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Abstract

Background: CD47/SIRPa axis is recognized as an innate immune checkpoint and emerging clinical data validate
the interest of interrupting this pathway in cancer, particularly in hematological malignancies. In preclinical models,
CD47/SIRPa blocking agents have been shown to mobilize phagocytic cells and trigger adaptive immune responses
to eliminate tumors. Here, we describe the mechanisms afforded by a CD47xCD19 bispecific antibody (NI-1701) at
controlling tumor growth in a mouse xenograft B-cell lymphoma model.

Methods: The contribution of immune effector cell subsets behind the antitumor activity of NI-1701 was investi-
gated using flow cytometry, transcriptomic analysis, and in vivo immune-cell depletion experiments.

Results: We showed that NI-1701 treatment transformed the tumor microenvironment (TME) into a more anti-tum-
origenic state with increased NK cells, monocytes, dendritic cells (DC) and MHCIIM tumor-associated macrophages
(TAMs) and decreased granulocytic myeloid-derived suppressor cells. Notably, molecular analysis of isolated tumor-
infiltrating leukocytes following NI-1701 administration revealed an upregulation of genes linked to immune activa-
tion, including IFNy and IL-12b. Moreover, TAM-mediated phagocytosis of lymphoma tumor cells was enhanced in the
TME in the presence of NI-1701, highlighting the role of macrophages in tumor control. In vivo cell depletion experi-
ments demonstrated that both macrophages and NK cells contribute to the antitumor activity. In addition, NI-1701
enhanced dendritic cell-mediated phagocytosis of tumor cells in vitro, resulting in an increased cross-priming of
tumor-specific CD8T cells.

Conclusions: The study described the mechanisms afforded by the CD47xCD19 bispecific antibody, NI-1701, at
controlling tumor growth in lymphoma mouse model. NI-1701 is currently being evaluated in a Phase | clinical trial for
the treatment of refractory or relapsed B-cell lymphoma (NCT04806035).
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Background

It has emerged that tumor-infiltrating innate immune
cells could also be therapeutically targeted in cancer [1].
Indeed, tumor-associated macrophages (TAMs), a gen-
erally abundant population in tumors, have been asso-
ciated with cancer dissemination, immune suppression
and resistance to treatment in multiple cancers [2, 3].
Consequently, treatments have been developed to limit
TAMs accumulation or to reprogram them to utilize
their killing properties and favor antitumor response
[4—8]. One of these approaches consists of harnessing
the phagocytic activity of the TAMs by targeting the
CD47/SIRPa immune checkpoint [9]. CD47 is a ubiq-
uitous membrane protein that interacts with the inhibi-
tory signal-regulatory protein alpha (SIRPa) receptor
expressed by myeloid cells, and recently discovered
on activated NK cells [10]. The interaction, known as
a “don’t eat me” signal, contributes to tissue homeo-
stasis by negatively regulating phagocytosis of healthy
cells by macrophages but could also prevent NK-cell
mediated killing [9-11]. Remarkably, previous stud-
ies have shown that a high CD47 expression on tumor
cells is associated with poor prognosis in both hemato-
logical and solid cancers [12—14]. Thus, several CD47/
SIRP« axis inhibitors have been developed and recently
entered into clinical trials [15]. Preliminary results
unveiled encouraging clinical activity of a humanized
anti-CD47 monoclonal antibody (magrolimab, formerly
known as 5F9-G4), in combination with standard-of-
care, in refractory/relapsed follicular lymphoma and
DLBCL, acute myeloid leukemia and myelodysplastic
syndrome [16, 17].

There are, however, negative consequences of non-
specifically targeting CD47. First, due to the broad
expression of CD47 on blood cells, including erythro-
cytes and platelets, clinical development of Fc-active
molecules are hindered by hematological dose-limiting
toxicity [18]. To circumvent this issue, most molecules
in clinical trials have been engineered with an IgG4 or a
mutated IgG1 Fc variant to limit or inactivate Fc-effec-
tor function, reducing their toxicity but also reducing
their antitumor activity as monotherapy [19-21]. As
such, these molecules are likely to be effective in combi-
nation with fully competent FcyR-engaging antibodies
to tumor-associated antigens or with agents promoting
the expression of prophagocytic signal on tumor cells
[16, 17, 19, 20]. Second, blood cells represent a large
CD47-antigen sink which reduces drug availability for

tumor cells and, thus, requires the administration of
high maintenance doses to achieve saturation of CD47
[22].

As an approach to selectively target CD47 on cancer
cells, we have developed a fully human IgG1 bispecific
antibody (bsAb) platform, which takes advantage of the
fully competent Fc effector functions of human IgGl
and avoids on-target/off-tumor toxicity of CD47 [23]. In
preclinical studies, NI-1701 triggered potent antibody-
dependent cellular phagocytosis (ADCP) and cytotoxicity
(ADCC) of tumor B cells in vitro, through co-engage-
ment of CD47 and CD19, and controlled tumor progres-
sion of B-cell lymphoma and leukemia xenograft models
[24]. Importantly, NI-1701 demonstrated no deleterious
effect on hematologic parameters and a favorable phar-
macokinetic profile following administration to non-
human primates [24].

In the present study, we investigated the in vivo mecha-
nism of action of NI-1701 by focusing on its impact on
the tumor microenvironment (TME) using a Burkitt’s
lymphoma xenograft model and described the beneficial
contribution of immune cell subsets to the antitumor
activity.

Material and methods

Animals, cell lines and reagents

6- to 10-week-old female CB17-SCID, NOD SCID and
BALB/c mice were purchased from Charles River Labo-
ratories (Saint-Germain-Nuelles, France). Animal experi-
ments were approved by the animal research committee
of Geneva canton and experiments performed in accord-
ance with the Swiss Federal Veterinary Office guidelines.
CL-4 transgenic BALB/c mice with Hemagglutinin(HA)-
specific TCR expressed by CD8" T cells [25] were kindly
provided by Dr. Roland Liblau (Research Center Tou-
louse Purpan, CPTP-INSERM).

The Burkitt’s lymphoma Raji cell line (CCL-86) was
purchased from ATCC and cultured in RPMI 1640
(Sigma-Aldrich) supplemented with 10% heat-inactivated
fetal calf serum (FCS, Invitrogen) and 2 mM L-glutamine
(Sigma-Aldrich). The Raji GFP" cell line was generated
by transfecting Raji cells with the randomly inserted GFP
transgene (UniprotKB-C5MKY?7) to allow the analysis
of tumor cell uptake by phagocytes. The Raji HA-GFP
cell line was developed by electroporating hemagglu-
tinin (HA) gene from influenza virus strain A/Puerto
Rico/8/1934 HIN1' (UniProtKB-P03452) and GFP
sequence integrated in an IRES-containing bicistronic
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vector. The transgene was inserted by targeting specifi-
cally the human Rosa26 locus using the CRISPR-Cas9
system. Stably expressing pool was enriched by suc-
cessive flow cytometry cell sorting of GFP positive cells
(Beckman Coulter MoFlo Astrios) and clones were gen-
erated by single cell sorting.

The generation and characterization of NI-1701, a
fully human IgG1l anti-CD47xCD19 bsAb with unbal-
anced affinity towards CD19 (K,=0.6 nM) and CD47
(Kp =500 nM), was previously described [24]. Human
IgG1 isotype-matched control mAb was produced and
purified at Light Chain Bioscience/Novimmune from
Chinese Hamster Ovary (CHO) cell culture supernatants.

