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Tumor-agnostic cancer therapy using
antibodies targeting oncofetal chondroitin
sulfate
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Molecular similarities between embryonic and malignant cells can be exploi-
ted to target tumors through specific signatures absent in healthy adult tis-
sues. One such embryonic signature tumors express is oncofetal chondroitin
sulfate (ofCS), which supports disease progression and dissemination in can-
cer. Here, we report the identification and characterization of phage display-
derived antibody fragments recognizing two distinct ofCS epitopes. These
antibody fragments show binding affinity to ofCS in the low nanomolar range
across a broad selection of solid tumor types in vitro and in vivo with minimal
binding to normal, inflamed, or benign tumor tissues. Anti-ofCS antibody drug
conjugates and bispecific immune cell engagers based on these targeting
moieties disrupt tumor progression in animal models of human and murine
cancers. Thus, anti-ofCS antibody fragments hold promise for the develop-
ment of broadly effective therapeutic and diagnostic applications targeting
human malignancies.

Cancer is a global health problem with an estimated 19 million new
cases and 10 million deaths per year1. Treatments typically involve
surgery, chemotherapy, and radiation. In the past decade, there have
been promising developments in systemic immunotherapies and tar-
geted biologics, such as antibody-drug conjugates (ADC), with market
approval granted for 14 ADCs, primarily for hematological cancers or
HER2+ tumors2. The primary challenge in developing new targeted

therapies lies in the limited number of actionable cancer targets,
especially in the context of heterogeneous solid tumors.

The existence of molecular similarities between embryonic and
malignant tissues has been noted since the beginning of the 20th
century3,4. These similarities probably reflect shared requirements for
rapid cellular proliferation, tissue invasion, angiogenesis, and immune
evasion5–9. Cancer’s aberrant glycosylation patterns have emerged as
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promising targets, with several carbohydrate epitopes exhibiting
oncofetal origins10. An example is oncofetal chondroitin sulfate (ofCS),
initially identified as a distinct type of chondroitin sulfate (CS) through
the selective tropism of Plasmodium falciparum malaria-infected red
blood cells, adhering to the placental syncytial trophoblasts through
the VAR2CSA parasite-encoded lectin11–15. This interaction allows the
sequestration of malaria-infected blood cells in placental vasculature,
preventing circulation and clearance through splenic filtration16–19.
ofCS is a specific type of glycosaminoglycan attached to proteins on
the cell surface and in the extracellular matrix (ECM). Glycosami-
noglycans consist of long unbranched polysaccharide chains of alter-
nating disaccharide units with sulfations at various positions, and can
form distinct structural configurations, affecting biological functions
in health and disease20. The exact ofCS sulfation pattern, defined by
VAR2CSA binding, remains unclear. Structural analyses indicate that
ofCS is composedof a chain longer than tetradeca-saccharides (>dp14)
with islands of high 4-O sulfation of N-Acetylgalactosamine (GalNAc)
residues21. Cryo-electron microscopy (cryo-EM) of VAR2CSA:ofCS
complex supports that the oncofetal specificity is linked to the sulfa-
tion pattern of a long CS chain, but also the length of the chain22.
Despite the obvious potential of ofCS as a tumor target for broadly
effective therapy, clinical translation of recombinant VAR2CSA
(rVAR2) as a targeting agent faces challenges due to rapid liver clear-
ance, risk of immunogenicity, and complex manufacturing scale-up
processes. Exploring alternative translational approaches for targeting
ofCS may overcome these challenges and pave the way for the first
broadly effective targeted cancer treatment.

In this work, we develop and characterize three broadly tumor-
specific antibody fragments with unique binding to two distinct ofCS
epitopes, and validate their potential as tumor-agnostic cancer-tar-
geting vehicles.

Results
Phage display-derived antibody fragments are specific to
cancer cells
Directing high-affinity monospecific antibody responses to distinct
glycosaminoglycans with specific sulfation patterns appearing on a
long chain is challenging.Our attempts to seroconvert animals tomake
antibodies to ofCS were unsuccessful, likely due to extreme self-
restriction to these fetal glycan structures. Consequently, we explored
phage display as an alternative approach. To maximize the chance of
identifying antibody sequences with specificity towards ofCS, we
designed phage-display strategies using rVAR2-validated ofCS source
material and applied it to a panel of non-overlapping phage libraries
(Fig. 1a). Specifically, we purified two key reagents containing ofCS; (i)
ofCS-modified proteoglycans (ofCSPG), overexpressed in immorta-
lized Chinese Hamster Ovary (CHO) cells and purified from the cellular
fraction by ion-exchange chromatography; and (ii) placental-ofCS
purified fromhuman termplacenta. Thepresence of ofCS chains in the
source material was confirmed by binding to rVAR2 (Supplementary
Fig. 1a). Due to the highly negatively charged nature of CS, there was a
risk of attracting unspecific charge:charge interactions during the
phage-display panning, potentially complicating the selection of ofCS-
specific antibody sequences. To mitigate this, counter-screens were
performed on negatively charged heparan sulfate proteoglycan
(HSPG). This was supplemented by an additional counter-screen using
chondroitinase ABC (chABC)-treated ofCSPG (now termed PG) to
eliminate protein-specific phages or phages binding degraded stumps
of CS on the PG. Three phage-display libraries were investigated. The
naivehumanLiAB-SFMAXTM (single-chain variable fragments-scFv) and
synthetic human HuCAL (antibody binding fragment-Fab)23,24 libraries
were panned on ofCSPG over 3–4 rounds, while the ALTHEA GoldTM

human (scFv)25 library was panned on ofCS sourcematerial. Ninety-six
phage clones were randomly picked from rounds 3 and 4 of LiAB-
SFMAXTM library and tested in an enzyme-linked immunoassay (ELISA)

against ofCSPG and PG. In round 3, 37 clones were found to be specific
for ofCSPG with minimal binding to PG, revealing 7 unique sequences.
This processwas repeated in round 4, but here all identified sequences
were identical to theones obtained in round 3. Four out of the 7phages
coded similar VH domains, and 5 exhibited stronger binding to HSPG
than to ofCSPG, suggesting unspecific charge-charge interactions
(Supplementary Fig. 1b). This left two phage clones C9 and B3. The
screening of these phage clones indicated higher binding to ofCSPG
than to HSPG and the binding could be out-competed by rVAR2. Fur-
thermore, they did not show binding to PG (Supplementary Figs. 1b, c)
and were thus down-selected for recombinant expression.

Primary screening of the HuCAL library resulted in 74 phage
clones binding to ofCSPG more than 5-fold over background. A single
sequence (B1) was identified in 20 of the clones and a monoclonal
ELISA confirmed binding to ofCSPG (and not PG) that could be com-
peted with rVAR2 (Supplementary Fig. 1d, e).

Sequencing of 576 phage clones from the panning of the
ALTHEATM library identified 17 hits with single or dual specificity for
purified ofCS and ofCSPG, and no binding to HSPG. Following pre-
liminary specificity assessment, sequence analyses, and confirmed
rVAR2 competition, 4 clones were selected for further testing (F3, F4,
F8, and F11) (Supplementary Fig. 1f).

In summary, only 7 out of 109 sequences, from three different
libraries, were found to have potential ofCS specificity, reflecting the
historical challenges of developing antibodies towards glycosami-
noglycan subtypes. To address possible bias in testing the specificity of
antibody fragments presented on a phage we cloned and recombi-
nantly expressed the antibody fragments corresponding to the seven
sequences. Different formats were expressed as (i) scFv; (ii) Fab; and
(iii) tandem scFv (T-scFv) (Supplementary Figs. 1g and 2a). Further-
more, the monomeric proteins were dimerized through the Spy-
Catcher (SpyC)-SpyTag (SpyT) split-intein system to increase avidity26

creating Fab2 and scFv2. ofCS binding kinetics for each antibody frag-
ment were assessed using a Quartz Crystal Microscale (QCM) bio-
sensor and combined with ELISA binding experiments. The 7
recombinant antibody fragments exhibited high-affinity binding to
ofCS, ranging from 1.2 to 7.4 nM, with no binding to HSPG (Fig. 1b and
Supplementary Fig. 2b). When presented on the phage, the C9 clone
did show some binding to HS. However, the recombinant pure anti-
body showed very high specificity to CS without any binding to HS
(Supplementary Fig. 2b).

The 7 ofCS-targeting antibody fragments were subsequently tes-
ted for binding to a broad panel of cancer cell lines representing a
range of epithelial, mesenchymal, and hematological cell lines. Initial
tests on hematological NALM-6, epithelial Colo205, and mesenchymal
U2OS showed different profiles among the antibody fragments
(Fig. 1c). F4, F11, C9, and B1 bound all the cell lines while B3 pre-
dominantly bound to NALM-6, and F8 and F3 bound strongly to U2OS
cells but weakly to NALM-6 and Colo205. chABC treatment validated
CS specificity (Fig. 1c). Further analyses showed that the antibody
fragments bound a broader panel of cancer cell lines with minimal
binding to human white blood cells (Fig. 1c, d and Supplementary
Figs. 2c, d). To validate these findings, we performed fluorescence
immunocytochemical analysis of A549 lung cancer cells spiked into
healthy donor blood, and stained with F4, F8, and B1. This demon-
strated specific binding to A549 cells with limited binding to white
blood cells, as indicated by a lack of co-localization with anti-CD45
staining (Fig. 1e). These data underscore the specific binding of the
antibody fragments to tumor cells in a CS-dependent manner, with
minimal binding to the normal blood cell compartment.

ofCS-scFvs exhibit cancer-selective reactivity in tissues
CS is prevalent in the ECM and pericellular glycocalyx of normal tis-
sues, while ofCS is exclusive to the placenta and tumors27. We next
evaluated the ability of the antibody fragments to discriminate
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between ofCS in malignant/fetal tissues and CS in normal tissue. We
tested the binding of F8, F3, B1, C9, and F4 to prostate, lung, breast,
and colon carcinomas versus the binding to normal or normal adjacent
tissues (Fig. 2a). Results indicated that F4 recognized a non-cancer-
specific CS epitope abundant in normal prostate and breast tissues. B1
displayed strong staining for malignant tissues as compared to most
healthy tissues, but reacted with healthy prostate and breast tissues.
Remarkably, F8, F3, and C9 exclusively stained tumor tissues with
minimal binding to CS structures in healthy tissues (Fig. 2a). Con-
sidering these data, and the similar fine-specificity of F8 and F3—as
demonstrated later—F8 and C9 were selected for further analysis in

expanded patient cohorts across various cancer types (Supplementary
Figs. 3–5). The two antibody fragments stained the vast majority of
tumor sections with some variations in the staining patterns, binding
partly cancer cell surfaces and partly the tumor stroma (Fig. 2b, c).
Supportive to the stromal binding, we show by flow cytometry that
both antibody fragments bind to human cancer-associated fibroblasts
(CAF). Interestingly, unlike C9, the F8 scFv2 did not bind murine CAFs
(Supplementary Fig. 6). Generally, minimal or absent staining to nor-
mal tissues was observed, except for some staining in testis tissue (F8
and C9), the basal membrane of the skin (F8), and weak staining in the
brain (C9) (Fig. 2b and Supplementary Figs. 7a, b). C9 and F8 were
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applied to six human tissue microarrays (TMA) with malignant and
non-malignant tissues from the pancreas, breast, skin, lung, and the
digestive system (including esophagus, stomach, colon, intestine,
liver, gallbladder, and pancreas). Quantitative analysis, conducted in
standardized settings, showed that F8 and C9 ofCS-specific antibody
fragments discriminated between normal and malignant tissues from
the pancreas (P <0.0001), breast (P <0.0001), skin (C9: P < 0.016; F8:
P <0.017), lung (P <0.0001), the digestive system (C9: P < 0.0009; F8:
P =0.0054) and colon (C9:P = 0.00112; F8: P =0.0149) (Fig. 2d). C9 and
F8 also distinguished benign from malignant tissues in a large TMA
with various tumors from the digestive system (P < 0.0001) and bound
similarly to primary tumors and metastatic tissues in colon cancer
arrays (Fig. 2d and Supplementary Fig. 7c). Robust and specific staining
of humanplacenta tissues confirmed the oncofetal natureof F8 andC9
epitopes (Supplementary Fig. 7d). C9 staining predicted poor survival
of patients after cisplatin chemotherapy, highlighting ofCS as an
attractive target, also in this patient group.Wedid not find adifference
in ofCS expression between early and late stages of bladder cancer,
colon adenocarcinoma, and breast ductal carcinoma, supporting that
ofCS is a tumor agnostic target presents from early tumor onset
throughout disease progression (Supplementary Fig. 8a, b).

