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Tumor-targeting Abs can be used to initiate an antitumor immune program, which appears essential to achieve a long-term durable
clinical response to cancer. We previously identified an anti�complement factor H (CFH) autoantibody associated with patients with
early-stage non�small cell lung cancer. We cloned from their peripheral B cells an mAb, GT103, that specifically recognizes CFH on
tumor cells. Although the underlying mechanisms are not well defined, GT103 targets a conformationally distinct CFH epitope that is
created when CFH is associated with tumor cells, kills tumor cells in vitro, and has potent antitumor activity in vivo. In the effort to
better understand how an Ab targeting a tumor epitope can promote an effective antitumor immune response, we used the syngeneic
CMT167 lung tumor C57BL/6 mouse model, and we found that murinized GT103 (mGT103) activates complement and enhances
antitumor immunity through multiple pathways. It creates a favorable tumor microenvironment by decreasing immunosuppressive
regulatory T cells and myeloid-derived suppressor cells, enhances Ag-specific effector T cells, and has an additive antitumor effect with
anti-PD-L1 mAb. Furthermore, the immune landscape of tumors from early-stage patients expressing the anti-CFH autoantibody is
associated with an immunologically active tumor microenvironment. More broadly, our results using an mAb cloned from
autoantibody-expressing B cells provides novel, to our knowledge, mechanistic insights into how a tumor-specific, complement-
activating Ab can generate an immune program to kill tumor cells and inhibit tumor growth. The Journal of Immunology, 2024,
212: 1589�1601.

The use of mAbs has become a major modality for cancer
treatment; however, their full potential has yet to be real-
ized. Abs have been shown to initiate allogeneic tumor

rejection (1) that ultimately results in adaptive immunity and tumor
regression (2). Any tumor-targeting Ab that not only could kill
tumor cells directly but also would stimulate antitumor immunity
would undoubtedly promote a more durable clinical response.
Given the specificity and therapeutic potential of mAbs, we previ-

ously sought to determine if there were autoantibodies from patients
with cancer that could be developed as a novel therapy. We reported
that patients with early-stage non�small cell lung cancer (NSCLC)
with exceptional outcomes who never develop metastasis or recur-
rence after surgical resection showed higher incidences of autoanti-
bodies to complement factor H (CFH) than patients with NSCLC
with late-stage disease (3, 4). We further characterized these autoan-
tibodies and found that they recognize a conformationally distinct
epitope of CFH hypothesized to be presented on tumor cells but not
exposed on normal cells (4). The Abs increased C3b deposition and

caused complement-dependent lysis of tumor cells (4). We cloned
15 fully human anti-CFH mAbs from individual peripheral B cells
of patients with NSCLC (5). The lead therapeutic candidate,
mAb7968/GT103, recognizes a tumor-specific, conformationally
distinct epitope of CFH located in short consensus repeat (SCR)
domain 19 as confirmed by X-ray crystallography (6). Although
CFH inhibits the alternative pathway of complement activation,
GT103 does not directly affect this pathway; rather, GT103 kills
tumor cells in vitro by activating the classical complement path-
way and causes Ab-dependent cellular phagocytosis (6, 7). GT103
inhibits tumor growth in both patient-derived brain tumor xenograft-
bearing nude mice and wild-type (WT) syngeneic lung cancer mod-
els with no effect on normal tissues (5, 6). It has been reported that
autoantibodies against the CFH SCR 19�20 domains are associated
with atypical hemolytic uremic syndrome (8). However, we showed
that GT103 binds to CFH on tumor tissues but not to normal lung
and kidney from mouse and human (7). The kidneys in GT103-
treated tumor-bearing mice showed no signs of damage or toxicity,
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suggesting that GT103 treatment does not cause adverse effects in
kidneys.
The complement system has an intricate relationship with cancer.

Activation of the complement cascade may generate anti- or protu-
mor effects in a highly context-dependent manner (9, 10). CFH is an
abundant serum protein whose primary function is to regulate com-
plement activation and protect host cells, including tumor cells, from
attack and destruction by the alternative pathway of complement-
mediated cytotoxicity (11). Although CFH is primarily produced by
the liver, many different tumor cell types express CFH (12�19).
Furthermore, higher expression of CFH in lung adenocarcinoma
correlates with worse outcome (20, 21). CFH may exert several sup-
pressive effects on host antitumor immunity. First, it protects tumor
cells from complement-mediated killing (12�15, 17�19). Second,
CFH produced by tumor cells promotes CD141 monocyte differ-
entiation into immune-suppressive (HLA-DRlowPD-L1hi) macro-
phages (16). Third, CFH promotes differentiation of tolerogenic
and anti-inflammatory monocyte-derived dendritic cells (DCs).
CFH-treated monocyte-derived DCs resembled immature DCs, inhib-
ited allostimulated T cell activation, and induced regulatory T cell
(Treg) production (22). Fourth, CFH expressed on tumor extracel-
lular vesicles promotes tumorigenesis and metastasis by inhibiting
complement-mediated cell killing (23).
Although we have established that GT103 has antitumor activities

in tumor models, the underlying immune program generated by
GT103 remains poorly characterized. In this study, we investigated
GT103-mediated antitumor effects at the cellular and molecular
levels and demonstrated that GT103 enhances antitumor immunity
through multiple pathways. GT103 treatment causes complement
activation in vivo and creates a favorable tumor microenvironment
(TME) by decreasing immunosuppressive Tregs and myeloid-derived
suppressor cells (MDSCs) and enhancing Ag-specific effector T cells.
Our results provide mechanistic insights into this novel, to our
knowledge, immunotherapeutic agent and underscore the potential
of a functional autoantibody in promoting an effective antitumor
immune program.