Raji Burkitt lymphoma xenograft model

NOD SCID mice were injected subcutaneously at the
flank with 5 x 10° Raji GFP" cells. Tumors were meas-
ured three times a week using a digital caliper and tumor
volume determined using the formula (width x length x
height) x 1/6. NI-1701 or human IgG1 isotype-matched
control mAb were administered by intravenous (i.v.)
(lateral tail vein) or intraperitoneal (i.p.) injection on a
weekly basis, at a dose of 20 mg/kg, when tumor volume

reached about 100 mm?.

Tumor and spleen dissociation protocol

Mice were euthanized by CO, inhalation and tumors or
spleens directly excised and preserved in RPMI. Tumors
were cut into small pieces using surgical scissors and fur-
ther enzymatically and mechanically dissociated using
the Gentle MACS dissociator (Miltenyi Biotec), follow-
ing the recommendations provided by the human Tumor
Dissociation Kit (Miltenyi Biotec). Spleens were incu-
bated in collagenase IV (Gibco) and DNase I (Sigma-
Aldrich) and mechanically dissociated using the Gentle
MACS dissociator. After a washing step, red blood cells
were lysed using ACK (Ammonium-Chloride—Potas-
sium) buffer and cellular suspensions were filtered
through a 70 um cell strainer, washed and suspended
in FACS buffer (PBS, BSA 1%, EDTA 2 mM) to obtain a
homogeneous single-cell suspension for flow cytometry
analysis.

Flow cytometry, imaging flow cytometry and cell sorting

The following anti-mouse Abs or viability dyes were used
for staining: anti-Ly6C (HK1.4), anti-CD11c (N418) and
anti-CD206 (C068C2) purchased from Biolegend; anti-
CD45 (30F11), anti-Ly6G (1A8), anti-CD11b (M1/70),
anti-CD8a (53-6.7), anti-CD80 (16-10A1), anti-CD86
(GL1), anti-MHC Class I H-2Kd (SF1-1.1), anti-MHC
Class IT I-A/I-E (M5/114.15.2) and Fixable Viability Stain
620 purchased from BD Biosciences; anti-F4/80 (BM8),
anti-NKp46 (29A1.4), anti-MHC II I-Ad (AMS-32.1),

Page 3 of 13

anti-SIRPa (P84) and LIVE/DEAD Fixable Violet Dead
Cell Stain purchased from Thermo Fischer Scientific.

Cellular suspensions were first stained with viabil-
ity dye (to exclude dead cells) for 20 min at room tem-
perature following the manufacturer’s protocol. After 2
washes in FACS bulffer, cells were incubated with puri-
fied rat anti-mouse CD16/32 Ab (Mouse BD Fc Block) for
5 min at 4 °C to block non-specific labeling. Then samples
were directly processed for antibody staining for 20 min
at 4 °C, washed 2 times and fixed in BD CellFIX (BD Bio-
sciences). Data were acquired using a CytoFLEX S flow
cytometer (Beckman Coulter, Indianapolis, IN, USA) and
analysed with FlowJo software (Flow]Jo, LLC).

In vivo phagocytosis was determined by flow
cytometry after tumor dissociation by detection of
GFP in F4/80% tumor-associated macrophage or
F4/80~CD11c*MHCII* dendritic cell (DC) populations
and validated using FlowSight imaging flow cytometer
(Luminex Corp.) (see more details in Additional file 2).

For isolation of tumor-infiltrating mouse leukocytes,
single-cell suspensions obtained from excised tumors
were submitted to a double-step sorting. First, mouse
CD45" cells were enriched using CD45 (TIL) MicroBe-
ads (Miltenyi biotec) following the manufacturer’s proto-
col. Then, after a 5 min staining with TOPRO-3 reagent
to exclude dead cells (TOPRO-3"), the viable tumor-
infiltrating mouse leukocytes (CD45%, TOPRO-3") were
sorted using a S3e cell sorter (Bio-Rad).

HA-specific TCR CD8' T cells were isolated from
spleens of CL-4 transgenic mice. Briefly, spleens were
dissociated and digested as described above and the sin-
gle cell suspension was processed using the EasySep "
Mouse CD8" T Cell Isolation Kit (STEMCELL Technolo-
gies) following the manufacturer’s instructions.

Nanostring nCounter targeted transcriptomic analysis

of tumor-infiltrating mouse leukocytes

Total RNA was isolated from purified tumor-infiltrating
mouse leukocytes using ReliaPrep” RNA Cell Miniprep
System (Promega) followed by DNAse treatment with
DNA-free DNA Removal kit (Thermo Fischer Scientific).
Purified total RNA was quantified by Qubit (Thermo Fis-
cher Scientific) and checked for quality by the Bioana-
lyzer RNA 6000 Nano assay (Agilent Technologies). Gene
expression was quantified with the NanoString nCounter
platform using 100 ng of total RNA in the nCounter®
Mouse Myeloid Innate Immunity panel v2 (NanoString
Technologies). Briefly, the code set was hybridized with
the purified RNA overnight at 65 °C. RNA transcripts
were immobilized and counted using the NanoString
nCounter Digital Analyzer. Normalized raw expression
data were analysed when two SDs above the geometric
mean of the code-set-internal negative control probes
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were reached. The 557 remaining genes after background
filtering were normalized to the geometric mean of 18
housekeeping genes included in the panel and were log2-
transformed for further analysis.

Macrophage and NK cell depletion in Raji Burkitt
lymphoma xenograft model

For macrophage depletion experiment, CB17-SCID mice
were injected s.c. into the flank with 5 x 10° Raji cells and
concomitantly treated with a loading dose (i.v., lateral tail
vein) of 100 pL of clodronate or control (PBS) liposomes
(Liposoma B.V., The Netherlands), followed by mainte-
nance doses of 50 pL, every 3 or 4 other days, until the
end of the experiment.

For NK cell depletion, NOD SCID mice were injected
s.c. into the flank with 5 x 10° Raji GFP" cells and one
week later treatments were initiated with 50 pg of anti-
asialo GM1 Ab (Thermo Fischer Scientific) or PBS, with a
weekly injection, until the end of the experiment.

Antibody dependent cellular phagocytosis assay
with bone-marrow derived dendritic cells (BMDCs)
Single-cell suspensions of bone marrow cells were
obtained from femur and tibia of BALB/c mice. Red
blood cells were lysed using ACK buffer and then cell
suspension was filtered with a 70 pm cell strainer. 10
million of bone-marrow cells were plated in 10-cm Petri
dishes (day 0) and cultured in RPMI 1640 medium con-
taining 10% heat-inactivated FCS, 2 mM L-glutamine,
1 mM sodium pyruvate, 10 mM HEPES buffer, 50 uM
2-mercaptoethanol and 25 pg/mL gentamicin (Sigma-
Aldrich) supplemented with 20 ng/mL of GM-CSF (Pep-
rotech). At day 4 or 5, non-adherent cells were collected
and pooled with adherent cell fraction detached with
Trypsin—EDTA. Cells were resuspended in fresh medium
with 20 ng/mL of GM-CSF and 10 million of cells were
plated per Petri dishes. At day 10, BMDCs (non-adher-
ent cell fraction) were harvested (whereas adherent cells
were discarded) and characterized by flow cytometry.
Phagocytosis experiments were performed in ultra-low
attachment plates (Corning/Sigma-Aldrich) by mixing
Raji GEPM cells with BMDCs (effector to target cells ratio
of 1:1) in presence of 10 pg/mL of NI-1701 or hIgG1 con-
trol Ab. After 2.5 or 24 h of incubation at 37 °C, cells were
harvested, suspended and stained with viability marker
and anti-CD11c antibody and analysed by flow cytom-
etry. CD11ctGFP* double-positive events were identi-
fied as phagocytosis events, as confirmed by imaging flow
cytometry (FlowSight, Luminex Corp.).

