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Abstract

Important roles of humoral tumor immunity are often pointed out; however, precise
profiles of dominant antigens and developmental mechanisms remain elusive. We
systematically investigated the humoral antigens of dominant intratumor immuno-
globulin clones found in human cancers. We found that approximately half of the
corresponding antigens were restricted to strongly and densely negatively charged
polymers, resulting in simultaneous reactivities of the antibodies to both densely
sulfated glycosaminoglycans (dsGAGs) and nucleic acids (NAs). These anti-dsGAG/
NA antibodies matured and expanded via intratumoral immunological driving force
of innate immunity via NAs. These human cancer-derived antibodies exhibited acidic
pH-selective affinity across both antigens and showed specific reactivity to diverse
spectrums of human tumor cells. The antibody-drug conjugate exerted therapeutic
effects against multiple cancers in vivo by targeting cell surface dsGAG antigens. This

study reveals that intratumoral immunological reactions propagate tumor-oriented
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1 | INTRODUCTION

Cellular immunity, including cytotoxic T cell biology, has been at-
tracting attention due to the clinical successes of immune check-
point blockade therapies.! Meanwhile, important roles for humoral

t,2°% and studies on hu-

tumor immunity have also been pointed ou
moral tumor immunity revealed various important aspects on tumor-
infiltrating B/plasma cells.**! However, the precise functions of B
cells in tumor environments remain elusive, due in part to the lack
of identification of antigen (Ag) repertoires recognized by tumor-
infiltrating B/plasma cells.

Identifying the Ags of tumor-infiltrating B/plasma cells contrib-
utes to the elucidation of fundamental biology of humoral tumor im-

12,13

munity, including immunological driving forces, mechanisms or

origins, and therapeutic applicability. Some studies reported possible

1415 in which overexpressed

Ags of tumor-infiltrating B/plasma cells,
proteins and cancer testis Ags were identified as humoral tumor Ags.
However, it is still not clarified whether such tumor-associated Ags
constitute the major fractions or minor components in the milieus of
tumor-associated humoral immunity.

We previously clarified a global profile of immune receptor rep-
ertoires of tumor-infiltrating lymphocytes in human cancers, dis-
covering a large number of tumor-specifically dominant B/plasma
cell clones.*®” It was found that multiple of such clones commonly
recognized sulfated glycosaminoglycan (GAG) or focal adhesion ri-
bonucleoprotein (RNP) complex proteins.}*” Thus, a hypothesis has
been achieved that anti-GAG and anti-RNP constitute a significant
portion of humoral tumor immunity. It was warranted to investigate
the immunological driving forces for the Abs to dominate in tumor
environments as well as their therapeutic applicability for human
malignancies.

Glycosaminoglycans are linear polysaccharide glycans composed
of repeated disaccharides and classified into five groups: hyaluronic
acid, heparan sulfate (HS), chondroitin sulfate, dermatan sulfate, and
keratan sulfate.® GAG is well known to interact with and condensate
various growth factors on tumor cell surfaces.’ Each disaccharide
harbors various degrees of sulfonate group modifications; therefore,
GAG polysaccharides consist of almost infinite diversity in chemical
structures. The high frequency of tumor-specific anti-GAG humoral

immunoglobulin clones and demonstrates a new therapeutic modality for the univer-

sal treatment of human malignancies.

(14) characteristics and pathology of human cancer, humoral immunity, immune repertoire,
pH-selective antibody, sulfated glycosaminoglycan, tumor-infiltrating B cell

immunity implies the existence of tumor-specific GAG structures;
however, the sulfation patterns in the GAG polysaccharides are dif-
ficult to determine. 182021

In this study, we investigated detailed chemical structures of the
GAG epitopes corresponding to the tumor-specific dominant anti-
GAG Abs, as well as the immunological driving forces for the emer-
gence/development of such immunoglobulin (Ig) clones, specifically in
human cancer environments. Eventually, we exhibit the highly efficient
and universal therapeutic applicability of such anti-GAG Abs found in
human cancers against wide spectrums of malignancies in vivo.

2 | MATERIALS AND METHODS

2.1 | Humansamples

This study was approved by the institutional review boards of the
University of Tokyo, Tokyo Medical and Dental University, and
National Cancer Center Hospital, Tokyo, Japan. A total of 102 and
27 specimens of gastric and pancreatic carcinomas, respectively,
were obtained with informed consent. Tissue microarrays were con-
structed with the approval of the University of Tokyo. Details are
described in Methods S1.

2.2 | Mice

The animal studies were approved by Taiho Pharmaceutical Co.,
Ltd. and the University of Tokyo, where appropriate, as described
in Methods S1.

2.3 | Repertoire sequencing and
reconstruction of antibodies

Repertoire sequencing and the reconstruction of the tumor-
infiltrating dominant clones as human IgG1 were performed as de-
scribed previously'®!” (see Methods S1). The Ig repertoire sequence
data of gastric cancers are deposited in JGASO0000000242.

FIGURE 1 Identification of tumor-infiltrating dominant anti-densely sulfated glycosaminoglycan (dsGAG) immunoglobulin (Ig) clones.