Materials and Methods
Cell lines and reagents

The mouse CMT167 lung tumor cell line was a kind gift from Raphael
Nemenoff (University of Colorado). CMT167 was tested for mycoplasma
and found to be negative before use in animal experiments. The CMT167
cell line expressing membrane-bound chicken OVA (CMT167-OVA) was
produced using an expression plasmid (pcDNA3-OVA) containing cDNA
encoding full-length OVA protein linked to the transmembrane region of
H-2Kb. B16F10 melanoma cells stably expressing chicken OVA (B16F10-
OVA) were provided by Dr. Thomas F. Tedder (Duke University). The cell
lines were maintained in RPMI 1640 medium (Life Technologies) contain-
ing 10% FBS (USA Scientific), 2mM glutamine, and 50mg/ml gentamicin
at 37◦C and 5% CO2. For the mouse studies, a murine version of GT103
(mGT103) was used that has been characterized previously (5). mGT103
retains the same CDRs as the human Ab placed in an IgG2a murine back-
bone. The epitope in mouse and human CFH is identical, and mGT103 and
human GT103 recognize a peptide containing the epitope with similar
affinities (5).

Mice and tumor models

All studies were approved by the institutional animal care and use commit-
tee at Duke University. The in vivo studies were performed in WT synge-
neic mice with an intact complement system, and thus the effect of GT103
observed was in the presence of physiological levels of complement. All
experiments were randomized and blinded when possible. Six- to 8-wk-old
C57BL/6 mice were implanted s.c. in the right flank with either 2.0× 105

CMT167 cells, B16F10-OVA, CMT167-OVA cells, or CFH-knockout
(CFH-KO) CMT167 cells.

One week after inoculation, mice were randomly grouped with 6�10 mice
per group and treated for 2 wk with i.p. injections of a control solution

(murine IgG2 or PBS) or mGT103 (200 mg/mouse) thrice weekly. Bidi-
mensional tumor measurements were made every other day, and tumor
volume was calculated using the equation V 5 (smaller diameter)2 ×
(larger diameter/2). After the mice were sacrificed, tumors were excised
and weighed, and a portion of the tissue was stored in RNAlater for RNA
studies. A portion of the excised tumors was used to prepare single-cell
suspensions of tumor-infiltrating lymphocytes (TILs) for flow cytometry.

To deplete complement factor C3, CMT167 cells were inoculated, and,
after the tumors became palpable, mice were injected i.p. with 10 mg/mouse
of cobra venom factor (CVF) (Calbiochem; catalog no. 233552) 4 h before
being injected with IgG2 or mGT103. Thereafter, mice were treated with
IgG2 control Ab (200 mg/mouse i.p. thrice weekly), mGT103 (200 mg/mouse
i.p. thrice weekly), and CVF (10 mg/mouse twice weekly) for 24 d. Tumors
were measured every other day, and, at the end of the treatment period, mice
were sacrificed and their tissues were collected. For C3aR and C5aR
blockade, mice were injected i.p. with a 1 mg/kg dose of C3aR antago-
nist, SB 290157 (Calbiochem; catalog no. SB290157) (24), and C5aR antag-
onist, PMX53 (Calbiochem; catalog no. 533683) (25), 2 h before IgG2 or
mGT103 and thereafter twice weekly for 24 d.

For comparison between GT103 and other known immunotherapeutic
agents and to find a combination with better therapeutic efficacy, mice
were treated with anti-OX40 Ab (Bio X Cell) (200 mg/mouse i.p. thrice
weekly), anti-CTLA4 Ab (Bio X Cell) (200 mg/mouse i.p. thrice weekly),
anti-CD47 Ab (Bio X Cell) (200 mg/mouse i.p. thrice weekly), CD40 agonist
Ab (Bio X Cell) (200 mg/mouse i.p. thrice weekly), or anti-PD-L1 (Bio X
Cell) (200 mg/mouse i.p. thrice weekly) Ab either alone or in combination
with mGT103 for the length of the experiment. For combination therapy,
we also treated the mice with a combination of mGT103 and polyinosinic-
polycytidylic acid sodium salt [poly(I:C)] (20 mg/mouse i.p. thrice weekly)
or with a combination of mGT103, anti-PD-L1 and poly(I:C). Tumors
were measured as before, and, at the end of the treatment period, mice
were sacrificed and their tumor tissue was saved for further processing. For
CD4 and CD8 T cell depletion in vivo, mice were administered anti-CD4
and anti-CD8 Abs (BioLegend, San Diego, CA) (100 mg/mouse i.p.) on the
day of tumor inoculation and once every week thereafter. Details of the
therapeutic and depleting Abs used are provided in Supplemental Table S1.

