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The activated B-cell-like subtype of diffuse large B-cell lymphoma (ABC-DLBCL) displays a worse outcome than the ger-
minal center B-cell-like subtype (GCB-DLBCL). Currently, targeting the tumor microenvironment (TME) is the most promis-
ing approach to cure DLBCL with profound molecular heterogeneity; however, the factors affecting the tumor-promoting
TME of ABC-DLBCL remain elusive. Here, cytokine interleukin-16 (IL-16) is expressed in tumor cells of ABC-DLBCL and se-
creted by the cleavage of active caspase-3. The serum IL-16 levels are not only a sensitive marker of treatment response,
but also positively correlated with unfavorable prognosis in DLBCL patients. While IL-16 shows few direct promotional effects
on tumor cell growth in vitro, its bioactive form significantly promotes tumor progression in vivo. Mechanically, IL-16 increas-
es the infiltration of macrophages by the chemotaxis of CD4* monocytes in the TME, enhancing angiogenesis and the ex-
pression of cytokine IL-6 and IL-10, as well as decreasing T-cell infiltration to accelerate tumor progression. This study
demonstrates that IL-16 exerts a novel role in co-ordinating the bidirectional interactions between tumor progression and
the TME. IMMO0306, a fusion protein of CD20 mAb with the CD47 binding domain of SIRPa, reverses the tumor-promoting

effects of IL-16, providing new insights into treatment strategy in ABC-DLBCL.

Introduction

Diffuse large B-cell lymphoma (DLBCL), which develops
from mature B cells, represents the most common type of
non-Hodgkin lymphoma. Currently, DLBCL is mainly classi-
fied as 2 distinct molecular subtypes based on cell-of-origin
(COO0): the germinal center B-cell-like subtype (GCB-DLBCL),
and the activated B-cell-like subtype (ABC-DLBCL); 10-15% of
cases are unclassifiable! It has become increasingly evident
that the elements of the tumor microenvironment (TME)
favor cancer pathogenesis and progression, and the charac-
teristics of the TME vary in different DLBCL subtypes.?* For
example, ABC-DLBCL had higher levels of macrophages than
GCB-DLBCL,* and CD163* tumor-associated macrophages
(M2-like) were associated with the poorest clinical outcome

in ABC-DLBCL but not in GBC-DLBC.® Notably, ABC-DLBCL
is associated with a worse prognosis and is more aggres-
sive than GCB-DLBCL.® Therefore, distinct TME may confer
different progression advantages on DLBCL.?

The integration of rituximab immunotherapy into CHOP
chemotherapy for DLBCL treatment has markedly improved
patient outcomes and cured over 60% of patients with
DLBCL!M®" In addition, findings of pivotal clinical trials have
presented anti-CD19 chimeric antigen receptor (CAR) T-cell
therapy as a breakthrough in the treatment of relapsed or
refractory (R/R) DLBCL.8° The successes observed with both
immunotherapies suggest, in part, that TME is a key target
for the treatment of DLBCL. However, approximately 40%
of patients remain insensitive to these existing treatments.
Therefore, exploring the confounding factors that determine
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the evolution of TME in the progression of DLBCL, especially
the ABC subtype, may improve the management of DLBCL.
Cytokines play an important role in linking tumor cells to the
TME® Recent studies have shown that cytokines contribute
to the growth of ABC-DLBCL."™ High-throughput RNA se-
quencing data show that IL-16 is higher in ABC-DLBCL than
in GCB-DLBCL, as it is one of the transcripts belonging to
multiple COO-related expression signatures which, indeed,
distinguish ABC from GCB DLBCL.!"* The human IL-16 gene
encodes a 631-amino acid precursor IL-16 (pre-IL-16) pro-
tein, and pre-IL-16 can be cleaved by active caspase-3 into
C-terminal mature IL-16 via the cleavage sites (Asp510).¢
Mature IL-16 is generally characterized as a chemoattrac-
tant for CD4* immune cells, including T cells, mononuclear
phagocytes (monocytes, macrophages, and dendritic cells),
and mast cells!”?® Studies showed that IL-16 is expressed
and released by B cells and other immune cells (such as T
cells, eosinophils, and dendritic cells).”?*-2¢ However, its role
in many B-cell malignancies, especially in DLBCL, has not
yet been sufficiently studied.?"2®

In this study, we aimed to investigate the distinct pattern
of IL-16 expression in the normal lymph node and DLBCL,
and specifically to explore its contribution to the bidirec-
tional interactions between tumor progression. Our find-
ings demonstrated that the IL-16, a non-canonical cytokine
highly expressed in ABC-DLBCL, was cleaved and secreted
by active caspase-3. Serum IL-16 levels could be used as a
sensitive marker of treatment response and poor prognosis
in DLBCL. In addition, the bioactive-driven IL-16 strengthened
the progression of DLBCL through regulating macrophage
enrichment, which provided new insights into the person-
alized treatment strategy for ABC-DLBCL.

Methods

Reagents or resources
All the key reagents or resources used in the study are to
be found in Online Supplementary Table S1.

