytic activity of
20 mg/mL aIFNAR2- and/or 1 mM TAK-981–treated hMDM against Daudi-KILR cells in the presence of human IgG1 or rituximab at an E:T ratio of 4:1 (mean with SD;
n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). (E) Phagocytic activity of 20 mg/mL aIFNAR2- and/or 1 mM TAK-981–treated hMDM against Daud-KILR cells
in the presence of 1 mg/mL human IgG1, daratumumab, or 1 mg/mL rituximab at an E:T ratio of 4:1 (mean with SD; n 5 3 biological replicates, 2-tailed unpaired
Welch’s t test). (F) Cytotoxicity of 20 mg/ml aIFNAR2-, 1 mM TAK-981-, and/or 10 kU/mL IFNa2-treated human NK cells against Daudi-KILR cells in the presence of 1
mg/mL human IgG1 or 1 mg/mL rituximab at an E:T ratio of 4:1 (mean with SD; n 5 3 biological replicates, 2-tailed unpaired Welch’s t test). *P , .05, **P , .01, ***P , .001.
Experiment was repeated using hMDM or human NK cells generated from at least 2 healthy PBMC donors. SD, standard deviation; N.S., not significant (P . .05).
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CD38-expressing Burkitt lymphoma Daudi xenograft model
grown in severe combined immunodeficiency (SCID) mice, which
are deficient in T and B cells but retain myeloid cells and NK
cells. Combination of TAK-981 with either rituximab or daratu-
mumab resulted in synergistic combination activity in the Daudi
model (Figure 3A). We also tested combination of TAK-981 with
rituximab in 2 different CD201 DLBCL xenograft models (OCI-
Ly10 and TMD8). In the subcutaneous OCI-Ly10 xenograft mod-
els, whereas single-agent treatment with TAK-981 or rituximab
markedly delayed tumor growth, combination treatment resulted
in complete and durable elimination of palpable tumors (com-
plete responses [CRs]) in all treated mice (Figure 3B). In the dis-
seminated OCI-Ly10-luc xenograft models, single-agent
treatment with TAK-981 did not have a significant impact on
tumor growth and mouse survival, whereas the combined treat-
ment with TAK-981 and rituximab demonstrated a more signifi-
cant survival benefit than rituximab alone (supplemental Figure
4A-C). Another clinically approved anti-CD20 antibody, obinutu-
zumab, showed robust antitumor activity in combination with
TAK-981, which is comparable to that of TAK-981 and rituximab
combination (Figure 3C). In the TMD8 xenograft model, TAK-
981 had minimal effect on tumor growth, and rituximab treat-
ment resulted in tumor growth delay (Figure 3D). However, the
combined treatment of TAK-981 and rituximab induced tumor
regression and extended survival of mice (Figure 3D; supple-
mental Figure 5A). In addition to cell line xenograft models, we
also tested a human primary CD201 DLBCL xenograft model,
PHTX-166L. The tumors showed comparable tumor growth inhi-
bition in response to treatment with either single agent, whereas
the combination resulted in synergistic tumor growth inhibition
including 1 CR out of 6 mice (Figure 3E). The LP-1 multiple mye-
loma xenograft model was also investigated in SCID mice to
explore TAK-981 combination activity with daratumumab in a
myeloma setting. The combination of TAK-981 with daratumu-
mab resulted in tumor stasis and prolonged survival, in contrast
to only minimal activity in response to either single agent (Figure
3F; supplemental Figure 5B). To examine the in vivo combina-
tion activity in an immune-competent setting, we generated a
mouse syngeneic model bearing mouse A20 B-cell lymphoma
tumor cells engineered to express human CD38. Whereas TAK-
981 or daratumumab had minimal effect on survival, combined
treatment of TAK-981 and daratumumab significantly extended
survival (supplemental Figure 6A-B). Marked body weight loss
was not induced by the treatments throughout the study period
(supplemental Figures 6C and 7A-G).