A major challenge for the preclinical development of human
antibody-based therapies is the limited cross-reactivity to rodent
proteins, making preclinical testing in animal models less informative
in identifying risks and benefits before human testing. Previous find-
ings demonstrated that ofCS, as defined by the rVAR2 protein, was
detectable in both human andmurine tumor tissues27. Consistent with
that observation, C9 and F8 stainedmouse embryos in uterine pockets
(Fig. 2e). To confirm the induction of the ofCS epitopes during endo-
genousmurine tumor development, pancreatic tumors spontaneously
developed in genetically engineeredmice (KpCmodel)28 were stained.
C9 stained early-onset lesions of malignancy originating from the
pancreatic epithelium in the KpC model, highlighting distinct ofCS-
positive regions across the pancreas (Supplementary Fig. 7e).

In summary, these data demonstrate that the F8 and C9 antibody
fragments detect ofCS modifications in humans and rodents that are
presented on proteoglycans in the fetal and malignant tissue
compartments.

F8 and C9 antibody fragments localize to solid tumors in vivo
We next evaluated the antibody fragments’ ability to localize to ofCS-
expressing tumors in various murine and human cancer models in
mice. Tissues from these tumors reacted with F8 and C9 and the
reactivity was inhibited by chABC treatment. The reactivity was out-
competed by chondroitin sulfate A (CSA) but not by HS (Supple-
mentary Fig. 9a, c, and e), again highlighting the CS specificity of the
antibody fragments.We employed the Alexa750-modified Spycatcher
dimer (SpyC2) to enable the dimerization and homogeneous fluor-
escent labeling of scFvs containing a SpyT. The nakedAlexa750-SpyC2

was used as a control (Supplementary Fig. 9f). We first evaluated

tumor localization of the 3 tumor-tissue-specific antibody fragments
(F3, F8, andC9) and included a broader selection of scFv2s (B3, F4, and
F11) in the 4T1 breast cancer allograft model (Fig. 3a). In vivo imaging
System (IVIS) scans performed 24 h post-injection showed SpyC2

control predominantly in the kidneys and liver, indicating clearance.
Likewise, all scFv2 constructs accumulated in the kidneys, suggesting
a similar clearance pathway as SpyC2. Regarding tumor specificity, B3
and F4 exhibited minimal-to-absent tumor localization. F3 and
F11 showed intermediate tumor localization while F8 and C9
demonstrated enhanced tumor localization with most of the signal
detected in the tumor area. Moreover, F8 and C9 displayed a stronger
overall signal in mice after 24 h, indicating longer circulation time
(Fig. 3a). In summary, the in vitro tumor specificity of C9 and F8 was
confirmed in vivo.

To extend the antibody fragments’ plasma half-life, we genetically
fused an albumin binding domain (ABD) to F8, C9, and SpyC2 control,
which similar to previous studies29, dramatically increased plasma half-
life as demonstrated with the C9 construct (Supplementary Fig. 9g).
Alexa750-labeled ABD-SpyC2, ABD-F8, and ABD-C9 (scFv2 formats)
were tested for tumor localization in a Karpas299 cell line-derived
xenograft (CDX) lymphomamousemodel (Fig. 3b and Supplementary
Fig. 9h). In vivo scans performed within 5min (0 h) confirmed suc-
cessful intravenous (i.v.) injections with a well-distributed whole-body
signal. At 24 h post-injection, ABD-F8 and ABD-C9 accumulated in the
tumor while the ABD control did now show tumor localization. The
signal remained in the tumor area after 48 hdemonstrating high tumor
specificity of both antibody fragments, supporting the potential use of
these antibody fragments for cancer imaging and therapeutic delivery.
Residual signals in the extremities of the animals suggested continued
protein circulation after 24 and 48 h (Fig. 3b). Ex vivo scans of organs
collected 48 h post-protein injection confirmed tumor accumulation
for both antibody fragments (Fig. 3c). ABD-C9 exhibited sporadic low
signals in the heart, likely due to the circulating labeled antibody in the
blood, as C9 did not react with normal mouse heart tissue (Supple-
mentary Fig. 9i). Importantly, despite F8 reaction to skin tissue in vitro
(Fig. 2b), the ABD-F8 antibody did not localize to the skin in vivo, and
similarly, neither antibody fragmentwasobserved in thebrain (Fig. 3c).
Next, we established a patient-derived xenograft (PDX) model of
neuroendocrine prostate cancer in male mice that would also allow us
to assess potential testis localization of F8 and C9, as observed in the
in vitro analysis (Supplementary Fig. 7b). ABD-F8 and ABD-C9 rapidly
localized to the tumor tissues, persisting for at least 48h (Fig. 3d). Ex
vivo analyses showed specific tumor accumulation withminimal signal
in the testis (Fig. 3e). Similar specific tumor accumulation for ABD-C9
wasobtained in theMiaPaca2 pancreatic CDXmodel (Fig. 3f) and in the
A549 lung cancer CDXmodel (Supplementary Fig. 9j), highlighting the
pan-cancer targeting of the antibodies

In conclusion, F8 and C9 antibody fragments specifically localize
to murine and human tumors in vivo with limited off-target
accumulation.

Fig. 1 | Phage-display derived antibody fragments are specific to cancer cells.
aOverviewof the phagedisplayprocess, illustrating keymolecules involved at each
step (1-panning, 2-counter panning, 3-phage selection, 4-polyclonal ELISA, 5-clone
sequencing and monoclonal ELISA, 6-cloning, 7-recombinant production of posi-
tive candidates, 8-resulting antibody fragments) of the panning strategies per-
formed on naive LiAb-SFMAXTM (scFv) and synthetic HuCAL (Fab) (gray boxes) or
ALTHEAGold semi-synthetic (scFv) library (purple boxes). b Sensograms depicting
the interaction of resulting recombinant antibody fragments (F3 scFv2, F4 scFv2,
F8 scFv2, F11 scFv2, C9 scFv2, B1 Fab2, and B3 scFv2) to ofCS, purified from human
placenta and immobilized on a quartz crystal microbalance biosensor chip. Red
curves correspond to experimental points and rate constants (association rate kon,
dissociation rate koff, binding constant KD) were determined using a 1:2 fitting
model with fitted curves in black. c Flow cytometry binding of V5-tagged-scFv2

(F4, F11, B3, C9, F8, and F3) and FLAG-tagged-Fab2 (B1) to cancer cell lines

(hematological leukemic NALM-6 (top), epithelial colorectal Colo205 (middle) and
mesenchymal glioblastoma U2OS (bottom)). The binding wasmeasured as relative
GeoMFI probed with FITC-labeled secondary antibodies without (colored) or with
(gray) chABC treatment, with number of data point (n) indicated for each group.
dC9 scFv2 binding to a larger panel of humancancer cell lines (hematological (red),
epithelial (blue), and mesenchymal (green)) and to healthy purified white blood
cells (purple), at 150nM concentration, compared to the secondary antibody
control (gray).e Immunofluorescence stainingofA549 lung cancer cells spiked into
healthy donor blood with PE-labeled scFv2 (F4, F8) or Fab2 (B1) (yellow), anti-CD45-
Alexa647 (pink) and DAPI (blue). Top panel is a merged image of the three indivi-
duals shown below. These scans are representative of an image dimension of 2286
tiles and 41.06mm × 14.03mm per image (B1/F4) or 130 tiles and 5.12mm ×
2.91mm (F8). Source data are provided as a Source data file.

Article https://doi.org/10.1038/s41467-024-51781-0

Nature Communications |         (2024) 15:7553 4

www.nature.com/naturecommunications


Anti-ofCS antibody therapies elicit anti-tumor activity in vivo
We next evaluated the therapeutic potential of the ofCS-specific anti-
body fragments as ADCs, in ofCS-expressing tumor models (Supple-
mentary Figs. 9a and 10a–e). ADCs were produced using different
antibody fragment formats (monomeric scFv, dimeric T-scFv, or scFv2)
derived from C9, F8, and F3. These reagents were coupled to the
commonly used cytotoxic payload, monomethyl auristatin E (MMAE)
with a cleavable valine-citrulline linker30. The F8-ADC, F3-ADC, and C9-

ADCconferred strongcytotoxicity towardshumanmelanomaA375wild
type (WT), murine colorectal CT26, human lymphoma Karpas299,
human lung A549, human glioblastoma U87mg, human osteosarcoma
MG63, and human pancreas MiaPaca2 cancer cells in vitro with half-
maximal inhibitory concentration (IC50) in the nanomolar ranges.
Monomeric antibody fragments had higher IC50, likely reflecting a
higher off rate in vitro. Importantly, the cytotoxicity of C9-ADC was
nullified when C9 binding to A375 was outcompeted by soluble CSA, or
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when ofCS or glycosaminoglycan expression was abolished through
gene knockout (KO) in A375 Chst11 KO and A375 B4GALT7 KO, respec-
tively, verifying that the cytotoxicity is determined by the ofCS speci-
ficity and internalization of the antibody (Supplementary Fig. 10f, g).

Subsequently, we evaluated the in vivo efficacy of various ADC
formats,maintaining equimolarMMAE amounts between the drug and
the control. In the Karpas299 CDX lymphoma xenograft model, all
mice in the C9-ADC group were tumor-free after 3 treatments, while
aggressive tumor growth was observed in the ABD-SpyC2 MMAE con-
trols and the PBS-treated animals (Fig. 4a). No weight loss was
observed in the C9-ADC group indicated limited off-target toxicity
(Fig. 4a and Supplementary Fig. 10h). In the CT26 CDX colon allograft
model, the C9-ADC had tumor-free outcomes after 3 treatments, while
6 out of 7mice in the control group reached humane endpoint 12 days

after the final injection (Fig. 4b). As in the Karpas299 model, multiple
treatments were well tolerated (Fig. 4b and Supplementary Fig. 10h).