Mice models

Six-week-old female BALB/c nude mice (absence of thymus,
absence of T cells), BALB/c mice (immunocompetent), and
NOD SCID mice (T- and B-lymphocyte dysfunction, low
natural killer [NK] cell and complement binding capacity)
(Beijing Vital River Laboratory Animal Technology Co. Ltd.)
were used in this study. Mice were randomly assigned to
treatment groups before the start of each experiment. The
investigators were not blinded during the collection or anal-
ysis of data.

Study approval

Serum samples were obtained from 87 DLBCL patients
and 10 healthy donors. Peripheral blood was obtained from
healthy donors. Clinical information on DLBCL patients has
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been provided in Online Supplementary Table S2. Biopsy
specimens were obtained from 2 DLBCL patients. Written
informed consent was obtained from all participants, and
this study was approved by the ethics committee of the
Institute of Hematology & Blood Diseases Hospital, Tianjin,
China (approval number KT2020031-ER-2).

Commercial tissue microarrays (TMA) with 15 tonsil tissue
and 70 DLBCL tissue samples were purchased from Shanghai
Outdo Biotech Company Co. Ltd. (HLymBO085PT01, Shanghai,
China). Furthermore, this study was approved by the ethics
committee of Shanghai Outdo Biotech Company Co. Ltd.
(approval number SHYJS-CP-1910014).

For animal studies, ethical approval was obtained from
the Ethics Committee of the Institute of Hematology &
Blood Diseases Hospital, Tianjin, China (approval number
KT2020031-ER-2).

For mice models, cell line culture, public databases and
bioinformatics, plasmid construction, virus production, and
transduction, IHC, IHF, mIHC etc., see the Online Supple-
mentary Methods.

Results

IL-16 expression in lymph node B cells

IL-16 is abundant in immune cells!"?*-2¢ |nitially, we examined
the expression and distribution of IL-16 in human tonsillar
lymph nodes (N=15) by multi-immunofluorescence staining
(mIHC) and found that IL-16* cells were mainly distributed
in CD20* B cells (Online Supplementary Figure S1A, B). We
next assessed the expression and distribution of IL-16 in
B cell-enriched germinal centers. The result showed that
most of the B cells located in the mantle zone expressed
IL-16, and a few B cells located in the light and dark zone
expressed IL-16, suggesting that IL-16 is differentially ex-
pressed in different types of B cells (Figure 1A, B). We then
confirmed this by performing conventional IHC (Online Sup-
plementary Figure S1C). Furthermore, we found IL-16 was
highly abundant in naive B cells (NB), memory B cells (MB),
and plasma cells (PC) (non-light/dark areas), and relatively
low in germinal center centroblasts (CB) and centrocytes
(CC) (light/dark areas) (Figure 1C). Because BCL-6 is a key
transcriptional repressor that regulates germinal center
B-cell differentiation and may repress the expression of IL-
16 in germinal center B cells,?® we analyzed the expression
of BCL-6. In an inverse trend to IL-16, BCL-6 expression was
perfectly observed in CB and CC but not in NB, MB, or PC
(Figure 1D). These findings showed that IL-16 was expressed
differentially in mature B cells, and its expression in B cells
could be regulated by BCL-6.

IL-16 is highly expressed in activated B-cell-like subtype
of diffuse large B-cell lymphoma or non-germinal center
B-cell-like subtype

Diffuse large B-cell lymphoma originates from mature B cells
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at different stages of differentiation! The GCB-DLBCL origi-
nates from centrocytes, whereas the ABC-DLBCL originates
from PC or MB.*® The gene expression data of 1,663 DLBCL
patients (693 ABC-DLBCL and 970 GCB-DLBCL) from GEO
databases were analyzed. The gene expression between the
GCB-DLBCL and ABC-DLBCL groups was compared; 360
differential expression genes (DEG) were found. Pathway
enrichment analysis showed that the cytokine-cytokine re-
ceptor interaction pathway was significantly enriched in the
DEG, and IL-16 was highly expressed in ABC-DLBCL (Figure
2A, Online Supplementary Figure S2A).

We further confirmed whether IL-16 is differentially expressed
in DLBCL in 2 authoritative databases with more DLBCL
typing.®*? In particular, the highest level of IL-16 expression
was found in the ABC subtype, followed by the unclassi-
fied-DLBCL, and the lowest expression was found in the
GCB subtype. Moreover, IL-16 expression was higher in N1/
MCD or C1/C5 (mainly ABC-DLBCL) and lower in BN2/EZB or
C4/C3 (mainly GCB-DLBCL). We performed mIHC on DLBCL
specimens (N=70) for further validation (Figure 2D). IL-16 was
predominantly expressed in DLBCL tissues in tumor cells, and
non-GCB-DLBCL (ABC- and unclassified-DLBCL) had a higher
proportion of IL-16* cells compared to GCB-DLBCL (Figure
2E-H). We then confirmed this by performing conventional
IHC (Online Supplementary Figure S2B, C). Collectively, IL-16
was highly expressed in ABC-DLBCL or non-GCB-DLBCL.
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Serum IL-16 is secreted at high levels in activated B-cell-
like subtype of diffuse large B-cell lymphoma

