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Antibodies against galactose-a-1,3-galactose (aGal) are among
the most abundant natural antibodies in humans and have been
exploited in cancer immunotherapy, with their efficacy partly
attributed to complement activation. We aim to enhance this
response by employing properdin [also known as factor P (FP)],
the only known positive complement regulator. We expressed a
membrane-anchored properdin (mFP) on mouse and human
pancreatic cancer cells and assessed its ability to enhance aGal-
mediated complement activation. We showed here that ectopic
expression of mFP on Panc02 cells increased the deposition level
of C3 in vitro and induced more potent complement-dependent
cytotoxicity in the presence of human complement source. In an
immunized Ggtal knockout mouse model, which has circulating
anti-aGal antibodies as a mimicry of the human system, mFP
expression conferred significantly delayed tumor growth and was

Introduction

Cancer immunotherapy leverages the body’s own immune system
to identify, attack, and eradicate cancer cells. It is a rapidly
expanding field with a diverse array of innovative strategies. Ap-
proaches leveraging xenogeneic rejection mediated by pre-existing
natural antibodies against galactose-a-1,3-galactose (aGal) epitopes
have been utilized for cancer immunotherapy (1-3). aGal is a glycol
modification catalyzed by glycoprotein a-1,3-galactosyltransferase
(GGTAL), which is universally present on mammal cells except for
humans, apes, and Old World monkeys (1). During evolution,
humans lost the gene GGTAI, instead, humans developed a high
titer of anti-aGal antibodies, constituting approximately 1% of the
total immunoglobulins (1) in the form of IgG, IgM, and IgA iso-
types (4). Opsonization by anti-aGal antibodies on tumor cells has
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associated with pronounced remodeling of the immune landscape
in the tumor microenvironment (TME). Specifically, we observed
a marked increase in conventional type 1 dendritic cells, a re-
duction in tumor-associated monocytes/macrophages with a shift
toward a pro-inflammatory phenotype, and a transition of CD8"
T cells toward a progenitor-exhausted state. Reconfiguring the
structure of mFP to create an artificial C3 convertase binding site
and incorporating an intracellular oligomerization domain im-
proved target cell killing and monocyte-mediated phagocytosis in
a human whole-blood loop model. These findings suggest that
amplifying complement activation can delay tumor growth and
alter the TME in the context of a murine pancreatic cancer
model. Furthermore, we have developed a novel membrane-
bound oligomerized FP functional unit, which effectively elicits
robust complement activation.

been indicated to initiate complement activation and lead to
complement-dependent cytotoxicity (CDC) on tumor cells (5, 6).

Given the pivotal role of CDC in the targeted elimination of
tumor cells mediated by monoclonal antibodies (7-9), we hypoth-
esize that augmenting complement activation using properdin can
enhance the efficacy of aGal-based therapies. Properdin, also re-
ferred to as factor P (FP), is the only identified positive complement
regulator (10, 11). FP comprises a TGF-p binding (TB) domain,
followed by six thrombospondin type I repeats (TSR1-TSR6; refs.
12, 13). FP functions to stabilize convertases that participate in the
alternative pathway (AP), one of the three major pathways of the
complement cascade, alongside the classical pathway and the lectin
pathway. By binding to C3b, FP extends the half-life of the AP
C3 convertase C3bBb by up to 10-fold (14) and impedes the factor
H-mediated cleavage of C3b by factor I (15-17). Under physiologic
conditions, FP predominantly circulates as dimers, trimers, and
tetramers in a ratio of around 1:2:1, forming a ring-shaped structure
with units aligned head to tail (18, 19). The C3b-binding site of FP
has been shown to localize at the connecting vertices of the ring-
shaped oligomers, which are formed by the TB domain and TSR1 of
one monomer, along with TSR4, TSR5, and TSR6 from an adjacent
monomer (12, 20).

This study aims to employ membrane-anchored FP (mFP) to
amplify the complement activation provoked by aGal-based cancer
immunotherapies. We selected pancreatic ductal adenocarcinoma as
a representative model of challenging solid tumors given its rapid
progression, immunosuppressive tumor microenvironment (TME),
and limited response to established immunotherapies (21). Our
findings indicate that mFP enhanced anti-aGal-dependent comple-
ment activation, leading to delayed tumor growth and remodeling of
the TME in the tested murine model. Through protein engineering,
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specifically by rearranging TSR domains and incorporating an in-
tracellular oligomerization domain, we observed improved comple-
ment activation, phagocytosis, and cancer cell cytotoxicity in a human
whole-blood model.

Materials and Methods

Cell culture

The murine pancreatic cancer cell line Panc02 (RRID:
CVCL_D627) and human pancreatic cell lines Panc-1 (RRID:
CVCL_0480) and MiaPaca-2 (RRID: CVCL_0428) were kindly
provided by Dr. Rainer Heuchel at Karolinska Institute in 2008,
with the most recent short tandem repeat authentication performed
in 2019. All the cells were cultured in DMEM (Gibco, #11965092)
supplemented with 10% FBS (Gibco, #A5256801), 100 U/mL
penicillin-streptomycin (Gibco, #15140122), and 1 mmol/L so-
dium pyruvate (Gibco, #11360039) in a humidified incubator
(Thermo Fisher Scientific) at 37°C supplied with 5% CO5. Cell lines
were tested for Mycoplasma contamination before each batch of cell
culture using the MycoAlert Detection Kit (Lonza, #LT07-318), and
no contamination was detected. Cells were used within eight pas-
sages after thawing.