Preparation of single-cell suspensions and flow cytometry

Single-cell suspensions from tumor tissue and lymph nodes were prepared
and analyzed for different immune cell populations by flow cytometry.
Briefly, the tissues were minced using scissors and incubated with 200 U/ml
collagenase (Thermo Fisher Scientific, Waltham, MA) and 100 U/ml DNase I
(Sigma-Aldrich, St. Louis, MO) in RPMI for 30 min at 37◦C. Single-cell sus-
pensions were stained with fluorescently conjugated Abs (BioLegend) against
CD45, CD19, CD3, CD4, CD8a, perforin, Gr-1, CD11b, FoxP3, CD11c,
CD14, and NK1. Details of the Abs are provided in Supplemental Table S1.
Intracellular staining for FOXP3 and perforin was carried out using BD
Cytofix/Cytoperm Fixation/Permeabilization Solution Kit as per the man-
ufacturer’s instructions. Ag-specific CD41 and CD81 tumor-infiltrating cells
were analyzed using allophycocyanin-conjugated I-Ab/OVA 323�339 MHC II
(catalog no. TS-M710-2) and PE-conjugated H-2Kb/OVA 257�264 MHC I
(catalog no. TB-5001-1) peptide tetramer probes, respectively, from MBL
International Corporation, Woburn, MA. Tetramer staining was carried out
in accordance with the manufacturer’s suggested protocol. Flow cytometric
analysis was performed on a FACSCanto flow cytometer (BD Biosciences),
and the results were analyzed using FlowJo software.

The gating strategy included selection of intact and single cells by gating
in a forward scatter (FSC) versus side scatter plot to exclude debris and cell
aggregates. Single cells were then selected by plotting FSC-A versus FSC-H.
Live/Dead stain (Thermo Fisher Scientific; catalog no. L34955) was used to
exclude dead cells, and then CD451 cells were selected for further character-
ization and subpopulation analysis based on specific markers.

Immunofluorescence imaging

Frozen tumors were cut into 7-mm sections and placed on slides. Samples
were fixed in 4% paraformaldehyde for 15 min and permeabilized with
0.25% Triton X-100 in PBS for 10 min at room temperature. Blocking was
performed with 5% goat serum in PBS-T (PBS with 0.1% Tween 20) for 1 h
at room temperature. Slides were incubated with anti-HMGB1 Ab (Abcam;
catalog no. Ab79823) diluted 1:250 in 1% BSA in PBS overnight at 4◦C and
an Alexa Fluor 488 goat anti-rabbit secondary Ab (Invitrogen; catalog no.
A11008) at 10 mg/ml in 1% BSA in PBS for 2 h at room temperature. Slides
were washed four times in PBST following primary and secondary Ab incu-
bations. Slides were incubated with Hoechst 33342 DNA stain (Thermo
Fisher Scientific; catalog no. 62249) at 1 mg/ml for 5 min at room tempera-
ture, and Prolong Gold (Thermo Fisher Scientific; catalog no. P10144) was
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used as the mountant. Microscopy was performed at original magnification
×40 using the Zeiss Axio Imager widefield fluorescence microscope.

Western blot analysis

Whole-cell lysate from tumor tissues from IgG2- and GT103-treated mice
were prepared using radioimmunoprecipitation assay buffer supplemented with
protease inhibitor mixture (Abcam) and PMSF (100mg/ml; Sigma-Aldrich).
Lysates were fractionated in 8�16% gradient SDS-polyacrylamide gels, and
the separated proteins were transferred to PVDF membranes. The blots were
blocked using 5% nonfat dry milk and then probed with anti-C3d (R&D
Systems; AF2655) or anti-HMGB1 (Abcam; Ab79823) Ab followed by a
secondary rabbit anti-goat HRP Ab (Santa Cruz Biotechnology; sc2768) or
goat anti-rabbit HRP Ab (Santa Cruz Biotechnology; sc2054) and then incu-
bated with SuperSignal chemiluminescence substrate (Pierce, Rockford, IL).
Membranes were stripped and reprobed with anti-b-actin Ab (R&D Systems;
MAB8929) as a loading control. Blots were analyzed by densitometry using
the Bio-Rad Laboratories ChemiDoc imaging system, and quantitation was
done using ImageJ software. The experiment was performed in triplicate.

RNA sequencing

Total RNA was isolated from tumor tissue using Purelink RNA Minikits
(Ambion, Life Technologies) according to the manufacturer’s instructions. The
KAPA Stranded mRNA-seq library prep kit was used to make sequencing
libraries, and libraries were sequenced on Illumina instruments with a 50-bp
single-end read length.

RNA-sequencing (RNA-seq) data were processed using the TrimGalore
toolkit, which employs Cutadapt to trim low-quality bases and Illumina
sequencing adapters from the 39 end of the reads. Only reads that were
20 nucleotides or longer after trimming were kept for further analysis. Reads
were mapped to the GRCm38v73 version of the mouse genome and tran-
scriptome using the STAR RNA-seq alignment tool. Reads were kept for sub-
sequent analysis if they mapped to a single genomic location. Gene counts
were compiled using the HTSeq tool. Only genes that had at least 10 reads in
any given library were used in subsequent analysis. Normalization and differ-
ential expression detection were carried out using the DESeq2 Bioconductor
package with the R statistical programming environment. The false discovery
rate (FDR) was calculated to control for multiple hypothesis testing. Gene set
enrichment analysis was performed to identify gene ontology terms and path-
ways associated with altered gene expression for each of the comparisons
performed.