Next, we investigated the level of IL-16 in the serum of DLCBL
patients (N=84) and healthy donors (N=10) by ELISA. Serum
IL-16 levels were elevated in ABC-DLBCL, while there were no
significant differences between healthy donors and GCB-DL-
BCL (Figure 3A, Online Supplementary Figure S3A). We then
investigated the relationship between IL-16 levels in DLBCL
and clinical prognosis, and found that high IL-16 secretion
was associated with poor prognosis (overall survival [0S] /
progression-free survival [PFS]) (Figure 3B). Consistent with
previous studies, patients with ABC-DLBCL had a worse clin-
ical prognosis compared to GCB-DLBCL patients (OS/PFS)
(Online Supplementary Figure S3B). To exclude interference,
we verified the relationship between IL-16 levels and clinical
prognosis in patients with ABC-DBCL and showed that IL-16
levels were also associated with poor prognosis (OS/PFS)
(Figure 3C). In addition, IL-16 levels were correlated with
the International Prognostic Index and treatment response
(Online Supplementary Figure S3C, D). Moreover, IL-16 levels
were positively correlated with LDH and {,M, suggesting an
association between IL-16 and tumor burden (Figure 2D).
We then explored whether IL-16 levels varied with changes
in tumor burden after treatment, and found that de novo
ABC-DLBCL patients with reduced tumor burden (complete
response [CR] and partial response [PR]) had decreased IL-
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Figure 1. IL-16 expression in lymph node B cells. (A) Representative multi-immunofluorescence staining (mIHC) images for IL-16
protein expression (red pseudocolor) in the germinal center from tonsil specimens. CD20 (B cells, green pseudocolor) and DAPI
nuclear stain (blue pseudocolor) included to discern tissue landscape. Scale bars apply across each row. (B) Proportion of
IL-16-positive cells in different types of B cells, N=15. (C and D) Expression of IL-16 and BCL-6 mRNA in mature B cells from ton-
sil at different stages of differentiation. Naive B cells (NB) (N=5), germinal center centroblasts (CB) (N=14), centrocytes (CC) (N=13),
memory B cells (MB) (N=5), plasma cells (PC) (N=5). Gene expression data were collected from GEO, GSE2350. Data shown are
mean * Standard Deviation. P values are based on unpaired t test. ns: non-significant, **P<0.01, ***P<0.001, ****P<0.0001. D/L:

dark/light zone; MZ: mantle zone.
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Figure 2. IL-16 is highly expressed in the activated B-cell-like subtype or the non-germinal center B-cell-like subtype of dif-
fuse large B-cell lymphoma. (A) Volcano map indicates the differentially expressed genes (DEG) between germinal center
B-cell-like subtype diffuse large B-cell lymphoma (GCB-DLBCL) (N=970) and activated B-cell-like subtype of DLBCL (ABC-DL-
BCL) (N=693) from 4 merged DLBCL databases (GSE10846, GSE31312, GSE87371, and GSE117556) (Fold Change [FC] >1.5, False
Discovery Rate [FDR] <0.05). Red triangle indicates IL-16 highly expressed in ABC-DLBCL. (B) Difference in IL-16 mRNA expres-
sion between different types of DLBCL (gene expression data from Schimitz et al.*"). (C) Difference in IL-16 mMRNA expression
between different types of DLBCL (gene expression data from Chapuy et al.*?). (D) Representative multi-immunofluorescence
staining images for IL-16 protein expression (pink pseudocolor) in non-GCB-DLBCL and GCB-DLBCL specimens. CD20 (tumor
cells, green pseudocolor), CD3 (T cells, yellow pseudocolor), CD68 (macrophages, red pseudocolor), and DAPI nuclear stain
(blue pseudocolor) included to discern tissue landscape. Scale bars apply across each row. (E) Proportion of IL-16-positive cells
in the GCB-DLBCL (N=13) or (F) non-GCB-DLBCL (N=57) tumor cells (CD20*) and different types of immune cells (CD3* T cells
and CD68* macrophages). (G) Proportion of IL-16-positive cells or (H) IL-16-CD20 double positive cells in the DLBCL (N=70)
specimens. Data shown are mean * Standard Deviation. P values are based on unpaired t test. ns: non-significant, *P<0.05,
**P<0.01, ****P<0.0001.
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16-levels after being treated with R-CHOP-Llike treatment, but
this was not the case in patients with stable disease (SD)
and progressive disease (PD) (Figure 3E). Similarly, in patients
with R/R ABC-DLBCL treated with CD19 CAR T-cell therapy,
IL-16 decreased when tumor burden decreased, and increased
when the tumor progressed (Figure 3F). To further identify the
cytokines in ABC-DLBCL that correlated with the change in
tumor burden, an inflammation antibody array was used to
determine the levels of cytokines in sequential serum samples