Mouse strain and immunization

All animal studies were conducted following the 3R principle and
approved by the regional Uppsala Research Animal Ethics Com-
mittee (dossier number: 5.8.18-19434/2019 and 5.8.18-16015/2024).

Ggtal knockout (KO) mice on a C57BL/6 background (22) were a
kind gift from Dr. Park’s lab (Seoul National University), originated
from Dr. D’Apice’s lab (St. Vincent’s Hospital), and were main-
tained as an inbred strain at the animal facility of Rudbeck Labo-
ratory, Uppsala University, Sweden. To generate anti-aGal mice,
Ggtal-KO mice were immunized with 100 pg of mucin (Sigma-
Aldrich, #M2378) and 1 pg of polyinosinic—polycytidylic acid (poly
I:C; Sigma-Aldrich, #P0913) in 150 puL phosphate-buffered saline
(PBS) administered on days 0 and 14 to induce the development of
antibodies against aGal epitopes.

Vector design and cell engineering

To generate Ggtal-KO Panc02 cells, gRNA (GTTGTCTTCTTGA-
TAACTGT) targeting the murine Ggtal gene was inserted into the
pX458 plasmid (Addgene, #48138, RRID: Addgene_48138) and trans-
fected into Panc02 cells using Lipofectamine 3000 (Invitrogen,
#1.3000015). Transfected cells were kept in the selective medium for
1 week, followed by cell sorting and expansion. To engineer human
pancreatic cancer cells to express GGTAL, GGTAI coding sequence
from Sus scrofa was ordered from GenScript and cloned into a lentiviral
vector.

To generate murine mFP (muP), the original secretion signal
sequence of mouse properdin [amino acid (aa) 1-23] was
substituted with that from mouse IgGk (aa 1-21). Additionally, a
transmembrane helix and a truncated intracellular domain from
mouse CD80 (or B7-1, aa 247-273; ref. 23) were fused to the
C-terminus of mouse properdin, linked by a GS linker (GGGS). To
generate human mFP (huP), the original secretion signal sequence
of human properdin (aa 1-27) was substituted with that of human
CD8a (aa 1-21). Additionally, a transmembrane helix from human
CD8a (aa 183-206) and a cytosolic tail from human TCR-p (aa
317-325) were fused to the C-terminus of mouse properdin, linked
by a GS linker (GGGS). To generate huP-1 to -6, the N-terminal (TB
and TSR1-3) and C-terminal (TSR4-6) halves of FP in huP were
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swapped (TSR4-TSR5-TSR6-TB-TSR1-TSR2-TSR3). huP-1 to -6
have the same secretion signal sequence and transmembrane do-
main as huP. huP-1 and -2 have the same cytosolic tail as huP. huP-3
and -4 have GCN4plI (24) after the transmembrane domain. huP-5
and -6 have GCN4pIL (24) after the transmembrane domain. huP-1,
-3, and -5 have a shorter flexible linker (GGGGS), between TSR6 and
TB domain. huP-2, -4, and -6 have a longer flexible linker (GGGGS)3
between TSR6 and TB domain. The aa sequences of all mFP con-
structs, along with their corresponding GenBank accession numbers,
are provided in Supplementary Data S1.

All designed constructs for gene expression were synthesized and
cloned into a third-generation self-inactivating lentiviral vector
(System Biosciences) under the control of elongation factor-la
promoter by GenScript. Lentiviral particles were generated as pre-
viously described (25). Cells were transduced by adding concen-
trated lentiviral particles directly to the cell culture. The transduced
cells were sorted using BD FACSAria IIT (BD Biosciences) following
at least 1 week of culture after transduction.

The expression of aGal and mFP was examined by flow cytom-
etry (Supplementary Table S1) using a CytoFLEX LX flow cytometer
(Beckman Coulter).

Cell growth quantification in vitro

On day 0, 10,000 Panc02 or Panc02 muP cells were seeded per
well in a 24-well plate. On days 1, 2, and 3, cells were detached by
0.05% trypsin-EDTA (Gibco, #25300062) and then stained with
0.4% trypan blue solution (Gibco, #15250061) for counting using a
TC20 automated cell counter (Bio-Rad).

Antibody and C3 deposition assay

Cells were detached, resuspended in complement buffer
[Dulbecco’s phosphate-buffered saline (DPBS) with 5 mmol/L
MgCl, and 2.5 mmol/L CaCl,], and seeded at a concentration of
100,000 cells per 75 pL per well in an untreated 96-well plate.
Subsequently, 25 pL of normal human serum (NHS) or anti-aGal
mouse serum (AMS) was added to the cells. For controls, 25 pL of
FBS or serum with 40 mmol/L EDTA was added to the cells instead.
Cells were incubated at 37°C for 1 hour, washed twice with PBS
containing 3 mmol/L EDTA, and then stained using a panel of
fluorochrome-conjugated antibodies (Supplementary Table S2) di-
luted in Brilliant Stain Buffer Plus (BD Biosciences, #566385). Flow
cytometry analysis was conducted using a CytoFLEX LX flow
cytometer (Beckman Coulter).

NHS was purchased from the Blood Center at Uppsala Academic
Hospital, Uppsala, Sweden. AMS was obtained from Ggtal-KO mice
that had been immunized with mucin and poly I:C (as detailed in
the previous section). Blood was drawn via cardiac puncture under
anesthesia and allowed to clot at room temperature for 30 minutes.
After clotting, the blood was centrifuged at 2,000 x g for 10 minutes
to separate the serum. The serum (supernatant) was then collected
and stored at —80°C until needed.