The in vitro viability of Daudi, OCI-Ly10, and TMD8 did not dif-
fer in response to either single-agent or combination treatment
with TAK-981 and rituximab, suggesting that a direct effect of
TAK-981/rituximab combination on tumor cells is not driving the
increased in vivo antitumor efficacy observed (supplemental Fig-
ure 8). To assess the contribution of effector function to
rituximab-mediated antitumor activity, we generated an effector-
attenuated rituximab mutant with L234A, L235A, and P329G
(LALA-PG) mutations engineered into the Fc region of the anti-
body.38,39 We validated the binding activity of rituximab LALA-
PG to CD20 (expressed on Daudi cells) and the loss of effector
activity of rituximab LALA-PG in vitro in an ADCC assay (supple-
mental Figure 9A-B). In the OCI-Ly10 xenograft model, LALA-
PG–mutated rituximab did not demonstrate antitumor activity
either as a single agent or in combination with TAK-981 (Figure
3G), indicating that rituximab effector function is critical for

antitumor activity and combination with TAK-981. To better
understand the mechanism of the in vivo antitumor activity of
TAK-981 combined with rituximab, we assessed the effect of
depleting macrophages with clodronate or NK cells with anti-
asialo GM1.3,39 Anti-asialo GM1-mediated NK cell depletion in
blood and clodronate-mediated macrophage depletion in tumors
were confirmed by flow cytometry (supplemental Figure 10A-B).
Treatment with clodronate or anti-asialo GM1 partially abrogated
the antitumor activity of combined treatment with TAK-981 and
rituximab in OCI-Ly10 xenografts (Figure 3H). Notably, combined
treatment with clodronate and anti-asialo GM1 more rapidly
abrogated the antitumor activity of TAK-981/rituximab combina-
tion (supplemental Figure 11A). Flow cytometric analysis con-
firmed the in vivo codepletion of macrophages and NK cells by
the combined treatment with clodronate and anti-asialo GM1,
though NK cell depletion by anti-asialo GM1 treatment was
somewhat less effective when combined with clodronate treat-
ment (supplemental Figure 11B-C), perhaps reflecting compro-
mised ADCP of NK cells as a result of macrophage reduction. In
the TMD8 xenograft model, the antitumor activity of TAK-
981/rituximab combination was also reversed by combined
treatment with clodronate and anti-asialo GM1 (supplemental
Figure 11D). Furthermore, rituximab did not show antitumor activ-
ity either as a single agent or in combination with TAK-981 in
severely immune-deficient mice bearing OCI-Ly10 xenografts, in
which macrophages and NK cells are defective (nonobese dia-
betic/SCID) or macrophages are defective and NK cells are absent
(nonobese diabetic/SCID/Interleukin-2Rgnull) (supplemental Figure
12). Although complement-dependent cytotoxicity has been impli-
cated in mediating rituximab antitumor activity in some settings,
complement depletion by cobra venom factor did not abrogate
the antitumor activity of combined treatment with TAK-981 and rit-
uximab (supplemental Figure 13A-B). Collectively, these results
indicate a key role for macrophages and NK cells in driving the
antitumor activity of combination treatment with TAK-981 and
rituximab.

TAK-981 promotes macrophage M1 polarization
and NK cell activation in CD201 lymphoma
xenografts
Tumor immunophenotyping analysis was performed to explore
the impact of TAK-981 treatment on the tumor microenvironment
in the OCI-Ly10 xenograft model (Figure 4A; supplemental Figure
14). Flow cytometry analysis revealed a significant decrease in the
proportion of CD11b1Ly6G-Ly6ClowF4/801 tumor-associated
macrophages (TAM) in response to TAK-981 treatment on both
days 5 and 9 after initiation of treatment (Figure 4B-C). The pro-
portion of NK cells in tumors was seen to increase on both days
in TAK-981–treated mice (Figure 4B-C). In contrast, the proportion
of CD11b1Ly6G-Ly6Chigh monocytes or CD11b1Ly6G1Ly6Cint