A, Workflow of the identification of antigens (Ags) for tumor-infiltrating dominant clones. B, GAG and glycan Ags in GAG ELISA are shown
with their densities of sulfation. C, Results of GAG ELISA of high-affinity anti-dsGAG clones and an anti-protein clone as a negative control
(#022T-1, anti-HSP90AA1). D, Amino acid sequences of the heavy chain CDR3s of high-affinity anti-dsGAG clones (red: acidic, blue: basic,
green: neutral [hydrophilic], and black: hydrophobic). E, F The mean fluorescent intensities (MFls) of high-affinity anti-dsGAG clones to
HGC27 and NUGC3 with/without heparinase |+ 11l digestions (HSase) (E) and siRNA-mediated knockdown of EXT1/2 (siEXT1&2) (F) (n = 3).

Bars and error bars represent the mean and SD, respectively.
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FIGURE 2 Dual reactivity of anti-densely sulfated glycosaminoglycan (anti-dsGAG) clones to nucleic acids (NAs). A, Schematic diagram
of heparin (dsGAG) and phosphodiester backbone of DNA. B, double-stranded DNA (dsDNA) ELISA signals of tumor-infiltrating dominant
clones (n = 3). C, dsDNA ELISA signals of the high-affinity anti-dsGAG clones with/without coincubation of Heparin (n = 3). Serum from
autoimmune patients were used as a control. D, E, ELISA signals of high-affinity anti-dsGAG clones to 6-mer oligos of single-stranded
DNA (ssDNA) (D) and ssRNA (E) (n = 2). F, G, Signals of ssDNA (F) and ssRNA (G) ELISAs with/without coincubation of heparin (n = 2). H,
dsDNA and ssDNA ELISAs were performed in parallel for high-affinity anti-dsGAG clones (n = 2). |, Defined antigens (Ags) for 20 out of
30 reconstructed tumor-infiltrating dominant immunoglobulin (Ig) clones with the information of their proportions of lineage sizes in the
repertoires in each tumor. J, Internalizations of phycoerythrin (PE)-ssDNA and FITC-heparin with/without coincubations of #022T-2 were
evaluated by flow cytometry (FC) using THP-1 cell. K, TLR9 signals in THP-1 cell with/without coincubations of ssDNA and/or #022T-2 were
evaluated by Nf-kB and IRF reporter systems (n = 3). L, Activations of TLR7/9 in HEK-Blue cells were evaluated with/without coincubation
of R848 (hTLR7 agonist), ODN2006 (hTLR9 agonist), or heparin (n = 2). Bars and error bars represent the mean and SD, respectively.

2.4 | Biochemical and histopathological
experiments

Enzyme-linked immunosorbent assay (ELISA), flow cytometry (FC),
RNA in situ hybridization (RNA-ISH), measurements of TLR and NF-
kB signals, immunohistochemistry (IHC), and immunocytochemistry
(ICC) were performed as descried in Methods S1.

2.5 | Definition of tumor-associated tertiary
lymphoid structure (tTLS) score

Tumor sections of hematoxylin and eosin (HE)-stained gastric and
pancreatic cancers were examined under a microscope. The abun-
dance of tTLS was evaluated as described in Methods S1.

2.6 |
(ADC)

Construction of antibody-drug conjugate

An ADC based on an anti-dsGAG/nucleic acid (NA) clone #022T-2,
named #022T-2m-VC-PAB-MMAE, was constructed as described in
Methods S1.

2.7 | Supplementary experiments

Other methods of experiments in this study are fully described in
Methods S1, including those for differentially expressed gene analy-
sis, quantitative reverse-transcription PCR, immunoprecipitation, mass
spectrometry, immunoblot, competitive assays of growth factors,
Transwell assays, ADCC reporter assays, dual-luciferase reporter assays,

MTT assays, cell viability assays, and surface plasmon resonance (SPR).

3 | RESULTS

3.1 | Densely sulfated GAG (dsGAG) is the major
and shared Ag of tumor-infiltrating dominant Ig clones

As we previously reported, sulfated GAG is the major humoral Ag
of tumor-infiltrating B/plasma cells in human gastric cancer environ-
ments.!” To determine the precise chemical structures of the sulfated

GAG Ags, we used a GAG library covering diverse sulfation patterns
(Figure 1A,B). We performed GAG ELISA using 30 tumor-infiltrating
dominant Ig clones identified from the repertoire sequencing of 102

gastric cancers®®t’

and additional 27 pancreatic cancers (Figure 1A).
Five high-affinity and five low-affinity anti-sulfated GAG clones,
including those previously reported,'” were identified (Figure 1C;
Figure S1B,C). It was revealed that the reactivities of the clones
to sulfated GAGs were proportional to sulfonate densities of GAG
epitopes (Figure 1C). Therefore, it is concluded that the specific and
common Ag of anti-sulfated GAG clones found in cancer environ-
ments is the dsGAG. Although five high-affinity anti-dsGAG clones
exhibited similar reactive patterns to the dsGAG epitopes, little simi-
larities were observed in their complementarity-determining region
3 (CDR3) (Figure 1D).

Heparin, a highly sulfated form of HS, is the major form of dsGAG
in human body.ig’22 The anti-dsGAG nature of the Ig clones was con-
firmed by FC targeting cell surface HS on human cancer cells, in
which substantial reductions of FC signals of the anti-dsGAG clones
were observed under heparinase |+11l digestion (Figure 1E) and
EXT1/EXT2 knockdown, two essential glycosyltransferases for HS
synthesis (Figure 1F). The knockdown efficacies of EXT1 and EXT2
were confirmed by quantitative PCR (Figure S1D). It was concluded
that the anti-dsGAG clones are functional Abs to cell surface dsGAG
of cancer cells.