Cytokine array analysis

Blood was collected from the submandibular vein of IgG2 control� and
mGT103-treated mice at day 0, before treatment, and at day 15, after treat-
ment. Serum samples were prepared and then applied to the RayBiotech
C1000 Ab array as per the manufacturer’s protocol. Membranes were ana-
lyzed by densitometry using the Bio-Rad Laboratories ChemiDoc imaging
system, and quantitation was done using ImageJ software. The experiment
was performed in triplicate.

Single-cell RNA sequencing

Single-cell suspensions of TILs from pooled tumor tissue from three mice in
each group were prepared, and CD451 cells were sorted by FACS. Briefly,
the tissues were minced using scissors and incubated with 200 U/ml collage-
nase and 100 U/ml DNase I in RPMI for 30 min at 37◦C. The cell suspen-
sions were filtered through a 40-mm cell strainer, washed twice with PBS, and
stained with anti-allophycocyanin/cyanine 7-CD45 Ab (catalog no. 130116;
BioLegend) in PBS containing 2% FBS for 30 min at 4◦C. To exclude dead
cells, the cells were stained with Live/Dead Fixable Aqua dead stain (Invitro-
gen; catalog no. L34957). Cells were then washed with staining buffer and
suspended in RPMI containing 5% FBS. CD451 cells were sorted using an
Asterios cell sorter (BD Biosciences) into Dulbecco’s PBS 1 0.04% BSA at
a concentration of 1× 106 cells/ml and retained on ice. Sorted cells were then
counted and assessed for viability with Trypan blue using a Countess II auto-
mated counter (Thermo Fisher Scientific). The cells were then resuspended at
1�2× 105 cells/ml with a final viability of >90%. Single cells were encapsu-
lated into emulsion droplets using a Chromium Controller (10X Genomics).
Single-cell RNA-sequencing (scRNAseq) libraries were constructed using
Chromium Single Cell 39 Reagent Kits version 3 (10X Genomics) according
to the manufacturer’s protocol. Reverse transcription and library preparation
were performed on a Veriti Thermal Cycler with 96-Deep Well Reaction
Module (Thermo Fisher Scientific). Amplified cDNA was purified using
SPRIselect beads (Beckman Coulter) and sheared to 250�400 bp. Qualifi-
cation was performed using a Qubit 3.0 fluorometer. Sequences were sub-
jected to standard quality control, filtering, normalization, sample integration,
and clustering steps, and analysis of differential gene expression between the
two groups was performed as described using the Seurat R package as

described (26�28). R package Single Rv1.4.0 (29) was used to annotate
cell types on the basis of correlation profiles with the murine ImmGen
(30) reference data set. Differential expression analyses were performed
using the function FindMarkers implemented in the Seurat package with
a Wilcoxon rank-sum test (test.use 5 ‘wilcox’). To test all genes
expressed in the data set, the following arguments were changed from
default: logfc. threshold 5 -Inf, min.pct 5 -Inf, min. cells. group 5
-Inf.

Imaging mass cytometry

To investigate the TME of NSCLC, we selected a set of 10 adenocarcinoma
stage I tumors, which consisted of five from CFH autoantibody-positive
patients and five from CFH autoantibody-negative patients. The human sam-
ples used in this study were collected between 1998 and 2022 under an insti-
tutional review board�approved biomarker protocol (Pro00012914), and all
patients signed informed consent forms. The protocol attempted to recruit all
patients, regardless of age, sex, and race identified from Duke University
Medical Center clinics with a new diagnosis of primary lung cancer. All
patients enrolled for this study had blood and tissue collected at the time of
initial diagnosis.

A panel of 22 imaging mass cytometry (IMC) metal-conjugated Abs
was designed for human lung cancer analysis. This panel included markers
for tumor cells, vascular epithelial cells, and immune cells (Supplemental
Table S1). Preconjugated metal-labeled Abs, purchased from Fluidigm,
were tested for specificity according to the company datasheet. A human
lung tumor tissue microarray containing the 10 lung adenocarcinoma speci-
mens was sectioned into 5-mm sections, which were placed on silane-coated
glass sides and stained using standard immunohistochemical methods.
Briefly, slides were incubated for 1 h at 60◦C on a slide warmer followed
by dewaxing in xylene and sequential rehydration steps followed by Ag
retrieval in 10 mM citrate buffer, pH 6. To decrease nonspecific Ab bind-
ing, the microarray was blocked with 3% BSA and incubated overnight at
4◦C with the panel of metal-conjugated primary Abs in 0.5% BSA with
0.1% Triton X-100. The next day, slides were washed twice in 0.2% Triton
X-100 in PBS and twice in TBS. DNA staining was performed using Inter-
calator-Iridium in PBS solution for 30 min in a humid chamber at room tem-
perature. Slides were washed with Milli-Q water and air dried before
ablation. The slides were imaged with a Hyperion Imaging System in the
Cell Analysis and Cytometry Core at the Petit Institute for Bioengineering
and Bioscience at the Georgia Institute of Technology. Ab staining of tissue
sections was quantified through laser ablation using a modified ArF excimer
GeoLas C laser system (Coherent) in a rastered pattern at 20 Hz and direct
aerosol transportation of the sample to a cytometry by time of flight mass
cytometer (Fluidigm). Cell segmentation was performed using MCDViewer
and CellProfiler 4.2.1. MCDViewer was used to classify pixels into three
classes (nuclei, membrane, and background) and to generate probability
maps. CellProfiler was used to segment probability maps to generate seg-
mentation masks. A combination of channels was used to classify the back-
ground and membrane. These masks were combined with the individual .tiff
files to extract single-cell information from each individual image. Further
image analysis was performed using HistoCAT_1.73 software (31).