Antigen cross-presentation assay
First, an overnight phagocytosis step was performed by
co-culturing 5 x 10* BMDCs with Raji HA-GFP cells (E:T
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ratio 1:1) in presence of 10 pg/mL of NI-1701 or higG1
control Ab. Then, purified HA-specific CD8% T cells
were stained with CellTrace Violet (Thermo Fisher Scien-
tific) and 2.5 x 10° lymphocytes (5:1 ratio with BMDCs)
were co-incubated for 48 h at 37 °C with the pre-mixed
BMDCs and Raji HA-GFP tumor cells after the phago-
cytosis step. Cell suspensions were subsequently stained
with a viability marker, anti-CD11c and anti-CD8a and
T-cell proliferation assessed by flow cytometry.

Statistical analysis

GraphPad Prism was used for all statistical analy-
sis. The unpaired t test or One-way ANOVA test were
used for statistical comparison. Data were expressed
as mean+SEM or mean=+SD, as indicated. p-value
of<0.05 was considered significant. *p<0.05, **p<0.01,
**%p <0.001, ****p <0.0001.

Results

Tumor growth inhibition by NI-1701 is associated

with modulation of NK cells and myeloid cell subsets

in the tumor microenvironment

Since NI-1701 does not cross-react with mouse CD47
and CD19, we used the well-established Raji human
NHL model subcutaneously implanted in immunode-
ficient NOD SCID mice. In this strain of mice, T- and
B-cells are defective but the innate immune system, and
related Fc-mediated effector cell populations, remain
functional [26]. Moreover, a NOD-specific polymor-
phism in Sirpa allows a strong binding to human CD47
enabling studying this pathway in xenograft models [27].
Our previous study [24] has demonstrated that selec-
tive blockade of the CD47/SIRPa axis on Raji tumor
cells with NI-1701 reduced tumor growth in vivo. To
gain further insights into the mechanism of action of
NI-1701, NOD SCID mice with established Raji GFP"
tumors were treated with NI-1701 and tumors were
excised at 2 different timepoints (D14 and D25) to char-
acterize the immune infiltrate (Fig. la and Additional
file 1: Fig. S1). As expected, NI-1701 inhibited tumor
progression in treated mice (Fig. 1b). While no signifi-
cant changes were observed in the overall percentage of
CD45" leukocyte infiltrate at both timepoints, as com-
pared to hlgGl control-treated animals, NI-1701 elic-
ited a decrease of CD11b*TLy6G* cells (herein referred
to as granulocytic myeloid-derived suppressor cells
(G-MDSCs)) with a concomitant increase of NKp46™'
Natural Killer (NK) cells and CD11ct DCs (Fig. 1c).
Moreover, the proportion of CD11b*F4/80%Ly6C*
monocytes increased at the later timepoint whereas the
percentage of CD11b*F4/80TLy6C~ tumor-associated
macrophages (TAMs) was not affected (Fig. 1c). As mac-
rophages have been previously identified to be critical for
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antitumor activity of CD47 blocking agents, including
our CD47xCD19 bsAb [9, 24], we set out to further char-
acterize potential phenotypic changes in TAMs. Interest-
ingly, without affecting the total macrophage percentage,
NI-1701 treatment gave rise to a significant increase in
MHCII™ macrophages, known as M1-polarized mac-
rophages which have a pro-inflammatory phenotype
(Fig. 1d). As the tumors in NI-1701-treated mice were
significantly smaller than in the control group at these
timepoints (Fig. 1b), we analysed infiltrating leukocytes
also at an earlier timepoint, after only 1 week of treat-
ment (and a single dose of NI-1701), when tumor vol-
umes were similar between the two groups (Additional
file 1: Fig. S2). Consistent with our initial findings, we
observed a similar trend at this earlier timepoint (Addi-
tional file 1: Fig. S2a and S2b).

Taken together, the analysis of Raji tumors revealed
a NI-1701-mediated modulation of immune cell sub-
sets in favor of an antitumor TME with enriched MHC
II" TAMs, NK cell and DC populations and reduced
G-MDSCs.

NI-1701 boosts the phagocytosis of tumor cells by TAMs,
monocytes and dendritic cells in Raji tumors
Antibody-dependent cellular phagocytosis (ADCP) by
macrophages has been shown in vitro to be a major
mechanism of action of NI-1701 [24]. We thus tested
whether treatment with NI-1701 would enhance ADCP
of tumor cells by TAMs/monocytes in vivo but also by
tumor-associated DCs, as recent reports highlighted
the pivotal role of DCs at triggering antitumor T-cell
response following CD47/SIRPa blockade [20, 28]. To
this end, we assessed the phagocytosis events in TAMs,
Ly6C* monocytes (Fig. le and f) and CD11lct DC
(Additional file 1: Fig. S2c) from NI-1701-treated GFP"
Raji tumors after 14 or 25 days of treatment. Remark-
ably, despite a high background in the hIgGl con-
trol group, NI-1701 significantly increased tumor cell
engulfment by TAMs, monocytes (Fig. 1f) and, albeit to
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a lesser extent, by CD11c™ DCs (Additional file 1: Fig.
S2c) at the two time-points.

This data suggests that ADCP by tumor-associated
phagocytes may play an important role in NI-1701-me-
diated inhibition of tumor growth in vivo.

NI-1701 induces an immune activating transcriptome

in the TME

To further dissect the molecular mechanisms by which
NI-1701 controls Raji tumor growth, we isolated
tumor-infiltrating mouse leukocytes after 14 days of
treatment and performed targeted transcriptomic anal-
ysis. Among the 734 genes in the Myeloid Innate Immu-
nity panel, 39 genes were affected by NI-1701 treatment
(Fig. 2a). 14 genes in the NI-1701-treated group were
significantly up-regulated (red dots) and 25 were down-
regulated (blue dots) as compared to the control. Con-
sistent with the reduction of the G-MDSCs population
induced by NI-1701, several genes expressed by granu-
locyte such as Cxcr2, Mmp8 and Fprl were significantly
down-regulated (Fig. 2b). Remarkably, an immune acti-
vation signature was observed in the NI-1701 cohort
with an increased gene expression of the inflammatory
cytokines 1112b, 1l-22, Ifug as well as the IFNy-inducible
chemokine genes Cxc/9 and Cxcll1 (Fig. 2b), which
play a key role in macrophage activation and immune
cell recruitment [29].

Interestingly, we also observed a significant up-regu-
lation of the lipoprotein lipase Lpl gene (Fig. 2a) which
could reflect increased metabolic activity of TAMs. In
fact, macrophages can produce and secrete lipopro-
tein lipase (LPL) to facilitate fatty acid availability as
another source of fuel than glucose metabolism espe-
cially when energy requirements are increased [30, 31].
Overall, these gene transcriptional changes in tumor-
infiltrating leukocytes underscore immune cell activa-
tion in the TME after NI-1701 administration.

(See figure on next page.)