X. Guan et al.

collected from a patient with ABC-DLBCL. We observed that
IL-16, IL-3, IL-13, IFN-y, and MIG were significantly down-reg-
ulated during disease remission. In contrast, during disease
progression, an opposite trend was observed, indicating the
existence of a positive correlation between these cytokines
and tumor burden in ABC-DLBCL (Online Supplementary Fig-
ure S3E). These findings indicate that IL-16 levels are high in
the serum of ABC-DLBCL patients, and IL-16 levels could be
used to indicate treatment response and clinical prognosis.
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Figure 3. Serum IL-16 is secreted at high levels in activated B-cell-like subtype of diffuse large B-cell lymphoma. (A) Detection
of serum IL-16 levels from 39 germinal center B-cell-like subtype of diffuse large B-cell lymphoma (GCB-DLBCL) patients, 45
activated B-cell-like subtype of DLBCL (ABC-DLBCL) patients, and 10 healthy donors by ELISA. (B) Overall survival (OS) and (C)
progression-free survival (PFS) of DLBCL patients or ABC-DLBCL patients based on low and high levels of serum IL-16. (D) Cor-
relations between serum IL-16 of ABC-DLBCL patients and lactate dehydrogenase (LDH) or ,M are analyzed, N=45. (E) Detection
of serum IL-16 levels from 25 pairs of de novo DLBCL patients (before treatment and after at least 2 cycles of treatment) by
ELISA. Differences in IL-16 between the 2 time points are analyzed. (Left) Patients who achieved complete response (CR) and
partial response (PR) after treatment (N=21). (Right) Patients achieving stable disease (SD) or with progressive disease (PD) after
treatment (N=4). BL: patients’ pre-treatment baseline serum levels. (F) Dynamic changes in serum IL-16, IL-6, and IL-10 in 3 re-
lapsed refractory (R/R) ABC-DLBCL patients during anti-CD19 CAR T-cell (CAR-T) therapy at indicated time points. CRS: patients
with cytokine release syndrome. Data shown are mean + Standard Deviation. P values are based on unpaired or paired t test, log
rank (Mantel-Cox) test, and Pearson correlation. ns: non-significant, *P<0.05, ***P<0.001.
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Caspase-3 regulates IL-16 cleavage and secretion in
diffuse large B-cell lymphoma

Recent studies indicate that full-length I1L-16 (80kDa, pre-
IL-16) is not secreted intracellularly and its secretion depends
on the cleavage of activated caspase-3 into 20kDa mature

X. Guan et al.

IL-16. We then assessed the underlying regulatory mech-
anism of IL-16 secretion in DLBCL. These results revealed
that, consistent with previous findings, mRNA and protein
expression of IL-16 was elevated in the ABC-DLBCL cell line
and decreased in GCB-DLBCL. However, |L-16 at 20kDa was
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Figure 4. Caspase-3 regulates IL-16 cleavage and secretion in diffuse large B-cell lymphoma. (A) Detection of IL-16 protein ex-
pression in diffuse large B-cell lymphoma (DLBCL) cell lines (activated B-cell-like subtype of DLBCL [ABC-DLBCL] cell lines: OCI-
Ly3, U-2932, and TMD-8; germinal center B-cell-like subtype of DLBCL [GCB-DLBCL] cell lines: Su-DHL-6, Su-DHL-10, and DoHH?2)
by Western blotting. f-actin is used as a loading control. 80kDa IL-16 indicates full-length Pre-1L-16, and 20kDa IL-16 indicates
cleaved mature IL-16. (B and C) Human DLBCL cell lines (OCI-Ly3, U-2932, and Su-DHL-10) and murine DLBCL cell lines (A20) are
treated with indicated dose of PAC-1 for 24 hours, and (B) protein expression of IL-16 and Caspase-3 are determined by Western
blotting. p-actin is used as a loading control. C-Caspase-3 indicated cleaved Caspase-3. (C) Secretion levels of IL-16 in the culture
medium are quantified by ELISA. (D-F) BALB/c mice were inoculated subcutaneously with A20 cells (N=4/group). Serum was
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(week 3 and week 4). (D) Detection of mice serum IL-16 levels. (E) Detection of IL-16 and Caspase-3 protein expression by West-
ern blotting in different DLBCL tissues. p-actin is used as loading control. (F) Correlation between C-Caspase-3 and mature IL-16
expression. Data shown are mean * Standard Deviation. P values are based on unpaired t test and Pearson correlation. ns:
non-significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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expressed at a low level in the DLBCL cell lines (Figure 4A,
Online Supplementary Figure S4A). In addition, we found
that DLBCL cell lines secreted less IL-16 when untreated,
suggesting that IL-16 in DLBCL secretes low levels of IL-16
in vitro (Online Supplementary Figure S4B).

To further understand whether caspase-3 is orchestrating
the activation and secretion of IL-16 in DLBCL, the caspase-3
activator PAC-1 was utilized to promote the activation of
caspase-3. It was revealed that PAC-1 enhanced the expres-
sion of IL-16 at 20kDa, whereas no expression of IL-16 at
20kDa was observed for the IL-16-negative Su-DHL-10-cell
line despite increased caspase-3 activation. Similarly, PAC-1
stimulated caspase-3 activation and 20kDa IL-16 expression
in murine DLBCL cell line A20. Subsequently, we also found
that PAC-1 contributed to IL-16 secretion (Figure 4B, C). A
dose of PAC-1 (10 uM) capable of inducing IL-16 secretion
promoted apoptosis in less than 20% of ABC-DLBCL cells
(Online Supplementary Figure S4C). Therefore, caspase-3 is
critical for promoting IL-16 activation and secretion in DLB-
CL, and the reason for the low IL-16 secretion in vitro is that
caspase-3 is barely activated in these conditions (Online
Supplementary Figure S2D).