Statistical analysis

GraphPad Prism was used for statistical analysis, and the differences
between groups were calculated using one-way ANOVA and Student t test.
A p value <0.05 was considered statistically significant. The numbers of
biological replicates were determined on the basis of published studies and
pilot experiments and were sufficient to produce statistically significant
differences.

Results
GT103 creates a favorable antitumor microenvironment

To investigate the cellular mechanisms of GT103, we treated mice
bearing s.c. CMT167 lung tumors with a murinized version of GT103
(mGT103) having the same CDRs as human GT103 or with PBS.
mGT103 treatment resulted in significant tumor growth inhibition
(Fig. 1A). We also tested the antitumor effect of mGT103 in a
B16F10-OVA melanoma tumor model and found similar antitumor
efficacy (Fig. 1B). Thus, together with our published data (5),
mGT103 has antitumor activities across different tumor models.
To determine the cellular mechanisms underlying the antitumor
effect of GT103, we analyzed tumor-infiltrating leukocytes from
CMT167 tumors. The percentages of intratumoral Tregs and MDSCs

The Journal of Immunology 1591
D

ow
nloaded from

 https://academ
ic.oup.com

/jim
m

unol/article/212/10/1589/7925991 by guest on 09 June 2026



were significantly lower, whereas intratumoral CD11c1 DCs were
significantly higher, in the tumors of mGT103-treated mice than
those in control tumors (Fig. 1C). The percentages of intratumoral
total B lymphocytes and the perforin1 effector CD81 subset exhib-
ited an increasing trend in mGT103-treated tumors that did not reach
statistical significance (Fig. 1C). The total CD41 and CD81 TILs
were not significantly different between mGT103- and control-treated
groups (Fig. 1C).

We further analyzed tumor-specific effector CD41 and CD81

T cells using CMT167 lung cancer cells stably expressing chicken
OVA (CMT167-OVA). mGT103 treatment significantly inhibited
growth of CMT167-OVA tumors when compared with the murine
IgG2-treated control group (Fig. 1D). OVA peptide-specific CD41

and CD81 TIL frequencies were analyzed using allophycocyanin-
conjugated I-Ab/OVA 323�339 MHC II and PE-conjugated
H-2Kb/OVA 257�264 MHC I peptide tetramer probes, respectively.

FIGURE 1. Effect of GT103 on tumor growth and tumor-infiltrating leukocytes. Growth of (A) syngeneic CMT167 tumors and (B) B16F10-OVA tumors
in C57BL/6 mice after PBS and mGT103 treatment. Tumor volume was plotted as mean ± SEM (n 5 10) for each treatment group. (C) Percentage of tumor-
infiltrating leukocytes isolated from the CMT167 dissected tumors as analyzed by flow cytometry. (D) Growth of syngeneic CMT167-OVA tumors after
IgG2a isotype control Ab and mGT103 treatment. Tumor volume was plotted as mean ± SEM (n 5 10) for each treatment group. Percentage of total tumor-
infiltrating CD41, CD81 T cells and OVA-specific cells isolated from the CMT167 dissected tumors as analyzed by flow cytometry. (E) Antitumor efficacy
of combining mGT103 with anti-PD-L1 Ab and adjuvant poly(I:C). Growth of syngeneic CMT167-OVA tumors in C57BL/6 mice after treatment with
IgG2a, mGT103, or anti-PD-L1 Ab as monotherapy or with combinations of GT103 with anti-PD-L1 and/or poly(I:C). Tumor volume was plotted as mean ±
SEM (n 5 5�7) for each treatment group.
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Intratumoral Ag-specific CD41 and CD81 cells were significantly
increased upon mGT103 treatment (Fig. 1D).
Taken together, these data demonstrate that mGT103 has antitumor

efficacy in lung cancer and melanoma models and promotes a favor-
able antitumor microenvironment with decreased Tregs and MDSCs,
increased DCs, and enhanced Ag-specific CD41 and CD81 T cells.