*0<0.05, *p <001, **p< 0,001, ***p < 0,000

Fig. 1 NI-1701 modulates the tumor microenvironment by promoting accumulation of immune cells associated with anti-tumorigenic functions
and triggers enhanced engulfment of tumor cells by TAMs and monocytes. Immunodeficient NOD SCID mice were implanted with Raji GFP™
lymphoma tumor cells and treatment was initiated when tumor volume reached 100 mm?>. Tumors were excised 14 and 25 days after treatment
initiation to evaluate impact of NI-1701 on the tumor microenvironment. a Design of the experiment. b Mean tumor volume at days 14 and 25
after treatment with human IgG1 isotype control Ab or NI-1701. Data are presented as mean =% SD, with n=7-9 mice per group. ¢ Analysis by flow
cytometry of tumor-infiltrating total mouse leukocytes, myeloid cell subsets (TAMs, monocytes, G-MDSCs, dendritic cells) and NK cells. Gating
strategy to identify subpopulations in the TME is displayed in Additional file 1: Fig. S1. Data are presented as mean 4 SD, with n=4-9 mice per
group. d Analysis by flow cytometry of MHCII™ TAMs. e Representative flow cytometry plots of phagocytic TAMs or monocytes, determined as
F4/80*GFP* or Ly6CtGFP* respectively, from Raji GFP™ tumors dissected 14 days after treatment initiation. The threshold of GFP positivity and GFP
internalization in TAMs and monocytes were determined based on methods and analysis depicted in supplementary experimental procedures.

f The percentage of phagocytosis of GFP™ Raji tumor cells by TAMs and monocytes, assessed at day 14 and day 25 post-treatment initiation, is
shown for each individual mouse. Data are presented as mean = SD, with n=4-9 mice per group. Significance was determined by unpaired t test.
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Fig. 1 (See legend on previous page.)
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Macrophages and NK cells are critical effector cells

for NI-1701 antitumor response in vivo

An increased phagocytosis of tumor cells by TAMs
and an increased NK cell infiltration associated with an
immune activation signature prompted us to study the
importance of these two cell populations for the NI-
1701-mediated control of Raji tumors. To assess their
contribution to the antitumor response, we used clo-
dronate liposomes to deplete phagocytic cells and the
polyclonal Ab anti-Asialo-GM1 to deplete NK cells
(Fig. 3a and c). Phagocytes depletion was performed in

CB17 SCID mice as clodronate liposomes cause toxic-
ity in NOD SCID mice [32]. A preliminary experiment
demonstrated that the kinetics of Raji lymphoma tumor
growth and NI-1701 antitumor efficacy in CB17 SCID
mice were comparable to NOD SCID mice (data not
shown). Treatment with clodronate liposomes induced a
depletion of splenic macrophages, whereas depletion in
the TME was inefficient (Additional file 1: Fig. S3a). How-
ever, that was enough to cause a loss of antitumor effect
of NI-1701 (Fig. 3b). On the other hand, depletion of NK
cells observed in both the spleen and the tumor after
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Fig. 3 Both macrophages and NK cells are important effector cells for NI-1701 antitumor efficacy in Raji lymphoma xenograft model. a Design of
the macrophage depletion experiment. b Tumor volume follow-up of CB17-SCID mice carrying Raji tumors treated with i.p. injection of NI-1701
and i.v. injection of clodronate liposomes. n=5 mice per group. ¢ Design of the NK cell depletion experiment. d Tumor volume follow-up of NOD
SCID mice carrying Raji tumors treated with i.v. injection of NI-1701 and i.p. injection of anti-Asialo GM1 antibody. n =8 mice per group. For b and d

mean = SEM is shown. Significance was determined at endpoint by one-way ANOVA test. *p < 0.05, ***p <0.001, ****p < 0.0001

anti-Asialo-GM1 treatment (Additional file 1: Fig. S3b)
led to a partial reduction of NI-1701 efficacy (Fig. 3d).
Taken together, these results demonstrate that both mac-
rophages and NK cells contribute to NI-1701-mediated
inhibition of Raji lymphoma tumor growth.

NI-1701 promotes DC-mediated tumor cell killing

and cross-priming of CD8* T cells

Studies in immunocompetent animal models suggest that
adaptive immune responses subsequent to CD47/SIRP«
blockade are significantly involved in tumor growth con-
trol [20, 28, 33, 34]. As DCs appear to play a pivotal role
in the cross-priming of antitumor T-cell response medi-
ated by anti-CD47 mAb [28, 35], we investigated whether
NI-1701-induced tumor cell phagocytosis by DCs could
trigger antigen cross-presentation to T cells. DCs were
derived from GM-CSF stimulated bone-marrow cells
of BALB/c mice and expressed CD11c marker, MHC II,

costimulatory molecules CD80 and CD86 and SIRPa
were (Additional file 1: Fig. S4). In vitro phagocytosis
assay with Raji GFP" cells showed higher engulfment of
tumor cells by DCs after NI-1701 treatment (9.5% versus
1.7% CD11c"GFP™ events for higG1, Fig. 4a), which was
confirmed by analysing double-positive CD11ctGFP*
cells using imaging flow cytometry. More strikingly,
co-incubation of BMDCs and tumor cells in presence
of NI-1701 for 24 h resulted in an almost total elimina-
tion of tumor cells (Fig. 4b). Tumor cell killing was cer-
tainly mediated by DCs, as NI-1701 alone did not induce
direct cell death of tumor cells (data not shown). Finally,
to investigate whether NI-1701 can influence DC anti-
gen cross-presentation and T-cell priming, we used
hemagglutinin A (HA) as a surrogate tumor-associated
antigen in an in vitro cross-presentation assay. The per-
centage of proliferating HA-specific CD8" T cells in the
NI-1701 treated group was significantly higher than in
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the hlgGl-treated group (12.9% from NI-1701 group
vs 0.4% from hIgG1 group respectively, Fig. 4c). These
results demonstrated that NI-1701-treated DCs induced
the priming of HA-specific T-cells after phagocytosis of
HA-expressing Raji cells.

Discussion

CD47/SIRPa innate immune checkpoint inhibitors have
emerged as a new promising class of cancer immuno-
therapy that might synergize with treatments that invig-
orate antitumor T-cell response. To mitigate the safety
risks, and the impact of CD47 antigen sink on pharma-
cokinetic profiles of CD47 targeting reagents, more selec-
tive approaches are being developed such as anti-SIRPa
antibodies [36], next-generation CD47 mAbs with lower
binding to red blood cells [37, 38] and CD47xTAA bsAbs
[23, 39].

Fig.4 NI-1701 induces tumor cell phagocytosis by
bone-marrow-derived dendritic cells and promotes cross-priming of
CD8™ T cells. Bone marrow-derived mouse dendritic cells (CD11c™)
from BALB/c mice were cocultured for 2 h 30 (a) or 24 h (b) with

Raji GFP" tumor cells (1:1 ratio) in the presence of higG1 or NI-1701.
Representative flow cytometry plots for higG1 and NI-1701 treated
groups are depicted, and the percentage of phagocytosis is indicated
(left panel). Phagocytic events were confirmed by imaging flow
cytometry acquisition in the CD11ctGFP gate with tumor cells in
green fluorescence and CD11c* dendritic cells in red fluorescence
(middle panel). The mean percentage of phagocytosis at 2 h 30+ SD
is shown (right panel), n =5 independent experiments. b Percentage
of residual Raji GFPM tumor cells after 24 h of coculture with CD11c*
DCs was determined by the analysis of remaining GFP* tumor cells
within the total live cell gate. n=5 experiments. ¢ Bone-marrow
derived dendritic cells from BALB/c mice were cocultured overnight
with hemagglutinin-expressing Raji tumor cells (Raji HA-GFP)

in the presence of human IgG1 or NI-1701 (ratio 1:1). The next

day, HA-specific CD8™ T cells from CL-4 transgenic mice (bearing
HA-specific TCR on CD8™ T cells) labelled with CellTrace violet were
added (ratio 1:5). Analysis of CD8™ T cell proliferation was performed
3 days later. Plots represent an illustration of proliferating CD8* T
cells (left panel). Mean & SD was calculated from 4 independent
experiments (right panel). Significance was determined by unpaired t