We next tested the efficacy of the C9-ADC in a low-passage hard-
to-treat PDX model of human pancreatic ductal adenocarcinoma
(PDAC). Dosing was done with a pre-fixed regimen, at the contract
research organization (CRO) EPOBerlin, and the mice were dosed
multiple times until the control groups reached humane endpoints.
Remarkably, the C9-ADC effectively restrained PDAC PDX tumor
growth, while the control group rapidly progressed to a humane
endpoint (Supplementary Fig. 10h). Notably, multiple treatments were
well tolerated despite the higher dosage used in the study (Supple-
mentary Fig. 10i). We next tested ADC formulations of F8 and F3 in a
PDX model of undifferentiated pleomorphic sarcoma (UPS), a
mesenchymal type of cancer with very limited clinical treatment

Fig. 2 | ofCS-scFvs exhibit cancer-selective reactivity in tissues.
a Immunofluorescence (IF) analysis of paraffin-embedded fixed (FFPE) human tis-
sue TP241b micro-array of healthy/normal adjacent (NAT) and malignant tissues
from prostate, lung, breast and colon using 25 nM V5-tagged scFv2 (F4, F8, F3, C9)
or V5-tagged Fab2 (B1) detected with Anti-V5-Alexa647 (red). DAPI was used for
nuclear staining (blue). b Panel of malignant (top) and healthy (bottom) FFPE
sections of different tissue types stained with C9 or F8 scFv2 as described in (a). c IF
staining of FFPE lung adenocarcinoma (top) and carcinoma (bottom) sections from
LC2085 TMA with C9 or F8 scFv2 as described in (a). d Mean pixel intensities of
tissue micro-array (TMA) from different cancer types with number of sections (n)

indicated for each group, stained as described in (a) comparing healthy/normal to
malignant tissues from the pancreas (P <0.0001), breast (P <0.0001), skin (C9:
P <0.016; F8: P <0.017), lung (P <0.0001) the digestive system (C9: P <0.0009; F8:
P =0.0054) and colon (C9: P =0.00112; F8: P =0.0149); healthy/normal to benign
from the digestive system (P <0.0001); and healthy/normal to metastatic color-
ectal tissues (C9: P =0.0059; F8: P =0.026). Intensities were measured on Fiji
software and two-tailed unpaired parametric t-test was applied. e IF staining of
mouse embryos stainedwith scFv2 as described in (a). To the right, a zoom-in of the
dashed box is shown. Source data are provided as a Source data file.
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Fig. 3 | F8 and C9 antibody fragments localize to solid tumors in vivo. a In Vivo
Imaging system (IVIS) localization of 50 μg Alexa750-labeled antibody (SpyC2, B3,
F4, F11, F3, F8, andC9) injected in 4T1 allograftedmicewith twomice per construct.
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panel b. 48 h after injection of ABD-control, ABD-C9, ABD-F8. d IVIS localization in
patient-derived xenograft (PDX) model of neuroendocrine prostate cancer in male
mice as described in b in vivo, and e ex vivo of mice from (d). 48 h, with radiant
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xenograft model 24h after injection of indicated proteins. Source data are pro-
vided as a Source data file.
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options. We first validated that the UPS PDX tissue expressed the ofCS
epitope (Supplementary Fig. 10e). Similarly to the PDAC PDX model,
this was performed at EPOBerlin as a blinded pre-fixed study with
rigorous dosing. The F8-ADC and F3-ADC inhibited tumor growth after

1–2 treatments, while the control group progressed towards a humane
endpoint (Fig. 4c). Similar toC9-ADC,multiple treatmentswith F8-ADC
and F3-ADC were well tolerated by the mice (Fig. 4c and Supplemen-
tary Fig. 10i).
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Fig. 4 | Anti-ofCS antibody therapies elicit anti-tumor activity in vivo. Tumor
burden (mean +/− SEM mm3), body weight and survival curves of mice.
a Xenografted with Karpas299 and treated with ABD-C9-scFv ADC, ADC control, or
PBS (n = 5). b Allografted with colorectal cancer cells CT26 and treated with ABD-
tandem-C9 (ABD-T-C9) or ADC control (n = 7). c Xenografted with patient-derived-
xenograft (PDX) sarcoma cells and received F3 or F8-based ADCs (n = 6).
d Individual tumor burden (mm3) of mice allografted with CT26 cells and treated
with C9-scFv ADC, a lysine-conjugated semi-inactivated C9-ADC, or PBS (n = 7).
e Tumor burden (mean +/− SEM mm3) of mice xenografted with melanoma A375
wild type (WT) or Chst11 knock-out (KO), treated with ABD-C9-scFv ADC, ADC
control, or PBS (n = 5). f Analysis of tissues from (e), stained with C9-scFv2 (red) and
DAPI for nuclei (blue). g Tumor burden (mean +/− SEM mm3) of cured mice from
(b), re-challenged with CT26 cells, compared to naive mice injected with cells for
the first time (PBS). h Same as in (e), but mice were allografted with CT26 cells and
treated with T-C9 ADC alone, in combination with PD1, PD1 alone, or PBS (n = 7).

i Immunoprofiling of tumor suspensions from mice treated as in (h), counting
CD45+/CD4+ and CD45+/CD8+ populations (PDL-1, n = 2), PDL-1 + T-C9 ADC, T-C9,
ADC, and PBS, n = 3)). with triplicate samples. Two-tailed nested t-test compared
means and non-significant results were labeled “ns”. j TNFalpha levels from pooled
plasma of mice in (i) measured in ELISA in duplicates. Levels in PBS and PD1 groups
were below detection limit and marked with an asterisk. k Similar to (a), but mice
received 4T1 cells subcutaneously (s.c), and were treated with T-C9-aCD3 with or
without anti-CTLA4 checkpoint inhibitor and T-C9 as control (n = 6). l Similar to (e),
but mice received 4T1 cells in the mammary fat pad (mfp) and were treated with
ABD-T-C9-aCD3 and ABD-T-C9 as control (n = 5). m Immune cell counts (CD3+,
CD8+, and CD4+) of 4T1 mfp tumors (n = 2) after three treatments with PBS, aCD3,
or T-C9-aCD3. Replicate staining was performed (n = 4) and two-tailed nested t-test
was applied to comparegroups. Red arrows indicate days of treatment. Source data
are provided as a Source data file.
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Next, we verified that the efficacy observed in vivo was attributed
to the ofCS specificity. First, we semi-inactivated the ofCS binding of
C9-ADC through blockage of free amines and thiols to obstruct its
binding region and tested its efficacy in a CT26model. The correlation
between in vivo efficacy and in vitro binding was evident: the semi-
inactivated ADC showed a moderate to null effect compared to the
untreated (PBS) mice, in comparison with the non-inactivated ADC
showing a strong therapeutic effect (Fig. 4d and Supplementary
Fig. 10j). Secondly, we tested the C9-ADC in melanoma A375 models,
genetically knocked out for CHST11 4-O sulfotransferase and thus not
fully capable of making the ofCS C9 epitope (Chst11 KO). The C9 ADC
completely abolished tumor growth in the WT A375 CDX abundantly
expressing the target, with a clear differentiation in efficacy compared
to the KO where all mice were euthanized with large tumors at day 35.
Interestingly, we did observe a moderate, but only initial, effect of the
C9-ADC on the Chst11 KO tumors (Fig. 4e). To address this, we stained
the tumor tissues with the C9 antibody and found that the Chst11 KO
tumor core was ofCS negative, as we expected. However, the bound-
aries of the solid tumor stained positive, as a result of ofCS-expressing
infiltrating murine stromal cells. These results were in line with pre-
vious flow cytometry data on C9 binding to murine CAFs (Fig. 4f and
Supplementary Fig. 6). These findings, using the semi-inactivated scFv
and the KO cells, indicate that the efficacy of the anti-ofCS ADC
depends on ofCS binding.

ADCs can trigger immunogenic cell death resulting in immuno-
logicalmemory against theprimary tumorhindering recurrence31,32. To
assess whether mice treated with the C9-ADC displayed immunologi-
cal memory towards the treated tumor type, we re-challenged cured
mice from Fig. 4b with inoculation of new tumor cells 35 days after the
last ADC treatment. None of the mice previously cured by C9-ADC
treatment were able to develop new tumors, while a new group of
naive control mice developed tumors at the expected rate (Fig. 4g).
These findings suggest an active involvement of the immune system
and the induction of immunological memory after C9-ADC treatment.

To further study this, we repeated the CT26 study and adminis-
tered a single dose (sub-optimal for complete regression) of T-C9-ADC
alone or in combination with anti-PDL-1 antibodies, compared to
single-agent anti-PDL-1 antibody control arm (Fig. 4h). T-C9-ADC
treatment fully eradicated tumors in a durablemanner when treated in
combination with anti-PDL-1 checkpoint inhibitors—an effect not
observed with anti-PDL-1 alone nor with a single dose of the T-C9-ADC.
Immune-profiling of tumors from each treatment group revealed a
significant increase in CD8+ and CD4+ cells in the two ADC treatment
groups (with and without anti-PDL-1) (Fig. 4i and Supplementary
Fig. 11e), indicating that the immune cell compartment contributes to
the anti-tumor effects of the ADC. Furthermore, analysis of pooled
plasma samples from all mice in each treatment arm revealed elevated
levels of tumor-necrotic-factor alpha (TNF-alpha) in ADC-treated
groups compared to controls (Fig. 4j). TNF-alpha is known to be
secreted by various innate immune cells in the TME33,34 and is recog-
nized for its tumor-suppressive properties such as cancer cell killing
through apoptosis or T-cell effector activation35. Altogether, the data
suggest that the anti-ofCS ADC induces immunological cell death and
highlights the capacity of the ADC to potentiate checkpoint inhibitors
for added synergistic efficacy.

Targeting ofCS could form the basis of other therapeutic strate-
gies besides ADCs. To investigate additional treatment platforms, we
produced a bispecific immune cell engager comprised of C9 T-scFv (T-
C9) fused to murine anti-CD3 scFv (T-C9-aCD3). The dual binding
specificity of T-C9-aCD3 to ofCS and CD3 receptors was validated in
ELISA and by flow cytometry using murine T-cells and murine 4T1
breast cancer cells (Supplementary Fig. 11a–c). Murine 4T1 (s.c.) breast
cancer tumors were treated peritumorally with T-C9-aCD3 with and
without adjuvant treatment with anti-CTLA4 checkpoint inhibitors.
T-C9-aCD3 treatment led to complete tumor regression in all mice

independently of co-administration of anti-CTLA4 (Fig. 4k). These
results were confirmed in a syngeneic 4T1 model with tumor cells
injected into themammary fat pads (mfp) treated intravenously. In this
model, administration of the anti-ofCS-aCD3 bispecific molecule stal-
led tumor growth (Fig. 4l). Moreover, as expected, we observed a
higher prevalence of CD3+ and CD8+ T cells in the tumors of mice
treated with the T-C9-aCD3 as compared to the control groups, cor-
relating the immunological response with efficacy (Fig. 4m and Sup-
plementary Fig. 11d).

Combined, these data indicate that our anti-ofCS antibodies can
be functionalized as ADCs, and have the potential to serve as bispecific
immune cell engagers for diverse cancer-targeting therapies.

Distinct CS sulfation patterns define antibody binding
specificities
After defining antibody fragments targeting ofCS modifications with
limited binding toCS in normal tissues,we attempted todetermine the
fine structure of the binding epitopes. First, we abrogated glycosami-
noglycan biosynthesis in human A375 melanoma cells by CRISPR-cas9
KO of B4GALT7, encoding an enzyme involved in the formation of the
tetra-saccharide linker for glycosaminoglycans on proteins36,37. KO of
B4GALT7 resulted in complete loss of binding, indicating strict speci-
ficity for glycosaminoglycans (Fig. 5a). To confirm specificity to CS, we
performed a glycosaminoglycan inhibition ELISA where binding to
recombinant ofCSPG or purified ofCS was challenged by pre-
incubation with commercial chondroitin sulfate A (CSA, Sigma),
chondroitin sulfate B (CSB, Sigma), or chondroitin sulfate C (CSC,
VWR) (Fig. 5b and Supplementary Fig. 12a). The ofCS binding of F8was
outcompeted by CSC at 0.4μg/ml, indicating strong preference for
6-O sulfation (CSC). In contrast, C9 binding to ofCSPGwas inhibited by
all three reagents, suggesting specificity towards a more complex
epitope. However, this pattern was not markedly different from the
non-tumor-specific F4 antibody, even though F4, F11, and B3 were
mostly inhibited by CSB (also named dermatan sulfate, DS) (Fig. 5b).