We then investigated the in vivo role of IL-16 activation and
secretion in BALB/c mice through subcutaneous injection of
murine DLBCL cell line A20 (Figure 4D). Tumor volume and
IL-16 secretion were positively correlated, with 20kDa IL-16
and activated caspase-3 being expressed in tumor tissue
and having higher expression in larger tumors (3 weeks vs.
4 weeks) (Figure 4D, E, Online Supplementary Figure S4E).
Notably, 20kDa IL-16 and activated caspase-3 were positively
correlated (Figure 4F). Thus, in vivo, tumor tissues expressed
activated caspase-3 and 20kDa IL-16, and secreted IL-16.
These results underline that IL-16 secretion in DLBCL is
regulated by caspase-3 and is tumor-tissue-dependent.

IL-16 promotes tumor growth in vivo

To the best of our knowledge, there are no relevant studies
on the effect of IL-16 on DLBCL tumor cells. To do this, we
generated lentivirus infection with stable overexpression
of IL-1645"-631a2 (|gbeled with IL-16%) or EV in ABC-DLBCL cell
lines (U-2932 and TMD-8), and verified its overexpression
by Western blotting and ELISA (Figure 5A). Cell prolifera-
tion was detected by CCK8 assay, and essentially no effect
was found on the growth of the tumor cells themselves in
vitro (Online Supplementary Figure S5). Overexpression of
IL-1645T-63122 glso did not affect the cell cycle, the apoptosis
in these cells, or the response of these cells to vincristine,
doxorubicin, and 4-O0H-CY in vitro (Online Supplementary
Figure S5B-D). Similarly, recombinant human IL-16 (rh-1L-16)
had no significant effect on the proliferation of primary cells
from DLBCL tissues and DLBCL cell lines (Online Supple-
mentary Figure S5E). Stable downexpression of pre-IL-16
(80kDa) in ABC-DLBCL cell lines (U-2932 and TMD-8) also
did not affect cell growth, cell cycle, or apoptosis in these
cells, or the response of these cells to the tested drugs in
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vitro (Online Supplementary Figure S6A-E). Furthermore,
bulk RNA-seq data showed that pre-1L-16 downexpression
had minimal effect on the gene expression in ABC-DLBCL
cell lines (U-2932 and TMD-8) (Online Supplementary Figure
S6F). Moreover, stable overexpression of pre-IL-16 (80kDa)
also had no significant effect on cell growth in vitro (Online
Supplementary Figure S6G, H). Studies have shown that IL-16
can directly promote the growth of myeloma cells with the
help of CD4 or CD9 receptors.?® However, the expression of
CD4 or CD9 on the cell surface of ABC-DLBCL cells (OCI-
Ly3, U-2932, and TMD-8) was low, but the expression of CD9
on the cell surface of myeloma cells (RPMI-8226) was high
(Online Supplementary Figure S6 ).

Unexpectedly, in vivo NOD SCID mice (T-cell deficiency) in-
oculated with stable overexpression of [L-1645"-6312a J-2932
cells exhibited apparent promotion of tumor growth (Figure
5B, C). The same experiments were validated with murine
DLBCL cell line A20. We generated lentivirus infection with
stable overexpression of murine IL-16457-62422 (|gbeled with
IL-16%) or EV in A20 cell lines, and verified its overexpression
by Western blotting and ELISA (Figure 5D). It was found that
IL-16 at 20kDa did not affect the growth of tumor cells in
vitro (Online Supplementary Figure S7A), but significantly
promoted tumor growth in both immunodeficient BALB/c
nude mice (T-cell deficiency) (Online Supplementary Figure
S7B-D) and immunocompetent BALB/C mice (Figure 5E, F).
It is suggested that IL-16 has no marked tumor-promoting
effect on tumor cells themselves, but may contribute to
tumor growth indirectly through other potential mechanisms.

IL-16 promotes tumor growth dependent on macrophages
in vivo

In order to understand how IL-16 is orchestrating the changes
within the tumor microenvironments and inflammation of
immune cells (such as dendritic cells, plasmacytoid, neu-
trophils, NK cells, T cells, and macrophages), we performed
immunostaining in the immunodeficient BALB/c nude mice
with A20-tumor-burden between different groups (murine
IL-164%07-624aa gyerexpression vs. EV) (Online Supplementary
Figure S8A, B). The marker of macrophages F4/80 displayed
a notable increase in the overexpression group (Online Sup-
plementary Figure S8A). Similar results could be expected
in human-derived U-2932 cells induced in NOD SCID mice
(Online Supplementary Figure S8C) and murine-derived A20
cells induced in BALB/c mice (Figure 6A). In addition, our
mIHC results in DLBCL specimens (N=70) showed that there
was a significant positive correlation between the propor-
tion of IL-16*CD20* cells in tumor cells and the proportion
of CD68* macrophages in non-tumor cells (Figure 2D, Online
Supplementary Figure S8D). These results show that IL-16
promotes macrophage infiltration.