CDC assay

Cells were detached, resuspended in complement buffer (DPBS
with 5 mmol/L MgCl, and 2.5 mmol/L CaCl,), and plated at a
concentration of 100,000 cells per 75 uL per well in an untreated 96-
well plate. Subsequently, 25 pL of NHS or AMS was added to the
cells. For controls, 25 pL of FBS (live control) or serum with
40 mmol/L EDTA was added instead. Cells were then incubated at
37°C for 2 hours. Separate wells were prepared in which all cells
were killed using 0.1% saponin (dead control). Next, 4 pmol/L
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ethidium homodimer-1, which permeates only cells with damaged
membranes, was added and incubated for an additional 20 minutes
at 37°C. After washing the cells twice with PBS, they were trans-
ferred to a 96-well clear-bottom plate. Fluorescence at 645 nm was
measured using a CLARIOstar Microplate Reader (BMG Labtech).
The percentage of dead cells was calculated using the formula
(Fsample — Fiive ctrl)/(Faead ctrl — Flive ctrl) %-

Membrane complement regulatory protein knockdown

Double-stranded siRNAs targeting CD46, CD55, and CD59 were
purchased from Integrated DNA Technologies (TriFECTa RNAi
Kit), with three siRNAs provided for each target. The siRNAs
demonstrating better knockdown efficiency and lower cytotoxicity
were selected for further use. siRNA-induced knockdown was car-
ried out as previously described (26). For single siRNA transfec-
tions, a concentration of 10 nmol/L was used. When combining
siRNAs for CD46, CD55, and CD59, either 3.3 nmol/L of each (in
total 10 nmol/L) or 10 nmol/L of each (in total 30 nmol/L) siRNA
was applied. The expression levels of CD46, CD55, and CD59 were
quantified by flow cytometry (Supplementary Table S3) using a
CytoFLEX LX flow cytometer (Beckman Coulter). Subsequent CDC
experiments were then conducted.

Western blotting

Cells were harvested and lysed in RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific, #89900) supplemented with a
protease inhibitor cocktail (Thermo Fisher Scientific, #87786) fol-
lowing the manufacturer’s instructions. The extracted protein con-
centration was determined using the Bicinchoninic Acid Protein
Assay Kit (Thermo Fisher Scientific, #23225). Non-reducing LDS
Sample Buffer (Thermo Fisher Scientific, #84788) was added to the
samples prior to loading. Sample Reducing Agent (Invitrogen,
#B0009) was also added to the reduced samples, which were then
heated at 70°C for 10 minutes. Equal amounts of protein were
separated by 4% to 12% Bis-Tris gels (Invitrogen, NP0323BOX) and
transferred onto nitrocellulose membranes (Bio-Rad, #12990).
Membranes were blocked with 5% BSA in PBS with 0.05% Tween-
20 (PBS-T) for 1 hour at room temperature and then probed with
primary antibodies (Supplementary Table S4) diluted in 1% BSA in
PBS-T overnight at 4°C. After washing with PBS-T, membranes
were incubated with horseradish peroxidase-conjugated secondary
antibodies (Supplementary Table S4) diluted in 5% BSA in PBS-T
for 1 hour at room temperature. Protein bands were visualized using
enhanced chemiluminescence substrate (Thermo Fisher Scientific,
#34580) and imaged with the iBright Imaging System (Invitrogen).
GAPDH was used as a loading control.

Whole-blood loop assay

The study was conducted in full accordance with the principles of
the Declaration of Helsinki and the EU General Data Protection
Regulation. Ethical approval for blood collection was granted by the
Swedish Ethical Review Authority (permit no. 2017/492). Written
informed consent was obtained from all donors.

Panc-1 cells were detached using Accutase (Gibco, #A1110501)
and stained with 10 pmol/L pHrodo (Invitrogen, #P36600) in PBS
for 10 minutes at room temperature. The cells were then washed
and resuspended in PBS to a concentration of 5,000 cells/pL.

Fresh whole blood was collected from five healthy volunteers
(D1-D5) into MPC polymer (NOF, #CM5206)-coated tubes and
immediately mixed with soluble heparin to a final concentration of
2 TU/mL. Then, 950 pL of blood was transferred to each 2 mL
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MPC-coated tube, followed by the addition of 50 pL Panc-1 cells to
each tube. PBS was used in place of blood or Panc-1 cells as negative
controls. The tubes were placed on a rotating wheel (15 rpm) inside
an incubator at 37°C. After 15 minutes of incubation, samples were
collected and placed on ice.

Red blood cells were lysed before staining. The remaining cells
were first stained with a fixable viability dye, following the manu-
facturer’s instructions (Supplementary Table S2). To block non-
specific Fc receptor binding, anti-human CD16/CD32 antibodies
(BD Biosciences, #564219, RRID: AB_2728082) were used. Cells
were then stained using a panel of fluorochrome-conjugated anti-
bodies (Supplementary Table S2) diluted in Brilliant Stain Buffer
Plus (BD Biosciences, #566385). Flow cytometry analysis was con-
ducted using a CytoFLEX LX flow cytometer (Beckman Coulter).
The percentage of killed cancer cells was calculated as the difference
between the percentage of dead Panc-1 cells in blood and PBS.
Monocytes and neutrophils that performed phagocytosis were gated
based on control samples from blood incubated with PBS.