We next examined the biochemical composition of the epitopes
bound by the three ofCS specific antibody fragments, F3, F8, and C9,
and F11 as a control (Fig. 5c). Immobilized scFv2 were incubated with
ofCS, treated with chABC to remove unprotected saccharides and salt-
eluted protected moieties interacting with the antibody fragments.
Analysis showed that (i) F11 predominantly enriched 4-O sulfated CS
(CSA and/or CSB); (ii) F3 and F8 predominantly enriched 6-O sulfated
CS (CSC); and (iii) C9 enriched a heterogeneous and likely long CS
chain containing domains with 4-O, 6-O, and non-sulfated dis-
accharides, suggesting a complex epitope (Fig. 5c). Interestingly, pull-
downs without chABC treatment showed that F8 captured CS chains
containing high amounts of 4-O and non-sulfated groups, suggesting
that its epitope is a 6-O sulfated domain within a long CS chain with
various CS motifs (Supplementary Figs. 12b, 13, and 14). In summary,
we identified two distinct ofCS epitopes: one was defined by C9 and
another by F3 and F8.

Next, we employed a genetically engineered CHO cell-based gly-
cosaminoglycan array platform (GAGOme) to dissect the biosynthetic
and genetic regulation of the antibody epitopes (Fig. 5d and Supple-
mentary Fig. 12c). This array employs libraries of isogenic cells with
knock-out (KO) and knock-in (KI) of key genes involved in glycosami-
noglycan biosynthesis. The cell lines display distinct glycosaminogly-
can structures on the surface allowing for flow cytometry-based
binding analysis38–40. We then tested the ability of C9 and F8 to bind to
these cell lines. While C9 scFv2 bound WT cells, the binding was
abrogated by complete loss of glycosaminoglycan (Xylt2 KO) or
selective CS biosynthesis (Chsy1 KO). Selective loss of HS biosynthesis
(Extl2/3 KO) enhanced binding, suggesting a compensatory CS
increase. Altogether, the data highlight a high C9 specificity to CS and
no binding to HS. Abrogation of DS epimerization (Dse/Dsel KO)
slightly enhanced C9 binding indicating a preference for CS. We then
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protein. Source data are provided as a Source data file.
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analyzed the requirement for 4-O-sulfation of CS, which is a differen-
tially regulated biosynthetic step involving multiple isoenzymes41. C9
binding was lost with complete 4-O-sulfation abrogation (Chst11-14
KO) and loss of CHST11 isoenzyme (Chst11 KO). The loss of other 4-O-
sulfotransferases (Chst12 KO or Chst14 KO) markedly enhanced C9
binding, confirming a preference for 4-O-sulfated CS and indicating
that the binding epitope involves a more complex sulfation pattern.
CHST12 4-O-sulfotransferase differs from the CHST11 isoenzyme by its
capacity to introduce 4-O-sulfation at the non-reducing end of the CS
chain42, leading to the production of shorter CS chains with end-
terminal sulfation. Consequently, CHST12 depletion might lead to CS
elongation. Surprisingly, introducing 6-O-sulfation into WT CHO cells
by either of the two 6-O-sulfotransferases (CHST3 KI or CHST15 KI)
completely abolished C9 binding. Notably, the disaccharide analysis
suggests that these cellsmayhave relatively short chains. In contrast to
C9, the F8 scFv2 did not bind WT CHO cells. However, CHO cells lack
endogenous 6-O-sulfation capacities, and introducing 6-O-sulfation
(CHST3 KI) induced strong binding while introducing capacity for
synthesis of 4,6-disulfated CS (CHST15 KI) did not. It should be noted
that only small quantities of the 4,6-O-sulfated disaccharide were
introduced. Moreover, the abrogation of 4-O-sulfation combined with
the introduction of 6-O-sulfation (CHST3 KI in Chst11-13/Dse/Dsel/Extl3
KO) did not significantly affect binding (Fig. 5d and Supplementary
Fig. 12c).

AsCS is foundonmanyproteoglycans (CSPG)43, wenext identified
the repertoire of CSPGs in tumor cells carrying ofCS chains. For that,
we coated beads with C9, F4, and F3 scFv2, purified CSPGs from a pool
of supernatant from four cancer cell line cultures (Fig. 5e), and ana-
lyzed them by mass spectrometry44. The generated heat maps, based
on proteins that have previously been described to be modified with
CS or ofCS44–47, revealed that the CS antibody fragments bound to a
wide range of CS-modified proteins, both membrane-bound and
secreted CSPGs (Fig. 5e and Supplementary Table 1). Interestingly, the
proteins pulled down by C9 and F3 were not identical, confirming that
the two antibody fragments target different epitopes. Similar experi-
ments with patient-derived colon cancer biopsy homogenates con-
firmed the ofCS signature on a broad selection of CSPGs (Fig. 5f and
Supplementary Data 1), including biglycan, syndecan-4, CD44, and
versican, all previously described as overexpressed in multiple cancer
types and/or playing roles in metastasis formation48–51. F4, recognizing
a non-cancer specific glycan motif, pulled down the broadest range of
CSPGs (Fig. 5g) indicating shared glycan motifs between ofCS and
normal CS (Fig. 5g, Supplementary Fig. 12d, e and Supplementary
Data 1). From the patient-derived colon cancer biopsies, we pre-
dominantly isolated ofCS-modified CSPGs predicted to be in the ECM,
such as versican, collagens, and laminins (Fig. 5g, Supplementary
Fig. 12d, e and Supplementary Data 1). Combined, these data show the
existence of two distinct ofCS epitopes that can be found as mod-
ifications on a wider range of cell surface expressed proteins and
secreted proteoglycans.

Antibody-CS complexing depends on oligomerization on a long
CS chain
The specificity of VAR2CSA to ofCS is partially dependent on the gly-
cosaminoglycan chain length21 with structural analysis identifying an
interaction interface stretching over a CS 20-mer52, which we note is
longer than the hypothetical interaction with CS and larger than
common epitope domains bound by variable loops of an antibody
fragment. To analyze the antibody fragments’ interaction with CS,
mass photometry experiments were performed on different ratios of
antibody-CS mixtures (Fig. 6a and Supplementary Fig. 15). The result-
ing mass photometry contrasts revealed complexes of greater mass
than the antibody-CS complex alone and identified scFv2/Fab2:CS
complexes as dimeric (200–300 kDa, i.e., a total of four monomeric
scFv/Fab) and trimeric (300–400 kDa, i.e., a total of six monomeric

scFv/Fab) structures. Such oligomers could arise from monovalent
antibody binding on a long CS chain, like pearls on a string, or could
alternatively be higher-order oligomers in a single interaction. To
define this better, we performed cryo-EM analysis of antibody frag-
ments in complex with CS (Supplementary Fig. 16). A cryo-EM struc-
ture of the monomeric B1 Fab complex was obtained whereas the C9
and F8 structures did not resolve. Despite sharing some ofCS-specific
features, B1 showed residual binding to CS in normal tissues (Fig. 2a).
Initial 2D classification of the B1 Fab:CS complex revealed multi-
merization, suggesting Fab-to-Fab homotypic interaction upon CS
ligand binding (Fig. 6b and Table 1). High-pressure liquid chromato-
graphy (HPLC) analysis on apo B1 Fab and B1 Fab complexedwith CS at
varyingmolar concentrations confirmed the B1 Fabmultimerization as
CS-ligand induced. Further data processing on tetrameric Fabs
revealed a Fab-Fab homotypic interaction (Fig. 6c and Table 1). Out-
puts from 3D flex train followed by 3D flex generator promulgated
high inter-Fabs conformational movements, with restricted flexibility
at the Fab-Fab homotypic interfaces (Supplementary Movie 1). Inter-
estingly, two CS cryo-EM densities traversing across the variable
regions of the Fabs were observed. One density corresponded to a CS
glycan chain traversing across Fab A to Fab B and the other traversing
across Fab C to Fab D (Fig. 6d). Molecular Dynamics flexible fitting
(MDFF) to model two CS glycan chains onto tetrameric Fab and a
subsequent 1000ns explicit solvent atomistic MD simulation of the
Fab tetramer bound to two CS glycan chains demonstrated that the CS
chains remained attached to the Fab surface (SupplementaryMovie 2).
The observed high-avidity binding to CS is likely facilitated by these
occurring homotypic interactions, contributing to the antibody frag-
ment’s ability to target different sulfation patterns along a CS chain.
While the bound CS chain was poorly resolved, the analysis of the
electrostatic surface potential revealed a positively charged surface on
the variable chain fragment, suggesting charge-dependent interac-
tionswith the highly negatively chargedCS chain52 (Fig. 6e). The length
of the CS glycan chain traversing the Fabs was 99Å, indicating that a
long CS chain is necessary for the formation of high-avidity binding.
Previous studies demonstrated that VAR2CSA specificity and affinity
depended on a long CS structure21. Moreover, our findings indicated
that the B1 homotypic interaction covers a remarkably long CS chain,
and observation of C9 and F8 forming oligomers when complexed
with CS further implies the presence of a recurring epitope along a
long chain (Fig. 6a).

To determine what cells in the tumor environment can produce
longer CS chains, we re-analyzed previous data from a high-resolution
single-cell atlas of 309 non-small cell lung cancer patients (NSCLC)53.
Interestingly, we found that primary tumor cells had increased
expression of the CS polymerization factor Chpf, and the CS synthesis
initiation gene Csgalnact2. Both initiation and elongation factors were
also upregulated in tumor-infiltrating stromal cells compared to nor-
mal adjacent stromal cells (Fig. 6f and Supplementary Figs. 17a–c).
Moreover, a subset of plasma cells also upregulated some of these
factors with no difference between normal and tumor compartments
(Supplementary Fig. 17c), highlighting that CS polymerization is just
one of several requirements for the generation of the ofCS epitope.

In summary, these data suggest that the scFvs, similarly to rVAR2,
bind an extended CS chain enabled through oligomerization on the
epitope21,52. Our results further indicate that the oncofetal epitopes
arise as distinct sulfation domains in an extended CS chain.

Discussion
ofCS is present in embryonic and malignant tissues but absent from
normal or inflamed tissues27. These specific ofCS modifications,
attached todifferentmembrane-boundor ECMCSPGs44,54,55, could play
crucial roles in cancer cell motility, proliferation, and immune
evasion47,56. Until now, themalaria-derived rVAR2 protein has been the
only ofCS-targeting reagent, widely used for ofCS characterization in
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human tumors27,46,47,54,57–62. Its interaction with ofCS stretches over
100Å and the specificity relies on distinct sulfation patterns along the
CS chain22,63. Notably, antibody epitopes typically cover 3–5
monosaccharides64 (10–15 Å) making it challenging to generate anti-
bodies binding multiple disaccharides. Despite extensive efforts to
immunize mice, rats, and rabbits with purified ofCS, no detectable
humoral immune responses were elicited, possibly due to mammalian

restrictions in developing antibodies against crucial fetal epitopes and
the low immunogenicity of carbohydrates65. To address these chal-
lenges, we employed phage display technology, utilizing different
commercial antibody libraries. Our screening involved panning on
ofCS-modifiedmolecules, counter panning on similarly chargedHSPG,
and validation through rVAR2 binding competition. From all libraries,
we identified a few CS-specific antibody fragments, among which only
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three (C9, F3, and F8) exhibited high tumor specificity. These anti-
bodies target two distinct ofCS features, with C9 preferring 4-O sul-
fation, and F3 and F8 preferring 6-O sulfation.