When the A20-tumor-burden BALB/c nude mice were treat-
ed with the macrophage scavenger clodronate liposomes
or control (Saline), the tumor-promoting effect of IL-16 was
obviously reduced after removal of mouse macrophages
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Figure 5. IL-16 promotes tumor growth in vivo. (A) Detection of IL-16 protein expression by Western blotting in diffuse large B-cell
lymphoma (DLBCL) cell lines (U-2932 and TMD-8) with stable overexpression of |L-164%"-%a (labeled with IL-16%) or EV. f-actin is
used as a loading control. IL-16 secretion levels in the culture medium of indicated DLBCL cell lines (U-2932 and TMD-8 with
stable overexpression of IL-1645"-6%"22 ([abeled with IL-16%) or empty vector controls (EV) (5x10° cells/mL, 24 hours [hr]) are quan-
tified by ELISA. (B and C) NOD SCID mice are inoculated with U-2932 cells with overexpression of |L-164%"-6322 ([abeled with IL-164)
or EV respectively (N=5/group). Comparison of volumes of tumors growing subcutaneously in mice. When tumors are palpable,
tumor volumes are measured and calculated every other day. When the mice were anesthetized and sacrificed, the tumor sam-
ples were collected to measure volume. (D) Detection of mature IL-16 protein expression by Western blotting in A20 cells with
stable murine |L-164%07-6243 gyerexpression or EV. f-actin is used as a loading control. Secretion levels of IL-16 in the culture me-
dium of A20 cell lines with stable overexpression of murine I1L-164%7-624a2 or EV (5x10° cells/mL, 24 hr) are quantified by ELISA. (E
and F) BALB/c mice are inoculated with A20 cells with murine IL-164%°7-6243a gyerexpression or EV, respectively, for 15/20/25 days
(N=4/group). Collection of tumors and tumor volumes from mice. Data shown are mean * Standard Deviation. P values are based
on two-way ANOVA and unpaired or paired t test. ns: non-significant, *P<0.05, ***P<0.001, ****P<0.0001.
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Figure 6. IL-16 promotes tumor growth dependent on macrophages in vivo. (A) Representative immunostaining and quantification
for T-cell markers CD3 and macrophage marker F4/80 in the sections of tumor tissues from BALB/c mice. Difference in infiltration
of indicated cells in tumor tissues between different groups (murine 1L-164%07-624aa gyerexpression vs. empty vector controls [EV]) is
analyzed. Scale bars apply across each row. (B) BALB/c nude mice are inoculated with A20 cells with murine IL-164%07-6243a gyerex-
pression or EV, respectively (N=5/group) on Day 1. Mice are treated with Control (saline) or Clodronate liposomes at indicated time
points (Days 0, 4, 8, 12, intraperitoneal [i.p.]). When the mice were anesthetized and sacrificed, the tumor samples were collected
to measure volume. (C and D) Representative immunostaining and quantification for the cytokines IL-6 and IL-10, vascular endo-
thelial cells marker CD31 (microvascular density), CD163 and F4/80, and CD86 and F4/80, in the sections of tumor tissues from
BALB/c mice. Difference in infiltration of indicated cells in tumor tissues between different groups (murine |L-164%07-6243 gverexpres-
sion vs. EV) is analyzed. Scale bars apply across each row. Data shown are mean + Standard Deviation. P values are based on un-
paired or paired t test. ns: non-significant, **P<0.01, ****pP<0.0001.
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(Figure 6B). Reportedly, macrophages promote tumor devel-
opment primarily by enhancing angiogenesis as well as the
expression and secretion of cytokines, such as IL-6 (directly
promoting tumor growth) and IL-10 (exerting immunosup-
pressive effects). Representative immunostaining for the
cytokines IL-6 and IL-10, as well as angiogenesis biomarker
CD31 in the sections of tumor tissues from either A20 cell
line-induced BALB/c nude mice or A20 cell line-induced
BALB/c mice, suggesting IL-16 markedly enhanced the ex-
pression of IL-6, IL-10, and angiogenesis in the macrophage
compartment regardless of immunodeficiency (Figure 6C,
D, Online Supplementary Figure S9A). We then examined
the polarized form of macrophages in A20 cell line-induced
BALB/c mice, and showed that macrophages tended to be
M2 polarized and there were more M2 macrophages in the
IL-16 overexpression group (Figure 6C, D). Lastly, but notably,
representative staining for H&E and mIHC of T-cell markers
CD3, CDS8, CD4, FOXP3, and T-Bet in the sections of tumor
biopsy from A20 cell line-induced BALB/c mice suggested
IL-16 inhibited infiltration of anti-tumor T cells in immuno-
competent mice (Figure 6A, Online Supplementary Figure
S9B-D). Overall, these results suggest that IL-16 facilitates
macrophage infiltration, mainly of M2 macrophages, to pro-
mote tumor growth.