Animal studies

For evaluating the growth of Panc02 wild-type (WT; G'muP ™) or
Panc02 muP (G'muP*) cells in vivo in the absence of anti-aGal
effect, each male Ggtal-KO mouse, 6 to 8 weeks old, was inoculated
subcutaneously with 20,000 tumor cells (suspended in 100 pL of
sterile DPBS) into the right hind flank. For evaluating the growth of
Panc02 WT (G'muP™) or Panc02 muP (G'muP*) cells in vivo in
the presence of anti-aGal effect, male Ggtal-KO mice, 6 to 8 weeks
old, were immunized with mucin and poly I:C as described in the
previous section. Seven days after the second vaccination, each
mouse was inoculated subcutaneously with 20,000 tumor cells
suspended in 100 pL of sterile DPBS into the right hind flank.
Tumor growth was monitored every 2 or 3 days using calipers, and
tumor volume was calculated using the formula volume = length x
width x width x n/6. Mice were sacrificed when tumors reached a
maximum volume of 500 mm? or if they developed non-healing
ulcers or signs of distress, in accordance with ethical guidelines.

To analyze tumor-infiltrating leukocytes, tumors were harvested
18 days after implantation. The tumor fragments were enzymatically
digested using Liberase TL (Roche, #05401020001) at a concentra-
tion of 12.5 ug/mL in 2 mL of RPMI-1640 medium (Gibco,
#11875093). The digestion was performed at 37°C for 30 minutes.
After digestion, the tumor tissue was filtered through a 70-pm cell
strainer.

Red blood cells were lysed before staining. The remaining cells
were first stained with a fixable viability dye, as per the manufac-
turer’s instructions (Supplementary Table S5). To block nonspecific
Fc receptor binding, anti-mouse CD16/CD32 antibodies (BD Bio-
sciences, #553142, RRID: AB_394657) were used. Cells were then
stained with a panel of fluorochrome-conjugated antibodies (Sup-
plementary Table S5) diluted in Brilliant Stain Buffer Plus (BD
Biosciences, #566385). Intracellular or intranuclear markers were
stained using eBioscience Foxp3/Transcription Factor Staining
Buffer Set (Invitrogen, # 00-5523-00) according to the manufac-
turer’s protocol. Flow cytometry analysis was performed using a
CytoFLEX LX flow cytometer (Beckman Coulter).

Data analysis

Flow cytometry data were processed using Flow]Jo (version 10.10,
FlowJo LLC, RRID: SCR_008520). All statistical analyses were per-
formed using GraphPad Prism (version 10, GraphPad Software,
RRID: SCR_002798). The normality of the data was assessed using
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the Shapiro-Wilk test. Comparisons between two groups were
conducted using an unpaired two-tailed Student t test. For ana-
lyses involving more than two groups, one-way or two-way
ANOVA, followed by Tukey multiple comparisons, was used.
Specifically, for whole-blood loop assay, differences between
groups were analyzed using a paired (donor-matched) one-way
ANOVA with Geisser-Greenhouse correction, followed by a
Tukey multiple comparison test. Survival curve statistics were
performed using the log-rank test. Statistical significance was set at
P < 0.05. Further details on the statistical analyses can be found
within the figure legends.

Results

Murine recombinant mFP enhanced complement activation
induced by aGal epitope on cancer cells

The aGal epitope is widely present in non-primate mammals (1),
including mice. We confirmed the retention of aGal epitopes after
cancerous transformation on the murine pancreatic cancer cell line
Panc02 by flow cytometry analysis (Supplementary Fig. S1A). The
expression of aGal epitopes on Panc02 elicited opsonization by IgG
(Supplementary Fig. S1B) and activation of complement on the cell
surface, as evidenced by the deposition of C3, the central player in
the complement cascade (Supplementary Fig. S1C and S1D). To
enrich FP on the cancer cell surface, we developed an mFP by
fusing murine FP with the transmembrane domain and the trun-
cated cytosolic tail of murine CD80, termed muP (Fig. 1A; Sup-
plementary Data S1). To determine the potential of muP to enhance
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complement activation, we genetically modified Panc02 cells to
express muP. The surface expression of muP was confirmed by
flow cytometry (Fig. 1B). We then assessed whether muP could
enhance the complement activation induced by aGal. Ggtal-KO
Panc02 lacking aGal (G™; Supplementary Fig. S1A), WT Panc02
(G'muP™), and Panc02-expressing muP (G 'muP") were incu-
bated with anti-aGal murine serum (AMS), and C3 deposition
level was then measured. Notably, the expression of muP signifi-
cantly augmented C3 deposition (Fig. 1C and D). Nevertheless,
this accumulation of C3 was insufficient to induce CDC when
incubated with AMS (Fig. 1E). In contrast, significant CDC was
detected upon incubation with NHS, and muP sufficiently am-
plified the CDC induced by aGal (Fig. 1F). This difference may be
due to the generally higher efficacy of human complement com-
pared with murine in vitro (27, 28). Taken together, these findings
suggest that ectopic expression of muP can enhance complement
activation elicited by antibody opsonization on murine cancer
cells, while CDC is not fully executed.