The distinct CS features recognized by C9, F3, and F8 were
shown abundantly expressed in various human cancers, both in
primary tumors and metastatic lesions. Notably, their expression in
benign tumors, inflamed tissues, and healthy specimens was mini-
mal, despite thewide abundance of CS in these tissues.We employed
multiple strategies to characterize the molecular epitopes recog-
nized by C9 and F8/F3, which consistently indicated that the anti-
bodies targeted intricate sulfation patterns present over long
stretches of CS. The complex biosynthesis of CS chains, involving
numerous isoenzymes with distinct properties, allows great diver-
sity in CS modifications and results in varied molecular epitopes for
glycosaminoglycan-binding proteins. We defined 4-O and 6-O sul-
fation as critical events for C9 and F8/F3 binding, respectively. Gene
KI and KO studies demonstrated complex regulation of the glyco-
saminoglycan biosynthesis machinery for ofCS expression including
coordinated regulation of multiple sulfotransferase isoenzymes that
either promote or inhibit the ofCS formation. Furthermore, the data
point to changes in the CS biosynthesis that favor longer CS chains.

Combined, we found that ofCS encompasses at least two distinct
molecular epitopes with domains of 4-O- or 6-O-sulfatedmotifs over
longer CS stretches.

Pull-down experiments on patient-derived colorectal biopsy
homogenates validated the ofCS modification of a wide range of
proteins, such as VCAN and distinct collagens. Although abundantly
expressed in normal tissues, VCAN’s role in cancer has been well
described, encompassing growth factors tethering, tumor immune
evasion, and angiogenesis66. Thus, ourfindings suggest that theunique
ofCS modifications could distinguish these proteins in malignancy.
Furthermore, a contrasting expression of the two ofCS epitopes on
various protein cores was observed, demonstrated by the selection of
proteoglycans enriched by C9 and F8/F3. However, it should be noted
that these results might be confounded by the generally lower
extraction of membrane-bound proteins with poor solubility during
the procedure.

Various cell types contribute to the presentation of ofCS within
the tumor micro-environment, as supported by our RNAseq data on
NSCLC, and tissue staining revealing expression in both the stromal
compartment and on the surface of tumor cells. Consequently, the
composition of the tumor microenvironment, varying across tissue
types and disease progression, may influence the exact expression
pattern of ofCS.

We demonstrate that the antibody fragments’ specificity to dis-
tinct CS types arises from an interaction along a long CS chain. Using
mass photometry, we demonstrated that antibody binding to CS
resulted in macromolecular assemblies indicative of self-organization
into multimeric structures. Cryo-EM analysis of CS:B1 Fab fragment
complex revealed that the B1 variable regions forming oligomers were
primarily composed of tetramers binding to two CS chains of ~100Å
(or one chain of at least 200Å). Only a few examples of this type of
homotypic antibody fragment oligomerization upon ligand binding
have been described67 and is likely a very rare mechanism. This could
account for the low number of specific hits obtained from our exten-
sive screening efforts and may explain how the selected antibody
fragments achieve their high affinity for ofCS.

The ofCS-specific antibody fragments displayed effective tumor
targeting across various animalmodels, leading to the development of
a preclinical data package for future clinical development. F8 and C9
demonstrated specific tumor localization, illustrating potential appli-
cations in tumor imaging and targeted therapeutic delivery. Remark-
ably, C9 and F8/F3, whether formulated as ADCs or anti-CD3 bispecific
molecules, exhibited broad and robust therapeutic efficacy. In immu-
nocompetent tumor models, the ADC efficacy was linked to the
immune system’s involvement, which could be further boosted by the
co-administration of a checkpoint inhibitor. Importantly, mice, like
humans, were fully capable of producing the two ofCS epitopes during
fetal development, making the murine system suitable for evaluating
potential off-tumor binding and associated. Encouragingly, repeated
treatments of the ADCs in four differentmurine tumormodels showed
no signs of distress nor weight loss, suggesting that the ofCS epitopes
are primarily restricted to the malignant tissue compartments. Inter-
estingly, the ofCS expression level in murine tumor models (CDX and
PDX tumors) was lower compared to the levels found in most human
tissue biopsies. Particularly, the F8/F3 ofCS epitope was primarily
present in selected PDX models and only expressed at lower levels in
CDXmodels. This stands in contrast to the high ofCS density in human
malignant tissues that is probably due to low amount of ofCS
expressingCAFs inCDXmodels, as demonstratedby lack of F8binding
to murine CAFs. This implies a potential underestimation of the ther-
apeutic potential of the antibody fragments in mice. The lower
expression of ofCS in murine CDX/PDX systems can likely be ascribed
to the inability of these models to fully recreate the tumor stroma and
ECM found in primary tumors. This was supported by our analyses in
NSCL cancers showing that infiltrating stromal cells overexpress CS

Table 1 | Cryo-EM collection, refinement, and validation
statistics

Homotypic interacting B1 Fabs bound to chondroitin sulfate A (EMDB-17362)
(PDB-8P2E)

Data collection and processing

Microscope Titan Krios

Camera Falcon III

Magnification 130,000

Voltage (kV) 300

Electron exposure (e–/Å2) 40

Defocus range (μm) −1.2 to −2.8

Pixel size (Å) 0.832

Symmetry imposed C1

Initial particle images (no.) 1,257,314

Final particle images (no.) 235,115

Map resolution (Å)
FSC threshold (0.143)

3.3 (based on 3DFSC)

Map sharpening B factor (Å2) 107.8

FSC model (0/0.143/0.5) 2.8/3.2/3.8 (Masked)

Refinement

Initial model used (PDB code) N/A (Alphafold)

Model composition

Non-hydrogen atoms 12,786

Ligands N/A

R.m.s. deviations

Bond lengths (Å) 0.018

Bond angles (°) 1.693

Validation

MolProbity score 1.33

Clashscore 5.1

Poor rotamers (%) 0.14

Ramachandran plot

Favored (%) 97.73

Allowed (%) 1.92

Disallowed (%) 0.36

Cβ outliers (%) 0

Model vs data
CC mask/box/peaks/volume

0.72/0.82/0.64/0.7
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elongation factors compared to stromal cells outside the tumor.
Overall, the antibody fragments reported in this study could provide
an effective route for targeting the vastmajority of cancers. They have
the potential to deliver cytokines, immune cells, radiotherapies,
immunotherapies, or ADC payloads, to cancer cells and the tumor
microenvironment.

In conclusion, we developed antibody fragments that can access
ofCS in a broad range of solid tumors. Specificity to the ofCS epitopes
depends on oligomerization of the antibody fragments on the CS
chains, allowing the detection of different tissue-specific sulfation
patterns along an elongated CS chain. We defined two distinct ofCS
epitopes and the antibody fragments exhibited high cancer-specific
reactivity inmost tumors, holding the potential for precision targeting
of tumors. Preclinical studies in rodent models demonstrated the
safety and efficacy of these antibody fragments for targeted cancer
therapy formulated asADCs and as bispecific immune engagers. These
results augment further clinical development and translation of ofCS
biologics into broadly effective anti-cancer treatments, imaging, and
tissue diagnostics.

Methods
Ethical approval
Animal studies in Copenhagen were approved by the Animal Experi-
ments Inspectorate (P23-118, P23-103, P23-071, and P21-P19). Ethical
approvals were obtained from Dyreforsøgstilsynet Danmark.

Experiments on LTL370Prostate Patient-Derived-Xenograft (PDX)
models were approved by the Animal Care Committee at the Uni-
versity of British Columbia (A22-0206, A19-0324).

Experiments on PDAC and Sarcoma PDX models were done at a
contract research organization (CRO EPO Berlin), in accordance with
the United Kingdom Coordinating Committee on Cancer Research
regulations for the Welfare of Animals and of the German Animal
Protection Law and approved by the local responsible authorities. The
tissues for immunofluorescence staining were obtained from com-
mercialized tissue micro-array (US BioMax, Inc). Approval of the local
ethical committees was given, and informed consent was obtained
from all patients prior to sample acquisition and experimentation.
Their tissue samples were excised by licensed medical doctors,
received from certified hospitals, collected with informed consent
from the donors and relatives, and diagnosed and identified by at least
two evaluators. All patient data were used in an anonymized fashion
according to the ethical guidelines.

The in vitro use of colorectal tumor biopsies obtained from
Saelland University Hospital (Køge) was approved by the Danish
Regional Ethical Committee (De Videnskabsetiske Komiteers) (SJ-826).

Phage display generation of antibody fragments binding ofCS
The phage display technology was utilized to generate human anti-
body fragments. Phage libraries were bio-panned over 3 to 4 rounds
for successful enrichment of ofCS binders. Each round consisted of
three main steps. Firstly, the panning step selects the positive binders
to our antigen (ofCSG or ofCS) by incubating phages with ofCS-
modified molecules. Next, the counter-panning step was employed to
deplete low affinity and unspecific binders on a counter-antigen (PG or
naked beads). Lastly, the selection step was performed either posi-
tively on an ofCS-carrying molecule or negatively on an ofCS-depleted
molecule. At each round, potential binding candidates were eluted,
amplified in Escherichia coli (E. coli), and tested over a succession of
Polyclonal phage ELISA against ofCSPG and PG. The clones displaying
the most promising binding properties were sequenced and further
tested on Monoclonal phage ELISA to assess their binding to
ofCSPG and PG.

The first strategy involved two libraries, namely the naive LiAb-
SFMAXTM (scFv) and the synthetic HuCAL (Fab)23,24 where ofCSPG and
were used as antigens and counter-antigen, respectively. The counter-

selection was carried out against HSPG (Sigma, #H4777) to deplete
binders to negative charges. In thismethod, an additional competition
ELISA was performed to further select clones sharing some epitope
with VAR2CSA protein. The second strategy was run on the ALTHEA
Gold semi-synthetic (scFv) library25, where purified ofCS was used for
panning, and ofCSPG was used as the positive selection target.

Attana QCM biosensor binding kinetic measurements
TwoLNB carboxyl chipswere equilibrated at aflow rate of 10μL/min in
coupling buffer composed of 10 nM HEPES, 150nM NaCl, 0.005%
Triton-x100 (pH 7.4) on an Attana A200 quartz crystal microbalance
(QCM) biosensor (Attana AB). Both chip surfaces were activated using
S-NHS and EDC and conjugated through primary amineswith 50μg/ml
Streptavidin, following the manufacturer’s instructions. Blocking of
the chip surface was done using 1M ethanolamine. Next, 100μg/ml
placental-purified biotinylated ofCS diluted into 1xPBS (pH 7.4) was
injected over the A-channel chip. The B-channel reference chip was
kept uncoated to assess the background binding of the proteins. The
success of each coating step was verified by a frequency shift, indi-
cating a mass change after coupling. After equilibration in running
buffer (1xPBS, pH 7.4), a 2-fold dilution series of each analyte from
200nM to 25 nM was injected at a flow rate of 20μl/min to assess the
protein binding to ofCS. Between each injection, the chip was regen-
erated using 0.01M NaOH. The binding kinetics (kon, koff) were fitted
using a 1:2 binding model in TraceDrawer software (Ridgeview
Instruments AB).

Cell culture
Adherent cellswerewashed3× in sterile 1xPBSdepleted inCalciumand
Magnesium to remove residual fetal bovine serum (FBS) and detached
with 0.05% trypsin solution containing EDTA (GibcoTM, #25300-054).
Pre-warmed freshmediawas added to inhibit the trypsin and cellswere
transferred to a tube before centrifugation for 5min at 350× g. Sus-
pension cells were directly transferred to a tube and centrifuged the
sameway. Supernatants were discarded and cells were resuspended in
fresh media before being seeded in a new flask containing warm cul-
ture media. Cancer cells were maintained in culture at 70–80% con-
fluency in a 5%CO2 atmosphere at 37 °C and split 2 to 3 times perweek.
Culture media and growth conditions (adherent or in suspension)
suggested by the vendor were used for each cell line. The list of cancer
cell lines used for flow cytometry experiments is presented in Sup-
plementary Table 2 including cell type (hematological, epithelial,
mesenchymal), origin (human,mouse), disease, and accession number
(Cellosaurus ID).