X. Guan et al.

Migration of CD4* monocytes induced by diffuse large
B-cell lymphoma-derived IL-16

Macrophages in the TME are mainly derived from peripheral
blood monocytes, which is regulated by chemokines. IL-16
mediates chemotaxis mainly through the CD4 receptor. To
verify chemotaxis of DLBCL-derived IL-16 on different types
of immune cells, we collected the culture medium (CM) of
these DLBCL cells (U-2932 and TMD-8 cells with stable
overexpression of IL-164%"-¢313a or EV) and determined the
cell migration of peripheral blood leukocytes (PBL). IL-16 did
not essentially affect the overall chemotaxis of leukocytes
(Online Supplementary Figure S10A). We then analyzed the
composition of migrated leukocytes induced by the indi-
cated CM by flow cytometry and found that IL-16 did not
statistically affect leukocyte composition (Online Supple-
mentary Figure S10B). We then revealed that IL-16 promoted
chemotaxis of monocytes but did not affect chemotaxis of
various types of T cells (Online Supplementary Figure S10C,
D). Since only a relatively low proportion of leukocytes are
monocytes, we isolated monocytes and found they were
divided into 2 categories: CD11b*CD14** monocytes with
CD4*, and CD11b*CD14* monocytes with CD4- (Figure 7A).
Results showed that IL-16 notably increased monocyte
chemotaxis, mainly CD11b*CD14** monocytes with CD4*
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Figure 7. The migration of CD4* monocytes induced by diffuse large B-cell lymphoma-derived IL-16. (A) Monocytes were isolated
from healthy donors and were stained with anti-CD11b-APC-Cy7, anti-CD14-APC, anti-CD4-FITC antibodies. (B) Cell migration of
monocytes is determined by transwell assay (1 hour) combined with the CCK-8 test. 10% FBS culture medium were used as con-
trol. Rate of chemotaxis (%)=(ODvower chamber-ODgackground/ ODupper chamber=O Dgackgrouna)X100. (C) the proportion of indicated monocytes in
migrated monocytes. Data shown are mean * Standard Deviation. P values are based on unpaired t test. ns: non-significant,

**P<0.01, ****pP<0.0001.
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(Figure 7B, C). These results suggest that DLBCL-derived
IL-16 significantly promotes CD4* monocyte chemotaxis,
by which it promotes macrophage infiltration.

IMMO306 effectively inhibits the growth of diffuse large

B-cell lymphoma with high IL-16 expression

Studies showed that anti-CD47 blockade limited tumor
growth in lymphoma with increased tumor-associated
macrophages.®* Multiple therapeutic antibodies, such as
rituximab and antibodies targeting CD47, target tumor cells
for macrophage clearance by antibody-dependent cellular
phagocytosis (ADCP),*3*3* and the macrophage : tumor ratio
determined the effect of ADCP.2°

IMMO306, a novel fusion protein of CD20 mAb with the CD47
binding domain of SIRPa, exerts excellent cancer killing
efficacy by activating macrophages via blockade of CD47-
SIRPa interaction and FcyR engagement by simultaneously
binding to CD47 and CD20 of B cells.*® We then examined
whether IMMO0306 could reverse the pro-tumorigenic ef-
fects of IL-16 in ABC-DLBCL.

Given that IL-16 promoted macrophage infiltration in DLBCL,
we first confirmed whether increasing the macrophage :
tumor ratio would enhance IMM0306-induced ADCP. The
ABC-DLBCL cells were co-cultured with effector cells with
different ratios as indicated, and then we treated the mixed
cells with IMM0306 or IgG1 mAb control. IMMO306 signifi-
cantly promoted ADCP and increased the effector cell :
tumor cell ratio, further increasing the efficacy of IMM0306
(Figure 8A). Next, IMM0O306 was used to treat ABC-DLBCL
in vivo. Pre-IL-16 was over-expressed in the U2932 cell
line via lentivirus infection (Online Supplementary Figure
S6G) and NOD SCID mice were subcutaneously inoculat-
ed with the indicated tumor cells. Mice were treated with
IMMO306 and placebo, respectively. Consistently, pre-IL-16
significantly promoted tumor growth in the placebo group.
However, IMMO0306 had a better therapeutic effect in the
pre-IL-16 overexpression group than in the placebo group
(Figure 8B-D). This preliminary preclinical study suggests
that IMMO0306 has promising antitumor effects in ABC-DL-
BCL with high IL-16 expression.

Discussion

In this study, we found that IL-16 was differentially expressed
in different mature B cells. IL-16 was seen to be expressed
in the tumor cells of ABC-DLBCL. The serum of ABC-DLBCL
patients had elevated IL-16, which could predict the clinical
prognosis and response to treatment. IL-16 secretion was
tumor-tissue-dependent, which could promote tumor growth
through increasing macrophage enrichment in the TME. Last-
ly, IL-16 specifically induced the CD4* monocyte chemotaxis
that promotes macrophage infiltration. IMM0306, which ex-
erts cancer killing efficacy by activating macrophages, was
a novel treatment approach in ABC-DLBCL.