muP delayed tumor growth and altered the immune
composition of the TME

Given the significant enhancement of complement activation by
mFP in vitro, we explored its therapeutic potential in a syngeneic
murine model. Immunocompetent Ggtal-KO C57BL/6 mice were
first immunized to generate anti-aGal antibodies to mimic the human
situation. Subsequently, Panc02 WT (G'muP”) and Panc02
muP (G'muP*) were implanted subcutaneously, with subsequent
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expression on the engineered murine pancreatic cancer cell line Panc02. C and D, C3 deposition on engineered Panc02 cell lines after 1-hour incubation
with 25% AMS. EDTA (10 mmol/L) was added to the reaction to inactivate the complement as control. Data are presented in a representative histogram
(C) and a bar plot (D) showing the mean fluorescence intensity (MFI) of technical triplicates with mean + SD from one experiment, which was repeated
at least twice. E and F, CDC in engineered Panc02 cells after 2-hour incubation with 25% AMS (E) or 25% NHS (F). EDTA (10 mmol/L) was added to the
reaction to inactivate the complement as control. Dead cell percentages are presented as technical triplicates with mean + SD from one experiment,
which was repeated at least twice. The difference between groups was analyzed with one-way ANOVA, followed by a Tukey multiple comparison test.
Key to statistics: ***, P < 0.001.
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monitoring of tumor growth (Fig. 2A). Although Panc02 muP
showed a similar growth rate to Panc02 WT both in vitro and in
unvaccinated mice (Supplementary Fig. S2), it exhibited a slower
growth rate in the vaccinated Ggtal-KO mice (Fig. 2B), leading to a
significant improvement in survival (Fig. 2C). These data suggest that
complement activation enhanced by muP contributes to delayed tu-
mor growth in an anti-aGal-dependent manner.

Activating Complement for Improved Pancreatic Tumor Control

To gain a deeper insight into the mechanism driving the ther-
apeutic efficacy of muP, tumor-infiltrating CD45" cells were col-
lected on day 18 after implantation for analysis of the TME by flow
cytometry. We did not observe a significant difference in the
percentages of myeloid cells (Fig. 2D) and T cells (Fig. 2E)
within the total tumor-infiltrating leukocytes between G muP~
and G'muP"’ tumors. However, a marked shift in myeloid cell

Myeloid T cells
@,\ o1 + 8+ -0~ G*muP~ 100+ [ G*muP‘]* 1004 2% 259
— + + + +
Ggta-KO Immunization with & “a= G'muP e G*muP . gg
C56BL/6 mucin and poly I:C E 5 T 75 4 804 20 a
74 ® o] 2 5 2 s
X 2 S) =
Implantation of Py ’g ® 607 5 157 8
i 44 50 = o
0 + Panc02 G*muP~ or 5 o, E 3 2
Panc02 G*muP* B A 5 z 40 3 107
i 5 2- . 8 25- ) - c
Anti-aGal Collect tumor for g o S 204 518
18 + FC analysis O = o
(panel D-P) 0+—0+ T ! 0 T T T ! 0- 0-
Survival endpoint 0 7 14 21 0 15 30 45 60 Q/ Q" Q/ QX
L survival endpoin Days elapsed Days elapsed &L &L
(panel B-C) ys elap vs eap ¢S e A
G*muP- G*muP* cDC1s TAMs Neutrophils PD-L1 iNOS*Arg1~
*
20 100 404 oo 49 = 20~
* Og £ N o *
2 @ Egu 3 a 2 %)
3 T 80 a8 ° % S a
S5 | o 8 oo B 301 2 3170 < 25+
3 s 2 60 g a = o 5 st
2 ) = R
£ 10 13 o 20 S 24 ) 4 L 104
5 5 40 ® s 5 2 |eo
& ==} & < ° %‘» 1)
5 5 s S 104 2 14 8 511
8 ks = 204 £ 5 Z
° o 2 Uio g 8o
0- 0- 0- 0- 0-
I cDC1 [ Neutrophils { & < < { & d & { &
3 TAMs [ Other & & NI L& NI
o o o o o o o o
L M N (o) P
G*'muP- G*'muP* TCF1*TIM-3~ TCF1*TIM-3* TCF17TIM-3" TCF17TIM-3*
- 809 _* = 404 F 800 e 1009
oo} @ @© @
2.16% 2.1% 33.8% a a 02054 a [a)
" e w0 O 4 o Qo o © 80488
8 60 8 304 a a Q 0o a
— — A = 20 - a
o a a Q 604 g
o o o o [$)
S 404 S 204 ks a k]
s s 2 a * 2 R® a8 ® 404
5 5 |3 2 0 § 5470
= 204 O = 104 o = =
03 03 = = o = oo = 204
— 373% 820%| -~ 9.84% o L L L
slL p— : : K4 : , 2 odlge 2 o e o- © o4
|9 -10° [ 10° 10° 8 -10° 0 10° 10° = Q/ QX = Q/ QX = Q/ QX = Q/ Qx
TIM-3 TIM-3 &, &L NN &L
o o o o o o o
Figure 2.

Ectopic expression of muP on the cell surface delayed tumor growth and reshaped the TME. A, Schematic overview of the animal experiment plan. FC, flow
cytometry. B, Tumor growth (mean + SEM) of Panc02 G'muP~ (n = 9) and Panc02 G'muP" (n = 10). The growth curves were compared using two-way ANOVA,
followed by a Tukey multiple comparison test. C, Kaplan-Meier survival curve of mice implanted with Panc02 G*'muP~ (n = 9) or Panc02 G'muP* (n = 10).
Survival curves were compared using the log-rank test. D-P, Flow cytometry analysis of tumor-infiltrating immune cells from Panc02 G'muP~ (n = 7) or
PancO2 G'muP™ (n = 7) tumors. Gating strategies are presented in Supplementary Fig. S3. The difference between groups was analyzed using a two-tailed
Student ¢ test. Data are presented as individual values from each mouse with mean + SEM. D and E, The percentages of (D) myeloid cells (CD11b* or CD11c™) and
(E) T cells (CD3™) of the total tumor-infiltrating leukocytes (TILs; CD45%). F-I, Pie charts (F) of the distribution and the quantification of the percentages of (G)
cDCls (CD1b~CD11c™), (H) TAMs (CD11b"F4/80" or CD1lb*Ly6C™), and (I) neutrophils (CD1Ib*Ly6G™) within total myeloid cells. J, The geometric mean fluo-
rescence intensity (gMFI) of PD-L1on TAMs. K, Quantification of the percentages of iNOS*Arginasel (Arg1)~ cells within TAMs. L=P, Representative counter plots
(L) of TCF1 vs. TIM-3 expression on CD103~CD8" T cells and the quantification of the percentages of (M) TCF1'TIM-3~ cells, (N) TCF1'TIM-3" cells, (0) TCF1" TIM-3
cells, and (P) TCF1"TIM-3" cells within CD103-CD8" T cells. Key to statistics: *, P < 0.05.
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composition was noted (Fig. 2F). In G'muP" tumors, there was a
significant increase of conventional type 1 dendritic cells (cDCls;
Fig. 2G), accompanied by a reduction in tumor-associated
monocytes/macrophages (TAMs; Fig. 2H), as well as a trend to-
ward elevated neutrophil infiltration (Fig. 2I). Among TAMs in
these tumors, PD-L1 expression was reduced (Fig. 2J), and the
proportion of iNOS"Arginase-1~ TAMs was higher compared
with that in G'muP~ tumors (Fig. 2K). This iNOS"Arginase-1"
subset showed higher levels of CD86 and MHC class II, alongside
lower PD-L1 expression in comparison with other subsets of
TAMs (Supplementary Fig. S3E), indicative of a more pro-
inflammatory phenotype.