Genetic engineering and handling ofCHOcells were performed as
previously described38.

Flow cytometry binding experiments on cancer cells
Flow cytometry was employed to evaluate the binding of antibody
fragments to cancer cell lines, human white blood cells (WBC), and
engineered CHO cells.

Adherent cancer cells were cultured until they reached 80% con-
fluency and then detached with a non-enzymatic CellStripper solution
(Corning #25-056-Cl). Following dissociation, cells were counted on a
Nucleocounter® (NC-200, ChemoMetec), spun down at 400 × g for
5min, and reconstituted in 1xPBS with 2% Fetal Bovine Serum (PBS2).
Suspension cells were directly counted, spun down, and resuspended
in PBS2. Binding assays were performed with 100,000 cells incubated
30min at 37 °C in PBS2, or with 0.2mg/mL chABC as control. 300nM
V5-tagged scFv2 (F3, F4, F8, F11, B3, C9), FLAG-tagged Fab2 (B1) or His-
tagged SpyC2 diluted in PBS2 was added and incubated for 30min at
4 °C. After a couple of washes in PBS2, 3μg/ml mouse anti-FLAG
antibody (Sigma, #F3165) was added to the B1 wells and incubated
30min at 4 °C. Following a second round of washes, secondary anti-
bodies were added to thewells: 1:500Anti-V5-FITC (Invitrogen, #R963-
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25), 1:100 Anti-mouse-IgG-FITC (Vector Laboratories, #FI-2000) or
1:200 Anti-His-Alexa488 (Qiagen, #1019199). After three final washes,
cellswere analyzedby flowcytometry on aBD Fortessa 3-laser analyzer
(Becton Dickinson).

Binding assays to CHO cells by flow cytometry were performed
with ~100,000 cells incubated for 30min at 37 °C with PBS or as con-
trol 0.2mg/mL chABC. After washing with PBS with 1% Bovine Serum
Albumin (BSA), cells were incubated with 200 nM C9 or F8 scFv2 for
30min at 4 °C. Cells were washed with PBS with 1% BSA and incubated
with 1:500 anti-V5-FITC antibody (Invitrogen, #R963-25) for 30min at
4 °C. After three finalwashes, cells were analyzed by flow cytometry on
a BD Fortessa 3-laser analyzer (Becton Dickinson).

All acquired data were analyzed on FlowJoTM (Becton Dickinson).
Cell population was selected on the Side-Forward scatter plot (SSC/
FSC) by discarding dead cells, and debris based on to their size. Single
cells were picked on the FSC-H/FSC-A plot for further analysis. Geo-
metric Mean intensity or Mean Intensity were calculated. Signals were
min–max normalized to the antibody control.

Binding assays to WBC were performed on fresh blood drawn
from a healthy donor, collected in K2EDTA tubes, and processed
within 1 h of collection. Red blood cells were lysed in a lysis buffer
containing NH4Cl, KHCO3, and EDTA. WBCs were recovered, counted,
and resuspended in 1xDulbecco’ Phosphate buffer (DPBS) with 2%
Fetal Bovine Serum (GibcoTM, #A4766801) (DPBS2). The assay was
performed as described above on ~200,000 cells where live cells were
stained with Zombie aqua viability marker (BioLegend) for 15min at
room temperature. Subsequently, 300nM V5-tagged scFv2 (F3, F4, F8,
F11, B3, C9) or His-tagged SpyC2 was added in combination with 1:200
Anti-CD45-Alexa647 (Invitrogen, clone HI30). As a compensation
control, 1:200 Anti-CD45-FITC (Miltenyi Biotec, clone 5BS1) was used.
After a last round of washes, cells were analyzed on a CytoFLEX S
instrument (Beckman Coulter). Acquired data were analyzed as
described abovewhere single cells were picked on SSC-H/SSC-A, gated
on live cells as defined by a dead cell marker, and subsequently on
CD45+ cells, as defined by the unstained cell marker. Geometric Mean
intensity was calculated and normalized to the antibody control.

Anti-ofCS staining of cancer cells spiked into blood
Blood from healthy individuals was collected in K2-EDTA-tubes and
processed within 1 h of collection. F8, F4, and B1 constructs were
biotinylated as described above and subsequently, coupled to a PE
fluorophore, for 30min at room temperature. A549 cancer cells were
grown to ~80% confluence and detached using StemPro® Accutase
(Gibco, #A11105-01). The cells were resuspended in a 2ml conditioned
medium and the cell concentration was counted manually using a
hemacytometer. Right before spike-in, the cells were pre-diluted in
Dulbecco’s PBS without Calcium and Magnesium (Sigma-Aldrich,
#D8537). 10 µl of the cell suspension (10,000 cells/ml) was added to
1ml of healthy donor blood for spike-in of 1000 or 100 cells.

The red blood cells (RBC) were lysed by diluting the spiked blood
samples in RBC lysis buffer reaching a final concentration of 0.01M
Potassium hydrogen carbonate, 0.155M Ammonium chloride, and
0.1mM EDTA. Following RBC lysis, the samples were centrifuged at
400× g at RT for 8min and washed with 6ml Dulbecco’s PBS. The cell
pellet was gently resuspended in Dulbecco’s PBS supplemented with
2% FBS and kept on ice. The samples were stained for 30min at 4 °C
with 4 nM of PE-labeled F8, B1 or F4 in combination with anti-CD45-
Alexa647 (1:10, Invitrogen, clone: HI30, #51-0459-42). The samples
were washed twice in 0.5ml of Dulbecco’s PBS + 2% FBS following
fixation by 4% paraformaldehyde. The cell nuclei were labeled with
5μg/ml 4′,6-diamidino-2-phenylindole (DAPI, Fischer Scientific,
#D1306), and the samples were mounted on microscopy slides and
scanned on a fluorescent scanning microscope. For the F4 and
B1 samples, the slides were scanned on a Zeiss Axio Z1 automated slide
scanner (×20 magnification, 0.8 NA objective). The F8 samples were

scanned on CytationTM 5 Cell Imaging Multi-Mode Reader (×20 mag-
nification, 0.8 NA). The images were analyzed by the Gen5 software
(BioTeK, Version 3.10) or the Zeiss Zen blue software.

Immunofluorescence staining of paraffin-embedded fixed
tissues
Murine tissues were harvested from our mice model, fixed in 4% par-
aformaldehyde overnight, and transferred to 70% ethanol before
paraffin embedding. Sections slides were prepared by the Histolab
Core Facility at the University of Copenhagen at 3 µm thickness using a
microtome. Human tissue-micro-arrays (TMA) were purchased from
Biomax. The list of arrays used in this manuscript is presented in
Supplementary Table 3.

Glass slides were baked for 30min at 60 °C to melt paraffin and
allow adhesion of tissue to the glass. Deparaffinization and rehydration
were executed in a succession of treatments in Xylene Substitute
(Tissue-Tek®, Sakura, #94-1466), absolute ethanol (Honeywell,
#02860), 96% Ethanol (VWR, #20824.385) 70% Ethanol (VWR,
#83801.360), tap water and distilled ultra-pure water. Immuno-
fluorescence stainingwas carried out in a humidified chamber to avoid
drying of the tissues. In some experiments, in-house produced chABC
enzyme was applied to the control sections at 0.2mg/ml for 1 h at
37 °C. The untreated tissues were incubated in the same conditions in
1xPBS. The tissues were blocked for 1 h with 1xPBS, 5% Fetal Bovine
Serum (FBS) (GibcoTM, #A4766801), 1% BSA (Sigma, #A3059) and
washed2 timeswith 1xPBS. Tissueswere then incubated for 1 h at room
temperature with 25 nM of V5 tagged-scFv2 or FLAG-tagged-B1 Fab2

diluted in assay buffer (1xPBS, 0.25% BSA). Staining was followed by a
3 × 5min wash with 1xPBS before pursuing with 1 h incubation of Anti-
V5-Alexa647 (Invitrogen, #451098) or Anti-Flag-Alexa647 (Abcam,
#ab245893) antibodies in the dark. A final 3 × 5min wash was com-
pleted before cell nuclei staining with DAPI (Life Technologies,
#D1306) in 1xPBS, and a last wash in ultra-pure water. The tissue slides
were dried for 30min and mounted with an aqueous mounting media
(Dako, #33025). Imaging was done on a Zeiss Axio Z1 automated slide
scanner (×20 magnification, 0.8 NA objective), and image analysis on
the ZEN lite software. The mean signal intensity in the Alexa647
channel was quantified for each section on Fiji software and plotted.
Cores without DAPI were excluded from the analysis. Data were plot-
ted on GraphPad (Prism), and a parametric two-sided unpaired t-test
was applied for comparing groups.

Establishment of cell-derived xenograft models (CDX)
Female BALB/cAnNRJ (#000651) (CT26, 4T1), female CB-17/lcr-Prkdc
scid/scid/Rj (#001803) (Karpas299), and female BALB/cAnNRJ-
Foxn1nu/nu (# mice (A549, MiaPaca2, A375 WT and A375 Chst11 KO)
were purchased from Janvier 000711) age of 6–8weeks. Themice were
kept in a 12-light/12-dark cycle period at 40–60% humidity with an
ambient temperature of 20 °C at the animal facility in the Department
for Experimental Medicine at the University of Copenhagen in accor-
dance with the FELASA Rodent Health Surveillance program.

All cells were thawed and cultured up to at least three passages
and maintained at 50–80% confluency before injections in mice. Cell
suspension of Karpas injected subcutaneously (s.c.) (1 million cells/
mouse), A549 s.c. (1 million cells/mouse), 4T1 s.c. (75,000 cells/
mouse), 4T1 mfp (10,000 cells into the mfp), CT26 s.c. (250,000 cells/
mouse), A375WT and Chst11KO s.c. (1million cells/mouse) prepared in
PBS were injected subcutaneously or to the mammary fat pad (mfp)
using a 25G needle in the left flank of the mice to establish the xeno-
graft models. Tumors were measured using a caliper tool and volume
was calculated according to the formula 0.5236* length*(width)2.

Establishment of patient-derived xenografts (PDX)
PDX models of PDAC (Panc12536) and sarcoma (Sarc9593) were
established from fresh patient tumor fragments at EPO Berlin CRO.
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Tumor fragments of 3 × 3mm were subcutaneously transplanted to
female Rj:NMRI-Foxn1nu/nu nude (#007850) recipientmice. into the left
flank. Mice were maintained under sterile and controlled conditions
(22 °C, 50% relative humidity, 12 h light–dark cycle, autoclaved food
and bedding, and acidified drinking water). Tumor growth was mea-
sured twice weekly, and tumors were routinely passaged at tumor
volume (TV) = 1 cm³.

The LTL370 prostate tumor model was established in male NRG
mice (#007799) following the method described previously68 where
tumor volumes (mm3) were calculated according to the formula:
(π*length*width*depth)/6.