We also searched for protein Ags for the 30 dominant Ig clones
found in human gastric or pancreatic cancer environments, discov-
ering 10 protein Ags, including those previously reported (Figure 2;
Figure 51C).1%Y The remaining 10 clones were still orphan Igs due
to possible difficulties in technical conditioning. Therefore, it was
surprisingly shown that half (10/20) of the dominant clones with
defined Ags, in human tumor environments, commonly recognized
dsGAG.

3.2 |
to NAs

Anti-dsGAG Ig clones are dual reactive

The GAG ELISA of the anti-dsGAG clones showed signals in a
wide range of sulfated GAGs (Figure 1C). This broad reactivity to
negatively charged GAGs made us hypothesize that anti-dsGAG
clones are also reactive to other negatively charged polyanions
(Figure S2A).23 Among the polyanions, NA was considered the most
possible candidate as an Ag of the clones, based on its similarities
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FIGURE 3 The pH-selectively enhanced affinity of anti-densely sulfated glycosaminoglycan/nucleic acid (anti-dsGAG/NA) clones. A,
Workflow of ELISA and flow cytometry (FC) under various pH. B, GAG ELISAs using synthesized GAG oligomers (Figure 1B) at various pH for
five high-affinity anti-dsGAG/NA clones. C, Mean fluorescent intensities (MFls) of FC signals of high-affinity anti-dsGAG/NA clones bound
to HGC27 and NUGC3 under indicated pH (n = 3). D, E, ssDNA (D) and ssRNA (E) ELISA signals of high-affinity anti-dsGAG/NA clones under
various pH (n = 2). F, dsDNA ELISA of high-affinity anti-dsGAG/NA clones under various pH (n = 3), together with anti-dsDNA(+) serum from
autoimmune patients and anti-dsDNA(-) serum. G, Workflow of immunocytochemistry (ICC) in pH7.4 or 5.5. H, ICC for HGC27 and NUGC3
using high-affinity anti-dsGAG/NA clones in pH 7.4 and 5.5. Scale bars indicate 100pum. |, J, The 3D-plot () and 2D-plot (J) of the simulations
of surface electrostatics of a high-affinity anti-dsGAG/NA clone #022T-2 using Molecular Operating Environment platform. Simulations
were conducted thrice, and patches whose electrostatics changed more than once in CDR were marked with yellow (I) and black (J) circles.
Surface patches with blue, red, and green represent positively charged, negatively charged, and hydrophobic patches, respectively.

with dsGAG in pKa of phosphodiesters?*2° and structural pitches of
negative charges (Figure 2A).

In double-stranded DNA (dsDNA) ELISA, the high-affinity anti-
dsGAG clones showed stronger reactivity to dsDNA than other anti-
protein clones (Figure 2B). The dsDNA ELISA signals were almost
completely attenuated by heparin, indicating the shared binding
sites of anti-dsGAG clones for dsDNA and dsGAG (Figure 2C). The
single-stranded DNA (ssDNA) and ssRNA ELISAs also showed reac-
tivity of the high-affinity anti-dsGAG clones, especially to (deoxy)
guanosine (G_xé) (Figure 2D and E). These ELISA signals were also
attenuated by heparin (Figure 2F,G), although the attenuation ef-
fects were milder in ssDNA ELISA (Figure 2F) than in dsDNA ELISA
(Figure 2C). It is suggested that the anti-dsGAG clones bind more
preferably to single stranded polyanions, which are ssDNA, ssRNA,
and dsGAG, presumably due to their biochemical and structural sim-
ilarities. Preferrable bindings of the anti-dsGAG clones to ssDNA
rather than dsDNA were confirmed in an ELISA where their bindings
were directly compared in parallel (Figure 2H). SPR analysis con-
firmed the binding of #022T-2 to ssDNA (Figure S2B). These data
show that these tumor-infiltrating dominant clones are dual reactive
to dsGAG and NAs.

As mentioned above, 10 protein Ags were identified among 30
tumor-infiltrating dominant clones from gastric and pancreatic can-
cers (Figure 2I; Figure S2C). Most, if not all, of these protein Ags
were either DNA- or RNA-binding proteins (Figure 21). Thus, at least
60.0% (18/30) of the tumor-infiltrating dominant clones, includ-
ing both anti-dsGAG and anti-protein clones, react to NAs. NA is
an established ligand and a stimulator of innate immune system in
various immune cells, including B cells?6%7 (Figure S2D,E). Among
the known key players of NA-associated innate immunity, TLR7/9
are the best-fit models to be investigated based on the preferred
reactivities of the clones to G-enriched and single-stranded NAs
(Figure 1; Figure S2D). Using THP-1 human monocytic cell, it was
shown that both ssDNA and heparin were internalized into cellu-
lar components with high-affinity anti-dsGAG/NA clone (#022T-2)
(Figure 2J), confirming the physiological function of anti-dsGAG/NA
clones. Under such condition, TLR9 signaling was drastically induced
by ssDNA (Figure 2K). On the contrary, heparin could not induce
either TLR7 or 9 signaling in HEK293 reporter (Figure 2L).

Taken together, tumor-associated humoral immunity was highly

skewed to the anti-NA immunity, most likely through the activation

of the innate NA-TLR axis, which induced the emergences of highly
dominant milieus of anti-dsGAG/NA and anti-NA-associated protein

clones in tumors.