Besides the pro-inflammatory reprogramming of myeloid cells,
T cells in G'muP"* tumors exhibited a shift in their exhaustion state,
favoring a more proliferative, progenitor-exhausted phenotype
(TCF1*TIM-3, evidenced by higher levels of Ki67 and lower levels of
CD39, PD-1, and CD25) over terminal exhaustion (TCF1*TIM-3*,
evidenced by lower levels of Ki67 and higher levels of CD39, PD-1,
and CD25; Fig. 2L-P; Supplementary Fig. S3]). Meanwhile, no
changes were observed in the ratio of CD8" to CD4" T cells, the
percentages of CD8" tissue-resident memory cells (CD103"), or the
percentages of regulatory T cells (Foxp3"CD25"; Supplementary Fig.
S3G-S3I).

Taken together, these findings suggest that the ectopic ex-
pression of muP can inhibit tumor growth, likely through al-
terations in the suppressed TME in the murine pancreatic cancer
model.

huP is inadequate to overcome the regulation of complement
negative regulators

To validate our concept in the human system, we genetically
modified two human pancreatic cancer cell lines, Panc-1 and
MiaPaca-2, to express GGTA1 (Supplementary Fig. S1A) and
human recombinant mFP. The huP, similar to muP, is con-
structed by fusing FP with the transmembrane domain of human
CD8a and the cytosolic tail of human TCR-f, designated as huP
(Fig. 1A; Supplementary Data S1). Surface huP expression was
confirmed (Fig. 3A), and its ability to augment the complement
activation induced by aGal was assessed. Contrary to the ob-
served augmentation of C3 deposition on murine cells, the in-
troduction of huP failed to amplify the C3 deposition induced by
aGal on human pancreatic cancer cell lines (Fig. 3B and C),
probably because of a high C3 deposition that had already been
elicited by aGal antibody deposition (Supplementary Fig. S1B-
S1D). Besides, CDC was not observed in either engineered Panc-
1 or MiaPaca-2 when incubated with human serum (Fig. 3D).
We then asked whether the ceased activation effect of huP in the
context of human pancreatic cancer is attributed to the presence
of negative complement regulators. As membrane complement
regulatory proteins (mCRPs) CD46, CD55, and CD59 are the
critical regulators that shield cells from complement attacks (29,
30), we proceeded to conduct CDC assays following the suc-
cessful knockdown of CD46, CD55, and/or CD59 using siRNAs
(Supplementary Fig. S4A). Knocking down either CD46 or
CD55 did not sensitize the cells to CDC. However, knocking
down CD59 noticeably promoted the lysis of cells expressing
aGal epitopes, and the presence of huP significantly enhanced
cell lysis (Fig. 3E; Supplementary Fig. S4B). Taken together, these
results indicate that CD59 is the major inhibitor that blocks the
complement activation induced by aGal and huP. In the context
of human pancreatic cancer, huP is inadequate in driving
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forward the complement cascade against negative regulators in
vitro.

Rearranged huP increased cell cytotoxicity in a whole-blood
loop system

The preceding results led us to improve the functionality of huP
via a new conformational design. FP natively exists in dimer,
trimer, or tetramer (18). The convertase-binding site of FP is
typically formed by the N-terminal end (TB domain and TSR1) of
one monomer and the C-terminal end (TSR4, TSR5, and TSR6)
from another adjacent monomer (12, 20). Tetrameric FP was
shown to have the highest activity among other oligomeric states,
following the order tetramer > trimer > dimer > higher-order
oligomers (18), although the underlying mechanism remains un-
clear. However, the oligomeric state of huP and its stereotactic
conformation displayed on the cell surface remain uncertain as the
huP construct was created by directly linking an FP monomer to a
transmembrane domain. We therefore swapped the N-terminal
and C-terminal halves of FP to artificially assemble the convertase-
binding vertex found in FP oligomers. Additionally, intracellular
oligomerization domains were incorporated to facilitate the mul-
timerization of huP on the cell surface. In total, six constructs were
generated with varying linker lengths and intracellular domains,
named huP-1 to -6 (Fig. 4A; Supplementary Data S1). huP-1, -3,
and -5 have a shorter flexible linker (GGGGS),, whereas huP-2, -4,
and -6 have a longer flexible linker (GGGGS)3. huP-1 and -2 only
have a transmembrane domain and a short cytosolic tail, like the
original huP. huP-3 and -4 have a widely used trimeric adapter
GCN4plI (24), following the transmembrane helix, whereas huP-5
and -6 have GCN4pIL (24), a mutant of GCN4plI, which is prone
to form tetramers.