neutrophils was increased or decreased by TAK-981 treatment
only on day 9, respectively (Figure 4B-C). Given the earlier and
greater changes observed on day 5 post–TAK-981 treatment, the
changes in macrophages and NK cells would be primary events.
These changes were not the results of just redistribution between
proportions, because the absolute number of the cells adjusted
to tumor weight showed comparable tendency (supplemental
Figure 15). Notably, although the proportion of M2-like TAM
(CD862/CD2061) were decreased by TAK-981 and further
decreased by the combination treatment with rituximab, that of
M1-like TAM (CD861/CD2062) were increased by the treatments
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Figure 3. Antitumor activity of TAK-981 combined with monoclonal antibodies in xenograft models. (A) Tumor volumes in Daudi-bearing mice treated with
TAK-981 (7.5 mg/kg, biweekly), rituximab (3 mg/kg, weekly), and/or daratumumab (7.5 mg/kg, biweekly) as indicated for 3 weeks (mean with SD; n 5 8 mice per group
in the representative study, 2-tailed unpaired Welch’s t test). The P value of the synergy score was P , .001. (B) Tumor volumes in OCI-Ly10–bearing mice treated with
TAK-981 (7.5 mg/kg, biweekly) and/or rituximab (1 mg/kg, weekly) as indicated for 2 weeks (mean with SD; n 5 8 mice per group in the representative study, 2-tailed
unpaired Welch’s t test). The P value of the synergy score was P , .001. (C) Tumor volumes in OCI-Ly10–bearing mice treated with TAK-981 (7.5 mg/kg, biweekly),
obinutuzumab (Obi, 1 mg/kg, weekly), and/or rituximab (Rit, 1 mg/kg, weekly) as indicated for 2 weeks (mean with SD; n 5 8 mice per group in a single experiment,
2-tailed unpaired Welch’s t test). (D) Tumor volumes in TMD8-bearing mice treated with TAK-981 (15 mg/kg, biweekly) and/or rituximab (3 mg/kg, weekly) as indicated
for 2 weeks (mean with SD; n 5 8 mice per group in the representative study, 2-tailed unpaired Welch’s t test). The P value of the synergy score was P 5 .08 (additive
combination effect). (E) Tumor volumes in PHTX-166L–bearing mice treated with TAK-981 (5 mg/kg, weekly) and/or rituximab (5 mg/kg, weekly) as indicated for 2 weeks
(mean with SD; n 5 6 mice per group in the representative study, 2-tailed unpaired Welch’s t test). The P value of the synergy score was P , .05. (F) Tumor volumes in
LP-1–bearing mice treated with TAK-981 (7.5 mg/kg, biweekly) and/or daratumumab (2.5 mg/kg, biweekly) as indicated for 5 weeks (mean with SD; n 5 8 mice per
group in the representative study, 2-tailed unpaired Welch’s t test). The P value of the synergy score was P , .05. (G) Tumor volumes in OCI-Ly10–bearing mice treated
with TAK-981 (7.5 mg/kg, biweekly), rituximab (3 mg/kg, weekly), and/or rituximab with LALA-PG mutations (3 mg/kg, weekly) as indicated for 2 weeks (mean with SD;
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(Figure 4D). Moreover, treatment with TAK-981 increased the pro-
portion of FCGR41 TAM as well as that of IFNg1 NK cells, with a
trend toward increased CD691 NK cells in the TAK-9812 and/or
combination-treated tumors (Figure 4E-F).

Discussion
Our studies indicate that the SUMOylation inhibitor TAK-981
stimulates macrophage and NK cell function through IFN1 path-
way activation, leading to enhanced antitumor activity in combi-
nation with tumor-targeting monoclonal antibodies such as
rituximab and daratumumab (Figure 5). Both ex vivo and in vivo
studies support a central dependency of the observed combina-
tion activity on the enhanced function of macrophages and NK
cells as a result of IFN1 pathway activation. These observations
extend previous work documenting IFN1-dependent activation
of dendritic cells and T cells by TAK-981,23 indicative of broad
IFN1-dependent immune cell activation by TAK-981.

IFN1 acts directly on NK cells to promote their activation, prolif-
eration, and cytotoxic function.40 Recently, induction of IFNb by
agonism of the cyclic GMP-AMP synthase-stimulator of
interferon genes protein pathway has been demonstrated to
trigger NK cell–mediated tumor killing.27 In contrast to NK cells,
the role of IFN1 in macrophage polarization phenotypes has
been less clearly defined. It is important to note that although
the status of TAMs is often characterized by a binary M1-M2
polarization designation, it has been demonstrated that tumor
macrophage activation states represent a continuum of pheno-
types rather than 2 binary states. Nevertheless, although a sim-
plification, the M1/M2 designation provides a shorthand for
distinguishing between classically (proinflammatory and
antitumorigenic) and alternatively (anti-inflammatory and
protumorigenic) activated macrophages, respectively.41,42 In
certain microbial infections such as tuberculosis, treatment
with IFN1 has an anti-inflammatory effect on macrophages
both in mouse and human.43 On the other hand, it has been
reported that IFN1 signaling mediates LPS-induced expres-
sion of the M1 marker iNOS and synergizes with toll-like
receptor agonists to activate M1 macrophages in
mBMDM.44,45 Whereas IFN1 is known to be highly
expressed in M1 macrophages and contributes to M1 polari-
zation in human cell line–derived macrophages,46,47 the
roles of IFN1 in human primary macrophage polarization
have been less well characterized. Our data indicates that
IFN1 pathway activation by TAK-981 induces proinflamma-
tory M1 marker expression both in mBMDM and hMDM,
and that this can be markedly enhanced by coadministration
of LPS and/or IFNg. It is possible that the context-
dependent effect of IFN1 on macrophage activity reflects
the impact of environmental cues on remodeling the macro-
phage enhancer repertoire. Interestingly, SUMO is an inte-
gral component of chromatin and, as previously mentioned,
shown to play a role in modulating IFN1 expression via