3.3 | Affinity of anti-dsGAG/NA Ig clones is acidic
pH selective

The dual reactivity of the anti-dsGAG/NA clones to dsGAG/
NA polyanions suggested that conditions under strong negative
charges could achieve optimal binding. It is well known that tumor

H,28-%0 a5 low as 5.5-6.8.317%2

microenvironments exhibit acidic p
We hypothesized that anti-dsGAG/NA clones found in tumor envi-
ronments would exhibit enhanced affinity to dsGAG/NA Ags under
lower pH.

We conducted GAG ELISA in various pH conditions (pH7.4,
6.8, and 5.5), revealing that ELISA signals of the high-affinity anti-
dsGAG/NA clones, more specifically that of oligomer-2, showed pH
dependency (Figure 3B). FC of anti-dsGAG/NA clones on human
cancer cell lines showed drastic enhancements of signals in lower
pH (Figure 3C). This acidic pH-dependent enhancement of the
binding of anti-dsGAG/NA clones was also confirmed for ssDNA/
ssRNA ELISAs (Figure 3D,E). In the dsDNA ELISA, the signals of anti-
dsGAG/NA clones also exhibited pH dependency, while such pH
dependency was negligible in serum from autoimmune disease pa-
tients (Figure 3F), indicating that anti-dsDNA Abs in autoimmunity
and tumor immunity harbor different properties. ICC of human can-
cer cells also showed augmented signals of anti-dsGAG/NA clones
in acidic pH (Figure 3G,H). Low-affinity anti-dsGAG/NA clones
also showed, although vague, acidic pH selectivity (Figure S3A,B).
Trastuzumab did not show acidic pH selectivity (Figure S3C) as re-
ported,®* supporting our conclusion that anti-dsGAG/NA clones
found in tumor environments specifically exhibit characteristic pH
dependency.

In silico pH titration analysis of the CDR of a high-affinity anti-
dsGAG/NA clone #022T-2 showed that a negative-charged surface
patch and two positive-charged surface patches disappeared and
appeared, respectively, with the decrease in pH (Figure 3l). Most
of the pH-dependent changes of surface electrostatics were de-
tected in CDRs or neighboring regions (Figure 3J). Similar results

were also observed in other high-affinity anti-dsGAG/NA clones,
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such as #021T-1 and #008T-2 (Figure S3D). Some of these patches protein binding.3*"*® Dynamic and localized electrostatic changes in

contained histidine (pKa of side chain: around 6.0), compatible with CDRs were the most likely mechanism of the acidic pH selectivity of
previous reports showing acidic pH-selective histidine-associated the anti-dsGAG/NA clones.
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FIGURE 4 Distribution and maturation of anti-densely sulfated glycosaminoglycan/nucleic acid (anti-dsGAG/NA) clones in tumor
environments. A, RNA in situ hybridization (RNA-ISH) targeting specific H-CDR3 sequences on the corresponding clinical cancer specimens.
For each anti-dsGAG/NA clone, the distributions of cells with positive RNA-ISH signals in gastric tumors and regional lymph nodes (LNs)

are summarized. Bold colored lines in tumor areas in left panels and colors of LNs in right panels indicate the numbers of positive cells as
indicated by color scales on the right side. LNs with magenta circles indicate tumor metastases. B, C, Representative images of RNA-ISH of
#013T-2, as well as immunohistochemistry (IHC) using anti-CD20 and anti-CD21 Abs. High-power images focusing on the yellow-circled
areas of (B) are shown in (C). Dashed yellow circle indicates tumor-associated tertiary lymphoid structure (tTLS). Scale bars indicate 2.5 mm
(B) and 100 pm (C). D, The mutation ratio of CDRs to framework regions (CDR/FWR) and the ratio of replacement mutations to silent
mutations (R/S ratio) in CDR of anti-dsGAG/NA clones and anti-protein clones. Each dot represents an immunoglobulin (Ig) clone, and round
and triangle shapes represent whether the clones were derived from tTLS-high or tTLS-low cases, respectively. Dashed horizontal lines
represent the means of the CDR/FWR mutation ratio and R/S ratio in CDR of the top 30 clones (Figure S4F,G). E, ssDNA ELISA using #013T-

2, and its germline clone (Figure S4H), under various pH (n = 2).

3.4 | Local tumor microenvironment is the
source of anti-dsGAG/NA Ig clones

To explore the origin of the anti-dsGAG/NA clones, we conducted
RNA-ISH using probes specific to the CDR3s of heavy chains, to
detect the distributions of specific anti-dsGAG/NA B/plasma cell
clones. In both frozen and formalin-fixed paraffin-embedded (FFPE)
clinical specimens, positive ISH signals of anti-dsGAG/NA clones
were detected in the matched tumor samples (Figures S4A,B).

RNA-ISH was conducted on all the available FFPE sections of tu-
mors and dissected lymph nodes (LNs). For most of the high-affinity
anti-dsGAG/NA clones (#008T-1, #012T-1, #013T-2, and #021T-1),
characteristically localized and gradient distributions of the plasma
cell clones were observed with the highest existences in the primary
tumor areas (Figure 4A). The more the distances from the tumor
sites, the fewer the clones detected. Although only a few signals
of #008T-2 and #022T-2 were detected in RNA-ISH, the tendency
of the localized and gradient distribution patterns were observed
(Figure 4A). Much fewer signals were detected in the dissected LNs
than in the intratumoral regions in most cases, except for #021T-1.
There were no localized distribution patterns along with the lym-
phatic distance of the LNs from the primary tumor sites, nor was the
#021T-1 (Figure 4A). There were no associations between LN metas-
tasis of tumors and the numbers of positive cells in LNs (Figure 4A).
Additionally, positive ISH signals of #013T-2 plasma cell clone were
detected in and around tumor-associated tTLSs within the primary
tumor (Figure 4B,C).