Panc-1 was engineered to express each of these six new huP
constructs, and the expression of new huP was detected by flow
cytometry. Constructs huP-3, -4, -5, and -6 showed a higher ex-
pression than huP-1 and -2 (Fig. 4B). Oligomeric huP was de-
tected from the cell lysate of Panc-1 huP-3, -4, -5, and -6 by
Western blotting (Supplementary Fig. S5). C3 deposition assay
was then performed on Panc-1 (G™) expressing new huPs to
screen out the best construct. huP-3, -4, -5, and -6 notably elicited
elevated C3 deposition on the cell surface, whereas huP-1 and
-2 exhibited much lower activity (Fig. 4C). As no clear difference
was observed among huP-3, -4, -5, and -6, we proceeded with
huP-3, the shortest variant with a more widely utilized oligo-
merization domain pll, for further investigation. Panc-1
GGTAL1 cells were then modified to express huP-3 (G huP-3"),
followed by assessment of the capability of huP-3 to enhance
complement activation triggered by aGal. Encouragingly, signif-
icantly elevated C3 deposition was noted after the introduction of
re-engineered huP on the cell surface compared with the original
construct (Fig. 4D and E).

Given the challenges in assessing human complement activa-
tion and CDC in murine models, we employed a whole-blood
loop assay (31) to evaluate whether the newly designed huP could
improve target cancer cell killing and phagocytosis, for which
cancer cells were incubated with fresh whole blood with intact
complement system (Fig. 4F). Samples were collected following a
15-minute incubation for flow cytometry analysis. Notably, huP-
3 induced significantly enhanced cancer cell Kkilling and
monocyte-mediated phagocytosis compared with huP despite sub-
stantial inter-donor variability (Fig. 4G-J; Supplementary Fig. S6A
and S6B). However, the improvement in neutrophil-mediated
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The functionality of huP was hindered by membrane complement regulators. A, Representative histograms showing huP expression on the engineered GGTAT-
expressing (G*) human pancreatic cancer cell lines Panc-1and MiaPaca-2. B and C, C3 deposition on Panc-1 and MiaPaca-2 cells after 1-hour incubation with 25%
NHS. EDTA (10 mmol/L) was added to the reaction to inactivate the complement as control. Data are presented in a representative histogram (B) and a bar plot
(C) showing the individual mean fluorescence intensity (MFI) of technical triplicates with mean + SD from one experiment, which was repeated at least twice. D,
CDC in Panc-1 and MiaPaca-2 cells after 2-hour incubation with 25% NHS. EDTA (10 mmol/L) was added to the reaction to inactivate the complement as control.
Dead cell percentages are presented as technical triplicates with mean + SD from one experiment, which was repeated at least twice. E, CDC in Panc-1 and
MiaPaca-2 cells after knocking down membrane complement regulators. Cells were incubated with 25% NHS in complement buffer for 2 hours. Dead cell
percentages are presented as technical triplicates with mean + SD from one experiment, which was repeated once. NS, nonsense control; NT, non-transfected
control. The difference between groups was compared using one-way ANOVA followed by a Tukey multiple comparison test. Key to statistics: *, P < 0.05;

**, P < 0.01, and ***, P < 0.001.

phagocytosis was minor (Fig. 4K and L; Supplementary Fig. S6C).
These data suggested that re-engineered huP further improves com-
plement activation elicited by aGal, leading to improved target cell
killing and monocyte-mediated phagocytosis.

Discussion

The action of complement in the TME is highly diverse and
context specific (32). Lately, there has been accumulating evidence
suggesting that the depletion of different complement components

AACRJournals.org

holds therapeutic potential in rodent models (9, 32). However, in
the context of antibody-based immunotherapies (e.g., rituximab
and daratumumab), the clinical benefits are partially explained
by the induction of CDC, with the complement cascade typically
retaining its role as a tumor-destructive effector (9). Similarly,
aGal-mediated immunotherapies, which utilize xenogeneic re-
jection, rely on antibody-dependent cytotoxicity and CDC. We
hypothesize that strengthening complement activation could
further improve the therapeutic potential of strategies leveraging
xenogeneic rejection.
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Properdin stands out as the prime candidate for amplifying initially proposed the concept of a transmembrane recombinant
complement activation as it is the only identified positive regu-  FP, consisting of human FP fused with the transmembrane do-
lator of the complement system. Vuagnat and colleagues (33) main of the human platelet-derived growth factor receptor, to
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eradicate pathogens and tumor cells by inducing AP activation
directly on the cell surface. Pedersen and colleagues (34)
recruited endogenous FP to the cancer cell surface by bispecific
nanobodies, which induced sufficient AP activation. Nonethe-
less, despite the robust activation of the AP, it did not culminate
in CDC, possibly because of the high expression of mCRPs on
the cancer cells (34). On the other hand, the comprehensive
impact of FP-induced AP activation, as well as its potential ef-
fects in combination with antibody-based therapies on modu-
lating antitumor immunity, remains unexplored.

Here, we presented an enhanced antitumor response in the
pancreatic cancer model by amplifying complement activation
induced by aGal-mediated xenogeneic rejection. Through over-
expressing a recombinant membrane-bound FP (muP), we suc-
cessfully induced C3 deposition on the surface of murine PDAC
Panc02 cells and demonstrated improved cell death via CDC
induction using human serum.