inhibitory SUMOylation of a distal IFNb enhancer element.25

Although our ex vivo data indicates that TAK-981 treatment
enhances macrophage M1 polarization in an IFNAR-
dependent manner, it is also possible that global suppres-
sion of SUMOylation in enhancer regions of genes encoding
proinflammatory proteins, and/or in transcription factors
mobilized by IFN1, facilitates and contributes to IFN1-
dependent responses induced by TAK-981.

The in vivo mechanisms of tumor cell depletion documented for
rituximab are variable and likely, at least in part, dependent on
the tumor model used. In our study, we have almost exclusively
used human xenograft tumors grown in SCID mice, lacking
adaptive immunity, so as to focus on the effects of TAK-981 on
the contribution of innate immune responses to treatment with
rituximab. Antitumor activity of both single-agent and combina-
tion treatment with rituximab was abrogated upon use of the
effector-attenuated rituximab LALA-PG mutant, indicating that
Fc-mediated engagement of effector cells is critical. Notably,
the marked enhancement of antitumor activity achieved by com-
bined treatment with TAK-981 and rituximab was partially
reversed by macrophage or NK cell depletion, indicative of a
key role for these effector cells in the antitumor combination
activity. The incomplete rescue of tumor growth by macrophage
or NK cell depletion may reflect a need for depletion of both
cell types, or a preferential dependency on macrophage deple-
tion, which is incomplete in tumors following clodronate treat-
ment, as previously documented.48-50 Macrophage depletion by
other approaches such as CSF1R inhibitors may help further clar-
ify the importance of macrophages in future studies.

TAK-981 treatment not only induced proinflammatory activation
of macrophages but also increased FCGR expression in an
IFN1-dependent manner in macrophages, which may help
enhance ADCP. This is consistent with published reports of
STING agonism eliciting increased FCGR expression through
IFN1 production, in both hMDM and mBMDM, thereby aug-
menting ADCP.51 Induction of FCGR expression was not
observed in NK cells following TAK-981 treatment, indicating
that TAK-981 may stimulate cell cytotoxicity/ADCC of NK cells
independent of FCGR upregulation. A caveat of the ex vivo
assay is that it is challenging to distinguish between enhance-
ment of ADCC/ADCP by TAK-981 vs additive readout of TAK-
981–induced NK cell cytotoxicity/macrophage phagocytosis in
combination with ADCC/ADCP. Nevertheless, our in vivo study
demonstrates clear enhancement of rituximab and daratumu-
mab antitumor activity when combined with TAK-981 in multiple
preclinical models, indicating the robust potential of the combi-
nation for the treatment of cancer.

We found that TAK-981 induces M1 polarization and enhances
macrophage phagocytosis/ADCP. It has been controversial
whether the polarization state of macrophages influences
ADCP response.48,52,53 In our study, M1 macrophages showed

Figure 3 (continued) n 5 8 mice per group in a single experiment, 2-tailed unpaired Welch’s t test). (H) Tumor volumes in OCI-Ly10–bearing mice were treated with
TAK-981 (7.5 mg/kg, biweekly), rituximab (1 mg/kg, weekly), clodronate liposome (200 mL per mouse at a first dose and 100 mL per mouse at subsequent doses,
biweekly), and/or anti-asialo GM1 (aASGM1, 0.25 mg per mouse, weekly) as indicated for 2 weeks (mean with SD; n 5 8 mice per group in the representative study).
Bar graphs show percent change in tumor volumes from baseline on the indicated day of measurement (individual value; n 5 8 mice per group in the representative
study, 2-tailed unpaired Welch’s t test). *P , .05, **P , .01, ***P , .001. The number of mice achieved CR per the number of total mice in the group is shown. At
least 2 similar experiments were performed unless otherwise specified. SD, standard deviation; N.S., not significant (P . .05).
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higher levels of phagocytosis/ADCP than M2 macrophages.
More importantly, TAK-981 was able to enhance phagocyto-
sis/ADCP regardless of polarization conditions in the ex vivo
assay. In vivo, there were more M1-like TAM and less M2-like
TAM in the tumors post–TAK-981 treatment. Although the
proportion and number of macrophages were decreased up
to threefold, we hypothesize there was nevertheless a qualita-
tive shift toward M1 polarization that would be predicted to
have tumoricidal activity and generate a more proinflamma-
tory tumor microenvironment, favorable to activation of NK
cells. In addition, the upregulation of activating FCGR by
TAK-981 may contribute to the enhancement of ADCP. Tumor
immunophenotyping analysis also revealed that other innate
immune cell subsets such as neutrophils and monocytes
were affected by TAK-981 treatment in the OCI-Ly10 tumors,
though the changes are likely to be secondary events.
Further investigation should allow us to better understand
the impact of TAK-981 on these immune cells in tumor
microenvironment.