test. *p < 0.05, ***p < 0.0001

In this study, we aimed to elucidate the effector mecha-
nisms behind the in vivo antitumor activity of NI-1701,
a bsAb targeting CD47 and CD19 [24]. NI-1701 admin-
istration to tumor-bearing mice was shown to modify
the tumor microenvironment by promoting the infiltra-
tion of immune cells, including M1-polarized inflamma-
tory macrophages, NK cells, and CD11b~/*CD11c" DCs,
all known for their anti-tumorigenic functions [40-42].
Consistent with these findings, targeted transcriptomic
NanoString analysis of tumor-infiltrating leukocytes
revealed that pro-inflammatory cytokine and chemokine
genes Ifung, 1l-12b, 1I-22, Cxcl9 and Cxcl10 were upregu-
lated in infiltrating leukocytes from NI-1701-treated
tumors. Although we have not quantified cytokines/
chemokines at the protein level nor properly identified
the cellular subsets responsible for the upregulation of
these genes, we believe that the increased accumulation
of NK cells and/or DCs may be the dominant source of
IFNy. Indeed, the aforementioned cell populations have
been shown to be the major source of IFNy in the same
strain of mice used in our experiments, i.e., NOD SCID
mice, following L. monocytogenes stimulation [43] and,
thus, may contribute to the up-regulation of Ifng and
related genes in the tumor xenograft model described
herein.

On the other hand, a significant decrease of
CD11b*Ly6G* G-MDSCs was observed following
NI-1701 treatment, which is in favor of an antitumo-
rigenic microenvironment, as such immune cells can
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suppress innate and adaptive immune response promot-
ing tumor growth. However, we should highlight that, as
there are no phenotypic cell surface markers that allow
for the separation of classical neutrophils from G-MDSCs
[44], we could not rule out that the G-MDSC population
in our study also contains neutrophils. In addition, the
CD11b"Ly6C" monocyte population we described could
also contains M-MDSCs as the markers are also similar.
Further functional assessment would be required to bet-
ter differentiate these immune cell subsets.

Since tumor-cell phagocytosis by monocytes/mac-
rophages has been extensively described as a key mech-
anism of action of CD47/SIRPa blocking molecules,
we have explored the phagocytic activity of these cell
populations in the TME. A high level of phagocytosis
for both cell types (and also DCs) was observed in the
control group and might be explained by physiologi-
cal phagocytosis and removal of dead tumor cells that
have gone through apoptosis [45]. Remarkably, NI-1701
increased the phagocytosis of tumor cells by mac-
rophages and monocytes in the TME. We also observed
that both MHC 11 and MHC II" TAMs subpopula-
tions (considered as M2- and M1l-like macrophages,
respectively) were able to efficiently engulf tumor cells
(data not shown). This is consistent with previous stud-
ies suggesting that, while M2-like or tumor-conditioned
macrophages have pro-tumor properties, they maintain
effective Fc-dependent phagocytic function [46—49]. Fur-
thermore, we observed a significant upregulation of the
gene encoding lipoprotein lipase Lp/ (LPL) in isolated
tumor-infiltrating leukocytes from the NI-1701 treated
cohort, which we attributed to the dominant TAM sub-
population. This observation is consistent with a previ-
ously described example of Lp/ upregulation in microglia
from mice bearing glioblastoma tumors exposed to anti-
CD47 mADb treatment [50]. While the exact role of LPL in
TAMs is not well-established, LPL has been implicated in
monocyte differentiation and macrophage accumulation
[51] as well as in maintaining macrophage phagocytic
activity under low glucose conditions [30]. It is likely
that LPL may help to maintain TAM phagocytic activity
under hypoxia conditions in the TME.

ADCP and ADCC were described as key antitumor
mechanisms induced by NI-1701 in vitro [24]. To dissect
the relative contribution of macrophages and NK cells to
NI-1701 antitumor efficacy in vivo, cell depletion experi-
ments were performed. Clodronate liposomes were
effective at suppressing splenic macrophages, however
depletion did not occur in the TME. This is consistent
with previous reports showing that clodronate liposomes
injected systemically efficiently deplete macrophages in
spleen, bone marrow and liver, whereas macrophage sup-
pression in subcutaneous tumors is heterogeneous and
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depends on the tumor model [46, 52]. However, as partial
depletion of macrophages reduced the antitumor efficacy
of NI-1701 to a level near that of the hIgG1 isotype con-
trol, we conclude that the monocyte/macrophage lineage
plays a key role in the antitumor activity of NI-1701 in
the Raji tumor model. On the other hand, effective sys-
temic depletion of NK cells in the same model resulted
in a reduction of NI-1701 activity, also supporting a con-
tribution of NK cells to antitumor effect. As it is known
that the NK cell activity in NOD SCID mice is partially
impaired [26], the contribution of NK cells to NI-1701
antitumor activity may be under-estimated with this
model. As NK cells were recently reported to express
SIRPa upon activation, and that CD47 blockade may
augment NK cell-mediated antitumor responses [10], we
suspect that NI-1701 can exert an ADCC effect through
both Fc-dependent mechanism and CD47/SIRPa block-
ade [12]. Thus collectively, we show that macrophages
and NK cells may cooperate to trigger optimal tumor
control following NI-1701 administration.

Originally, the antitumor activity of CD47/SIRPa axis
inhibitors has been attributed to enhanced direct kill-
ing of cancer cells, principally by macrophage-medi-
ated ADCP [12, 13]. However, CD47 blockade may also
contribute to tumor elimination through promoting
cytotoxic T cell responses [20, 28, 33, 53]. This idea is cor-
roborated by the demonstration that CD47 blockade syn-
ergizes with PD-1/PDL-1 immune checkpoint inhibitors
in immunocompetent mouse tumor models [20, 34, 54].
In fact, dendritic cells were described to be critical for
antitumor effect of CD47 blockade in syngeneic mouse
models to promote antitumor T-cell responses [28, 35].
As the xenograft model employed here does not allow the
evaluation of the adaptive immune response, we stud-
ied the ability of NI-1701 to induce DC cross-priming
of CD8* T-cells in vitro. We showed that mouse BMDC
could induce a low-level phagocytosis of tumor cells in a
short time frame (2.5 h). Unexpectedly, a longer exposure
to NI-1701 (24 h) resulted in almost total elimination
of tumor cells over time. These results point towards an
unappreciated role of DCs in direct elimination of tumor
cells, probably through ADCP. To our knowledge, such a
DC-mediated direct killing has not been demonstrated
previously. On the other hand, tumoricidal activity of
DC in vitro has already been documented and different
cytotoxic mechanisms have been described including
engagement of the death receptor ligand FasL, TRAIL or
TNFa, or still NO pathway [55]. Whether DC killing of
tumor cells mediated by NI-1701 depends primarily on
the blockade of the CD47/SIRPa axis or on Fc-dependent
mechanisms has not been elucidated yet and remains to
be clarified. We finally demonstrated that NI-1701-in-
duced tumor cell engulfment significantly increased the
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capacity of DC to promote antigen cross-presentation
and antigen specific T-cell proliferation. Consistent with
these data, we previously reported that mouse CD47-tar-
geting bsAbs inhibited tumor growth in an immunocom-
petent lymphoma mouse model and also promoted T-cell
immune response in vitro [56].

Conclusion

Overall, this study further supports the use of the
CD47xCD19 bsAb, NI-1701, as a selective CD47/SIRP«a
innate immune checkpoint inhibitor to mobilize innate
immunity for the treatment of B-cell malignancies.
NI-1701 is currently being evaluated in a Phase I clini-
cal trial for the treatment of refractory or relapsed B-cell
lymphoma (NCT04806035).