The localized and gradient distribution patterns of the clones
in the primary tumor sites, not in regional LNs, as well as the spe-
cific existences of the plasma cell clones in the tTLS within tumors
indicated that the anti-dsGAG/NA clones were supplied from pri-
mary tumor microenvironments, not from regional tumor-draining
LNs. Based on the possible link between the intratumor emergence
of anti-dsGAG/NA clones and the existence of tTLSs within tumor
microenvironments, we evaluated the associations between the
tTLS abundance (assigned to each case histologically [Figure S4C-
E]) and well-known indicators of positive selection bias of affinity
maturations of B cell clones: the ratio of replacement mutations in
CDRs to those in framework regions (FWRs) (CDR/FWR mutation
ratio) and the ratio of replacement mutations to silent mutations in
CDRs (R/S ratio in CDR).>* Among the global IgG clones in tumors,

the tTLS scores and both CDR/FWR mutation ratio and R/S ratio in
CDR were significantly correlated (Figure S4F,G). It is suggested that
significant amounts of tumor-infiltrating IgG clones were matured
through tTLS. The high-affinity anti-dsGAG/NA clones showed
higher CDR/FWR mutation ratio and R/S ratio in CDR than the low-
affinity anti-dsGAG/NA clones (Figure 4D). This result suggests that
the high-affinity anti-dsGAG/NA clones acquired somatic hypermu-
tations (SHMs) to mature and expand in tTLSs, being supported by
the fact that most of the high-affinity anti-dsGAG/NA clones were
discovered in tTLS-high tumors (Figure 4D). The reactivity of the
germline variant of #013T-2 (Figure S4H) to NAs was substantially
lower than that of affinity-matured #013T-2 (Figure 4E), revealing
that SHMs contributed to the augmented affinity and signature pH
selectivity of the #013T-2 clone.

As indicated above, the TLR-related innate immunity system
possibly plays a role in the activation of anti-dsGAG/NA clones
(Figure 2). It is noteworthy that the acquired immunity system
through SHMs in tTLSs also works in the emergence of such clones.
With reference to previous reports showing that TLR7/9 in B cells

augmented the formation of germinal centers,*%4!

our data suggest
that the acidic pH conditions of tumor microenvironments and the
tTLSs worked in concert with innate immunity to promote the ex-

pansion of the pH-selective anti-dsGAG/NA clones.

3.5 | Histological and cytological
distributions of the Ags of anti-dsGAG/NA Ig clones

To investigate the distribution of the Ags of the anti-dsGAG/NA
clones in cancers, IHC was conducted. This involved the use of
#012T-1 and #013T-2 clones. To our surprise, universal and ho-
mogeneous positive IHC signals were detected in tumor cells of all
the epithelial cancer types examined, both in the cytoplasm and on
cell surfaces (Figure 5A). Nearly all cases of seven epithelial cancer
types had positive cancer-specific staining (Figure S5A,B). Staining
patterns and signal intensities of #012T-1 and #013T-2 clones were
highly concordant with each other (Figure S5A,B), confirming that
these anti-dsGAG/NA clones commonly reacted to the same Ags. In
contrast, mesenchymal tumors such as osteosarcoma showed slight
or negligible signals (Figure S5C). Positive signals in tumor cells were
clearly nullified by heparin coincubation (Figure 5B,C; Figure S5D),
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indicating that the tumor cells genuinely expressed the Ags cor- considered nonspecific (Figure S5D). We then evaluated the distri-
responding to the clones. When the signals were not inhibited by bution of the Ags of the anti-dsGAG/NA clones in normal human
heparin as seen in some normal gastric glands, those signals were tissues. Most of the tissues showed negativity in the IHC, while
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FIGURE 5 Immunohistochemical and immunocytochemical analyses of anti-densely sulfated glycosaminoglycan/nucleic acid (anti-
dsGAG/NA\) clones. A, Representative images of immunohistochemistry (IHC) using #012T-1 and #013T-2 for various human cancers. Scale
bars indicate 100pum. B, C, IHC of tissue microarrays containing normal human tissues using #013T-2 with/without prior coincubation of
heparin. Scale bars indicate 100 um. D, Mean fluorescent intensities (MFls) of flow cytometry (FC) signals of various human normal and
cancer cell lines using a representative high-affinity anti-dsGAG/NA clone, #022T-2 (pH 6.0) (n = 3). E, The mRNA expression levels of
membrane heparan sulfate (HS) proteoglycans in the cancer cell line encyclopedia (CCLE) dataset. F, The immunocytochemistry (ICC) images
of HGC27 and NUGC3 without permeabilization using #012T-1, together with anti-proteoglycan antibodies. Scale bars indicate 5pm.

moderate to weak positivity was observed in brain parenchyma,
pancreatic acinus, and the white pulp in the spleen (Figure 5B,C;
Figure S5E). Similar results were observed in IHC using other high-
affinity anti-dsGAG/NA clones, although signal intensities were
weaker (Figure S5F). In FC, cell surface bindings of the anti-dsGAG/
NA clones on various human cancer cells were observed, while
normal human cell lines, MSC and HUVEC, exhibited lower signals
(Figure 5D). It was concluded that the Ags of anti-dsGAG/NA clones
exist universally in a wide spectrum of human cancer cells.