X. Guan et al.

Most DLBCL can be classified into 2 distinct molecular sub-
types based on COO!. Notably, ABC-DLBCL is more aggressive
and associated with a worse prognosis than GCB-DLBCL.®* The
new classifications based on transcriptional and mutational
signatures, somatic copy number alterations, and structural
variants have distinguished up to 4 distinct subtypes (MCD,
BN2, N1, and EZB) or 5 clusters (known as C1-C5).5"% In this
study, IL-16 was found to be highly expressed in ABC-DLBCL
or ABC-DLBCL-enriched N1/MCD or C1/C5 subtypes. Studies
demonstrated that ABC-DLBCL develops from GC B cells
undergoing plasmablast or memory cell differentiation, while
GCB-DLBCL develops from GC light zone B cells.3%%6-38 |n
addition, our study showed that IL-16 was more abundant
in plasma cells and memory cells but not GC light zone B
cells, suggesting that different levels of IL-16 expression in
DLBCL may be attributed to it being a differentiation factor
for B cells.

Currently, the metabolic tumor volume (MTV) calculated by
FDG-PET/CT parameters and circulating tumor DNA (ctDNA)
are relatively reliable strategies to assess the tumor burden
and therapeutic response in DLBCL patients.**“° In this study,
we found IL-16 was detectable in the serum of patients with
ABC-DLBCL, and as a non-invasive biomarker, serum IL-16
levels can function as effective adverse prognostic factors.
We observed that a dynamic change in serum IL-16 levels
could predict treatment response in patients with DLBCL
who receive R-CHOP or anti-CD19 CAR T-cell therapy. Next,
we will also compare its accuracy and usefulness with MTV
and ctDNA in the ABC-DLBCL patients.

IL-16 is not a typical cytokine that is directly secreted from
cells, the secretion of which depends on active caspase-3.64
In this study, IL-16 secretion in DLBCL was regulated by
caspase-3 which was tumor-tissue-dependent. Few previous
studies have explored the role and mechanisms of IL-16 in
DLBCL. In this study, we found IL-16 did not affect DLBCL cell
growth in vitro, but its secretion accelerates tumor growth
in both immunodeficient and immunologically-competent
mouse models. Mechanically, IL-16 was found to increase
the infiltration of macrophages and triggered angiogenesis,
IL-6 and IL-10 expression, and decreased the infiltration of
T cells in tumor tissues.*> Macrophage clearance could re-
duce the tumor-promoting effect of IL-16. Moreover, DLBCL
derived IL-16 significantly promotes CD4* monocyte che-
motaxis, by which it promotes macrophage infiltration. Two
recent pivotal studies distinguish 4 subtypes of the DLBCL
microenvironment (GC-like, mesenchymal, inflammatory,
and depleted), or 9 lymphoma ecotypes (LE1-LE9) based
on the transcriptional footprint of microenvironment cells
or single-cell RNA-sequencing (scRNA-seq). Macrophages
were abundant in inflammatory, LE1, LE4 subtypes which
contain a higher proportion of ABC-DLBC.>** It has been
demonstrated that ABC-DLBCL had higher levels of macro-
phages than GCB-DLBCL,® and infiltration of macrophages
in the TME is associated with poor prognosis and correlates
with chemotherapy resistance in most cancers.** Our study
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suggests that IL-16 is a key factor regulating the tumor mi-
croenvironment in ABC-DLBCL.

Tumor-associated macrophages facilitate tumor progression
in most cancers; therefore, therapies targeting macrophages

have been a topic of recent studies.** The macrophage-de-
pendent ADCP is the principal cytotoxic mechanism for rit-
uximab,* and the proportion of macrophages determined
the effect of ADCP.?° In this study, we hypothesized that
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Figure 8. Antitumor effects of IMMO0306 in activated B-cell-like subtype of diffuse large B-cell lymphoma. (A) Diffuse large B-cell
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activating IL-16-recruited macrophages might reverse its
pro-tumorigenic effects. IMMO306 is a novel fusion protein
of CD20 mAb with the CD47 binding domain of SIRPa. and
exerts cancer Killing efficacy by activating macrophages.®®
In this study, IMM0306 had an excellent therapeutic effect
in ABC-DLBCL with high IL-16 expression. Both in the pre-
clinical study and in a pivotal clinical trial, the combinations
of anti-CD47 antibody and anti-CD20 antibody augmented
the macrophage-dependent ADCP effect in DLBCL, partic-
ularly in ABC-DLBCL.**%¢ A clinical trial is being designed to
evaluate the potential for clinical applications of IMMO0306
in ABC-DLBCL.

In conclusion, our study shows that IL-16 promote tumor
growth by co-ordinating the cross-communications between
the lymphoma cells and TME in vivo, which further suggests
that IL-16 is responsible for the progression of ABC-DLBCL
as a source of non-oncogene addiction and is responsible
for the progression of ABC-DLBCL. Therefore, targeting the
pro-tumor mechanisms of IL-16 could provide an attractive
biology-driven personalized treatment strategy to deal with
therapeutic vulnerability in ABC-DLBCL.
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