Abbreviations

Ab: Antibody; ACK: Ammonium-Chloride—Potassium; ADCC: Antibody-
dependent cellular cytotoxicity; ADCP: Antibody-dependent cellular phago-
cytosis; bsAb: Bispecific antibody; BMDC: Bone-marrow-derived dendritic cell;
CD: Cluster of differentiation; CRISPR: Clustered regularly interspaced short
palindromic repeats; DC: Dendritic cells; Fc: Fragment crystallizable; FcyR: Fc
gamma Receptor; GFP: Green fluorescent protein; GM-CSF: Granulocyte-mac-
rophage colony-stimulating factor; G-MDSCs: Granulocytic myeloid-derived
suppressor cells; HA: Hemagglutinin; IFNy: Interferon gamma; IgG: Immuno-
globulin G; IRES: Internal ribosome entry site; mAb: Monoclonal antibody;
MHC: Major histocompatibility complex; NHL: Non-Hodgkin lymphoma; NK:
Natural Killer; NO: Nitric oxide; s.c.: Subcutaneous; SD: Standard deviation; SEM:
Standard error mean; SIRPa: Signal regulatory protein alpha; TAM: Tumor-
associated macrophage; TME: Tumor microenvironment.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540164-022-00279-w.

Additional file 1. Supplementary figures.
Additional file 2. Supplementary methods.

Acknowledgements

The authors would like to thank Pr. Roland Liblau for the kind gift of CL-4-TCR
transgenic mice, Cécile Gameiro and Jean-Pierre Aubry for their help in the
set-up of flow cytometry panels, Emeline Eggimann for the management of
the animal facility and Eric Hatterer for his relevant comments that improved
the manuscript.

Author contributions

XC, VB and LS supervised the study. XC, LCo, LCh and BDa contributed to the
conception and design of the experiments and interpretation of the data
(e.g., produce figures, statistical analysis). XC, LCo, LCh, BDa, GD, VM, DC and
PM developed assays, performed experiments, acquired data and/or analyzed
data. GP was involved in manufacturing NI-1701 and control antibody. XC
wrote the manuscript and KM, WF, VB and LS reviewed and/or revised the
manuscript. All authors read and approved the final manuscript.

Funding
This work was sponsored by Light Chain Bioscience/Novimmune SA.

Availability of data and materials
All the data relevant to the study results are included in the main figures of
the article or available in the additional files. The datasets used and analyzed

Page 11 of 13

during the study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate

Animal experiments were approved by the animal research committee of
Geneva canton and experiments performed in accordance with the Swiss
Federal Veterinary Office guidelines. This included submission and approval of
the project by the Commission Cantonale d’Expérimentation Animale.

Consent for publication
Not applicable.

Competing interests

All authors are current or former employees of Light Chain Bioscience/Novim-
mune SA, excepted DC. GD is presently employee of Ichnos Sciences Biothera-
peutics SA. All the authors declare that their employment does not alter their
adherence to the policies of Cancer Immunology, Immunotherapy journal.

Author details

'Light Chain Bioscience/Novimmune S.A, 15 Chemin du Pré-Fleur,

1228 Plan-les-Ouates, Switzerland. %iGE3 Genomics Platform, CMU-University
of Geneva, Geneva, Switzerland.

Received: 21 January 2022 Accepted: 15 April 2022
Published online: 10 May 2022

References

1. Engblom C, Pfirschke C, Pittet MJ. The role of myeloid cells in cancer
therapies. Nat Rev Cancer. 2016;16:447-62. https://doi.org/10.1038/nrc.
2016.54.

2. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in
cancer. Nat Rev Drug Discov. 2018. https://doi.org/10.1038/nrd.2018.169.

3. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity
and immunotherapy. Nat Rev Immunol. 2019. https://doi.org/10.1038/
s41577-019-0127-6.

4. Beatty GL, Li Y, Long KB. Cancer immunotherapy: activating innate and
adaptive immunity through CD40 agonists. Expert Rev Anticancer Ther.
2017;17:175-86. https://doi.org/10.1080/14737140.2017.1270208.

5. Georgoudaki A-M, Prokopec KE, Boura VF, et al. Reprogramming tumor-
associated macrophages by antibody targeting inhibits cancer progres-
sion and metastasis. Cell Rep. 2016;15:2000-11. https://doi.org/10.1016/j.
celrep.2016.04.084.

6. Guerriero JL, Sotayo A, Ponichtera HE, et al. Class lla HDAC inhibition
reduces breast tumours and metastases through anti-tumour mac-
rophages. Nature. 2017;543:428-32. https://doi.org/10.1038/nature21409.

7. Germano G, Frapolli R, Belgiovine C, et al. Role of macrophage targeting
in the antitumor activity of trabectedin. Cancer Cell. 2013;23:249-62.
https://doi.org/10.1016/j.ccr.2013.01.008.

8. Cannarile MA, Weisser M, Jacob W, et al. Colony-stimulating factor 1
receptor (CSF1R) inhibitors in cancer therapy. J Immunother Cancer.
2017;5:53. https://doi.org/10.1186/540425-017-0257-y.

9. Logtenberg MEW, Scheeren FA, Schumacher TN. The CD47-SIRPa
immune checkpoint. Immunity. 2020;52:742-52. https://doi.org/10.
1016/j.immuni.2020.04.011.

10. DeuseT, Hu X, Agbor-Enoh S, et al. The SIRPa-CD47 immune checkpoint
in NK cells. J Exp Med. 2021;218(3):e20200839.

11. Oldenborg P-A. CD47: a cell surface glycoprotein which regulates multi-
ple functions of hematopoietic cells in health and disease. ISRN Hematol.
2013;2013:1-19. https://doi.org/10.1155/2013/614619.

12. Chao MP, Alizadeh AA, Tang C, et al. Anti-CD47 antibody synergizes
with rituximab to promote phagocytosis and eradicate non-hodgkin
lymphoma. Cell. 2010;142:699-713. https://doi.org/10.1016/j.cell.2010.07.
044.

13. Majeti R, Chao MP, Alizadeh AA, et al. CD47 is an adverse prognostic fac-
tor and therapeutic antibody target on human acute myeloid leukemia


https://doi.org/10.1186/s40164-022-00279-w
https://doi.org/10.1186/s40164-022-00279-w
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1080/14737140.2017.1270208
https://doi.org/10.1016/j.celrep.2016.04.084
https://doi.org/10.1016/j.celrep.2016.04.084
https://doi.org/10.1038/nature21409
https://doi.org/10.1016/j.ccr.2013.01.008
https://doi.org/10.1186/s40425-017-0257-y
https://doi.org/10.1016/j.immuni.2020.04.011
https://doi.org/10.1016/j.immuni.2020.04.011
https://doi.org/10.1155/2013/614619
https://doi.org/10.1016/j.cell.2010.07.044
https://doi.org/10.1016/j.cell.2010.07.044

Chauchet et al. Experimental Hematology & Oncology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2022) 11:26

stem cells. Cell. 2009;138:286-99. https://doi.org/10.1016/j.cell.2009.05.
045.

Willingham SB, Volkmer J-P, Gentles AJ, et al. The CD47-signal regulatory
protein alpha (SIRPa) interaction is a therapeutic target for human solid
tumors. Proc Natl Acad Sci. 2012;109:6662-7. https://doi.org/10.1073/
pnas.1121623109.

Jalil AR, Andrechak JC, Discher DE. Macrophage checkpoint blockade:
results from initial clinical trials, binding analyses, and CD47-SIRPa struc-
ture—function. Antib Ther. 2020;3:80-94. https://doi.org/10.1093/abt/
tbaa006é.