The cell surface Ags of anti-dsGAG/NA clones are considered
to exist mainly as HS proteoglycans,?>*? among which abundant
mRNA expression was observed for SDC1, SDC4, GPC1, CD47, and
CD44 in cancer cell line encyclopedia (CCLE) datasets (Figure 5E).
Colocalization of ICC signals of anti-dsGAG/NA clones with the five
representative HS proteoglycans was investigated. The ICC sig-
nals were detected on cancer cell surfaces in a punctate manner,
which were occasionally colocalized with SDC1, GPC1, and CD47,
while almost no colocalizations were observed for SDC4 or CD44v3
(Figure 5F; Figure S5G). These results indicate that specific dsGAG
epitopes somehow bind to specific subsets of spatially regulated
HS proteoglycans. Our finding is consistent with a previous report
which revealed the existence of two types of HS clusters on xenopus
oocyte surface, highly and less sulfated HS, both of which were dis-

tributed in a spatially different manner on a single cell.*3

3.6 | Anti-dsGAG/NA Ig clones internalized rapidly
into cancer cells in acidic pH

The findings on the IHC (Figure 5) indicate that the anti-dsGAG/NA
clones would exhibit broad antitumor effects. It is well known that
HS/heparin captures heparin-binding growth factors?®4; there-
fore, we sought to determine whether the anti-dsGAG/NA clones
inhibit these tumor-promoting functions of the dsGAG. However,
neither neutralizing effects for heparin-binding growth factors
(FGF7 and HB-EGF) nor inhibitions of cell invasion were observed
(Figure S6A-E). Although slight growth suppressions were observed
in some combinations of anti-dsGAG/NA clones and human cancer
cell lines as reported previously,'” therapeutically effective levels of
growth inhibitions were not achieved in our experimental settings
(Figure S6F).

Antibody-dependent cellular cytotoxicity (ADCC) activity was
not induced by the anti-dsGAG/NA clones in vitro (Figure S6G).
Endocytosis of surface-bound Abs is one of the inhibiting factors
against ADCC activity®; thus, we hypothesized that these clones
could be effectively internalized into cancer cells. It is of note that, in

an acidic condition at pH 6.0, the internalizations of the anti-dsGAG/
NA clones into cancer cells were observed substantially quickly
(Figure 6A). We established acidic pH-resistant cancer cell lines,
called GSU-A and LLCm1A*® (Figures S6H-L). Antibody-feeding
assay in acidic pH conditions demonstrated that 30% and 60% of
surface-bound anti-dsGAG/NA clones were internalized into cells
in 30 and 90minutes, respectively, at 37°C (Figures 6B-D). Lipid
raft-mediated endocytosis was suggested to play a role in the in-
ternalization of the anti-dsGAG/NA clones (Figure 6E; Figure S6M).
Accumulation of the internalized Abs in lysosomes was confirmed
using ICC (Figure 6F). The internalization of the anti-dsGAG/NA
clones was substantially quicker than that of trastuzumab (Figure 6C;
Figure S6N) and comparable to that of gemtuzumab,*” both of which
are clinically applied as ADCs, in which the rapid internalization and

lysosomal localization of Abs are desirable.*”48

3.7 | ADC of the anti-dsGAG/NA clone
showed therapeutic efficacy in vivo

The acidic pH selectivity (Figure 3) and tumor-specific reactivities
(Figure 5) of the anti-dsGAG/NA clones will achieve the selective
delivery of the clones to tumor tissues in vivo. When the #012T-1
anti-dsGAG/NA clone was injected into mice, the accumulation of
the lg in tumors was observed using IHC (Figures S7A,B); therefore,
we proceeded to construct an ADC of an anti-dsGAG/NA clone to
evaluate its therapeutic applicability and tumor-specific effects in
vivo.

Initially, we constructed an ADC using #022T-2 based on its
relatively high affinity and clear acidic pH selectivity among others
(Figures 1-3). To obtain adequate productivity of ADC for in vivo
analysis, we designed a modified form of #022T-2 (#022T-2m) with-
out changing CDRs, which preserved the Ag specificity and acidic
pH selectivity (Figure S7C-F). Eventually, a #022T-2m-based ADC
was successfully constructed by conjugating maleimidocaproyl-
valine-citrulline-p-aminobenzoyloxycarbonyl-monomethyl aurista-
tin E (MC-VC-PAB-MMAE)***’ (Figure S7G). This #022T-2-based
ADC, named #022T-2m-VC-PAB-MMAE, showed sub-nanomolar
IC;, cytotoxicity against various cancer cell lines in vitro (Figure 6G).

The Ags of the anti-dsGAG/NA clones exist commonly in both
human and mouse as confirmed in FC where a mouse cell line,
LLCm1A, showed positive signals (Figure 6C); therefore, these
clones are suitable for testing in mouse models. The in vivo phar-
macokinetics of the #022T-2m-VC-PAB-MMAE was comparable to
that of trastuzumab emtansine™® (Figure 7A), consistent with the ex-
pected low expression of the Ags in normal tissues (Figure 5). The
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FIGURE 6 Functional properties of anti-densely sulfated glycosaminoglycan/nucleic acid (anti-dsGAG/NA) clones for tumor cells.