Antitumor efficacy of combination immunotherapy of GT103 with
PD-L1 blockade and adjuvant poly(I:C)

Given the prominent role of immune checkpoint inhibitors in cancer
immunotherapy and our data that showed GT103 reduces the local
tumor immunosuppressive environment and promotes an adaptive
response, we tested mGT103 in combination with other immuno-
therapeutic agents. Although mGT103, anti-OX40, anti-CD47, and
CD40 agonist Abs as single agents reduced the growth of CMT167-
OVA tumors, anti-CTLA4 Ab alone did not limit the growth of these
tumors. The combination of mGT103 with anti-OX40, anti-CTLA4,
and CD40 agonist Abs did not provide any additive therapeutic
effect over the monotherapies. We observed that combination of
mGT103 with anti-CD47 Ab exhibited better antitumor efficacy
than either agent alone, but it did not reach statistical significance
(Supplemental Fig. 1).
Next, we compared the antitumor effect of mGT103 with that of

anti-PD-L1 monotherapy and in combination therapy with mGT103.
mGT103 and anti-PD-L1 had comparable antitumor efficacy when
used as monotherapy (Fig. 1E). When the two agents were used in
combination, an increased effect was observed (Fig. 1E). We further
tested the effect of combining mGT103 with an adjuvant, poly(I:C),
a TLR3 agonist. Interestingly, the combination worked better to
reduce tumor growth in mice than mGT103, anti-PD-L1 monother-
apy, or the combination of mGT103 and anti-PD-L1. A further
decrease in tumor growth was observed when the three agents
mGT103, anti-PD-L1, and poly(I:C) were administered together
(Fig. 1E).
Analysis of TILs showed that neither monotherapy nor combi-

nation therapy led to any significant change in the total B and
T cells (Supplemental Fig. 2A). However, combination of mGT103
and anti-PD-L1 increased intratumoral cytotoxic CD81 T cells
(Supplemental Fig. 2A). Ag-specific CD41 T cells were further
increased with the combination of mGT103, anti-PD-L1, and poly
(I:C) (Supplemental Fig. 2A). Similarly, as shown previously in
Fig. 1D, mGT103 induced Ag-specific CD81 T cells, and the
increase was greater when mGT103 was used in combination with
either anti-PD-L1 or poly(I:C) or both together (Supplemental
Fig. 2A). These data suggest that antitumor activity of mGT103
can be substantially increased when used in combination with
anti-PD-L1 therapy, poly(I:C), or both.

The antitumor activity of GT103 depends on both CD41 and CD81

T lymphocytes

The impact of mGT103 on intratumoral Tregs, MDSCs, and CD11c1

DCs as well as Ag-specific T cells (Fig. 1) suggested that its antitumor
immunity is mediated through T lymphocytes. To establish the roles
of T lymphocytes in the mGT103-mediated antitumor effect, we
depleted CD41 and CD81 T lymphocytes in vivo and treated the
tumor-bearing mice with mGT103. Depletion of either CD41 or
CD81 T cells completely abrogated the antitumor activity of mGT103
(Fig. 2A, 2B). These results demonstrate that the antitumor effect of
mGT103 critically depends on both CD41 and CD81 T lymphocytes.

GT103 specifically targets tumor-derived CFH

To establish that mGT103 acts by targeting tumor-derived CFH,
we compared the growth of s.c. tumors established using WT and
CFH-KO CMT167 cells (Fig. 3A). We observed that tumors

developing from CFH-KO cells did not grow as fast as tumors
from WT CMT167 cells, suggesting that tumor-derived CFH plays a
major role in tumor growth. In addition, mGT103 did not further
inhibit the growth of CFH-KO tumors, confirming GT103 specificity
for tumor-derived CFH. Immune cell profiling of these tumors
showed that mGT103 did not significantly alter the TME in
tumors derived from CFH-KO CMT167 cells (Supplemental
Fig. 2B).

An essential role of the complement pathway in GT103-mediated
antitumor activity

Although the above data demonstrated T lymphocyte dependency for
the antitumor activity of GT103, it is unclear whether this activity is
mediated through complement activation or other pathways. To con-
firm the role of the complement pathway in GT103-mediated antitu-
mor efficacy, we used CVF to deplete C3 in vivo. CVF is a structural
and functional analog of the complement component C3 that causes
C3 depletion (32). Depletion of C3 abolished antitumor activity of
GT103 (Fig. 3B) and maintained the TME in a more immunosup-
pressive state (Supplemental Fig. 2C). Earlier, we have shown that
GT103 causes release of complement activation products C3a and
C5a, induces cell death by complement dependent cytotoxicity (CDC)
in vitro (5), and increases deposition of C3 split products C3b/iC3b/
C3c in tumor tissue (7). Here, we show that blocking C3a and C5a
receptors using specific antagonists either alone or in combination
completely obliterates the effect of mGT103 (Fig. 3C). In addition,
mGT103 treatment of tumors leads to an ∼3-fold (p< 0.001)
increase in expression of the C3 split product C3d on tumor cells
(Fig. 3D) as detected by immunoblotting. (Tumors from the same
experiment were analyzed here and in reference 7.) C3d binds to its
receptor CR2 on B cells and follicular DCs and results in activation
of B cells and augmentation of B cell affinity maturation by the fol-
licular DCs displaying these Ags in germinal centers to induce