IVIS localization study in mice models
Mice with a tumor size of 150–250mm3 were included in the study and
their tail vein was dilated by heat to facilitate protein injection. Each
study (4T1, Karpas, A549, MiaPaca2, LTL370) involved the injection of
50 µg of Alexa-750 labeled scFv2 fragment per mice in the tail vein.
Equimolar amount of control proteinwas injected. The sex of themice
was taken into account for assessing antibody localization in repro-
ductive organs (testis or ovary). Following injection, mice were
immediately scannedusing an InVivo Imaging System (IVIS) to confirm
appropriate injectionand circulation of proteins. Subsequent scanning
was conducted 24 h and 48 h post-injection to monitor tumor locali-
zation while the mice were anesthetized. Ex vivo scanning was per-
formed after 24 h or 48h to examine organ distribution. Mice were
euthanized by cervical dislocation (or isoflurane then CO2 for the
LTL370 model) and whole body was perfused by injecting 1xPBS
through the lower left ventricle of the heart while it was still beating.
Tumor, brain, heart, skin, muscle, lung, spleen, kidney, and liver were
harvested andwashed in 1xPBS before display on themat for scanning.
Manual exposure at an excitation wavelength of 752 nm and an emis-
sion of 776 nm, medium binning, F-stop 1 was used for each scan to
have the same exposure time and ensure comparability of different
conditions. Ex vivo surface fluorescence of the organs was quantified
as average radiance efficiency ([p/s/cm2/sr]/[µW/cm2]) by using Living
Image software (Perkin Elmer).

Antibody-drug-conjugate drug response testing on CDXmodels
Mice were randomly grouped based on an average tumor size of
100–150mm3. All treatments were administered i.v. In the Karpas299
efficacy study, mice were administered 3 treatments based upon
2.14 nmol of MMAE for both treatment groups ABD-C9 scFv ADC
(Drug:Antibody ratio, DAR =0.6) and ADC control (ABD-SpyC, DAR =
2). In the CT26 study (Fig. 4b), mice were treated 3 times based upon
0.6 nmol of MMAE with ABD-T-C9 ADC (DAR = 2), and ADC control
(ABD-SpyC-DAR = 2). In the second CT26 study (Fig. 4d), mice were
treated 3 times based upon 1.08 nmol of MMAE, with ABD-C9-scFv
ADC (DAR= 2.1) and semi-inactivated ABD-C9-scFv ADC (DAR = 2.1). In
the A375 WT and Chst11 KO studies, mice were treated 3 times based
upon 2.14 nmol ofMMAE, with ABD-C9-scFv-ADC (DAR =0.9) and ADC
control (ABS-SpyC, DAR = 2). In the CT26 study combining ADC with
checkpoint inhibitors (Fig. 4h), mice were treated 1 time with 2mg/kg
of ABD-T-C9ADC (DAR = 2) intravenously, 10mg/kgof anti-PDL-1 (PD1)
antibody (CD279, BioXCell) intraperitoneally, or a combination of
both. All treatments andmeasurements were single-blinded. Using the
principles of the three Rs (Replacement, Reduction, and Refinement)
and previous results, we chose the smallest possible sample sizes.Mice
were euthanized when either the experimental or humane endpoint
was reached. Humane endpoints were set at: tumor volume exceeding
1000mm3, weight loss <20%, ulcerations exceeding a number of 3,
5mm in length or 3mm in depth, and/or when the general well-being
of the animal was impaired e.g., normal body functions compromised,
lack of food and liquid intake, defecation, urination or impairedmotor
skills, and/or lack of activity and inability to stand on the hind legs,
and/or signs of respiratory distress. The experimental endpoint was

aimed at achieving tumor regressionorbetter survival in the treatment
groups. When sub-cutaneous tumors were palpable, a digital caliper
was used to measure tumor dimensions in width [mm] and length
[mm] always reporting the larger diameter as width and the perpen-
dicular diameter as length. Individual tumor volumes were calculated
by the equation for all of our CDX model: TV[cm3] = lenght × width2 ×
0.5. When relevant, following anesthesia and cervical dislocation,
blood samples from mice were collected in EDTA tubes from the eye
and put on mice. Plasma samples were prepared within 1 h after col-
lection by centrifuging the blood at 1500 × g for 15min at 4 °C. TNF-
alpha contents in plasma were measured using a kit (BioLegend).

Antibody-drug-conjugate drug response testing of PDX models
PDX models of PDAC (Panc12536) and sarcoma (Sarc9593) were ana-
lyzed for their response against different ADCs. Tumors were mea-
sured and volumes calculated as described in the section above. Once
the tumors reached the predefined mean starting volume of about
0.1 cm³ mice were randomly assigned to one control and treatment
groups. PDAC PDX mice were treated biweekly (nine times in total),
with ABD-C9-T ADC (DAR = 2) and control ADC (ABD-SpyC; DAR = 3.7)
using a dosage of 8 and 2mg/kg respectively, corresponding to equi-
molar amounts of MMAE. Sarcoma PDX mice were treated biweekly
(eight times in total), with ABD-T-F3 ADC (DAR = 2.4), ABD-F8-scFv
ADC (DAR = 1.1), and control ADC (ABD-SpyC; DAR = 3) using a dosage
of 8, 7.2, and 2mg/kg, respectively, corresponding to equimolar
amounts of MMAE. For evaluation of therapeutic response, tumor
burden was monitored. Health status and body weight (BW) for all
mice were recorded at least twice weekly to control for toxic adverse
effects. Mice were euthanized when either the experimental or
humane endpoint was reached. Humane endpoints were set at: tumor
volume exceeding 1.5 cm3, body weight loss exceeding 20% of initial
weight, or severe clinical observations as described in the section
above. All data were plotted on GraphPad (Prism) software and edited
on Illustrator (Adobe).

Anti-CD3 bispecific drug response testing in a 4T1
xenograft model
4T1 mice models (s.c. and mfp) were tested for their response to bis-
pecific treatment. 4T1 s.c. tumors were peritumorally treated with
20μg T-C9 coupled to 14.5μg aCD3 (equal molar amounts) in PBS
(10μL in total) on days 10, 12, and 14 post-tumor inoculation. 100μg
murine anti-mCTLA-4 (Invivofit) was intraperitoneally administered on
days 10, 12, and 14 after tumor inoculation. 4T1mfp tumors were given
intravenously 5 treatments on days 14, 17, 20, 24, and 29 after tumor
inoculation with 40μg T-C9, 100μg T-C9-aCD3 or 60μg aCD3.
Experimental and humane endpoints were defined as in the previous
section “Antibody-drug-conjugate drug response testing on CDX
models”. Tumors were measured and volumes were calculated as
described in the same section.

Flow binding on tumor cell suspensions
Balb/c-mice were injected with either 4T1+ luc cells (100,000 cells/
mouse) into the mammary fat pad (mfp) or CT26 cells (250,000 cells/
mouse) subcutaneously.When the tumors reached 100mm3 in size the
first treatment injections were performed, followed by 2 subsequent
injections every 3 days. The treatments used were (i) PBS, aCD3 (i.v.,
53μg/mouse), or T-C9-aCD3 (i.v., 120μg/mouse) in the 4T1 study, (ii)
PBS, anti-PDL-1 (i.p., bioXCell 10mg/kg), anti-PDL-1 (i.p.)+T-C9-ADC
(i.v., DAR= 2, 2mg/kg), orT-C9-ADC (i.v., DAR= 2, 2mg/kg) alone in the
CT26 study. Mice were euthanized and the tumors were harvested,
disrupted through a cell strainer, and washed in PBS2. CD16/CD32
mouse BD Fc block (clone 2.4G2, BD Biosciences) was added, and the
cells were washed and stained with antibodies binding to CD3 (clone
17A2, PerCP/Cy5.5, BioLegend, Cat#100218), CD4 (clone GK1.5, APC/
Cy7, BioLegend, Cat#100414), CD8 (clone 53-6.7, APC, Invitrogen, Cat
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#48-0441-82), or CD45 (clone 30-F11, PE, Biolegend, Cat#103106). After
a last wash with PBS2, cells were resuspended in PBS2, and read on on
BDFortessa 5-laser analyzer (BectonDickinson). Datawere analyzed on
FlowJoTM (Becton Dickinson) and plotted on GraphPad (Prism).

CS competition on ofCSPG/ofCS coated ELISA plate
To understand the specificity of each antibody fragment towards dif-
ferent CS subtypes, we performed competition assays. The ELISA plate
were coatedwith 3μg/mlof ofCS (F3, F4, F8, F11) or ofCSPG (B3,C9, B1)
overnight at 4 °C, washed in 1xPBS, 0.5%Tween20 and blocked using
5% skimmilk. Before adding samples to the plate, 100 nMof V5-tagged
scFv2 (F3, F4, F8, F11, B3, C9) or FLAG-tagged Fab2 (B1) were pre-
incubated with [0–400]μg/ml of soluble chondroitin sulfate (CSA
(Sigma-Aldrich #C9819), CSB (Sigma-Aldrich #C3788), CSC (MP Bio-
chemicals, #12678-07-8) in 1xPBS.1:5000 anti-V5-HRP (Invitrogen
#R961-25) or 3μg/ml anti-FLAG (Sigma, #A8592) antibodies were used
for detection and plate were developed with TMB Plus2 (Kementec,
#4395). The reaction was stopped with 0.2M H2SO4 (Honeywell Fluka
#35348) and Optical densities (OD) were read on an ELISA reader at
450nm. The inhibition level was assessedbynormalizingOD450 to the
control well depleted in glycosaminoglycan. Data were plotted in
GraphPad (Prism) and edited in Illustrator (Adobe).

Full chain and footprint analysis of CS binding to phage-
derived scFv2

SpyC2 was coupled to HiTrap NHS-activated HP column (Cytiva,
#17071601) following the manufacturer’s guidelines. To remove any
excess active groups, a buffer containing 0.5M Ethanolamine and0.5M
NaCl, pH 8.3, was employed. Non-specifically bound proteins were
washed out with 0.1M Sodium Acetate, 0.5M NaCl, and pH4 buffer.
Anti-CS scFv monomers were then immobilized onto the column using
the SpyT-SpyC interaction and incubated for 1 h, RT. The column was
thenwashedwith PBS before being loadedwith 200μg of ofCS purified
from the placenta, and washed with digestion buffer containing 50 nM
Tris, 50 nMNH4OAc, pH 7.9. For the full chain analysis, the bound ofCS
was eluted with 2M NH4OAc and subsequently lyophilized. In the
footprint analysis, 50mU/ml of chABC (Sigma-Aldrich, #C3667) diluted
in digestion buffer was loaded and incubated for 1.5 h at room tem-
perature. Following several washes of 250nM NH4OAc, the bound
chABC treated ofCS was eluted as described above.

Lyophilized samples were then resuspended in 40mM sodium
acetate and digested to disaccharide products by the addition of
0.5mU/μl chABC and incubation overnight at 37 °C. Disaccharides
were then labeledwith 2-aminoacridone (AMAC) and subjected toUltra
Performance Liquide Chromatography (UPLC) C18 chromatography as
previously described38. In detail, samples were lyophilized and labeled
through resuspending of samples in 5μl 0.1M AMAC in acetic acid/
dimethyl sulfoxide (DMSO) (vol/vol 3:17) followedby 15min incubation
at room temperature. 5μL 1M NaCNBH3 was subsequently added, and
samples were incubated for 3 h at 45 °C. Labeled CS was purified from
free AMAC through the addition of 500 µl acetone followed by cen-
trifugation at 20,000× g for 20min and removal of acetone was
repeated twice. Dried CS disaccharides were dissolved in 2% acetoni-
trile and analyzed on a Waters Acquity UPLC system using a BEH C18
column (2.1 × 150mm, 1.7μm, Waters), measuring fluorescence at
525 nm. 80mM ammonium acetate (pH 5.5) was used as mobile phase
A and acetonitrile asmobile phase B at a flow rate of 0.2mL/min where
mobile phase B increases from 3 to 13% over 30min. 20 pmol AMAC-
labeled CS disaccharides standard (Iduron) was analyzed prior to
samples for quantification and identification of CS in samples.