A, Cell surface binding and internalization of #022T-2 in pH 7.4 or 6.0 were evaluated using NUGC3 cell. Scale bars indicate 100pum. B,
Workflow of the internalization assay using acidic pH-resistant cells. C, Cell surface-bound anti-dsGAG/NA clones on GSU-A cell and
LLCm1A were evaluated by flow cytometry (FC), and normalized differences of the mean fluorescent intensities (MFIs) between 4°C and
37°C are summarized in right panels. D, The internalizations of #012T-1 were assessed by immunocytochemistry (ICC) at pH 6.5. Scale bars
indicate 5um. E, Lipid raft-mediated internalization of the anti-dsGAG/NA clone was assessed by incubating GSU-A cells with #012T-1 and
fluorescent-labeled cholera toxin B (CTxB, red). Scale bar indicates 5 um. F, Lysosomal delivery of the anti-dsGAG/NA clone (#012T-1) in
GSU-A cells (pH 6.5) was evaluated by ICC using anti-LAMP1 Ab. Scale bar indicates 5pm. G, Cytotoxicity of the #022T-2m-VC-PAB-MMAE-
ADC against human pancreatic and gastric cancer cell lines. IC., value of each cell line is indicated in the table on right side.

anti-dsGAG/NA clones universally reacted to multiple types of can-
cer cells (Figure 5), and the acidic pH of tumor microenvironment
is a universal factor in human malignancies,28'3°'51'52 both of which
motivated us to investigate the delivery and therapeutic efficacy of
the ADC clone in vivo. To this end, we established multiple types of
tumor xenograft models using human pancreatic cancer cell lines,
Capan-1 and BxPC-3, and a human gastric cancer cell line, NUGC4,
which were treated with various regimens of ADC administration
(Figure 7B). In all xenograft models, the #022T-2m-VC-PAB-MMAE
ADC successfully reduced the tumor sizes in any treatment regimens
(Figures 7C-E). Moreover, many xenograft tumors surprisingly ex-
hibited macroscopically complete remissions at the endpoints after
2 or 3x20mg/kg administration regimens (Figures 7C-E). Weight
loss was not observed in mice under such regimens, except for the
Capan-1 xenograft model under 3x20mg/kg administration regi-
men (Figures 7C-E). Elevations of biochemical damage markers for
liver and kidney or histopathological damages in vital organs were
not observed in mice under any treatment regimens in the NUGC4
xenograft model (Figure 7F,G; Figure S7H). Although reactivity of
the anti-dsGAG/NA clones was mildly detected in IHC in the brain,
pancreas, and spleen (Figure 5B,C; Figure S5E), neither behavioral
disorders nor histological damages in the pancreas and spleen were
observed. These data evidenced the extremely high efficacy of the
#022T-2m-VC-PAB-MMAE ADC for multiple human cancers in vivo.

4 | DISCUSSION

One of the most interesting findings in this study is the unexpect-
edly less diversified acquired B cell immunity in human tumor envi-
ronments. At least 60.0% (18/30) of the dominant clones identified
in tumor environments of 129 human cancer cases were either
anti-dsGAG/NA or anti-NA-associated proteins, both of which were
associated with NAs. Those clones were considered commonly
stimulated by innate immune system most likely by the TLR axis;
therefore, the majority of the cancer-associated humoral immunity
is presumably evoked by NAs. Furthermore, half of the dominant
clones with defined Ags (10/20) commonly exhibited signature dual
reactivity to the dsGAG/NA. Using the analogy with T cell immu-
nity, where various overexpressed Ags and neo-Ags are frequently

targeted,53’57

we and probably others would hypothesize that B
cell-mediated humoral immunity also targets such cancer-related

personal Ags in each case.”® However, our data unexpectedly

clarified that such case-specific immunity for neo-Ags, although
existing, might constitute a limited portion of cancer-associated hu-
moral immunity. This surprisingly lower-than-expected diversity of
the humoral Ag repertoire promotes innovative changes in the way
of thinking of cancer immunity.

The emergence of anti-dsGAG/NA clones in tumor environ-
ments was considered driven by NA-induced innate immunity in
B cells, consistent with the situation of tumor microenvironments
where destructed and leaked NAs are abundant.’*~! At the same
time, high-affinity anti-dsGAG/NA clones clearly showed higher
frequencies of nonsynonymous SHMs in CDRs. Thus, the intimate
interplay of innate and acquired immunity plays pivotal roles in the
maturation/expansion of anti-dsGAG/NA clones in tumor micro-
environments. Anti-dsGAG/NA clones initially emerged through
immunological stimulation by NA and were thereafter empowered
with the pH-selective reactivity to the dsGAG. Such diversification
or switching of epitope specificity from the initial target to another
has been described as “epitope spreading” in various contexts.®?"¢°
This novel type of tumor-specific epitope spreading between NAs
and dsGAGs during the development of B/plasma cell clones is a
key driving force of the skewed and dominant humoral immunity in
tumor environments (Figure 7H).

The origin of tumor-infiltrating B/plasma cells has not been
concluded to date in contrast to the tumor-infiltrating CD8 T cells,
which are broadly recognized to originate from tumor-draining re-
gional LNs (the cancer immunity cycle theory).®¢~8 Systematic RNA-
ISH analyses and the study of the interaction between the SHMs
and tTLS scores of tumors revealed that the major source of the
tumor-infiltrating 1IgG+ B/plasma cells is tumor microenvironments,
more specifically, tTLSs. Our finding is supported by recent studies
showing that affinity maturations and clonal expansions of tumor-
associated B cells occurred in ovarian cancer tissues®” and in tTLS
in renal cell cancers.” It is rational that the tTLSs are the origins of
the acidic pH-selective tumor-associated Ig clones, in which the in-
tratumoral acidity contributes to the production and maturation of
the pH-selective anti-dsGAG/NA clones. Acidic pH was previously
reported to promote Ag presentation and phagocytosis of dendritic

cells and macrophages,”®’?

supporting our hypothesis that the acidic
pH in tumor microenvironments is the trigger for the development
of acidic pH-selective Ig clones.