FIGURE 2. Role of T cells in GT103-mediated antitumor activity. Mice
were depleted of (A) CD41 or (B) CD81 T cells by injecting respective deplet-
ing Abs at 100 mg/mouse i.p. before tumor inoculation. All the mice were inoc-
ulated s.c. with 2 × 105 CMT167 cells. When tumors became palpable, mice
in each group were dosed three times per week with control IgG2a (200 mg i.p.)
or mGT103 (200 mg i.p.) and twice weekly with either anti-CD4 or anti-CD8
depleting Abs. Tumor volume was plotted as mean ± SEM for n 5 5�8 for
each treatment group.
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effector and memory B cell responses (33). Collectively, these find-
ings indicate that the mechanism of mGT103 may be dependent on
complement activation that results in the release of C3 split prod-
ucts and anaphylatoxins C3a and C5a that are believed to interact
with their receptors on immune cells to stimulate antitumor
responses. These results, together with our recent data showing
that GT103 causes deposition of C3 fragments on tumor cells and
in tumor tissues (7), support the essential role of complement acti-
vation in the antitumor efficacy of GT103.
Complement activation and CDC are associated with increased

mobilization of damage-associated molecular patterns (DAMPs) (34).
We have shown previously that mGT103 increases plasma membrane
expression of calreticulin on CMT167 cells both in vitro and in vivo
(7). Here, we analyzed the expression of another DAMP, HMGB1, a
chromatin-binding protein that is released during late apoptotic or
necrotic cell death (35), binds to pattern recognition receptors and
TLRs on myeloid cells, and stimulates cross-presentation of tumor
Ags. The expression of HMGB1 increased >2-fold (p< 0.01) in
tumors from mGT103-treated mice as compared with tumors from
mice treated with IgG2a control Ab (Fig. 3D). Immunofluorescence
imaging also shows increased HMGB1 fluorescence in mGT103-
treated CMT167 tumors compared with PBS-treated CMT167 tumors
(Fig. 3E).

mGT103 modulates immune signaling pathways in tumor tissues
and induces a systemic response

To elucidate the underlying molecular mechanisms of the antitumor
effect elicited by mGT103, we performed a transcriptomic analysis
of total tumor tissues from mGT103-treated and control mice. Using
an initial FDR (q-value) cutoff of <0.05, we identified 4037 differen-
tially expressed genes between mGT103-treated and control tumors
that included 2666 upregulated and 1371 downregulated genes in
tumors from mGT103-treated compared with control-treated mice.

Gene expression was z-score normalized, and the samples and genes
were clustered by correlation distance with complete linkage. The
heatmap showed markedly different gene expression patterns from the
total tumor tissues of control- and mGT103-treated mice (Fig. 4A).
To confirm the results of the RNA-seq experiment, we performed
quantitative real-time PCR on a subset of the transcripts shown to
be elevated following GT103 treatment. Immune activation markers
including CTLA-4, IL-2Ra, CCL17, CCL22, integrin-b3, and
Slc39a10 were found to be upregulated, validating the RNA-seq
data (Fig. 4B).
Gene ontology analysis of significantly enriched processes, compo-

nents, and functions with an FDR <0.01 showed that the differen-
tially expressed genes were mainly associated with immunologic and
metabolic pathways (Fig. 4C). Specifically, the top-ranked differential
pathways between mGT103- and control-treated groups included the
BCR signaling pathway, regulation of cell�cell adhesion, leukocyte
chemotaxis, regulation of IL-1b production, leukocyte migration, reg-
ulation of IFN-g production, regulation of cell activation, and
lymphocyte costimulation (Fig. 4C). We further analyzed the dif-
ferentially expressed genes in the BCR pathway (Supplemental
Fig. 3A) and studied the effect of GT103 on B cells in detail using
scRNAseq of TILs (7). The heatmap for the top 25 up- and down-
regulated genes in the B cells is shown in Supplemental Fig. 3B.
The hallmark pathway analysis of gene sets with coherent signa-
tures representing biological processes indicated that GT103 treat-
ment led to positive regulation of complement pathway genes,
supporting our hypothesis that GT103 exerts its antitumor effect
by complement activation. The other positively regulated hallmark
pathways by GT103 include G2-M checkpoint, hypoxia signaling,
IL2-STAT5 signaling, IL6-Jak-STAT3 signaling, inflammatory
response and TNF-a signaling via NF-kB, all consistent with com-
plement activation and an immune-stimulatory state. On the other

FIGURE 3. Role of complement activation in GT103-mediated antitumor activity. (A) Tumors were initiated as described earlier using CMT167 cells and
CFH-KO CMT167 cells. After the tumors became palpable, mice were treated either with IgG2a-control Ab or with GT103. CMT167-OVA tumor-bearing
mice were treated with (B) 10 mg CVF/mouse or (C) 1 mg C3aR or C5aR antagonist/kg body weight before being injected with IgG2a or mGT103, and then
all treatments were repeated twice weekly. Tumors were measured every other day, and tissue was saved at sacrifice after the end of the treatment period.
Tumor volume was plotted as mean ± SEM for n 5 5�8 for each treatment group. (D) Densitometric analysis of Western blots for C3d and HMGB1 normal-
ized to loading control, b-actin, in tumors from GT103-treated mice relative to IgG2a control-treated mice (n 5 4). (E) Immunofluorescence imaging was
performed at original magnification ×40 for HMGB1 in tumors of GT103- or control-treated mice. CMT167 tumor sections from GT103-treated or control-
treated mice were probed with anti-HMGB1 and Alexa Fluor 488 goat anti-rabbit secondary Ab. with Hoechst 33342 DNA stain.
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hand, reactive oxygen species (ROS) pathway, IFN-a response,
and TGF-b signaling were found to be negatively regulated by
GT103.
To investigate whether mGT103 treatment had induced changes