Our previous data has shown that TAK-981 induces transient
B-cell depletion in mice,23 raising the possibility that intrinsic
sensitivity of B lineage cells to TAK-981 may contribute to antitu-
mor activity in the preclinical models. Indeed, we have observed
moderate and variable single-agent in vitro and in vivo activity
of TAK-981 in the B-cell lymphoma cell lines. It is possible that a
direct effect of TAK-981 on cancer cells contributes to the
enhanced antitumor activity when combined with rituximab or
daratumumab. Generation of cell lines that are insensitive to
TAK-981 could be informative in this regard.

We have shown here that TAK-981 can enhance the activity of
both macrophages and NK cells and demonstrated that IFN1-
dependent stimulation of macrophage and NK cell activity is a
key mechanism of action underlying antitumor combination
activity with rituximab or daratumumab. Our findings establish a
preclinical rationale for targeting SUMOylation using small-
molecule inhibitors to activate IFN1 signaling in combination
with tumor-targeting antibodies such as rituximab and

Figure 4. TAK-981 treatment increases M1-like/M2-like ratio in TAM and activates tumor-infiltrated NK cells in OCI-Ly10 xenografts. (A) Schematic diagram of
study design. Tumors from 7.5 mg/kg TAK-981 (administered on day 1, 4, and 8)- and/or 1 mg/kg rituximab (administered on day 1 and 8)- treated OCI-Ly10 tumor-bearing
mice on day 5 or day 9 were analyzed. (B) Proportion of CD11b1Ly6G2Ly6ClowF4/801 TAM, NKp461 NK cells, CD11b1Ly6G2Ly6Chigh monocytes, or CD11b1Ly6G1Ly6Cint

neutrophils on day 5 (mean with SD; n 5 5 mice per group in the representative study, 2-tailed unpaired Welch’s t test). (C) Proportion of CD11b1Ly6G2Ly6ClowF4/801 TAM,
NKp461 NK cells, CD11b1Ly6G2Ly6Chigh monocytes, or CD11b1Ly6G1Ly6Cint neutrophils on day 9 (mean with SD; n 5 5 mice per group, 2-tailed unpaired Welch’s t test).
(D) Left, representative flow cytometry scatter plots of CD86/CD206. Right, proportion of M1-like (CD861CD2062) TAM or M2-like (CD862CD2061) TAM in tumors on day 5.
(E) Left, representative flow cytometry scatter plots of FCGR4/FSC-H. Right, proportion of FCGR41 TAM in tumors on day 5. (F) Proportion of CD691 or IFNg1 NK cells in
tumors on day 5. Box plot center, box, and whiskers correspond to median, IQR (interquartile range), and 1.5 times IQR, respectively (n 5 5 mice per group in the
representative study, 2-tailed unpaired Welch’s t test). Two similar experiments were performed. SD, standard deviation.
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Figure 5. Schematic model of TAK-981–mediated antitumor innate immune responses through IFN1 activation. TAK-981 treatment enhances M1 macrophage
polarization and NK cell activation through IFN1 signaling, leading to enhanced macrophage phagocytosis and NK cell cytotoxicity against tumor cells, particularly in
the presence of therapeutic monoclonal antibodies like rituximab. The induction of activating FCGR levels in macrophages following TAK-981 treatment may also
contribute to the enhanced macrophage phagocytosis.
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daratumumab for the treatment of cancer. TAK-981 is being
investigated in combination with rituximab in patients with
relapsed/refractory CD201 NHL (NCT04074330; clinicaltrials.
gov) and in combination with anti-CD38 monoclonal antibodies
in a phase 1/2 study in patients with multiple myeloma
(NCT04776018; clinicaltrials.gov), as well as a single agent in a
phase 1/2 clinical study in patients with advanced or metastatic
solid tumors or relapsed/refractory hematologic malignancies
(NCT03648372; clinicaltrials.gov), and in combination with pem-
brolizumab in a phase 1/2 study in patients with advanced or
metastatic solid tumors (NCT04381650; clinicaltrials.gov).
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