The IHC analysis on clinical samples revealed that anti-dsGAG/
NA clones were specifically and frequently reactive to wide ranges

of human malignancies, including almost all the epithelial cancers
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FIGURE 7 Therapeutic applicability of anti-densely sulfated glycosaminoglycan/nucleic acid (anti-dsGAG/NA) clone as an antibody-
drug-conjugate (ADC) platform. A, In vivo pharmacokinetics of #022T-2m and #022T-2m-VC-PAB-MMAE (n = 2). B, Treatment regimens

of #022T-2m-VC-PAB-MMAE-ADC. C-E, Tumor volumes and relative body weights of xenograft models of Capan-1 (C), BxPC-3 (D), and
NUGCA4 (E) (n = 5). F, Serum levels of biochemical tissue damage markers in NUGC4 xenografts (n = 5). G, Representative histopathological
images of vital organs in NUGC4 xenograft mice treated with indicated regimens. Scale bars indicate 100 pm. H, Schematic summary of this

study.

of various organs (Figure 5). Even though those high-affinity anti-
dsGAG/NA clones were initially discovered in gastric cancers, this
broad reactivity to various tumors would unexpectedly achieve
therapeutic applicability to nearly all human cancers. Moreover, as
anti-dsGAG/NA clones showed lower pH-dependently enhanced
reactivities to the cellular Ags (Figure 3), it is highly likely that the in
vivo reactivities of the Abs in the acidic tumor environments would
substantially be manifested in clinical settings.

Acidic pH is one of the universal characteristics of tumor mi-
croenvironments and is associated with therapeutic resistance and
activated tumor growth.2>272775 |n this regard, Abs with acidic pH-
selective reactivity are highly demanded for cancer therapy aiming
at specific intratumor delivery.3>3¢ In this study, we coincidentally
found multiple pH-selective natural Abs in human tumors. We are
of the opinion that broadly shared cell surface Ags of anti-dsGAG/
NA clones and their pH-selective reactivity worked in concert to
exert therapeutic effects in xenograft tumor models for multiple
human cancers (Figure 7). The anti-dsGAG/NA clones target general
common features of cancer cells and their environments, which are
dsGAG/NA Ags and acidic pH (Figure 7H); therefore, they will be
a “one medicine for all cancers” type therapeutic agent applicable
for indifferent types of malignancies, including those with differ-
ent targetable driver mutations and even those without targetable
alterations.

In this study, the therapeutic applicability of anti-dsGAG/NA
clones as ADC platform in multiple human cancers was clearly ev-
idenced. A possible concern is their cross reactivity with nontumor
tissues. Regarding dsGAG Ag, we revealed that dsGAGs are expressed
on cancer cells of various organs, but mild positivity was also ob-
served in a few normal tissues, such as brain (Figure 5B). Despite the
immunohistochemical reactivity, physiological access of anti-dsGAG/
NA Igs to the brain is negligible with the existence of blood brain bar-
rier.”*”7? In addition, ADC-treated mice did not show obvious adverse
effects during the regimens in both biochemical and histopathological
examinations (Figure 7F, G; Figure S7H); therefore, cross-reactivities
to normal tissues should be limited. Weight loss of mice was observed
under 3x20mg/kg administration, while not under 2x20mg/kg ad-
ministration (Figure 7); therefore, in future preclinical studies, fine
tuning of administration regimens would be necessary. Nonetheless,
clinical applicability of the anti-dsGAG/NA clones is strongly prom-
ising because macroscopic complete remissions could be achieved
under lower-dose conditions without any adverse effects (Figure 7).
NAs are well-known Ags of autoimmune diseases, such as SLE.8081
There are some previous reports indicating that lupus nephritis pa-
tients had Abs reactive to both GAG and NA, which could bind to

S 82,83

glomerular basement membranes (GBM) via H It might appear

that those Abs are similar to the anti-dsGAG/NA clones in tumor en-
vironments; however, significant differences between them should be
noted. The HS on GBM is mostly composed of less sulfated motifs,348>
which showed apparent negativity in ELISA using tumor-associated
anti-dsGAG/NA clones (Figure 1). Moreover, the IHC showed clear
negativity in the GBM (Figure 5). It is concluded that the specific in-
teractions of anti-dsGAG/NA clones with only densely sulfated forms
of GAG made the clones selectively reactive to cancers.

In summary, this study clarified the unexpected paucity of Ag
diversity in tumor-associated humoral immunity and revealed that
the majority of intratumor Igs commonly exhibit anti-dsGAG/NA
property. This defined subset of tumor-associated B cell immu-
nity is considered to be developed through tumor-specific epitope
spreading, in which anti-dsGAG/NA clones are initially stimulated
by NAs and thereafter acquire additional pH-selective anti-dsGAG
property. The effective in vivo therapeutic applicability of the first-
in-class pH-selective anti-dsGAG/NA Igs will pave the way to fight
universally against wide spectrums of cancers, even for those with-

out targetable alterations.
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