CSPG pull-downs from cell supernatant and human cancer
biopsies
Sera-Mag SpeedBeads Blocked Streptavidin particles (Cytiva,
#21152104010150) were washed twice in Pierce Protein-Free (PBS)

Blocking Buffer (ThermoScientific, #37572) and coated with 30 ng
biotinylated rVAR2 or biotinylated anti-CS scFv2 per µg beads. Control
beads were conjugated with SpyC2 protein alone. Excess protein was
removed by three washes of Protein-Free buffer.

50 µg coated beads were incubated for 60min either with 500 µL
mix containing equal volumes of cell supernatants (PC-3M-luc-C6,
MG63, SW480, and BEWO), or with 50μg of human colon biopsy
homogenate (H352 or H386). As a control, homogenates were incu-
batedwith 1μg chABC for 1 h at 37 °Cbefore bead isolation. Finally, the
beadswerewashed three times inDulbecco’s PBSwithout Calcium and
Magnesium (Sigma-Aldrich, #D8537) prior to a final wash step in
ultrapure water. All liquid was removed before storing the beads at
−80 °C until mass spectrometry processing.

The cell supernatants were generated by culturing confluent cells
for two days in serum-freemedia followed by 1 h treatment with 25 µM
phorbol 12-myristate 13-acetate (Sigma-Aldrich, #P8139).

Mass spectrometry analysis of CSPG pull-downs
All samples were prepared in triplicates (n = 3) to allow statistical
analysis.Washed beadswere incubated for 30minwith elution buffer 1
(2M Urea, 50mM Tris-HCl pH 7.5, 2mM DTT, 20 µg/ml trypsin) fol-
lowed by a second elution for 5min with elution buffer 2 (2M Urea,
50mM Tris-HCl pH 7.5, 10mM Chloroacetamide). Both eluates were
combined and further incubated at room temperature overnight.
Tryptic peptide mixtures were acidified to 1% TFA and loaded on
Evotips (Evosep). Peptides were separated on 15 cm, 150μM ID col-
umns packed with C18 beads (1.9μm) (Pepsep) on an Evosep ONE
HPLC applying the ‘30 samples per day’ method and injected via a
CaptiveSpray source and 10 μm emitter into a timsTOF pro mass
spectrometer (Bruker) operated in PASEF mode69. Raw mass spectro-
metry data were analyzed with MaxQuant (v1.6.15.0). Peak lists were
searched against the human Uniprot FASTA database combined with
the sequences of the human antibody fragments as well as 262 com-
mon contaminants by the integrated Andromeda search engine. False
discovery rate was set to 1% for both peptides (minimum length of 7
amino acids) and proteins. “Match between runs” (MBR) was enabled
with a Match time window of 0.7, and a Match ion mobility window of
0.05min. Relative protein amounts were determined by the MaxLFQ
algorithm with a minimum ratio count of two.

Processing and statistical analysis of label-free quantification
(LFQ) protein expression data was performed using python3.9.0 Pro-
teins tagged as potential contaminants, identified by matches to the
decoy database, and identified only by modified sites, were excluded
from the dataset. LFQ intensity values were log2 transformed, and
uninformative proteins were removed by filtering out the ones with
less than 2 valid values, in at least one group. The remaining missing
values were imputed sample-wise using the MinProb method, where
values are randomly drawn from a Gaussian distribution (downshift =
1.8, width = 0.2). Differentially expressed proteins were determined by
performing two-sided unpaired t-tests with python package scipy
(v1.11.2), and correcting for multiple hypothesis testing with statsmo-
dels (v0.14.0) Benjamin–Hochberg correction. The significance
threshold was set to 1% and the fold change to 2. For the heat map
visualization (matplotlib package v3.7.1) of selected hits, protein LFQ
values were row mean normalized and clustered by row. Imputed
values were removed after clustering shown in gray. We omitted the
non-significant hits (−1<log2FC < 1 and −log10pvalue < 2) in the Sup-
plementary Data 1.

Mass photometry analysis of antibody:CS complexes
The mass photometry instrument70 was started, and emersion oil
(Thorlabs #MOIL-30) was placed on the mass photometry objective. A
glass slide (GLW storing systems #ZK25) and a gasket (Re-useable
Culture well gasket 3mmdiameter × 1mmdepth, Sigma #GBL103250-
10EA) were placed on top of the emersion oil. Next, 18 µl of PBS was
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placed into the gasket, and the mass photometry objective was
adjusted and focused. The Mass Photometry instrument was then
calibrated by the addition of 2 µl of protein standards of molecular
weights 66 kDa, 146 kDa, 480 kDa, and 1048 kDa from Native Mark
Unstained Protein Standard (ThermoFisher, #LC0725) in PBS. Imme-
diately after the addition of the sample the mass photometry record-
ing was started. Analysis was performed with the mass photometry
software, and a calibration was created on the standard protein mar-
kers. The instrument for B1 samples focused on 13.5 µl PBS and 6,5 µl of
sample was added. Samples recorded were B1 Fab2 alone (58 nM) and
B1 Fab2 (375 nM):CSA (3.9μg/ml). The instrument for C9 samples
focused on 16 µl PBS and 4 µl of sample was added. Samples were CSA
alone (7.8μg/ml), C9 scFv2 alone (25 nM), C9 scFv2 (375 nM):CSA
(7.8μg/ml). The instrument for F8 samples focused on 15 µl PBS and
5 µl of sample was added. Samples were CSC alone (15.6μg/ml),
F8 scFv2 alone (25 nM), F8 scFv2 (375 nM):CSC (15.6μg/ml). The Mass
photometry mass distributions were plotted with an 8.3 kDa bin size
and a best-fit Gaussian distribution was added.

Cryo-EM sample preparation
The initial step involved complexing B1 Fab with CSA (Sigma-Aldrich
#C9819) in TBS buffer, pH 7.5, at a final concentration of 0.15mg/ml of
B1 Fab after complexing with 2mg/ml of CSA. The mixture was then
subjected to quantifoil 1.2/1.3 300C mesh, which was plasma washed
by glow discharging with Leica Coater ACE200 for 30 s at 10mA. After
incubating for 5 seconds, the grids were blotted for 3 s at 4 ˚C with
100% humidity. The complex was plunge-frozen in liquid ethane using
Vitrobot Mark IV (Thermofisher) and stored in liquid nitrogen for
subsequent data collection.

Cryo-EM data collection and processing
Data collection of the B1 Fab:CSA complex was obtained on a TITAN
Krios Electron Microscope (FEI), 300 kV. 5819 micrographs (2135: un-
tilt, 3684: 30˚ tilt) were collected using a Falcon-III direct electron
detector operating in counting mode at a pixel size of 0.832Å and a
total dose of 44 e/Å2 over 40 frameswith defocus range of −1 to −2.6 µm
using Thermofisher EPU data collection software. The movies were
patch motion-corrected for beam-induced motion and patch CTF esti-
mation was done using cryoSPARC v4.1.271. Blob particle picking was
performed on all micrographs with a minimum particle diameter of
100Å and a maximum of 200Å. Particles extracted at 360 pixels box
size were used to perform 2D classification. Template-based particle
selection was done to re-extract particles from micrographs by Local
Motion Correction with dose-weighting at a box size of 360 pixels. An
initial 1,257,314 particle stack was extracted and subjected to iterative
rounds of reference-free 2D classifications to identify class averages
corresponding to tetrameric complex. 3D ab initio classification was
performed, followed by heterogeneous refinement to obtain one good
class that was further non-uniform (NU) heterogeneous refined
(Table 1). Gold-Standard Fourier Shell Correlation (GSFSC) resolution
was calculated tobe 3.3 Å at FSC0.143by 3dFSC job and local resolution
was estimated. The resolution values are likely to be overestimated due
to some orientation bias and particle heterogeneity. To visualize any
conformational changes on the tetrameric cryo-EM map, the 200,000
particles and the map from NU refine job were used as input for the 3D
flex data preparation job. A base number tetra cell of 20 and rigidity
weight of 0.5were used for 3DflexMesh Prep job. The 3Dflexmesh and
the prepared particles with map were used to run 3D flex train with the
number of latent dimensions 2. Flex generator was used to produce a
volume series of 100 frames depicting the flexibility conformational
movements and the movie (Movie 1) was made in ChimeraX72.

Cryo-EM structure modeling and refinement
Initial coordinates of B1 Fabwere generatedbyAlphafold273 anddocked
into the cryoEM density map in UCSF Chimera74. The structure was

constructed iteratively with COOT75 followed by real-space refinement
in PHENIX package76 and Rosetta relax77. Data collection parameters
and model refinement statistics are reported in Table 1. The CS density
was modeled as a 12mer and subsequently fitted manually to the low-
resolution cryo-EM density region on the highly positively charged
surfaces of the Fab complex. The docked structures were further
refined via MDFF with an implicit solvent78. A three-step protocol with
an increasing map potential scaling factor from 0.3 to 0.7 was used for
MDFF. The MDFF model of B1 Fab tetramer complexed with CS was
subsequently solvated in a periodic cubic box (with a side of 13.8 nm)
with TIP3P water molecules containing Na+ and Cl− ions at 0.15M,
resulting in approximately 267,000 atoms in total. The CHARMM36m
forcefieldwas used for theprotein79. Aweak position restraint potential
(with a force constant of 10 kJ/mol/nm2) was added to the protein
backbone tomaintain its cryo-EM conformation. Force field parameters
for CSA were generated using the Glycan Modeler module in the
CHARMM-GUI web interface80. Neighbor searching was performed
every 20 steps. The PME algorithm was used for electrostatic interac-
tions with a cut-off of 1.2 nm. A reciprocal grid of 120 × 120 × 120 cells
was usedwith 4th-order B-spline interpolation. A single cut-off of 1.2 nm
was used for Van der Waals interactions. Temperature coupling was
done with the v-rescale algorithm. Pressure coupling was done with the
Parrinello-Rahman algorithm. To validate the MDFF model, a 1000ns
MD simulation was performed using Gromacs 2022.581.

Single-cell RNAseq analysis
The extended version of integrated non-small cell lung carcinoma
(NSCLC) transcriptome atlas consisting of 1.2M cells from 309 lung
cancer patients from previously published studies53 in AnnData object
format (h5ad) was downloaded [Dataset (https://cellxgene.cziscience.
com/collections/edb893ee-4066-4128-9aec-5eb2b03f8287)] and impor-
ted in Scanpy version 1.9.1.

All cell-type annotations were used from the original study53. For
the further analysis ‘primary tumor’ and ‘normal adjacent’ samples
from 10X Genomics and BD-Rhapsody assay platforms were extracted
from the dataset and merged into a separate AnnData object. The
analysis was performed on approximately 87,000 epithelial and
10,000 stromal cells derived from 108 patients and the expression of
CS-related genes was visualized with dotplot or Uniform Manifold
Approximation and Projection (UMAP).

Data analysis and graphical visualization was performed with
scanpy v.1.9.1, anndata v.0.8.0, umap v.0.5.3, numpy v.1.23.5, scipy
v.1.10.1, pandas v.2.0.0, scikit-learn v.1.2.2, statsmodels v.0.13.2, pynn-
descent v.0.5.8, and python-igraph v.0.10.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data relating to the findings in the article are contained in the
manuscript and Supporting information. The atomic coordinates and
electron-microscopy data have been deposited in the RCSB Protein
DataBank (https://www.rcsb.org) and in ElectronMicroscopyDataBank
(https://www.ebi.ac.uk/emdb/) under the entry PDB: 8P2E and EMDB:
17362. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE82 partner repository with the
dataset identifier PXD044455 (https://www.ebi.ac.uk/pride/archive/
projects/PXD34723319). Source data are provided with this paper.
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