Chronic complement activation is widely regarded as protu-
moral, often linked to the recruitment of immunosuppressive
cells and the suppression of effector cell function (9, 32, 35). In
contrast, our data suggest that enhanced complement activation
can be utilized to combat cancer. In the in vivo murine model
vaccinated against aGal, adding muP significantly delayed tumor
growth, which may result from both enhanced CDC and alter-
ations in the immune landscape of the TME. The amplified
complement activation by muP led to the enrichment of cDCls
and reprogramming of TAMs toward an immunostimulatory
phenotype that supports antitumor immunity (36-38). These
effects may result from the intensified complement cascade,
which generates a pro-inflammatory milieu through the pro-
duction of cleaved complement components such as C3a and C5a
(39). Moreover, increased complement deposition may promote
tumor antigen uptake by antigen-presenting cells (9), enhancing
antigen presentation and subsequent T-cell priming (40, 41). In
the T-cell compartment, we observed a shift in CD8" T cells from
a more terminally exhausted toward a progenitor-exhausted
phenotype, which retains proliferative capacity, replenishes the
pool of cytotoxic effectors (42, 43), and has been associated with
improved prognosis across multiple cancer types (44-47). This
phenotypic reprogramming may be driven by the enriched
dendritic cells, which facilitate maintaining the stemness of
tumor-infiltrating CD8" T cells (48). The reduction of TAMs
may also contribute to T-cell reprogramming as antigen pre-
sentation by TAMs has been implicated in driving T-cell

Activating Complement for Improved Pancreatic Tumor Control

exhaustion (49). Moreover, a direct contribution of complement
activation to T-cell reprogramming cannot be excluded. How-
ever, the role of complement components in shaping the T-cell
exhaustion trajectory remains poorly understood and requires
further studies.

As we validated the concept in human cell lines, we found that
introducing the xenogeneic aGal epitope already achieved high
complement activation. The enhancement by adding huP to
aGal-expressing cells is therefore marginal. The lack of CDC is
also confirmed because of the presence of high levels of mCRPs
on the cancer cell membrane. The activity of FP is affected by
its oligomerization states (18). Among the physiologic oligo-
meric forms of FP (dimer, trimer, and tetramer), tetrameric
FP exhibits the highest activity (18). A vertex containing the
binding site for C3b (50) can be isolated while preserving its
activity, albeit with lower activity compared with the native
oligomeric FP (13). By relocating TSR4 to TSR6 over the TB
domain, we artificially congregate the key components for as-
sembling the C3b-binding domain, mimicking the structure of
a cleaved vertex, and the activity of the rearranged huP can
be amplified by incorporating an intracellular oligomerization
domain. Complement activation can elicit effects beyond
CDC, as the deposition and release of complement components
have a complex impact on immune responses. We therefore
assessed the functionality of the rearranged huP in a whole-blood
system, which provides a better model simulating human phys-
iologic conditions. This system allows the study of the systemic
effects of complement activation, unlike conventional assays that
typically coculture- cells with defined serum concentrations.
Compared with huP, rearranged huP-3 elicited significantly
improved cancer cell killing and monocyte-mediated phagocy-
tosis, potentially due to increased C3 deposition on the cancer
cell surface (9).

In summary, we present that the amplified complement acti-
vation led to delayed tumor growth and altered the TME in the
context of pancreatic cancer model. Additionally, we have de-
veloped a novel membrane-bound oligomerized FP functional
unit capable of eliciting potent complement activation. For
translational studies, the rearranged mFP construct can be en-
capsulated into viral vectors or nanoparticles for targeted de-
livery in cancer therapy. Moreover, this application is not
restricted to combination with aGal but can also be applied with
other antibody-based immunotherapies to enhance their thera-
peutic efficacy.

Figure 4.

Reconstructed huP showed an improved ability to induce complement activation. A, Schematic illustration of modified huP constructs. TM, transmembrane. B,
Representative histogram showing the expression of modified huP on engineered Panc-1 (G ™). C, C3 deposition on engineered Panc-1 cells expressing modified
huP constructs after 2-hour incubation with 25% NHS. Data are presented in a representative histogram from one experiment, which was repeated once. D and E,
C3 deposition on GGTAT-expressing Panc-1(G") engineered to express the original or modified huP-3 after 2-hour incubation with 25% NHS. EDTA (10 mmol/L)
was added to the reaction to inactivate the complement as control. Data are presented in a representative histogram (D) and a bar plot (E) showing the
individual mean fluorescence intensity (MFI) of technical triplicates with mean + SD from one experiment, which was repeated at least twice. The difference
between groups under the NHS condition was compared using one-way ANOVA, followed by a Tukey multiple comparison test. F-L, Whole-blood loop assay for
a systemic investigation of the functionality of huP-3. Gating strategies are presented in Supplementary Fig. S6. F, Schematic illustration of the experimental
procedure. FC, flow cytometry. G and H, Representative counter plots (G) and quantification (H) of killed cancer cells. Background cell death was deducted. Data
are presented as individual values from each donor with mean + SEM (n = 5). The difference between groups was analyzed using paired one-way ANOVA,
followed by a Tukey multiple comparison test. I-L, Representative counter plots (I and K) and quantification (J and L) of the percentages of monocytes (CD14"
or CD16") or neutrophils (CD15°CD16™) that phagocytosed cancer cells. Data are presented as individual values from each donor with mean + SEM (n = 4). The
difference between groups was analyzed using paired one-way ANOVA, followed by a Tukey multiple comparison test. Key to statistics: *, P < 0.05; **, P < 0.01,
and ***, P < 0.001.
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