Advani R, Flinn I, Popplewell L, et al. CD47 blockade by HU5F9-G4 and
rituximab in non-Hodgkin's lymphoma. N Engl J Med. 2018;379:1711-21.
https://doi.org/10.1056/NEJMoa1807315.

Sallman DA, Donnellan WB, Asch AS, et al. The first-in-class anti-CD47
antibody Hu5F9-G4 is active and well tolerated alone or with azaciti-
dine in AML and MDS patients: initial phase 1b results. J Clin Oncol.
2019;37:7009-7009. https://doi.org/10.1200/JCO.2019.37.15_suppl.7009.
Ansell SM, Maris MB, Lesokhin AM, et al. Phase | study of the CD47 blocker
TTI-621 in patients with relapsed or refractory hematologic malignan-
cies. Clin Cancer Res. 2021;27:2190-9. https://doi.org/10.1158/1078-0432.
CCR-20-3706.

Liu J, Wang L, Zhao F, et al. Pre-clinical development of a humanized
anti-CD47 antibody with anti-cancer therapeutic potential. PLoS ONE.
2015;10: e0137345. https://doi.org/10.1371/journal.pone.0137345.
Kauder SE, Kuo TC, Harrabi O, et al. ALX148 blocks CD47 and enhances
innate and adaptive antitumor immunity with a favorable safety profile.
PLoS ONE. 2018;13: €0201832. https://doi.org/10.1371/journal.pone.
0201832.

Peluso MO, Adam A, Armet CM, et al. The Fully human anti-CD47 anti-
body SRF231 exerts dual-mechanism antitumor activity via engagement
of the activating receptor CD32a. J Immunother Cancer. 2020;8: e€000413.
https://doi.org/10.1136/jitc-2019-000413.

Sikic BI, Lakhani N, Patnaik A, et al. First-in-human, first-in-class phase i trial
of the anti-CD47 antibody Hu5F9-G4 in patients with advanced cancers. J
Clin Oncol. 2019. https://doi.org/10.1200/JC0O.18.02018.

Dheilly E, Moine V, Broyer L, et al. Selective blockade of the ubiquitous
checkpoint receptor CD47 is enabled by dual-targeting bispecific anti-
bodies. Mol Ther J Am Soc Gene Ther. 2017;25:523-33. https://doi.org/10.
1016/jymthe.2016.11.006.

Buatois V, Johnson Z, Salgado-Pires S, et al. Preclinical development of

a bispecific antibody that safely and effectively targets CD19 and CD47
for the treatment of B-cell lymphoma and leukemia. Mol Cancer Ther.
2018;17:1739-51. https://doi.org/10.1158/1535-7163.MCT-17-1095.
Morgan DJ, Liblau R, Scott B, et al. (1996) CD8(+) T cell-mediated sponta-
neous diabetes in neonatal mice. J Immunol Baltim Md. 1950;157:978-83.
Shultz LD, Schweitzer PA, Christianson SW, et al. (1995) Multiple defects
in innate and adaptive immunologic function in NOD/LtSz-scid mice. J
Immunol Baltim Md. 1950;154:180-91.

Takenaka K, Prasolava TK, Wang JCY, et al. Polymorphism in Sirpa modu-
lates engraftment of human hematopoietic stem cells. Nat Immunol.
2007;8:1313-23. https://doi.org/10.1038/ni1527.

Liu X, PuY, Cron K, et al. CD47 blockade triggers T cell-mediated destruc-
tion of immunogenic tumors. Nat Med. 2015;21:1209-15. https://doi.org/
10.1038/nm.3931.

Tokunaga R, Zhang W, Naseem M, et al. CXCL9, CXCL10, CXCL11/CXCR3
axis for immune activation—a target for novel cancer therapy. Cancer
Treat Rev. 2018,63:40-7. https://doi.org/10.1016/j.ctrv.2017.11.007.

Yin B, Loike JD, Kako Y, et al. Lipoprotein lipase regulates Fc receptor-
mediated phagocytosis by macrophages maintained in glucose-deficient
medium. J Clin Invest. 1997;100:649-57. https://doi.org/10.1172/JCI11
9576.

Rabold K, Netea MG, Adema GJ, Netea-Maier RT. Cellular metabolism of
tumor-associated macrophages—functional impact and consequences.
FEBS Lett. 2017;591:3022-41. https://doi.org/10.1002/1873-3468.12771.
Hu Z,Van Rooijen N, Yang Y-G. Macrophages prevent human red blood
cell reconstitution in immunodeficient mice. Blood. 2011;118:5938-46.
https://doi.org/10.1182/blood-2010-11-321414.

Tseng D, Volkmer J-P, Willingham SB, et al. Anti-CD47 antibody-medi-
ated phagocytosis of cancer by macrophages primes an effective anti-
tumor T-cell response. Proc Natl Acad Sci. 2013;110:11103-8. https://
doi.org/10.1073/pnas.1305569110.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

Page 12 of 13

Sockolosky JT, Dougan M, Ingram JR, et al. Durable antitumor
responses to CD47 blockade require adaptive immune stimulation.
Proc Natl Acad Sci. 2016;113:E2646-54. https://doi.org/10.1073/pnas.
1604268113.

Xu MM, PuY, Han D, et al. Dendritic cells but not macrophages sense
tumor mitochondrial DNA for cross-priming through signal regulatory
protein a signaling. Immunity. 2017;47:363-373.e5. https://doi.org/10.
1016/j.immuni.2017.07.016.

Gauttier V, Pengam S, Durand J, et al. Selective SIRPa blockade reverses
tumor T cell exclusion and overcomes cancer immunotherapy resist-
ance. J Clin Invest. 2020. https://doi.org/10.1172/JCI135528.

Puro RJ, Bouchlaka MN, Hiebsch RR, et al. Development of AO-176, a
next-generation humanized anti-CD47 antibody with novel anticancer
properties and negligible red blood cell binding. Mol Cancer Ther.
2020;19:835-46. https://doi.org/10.1158/1535-7163.MCT-19-1079.
Meng Z, Wang Z, Guo B, et al. TJC4, a differentiated anti-CD47 antibody
with novel epitope and RBC sparing properties. Blood. 2019;134:4063—
4063. https://doi.org/10.1182/blood-2019-122793.

Hendriks MAJM, Ploeg EM, Koopmans |, et al. Bispecific antibody
approach for EGFR-directed blockade of the CD47-SIRPa“don't eat
me"immune checkpoint promotes neutrophil-mediated trogop-

tosis and enhances antigen cross-presentation. Oncolmmunology.
2020;9:1824323. https://doi.org/10.1080/2162402X.2020.1824323.

Pahl J, Cerwenka A. Tricking the balance: NK cells in anti-cancer immu-
nity. Immunobiology. 2017;222:11-20. https://doi.org/10.1016/j.imbio.
2015.07.012.

MaY, Shurin GV, Peiyuan Z, Shurin MR. Dendritic cells in the cancer
microenvironment. J Cancer. 2013;4:36-44. https://doi.org/10.7150/jca.
5046.

Hoves S, Ooi C-H, Wolter C, et al. Rapid activation of tumor-associated
macrophages boosts preexisting tumor immunity. J Exp Med.
2018;215:859-76. https://doi.org/10.1084/jem.20171440.

Ito M. NOD/SCID/gamma cnull mouse: an excellent recipient mouse
model for engraftment of human cells. Blood. 2002;100:3175-82. https.//
doi.org/10.1182/blood-2001-12-0207.

Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor

cells in the era of increasing myeloid cell diversity. Nat Rev Immunol.
2021;21:485-98. https://doi.org/10.1038/541577-020-00490-y.
Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance

of dead cells by efferocytosis. Nat Rev Mol Cell Biol. 2020;21:398-414.
https://doi.org/10.1038/541580-020-0232-1.

Grugan KD, McCabe FL, Kinder M, et al. Tumor-associated macrophages
promote invasion while retaining Fc-dependent anti-tumor function. J
Immunol. 2012;189:5457-66. https://doi.org/10.4049/jimmunol.1201889.
Leidi M, Gotti E, Bologna L, et al. M2 macrophages phagocytose rituxi-
mab-opsonized leukemic targets more efficiently than M1 cells in vitro. J
Immunol. 2009;182:4415-22. https://doi.org/10.4049/jimmunol.0713732.
Lin GHY, ChaiV, Lee V, et al. TTI-621 (SIRPaFc), a CD47-blocking cancer
immunotherapeutic, triggers phagocytosis of lymphoma cells by multi-
ple polarized macrophage subsets. PLoS ONE. 2017;12: e0187262. https://
doi.org/10.1371/journal.pone.0187262.

Zhang M, Hutter G, Kahn SA, et al. Anti-CD47 treatment stimulates
phagocytosis of glioblastoma by M1 and M2 polarized macrophages
and promotes M1 polarized macrophages in vivo. PLoS ONE. 2016;11:
e0153550. https://doi.org/10.1371/journal.pone.0153550.

Hutter G, Theruvath J, Graef CM, et al. Microglia are effector cells of CD47-
SIRPa antiphagocytic axis disruption against glioblastoma. Proc Natl Acad
Sci. 2019. https://doi.org/10.1073/pnas.1721434116.

. Chang CL, Garcia-Arcos |, Nyrén R, et al. Lipoprotein lipase deficiency

impairs bone marrow myelopoiesis and reduces circulating monocyte
levels. Arterioscler Thromb Vasc Biol. 2018,;38:509-19. https://doi.org/10.
1161/ATVBAHA.117.310607.

Ring NG, Herndler-Brandstetter D, Weiskopf K, et al. Anti-SIRPa antibody
immunotherapy enhances neutrophil and macrophage antitumor activ-
ity. Proc Natl Acad Sci. 2017;114:E10578-85. https://doi.org/10.1073/pnas.
1710877114.

Chowdhury S, Castro S, Coker C, et al. Programmable bacteria induce
durable tumor regression and systemic antitumor immunity. Nat Med.
2019;25:1057-63. https://doi.org/10.1038/541591-019-0498-z.


https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1073/pnas.1121623109
https://doi.org/10.1073/pnas.1121623109
https://doi.org/10.1093/abt/tbaa006
https://doi.org/10.1093/abt/tbaa006
https://doi.org/10.1056/NEJMoa1807315
https://doi.org/10.1200/JCO.2019.37.15_suppl.7009
https://doi.org/10.1158/1078-0432.CCR-20-3706
https://doi.org/10.1158/1078-0432.CCR-20-3706
https://doi.org/10.1371/journal.pone.0137345
https://doi.org/10.1371/journal.pone.0201832
https://doi.org/10.1371/journal.pone.0201832
https://doi.org/10.1136/jitc-2019-000413
https://doi.org/10.1200/JCO.18.02018
https://doi.org/10.1016/j.ymthe.2016.11.006
https://doi.org/10.1016/j.ymthe.2016.11.006
https://doi.org/10.1158/1535-7163.MCT-17-1095
https://doi.org/10.1038/ni1527
https://doi.org/10.1038/nm.3931
https://doi.org/10.1038/nm.3931
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1172/JCI119576
https://doi.org/10.1172/JCI119576
https://doi.org/10.1002/1873-3468.12771
https://doi.org/10.1182/blood-2010-11-321414
https://doi.org/10.1073/pnas.1305569110
https://doi.org/10.1073/pnas.1305569110
https://doi.org/10.1073/pnas.1604268113
https://doi.org/10.1073/pnas.1604268113
https://doi.org/10.1016/j.immuni.2017.07.016
https://doi.org/10.1016/j.immuni.2017.07.016
https://doi.org/10.1172/JCI135528
https://doi.org/10.1158/1535-7163.MCT-19-1079
https://doi.org/10.1182/blood-2019-122793
https://doi.org/10.1080/2162402X.2020.1824323
https://doi.org/10.1016/j.imbio.2015.07.012
https://doi.org/10.1016/j.imbio.2015.07.012
https://doi.org/10.7150/jca.5046
https://doi.org/10.7150/jca.5046
https://doi.org/10.1084/jem.20171440
https://doi.org/10.1182/blood-2001-12-0207
https://doi.org/10.1182/blood-2001-12-0207
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.4049/jimmunol.1201889
https://doi.org/10.4049/jimmunol.0713732
https://doi.org/10.1371/journal.pone.0187262
https://doi.org/10.1371/journal.pone.0187262
https://doi.org/10.1371/journal.pone.0153550
https://doi.org/10.1073/pnas.1721434116
https://doi.org/10.1161/ATVBAHA.117.310607
https://doi.org/10.1161/ATVBAHA.117.310607
https://doi.org/10.1073/pnas.1710877114
https://doi.org/10.1073/pnas.1710877114
https://doi.org/10.1038/s41591-019-0498-z

Chauchet et al. Experimental Hematology & Oncology (2022) 11:26

54, Liu X, LiuL, Ren Z, et al. Dual targeting of innate and adaptive check-
points on tumor cells limits immune evasion. Cell Rep. 2018,24:2101-11.
https://doi.org/10.1016/j.celrep.2018.07.062.

55. Hanke N, Alizadeh D, Katsanis E, Larmonier N. Dendritic cell tumor killing
activity and its potential applications in cancer immunotherapy. Crit Rev
Immunol. 2013;33:1-21. https://doi.org/10.1615/CritRevimmunol.20130
06679.

56. Dheilly E, Majocchi S, Moine V, et al. Tumor-directed blockade of CD47
with bispecific antibodies induces adaptive antitumor immunity. Anti-
bodies. 2018;7:3. https://doi.org/10.3390/antib7010003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.celrep.2018.07.062
https://doi.org/10.1615/CritRevImmunol.2013006679
https://doi.org/10.1615/CritRevImmunol.2013006679
https://doi.org/10.3390/antib7010003

	CD47xCD19 bispecific antibody triggers recruitment and activation of innate immune effector cells in a B-cell lymphoma xenograft model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Material and methods
	Animals, cell lines and reagents
	Raji Burkitt lymphoma xenograft model
	Tumor and spleen dissociation protocol
	Flow cytometry, imaging flow cytometry and cell sorting
	Nanostring nCounter targeted transcriptomic analysis of tumor-infiltrating mouse leukocytes
	Macrophage and NK cell depletion in Raji Burkitt lymphoma xenograft model
	Antibody dependent cellular phagocytosis assay with bone-marrow derived dendritic cells (BMDCs)
	Antigen cross-presentation assay
	Statistical analysis

	Results
	Tumor growth inhibition by NI-1701 is associated with modulation of NK cells and myeloid cell subsets in the tumor microenvironment
	NI-1701 boosts the phagocytosis of tumor cells by TAMs, monocytes and dendritic cells in Raji tumors
	NI-1701 induces an immune activating transcriptome in the TME
	Macrophages and NK cells are critical effector cells for NI-1701 antitumor response in vivo
	NI-1701 promotes DC-mediated tumor cell killing and cross-priming of CD8+ T cells

	Discussion
	Conclusion
	Acknowledgements
	References