in the peripheral blood levels of cytokines and chemokines, we
used membrane arrays to measure the levels of 96 different mole-
cules in pooled sera from mGT103-treated and control mice. Sev-
eral cytokines/chemokines, including Flt3L and Rantes (CCL5),
had ∼2-fold increased levels in sera of mGT103-treated mice com-
pared with those of control mice (Fig. 1E). Furthermore, serum
levels of proinflammatory and protumorigenic cytokines such as
IL-1b, IL-5, IL-6, and IL-10 were reduced in mGT103-treated
tumor-bearing mice by >50% when compared with control mice.
These results indicate that mGT103 treatment in tumor-bearing
mice generated an adaptive antitumor immune response. Despite
eliciting a systemic immune response, mGT103 does not bind to

or cause toxicity in normal tissue as has been established previ-
ously (7) and as shown in Supplemental Fig. 3C.
These results demonstrate that GT103 treatment resulted in

changes of gene expression in tumor tissues, induced a systemic anti-
tumor response, and provided clues to further probe its antitumor
mechanisms.

Molecular pathways in intratumoral lymphocytes upon GT103
treatment

To identify the molecular pathways regulated by mGT103 in intratu-
moral leukocytes, we performed an unbiased scRNAseq analysis of
tumor-infiltrating leukocytes from CMT167 tumors of mGT103- and
control-treated mice. Compared with flow cytometric analysis with
preselected cellular markers, scRNAseq provided important insights
into the infiltrated leukocyte composition of GT103-treated tumors.
A total of 16 clusters were identified among the infiltrating leuko-
cytes from both groups (Fig. 5A). Interestingly, cells in the three

FIGURE 4. RNA-seq analysis of total tumor tissues from GT103-treated mice and systemic effects induced by GT103. (A) Heatmap of gene expression in
mGT103 and IgG2a control tumors from CMT167 lung cancer�bearing mice. The mRNA levels were expressed as relative fold changes. (B) Quantitative
PCR detection of gene expression in mGT103-treated and control tumors. The mRNA expression levels were expressed as relative fold changes compared
with control. (C) List of top 20 cellular pathways that were upregulated or downregulated. Numbers are normalized enrichment score (NES). (D) Cytokine
levels in the peripheral blood of tumor-bearing mice. Change in level of cytokine was determined using a cytokine array in the pooled sera from tumor-bearing
mice treated with PBS and mGT103 at day 0, before treatment, and at day 15, after treatment.
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clusters that represented a Treg subset of CD41 T cells, monocytes,
and neutrophils were reduced in GT103-treated tumors (Fig. 5B).
Analysis of the conserved markers in these three clusters revealed
that these cells are immunosuppressive in nature. The CD41 T cell
subcluster expressed FOXP3, characteristic of Tregs. The neutrophil
cluster showed strong expression of immunosuppressive genes,
including Arg-2, CSF-1, CD-274, CR3/Itgam, Cxcl2, and Il1b, char-
acteristic of the protumor N2 type of tumor-associated neutrophils
(TANs) (36, 37) (Fig. 5C). Similarly, the monocytic cluster express-
ing Ly6c2, csf1r, ccr2, CR3/Itgam, Cd14, and Arg1 corresponded to
monocytic MDSC markers (38) (Fig. 5D).
We further subclustered the tumor-infiltrating T cells. Detailed

analysis of T cells provided important clues to the role of T cells in
mGT103-mediated antitumor activity. A total of 11 T cell clusters
were identified (Fig. 6A). Effector CD81 (cluster 0) T cells were

increased, whereas Tregs (cluster 4) were decreased, in mGT103-
treated mice (Fig. 6A, 6B). The differentially expressed genes in
three important subsets, effector CD81 (C0), effector CD41 (C1),
and Tregs (C4), exhibited several patterns yielding important func-
tional and mechanistic insights (Fig. 6C, 6E). mRNA expression
of positive regulators of T cell function, Cd28, Junb, Cd27, Ccr7,
Cd40lg, Cd3g, Gimap1, and Pdcd4, were increased in intratumoral
effector CD81 and CD41 T cells from mGT103-treated mice. Nega-
tive regulators of T cell function, Il1b, Socs3, Tyrobp (Dap12), G0S2,
and Irf1, were downregulated in these effector T cells (Fig. 6C, 6D).
These changes indicate that mGT103 treatment resulted in overall
enhanced effector T cell function. The antiapoptotic gene Bcl-2
was downregulated in both C0 and C1 clusters, indicating that
both subsets of T cells are at effector state, as previously reported
by our group and others (39, 40). Importantly, mRNA expression

FIGURE 5. scRNAseq expression analysis of TILs from CMT167 tumors treated with GT103 or IgG2a control Ab. After quality control analysis and filtering,
7632 and 6158 cells from mGT103- and control-treated mice, respectively (n 5 3), were used for analysis. The anchor genes between samples, identified using
the FindIntegrationAnchor function, were used as a basis for Seurat to perform integration of the samples. The data were scaled before running principal compo-
nent analysis. Cluster identification and annotation were performed using a shared nearest neighbor modularity optimization-based clustering algorithm and the
FindNeighbors function with 50 principal components, followed by the FindClusters function with the Louvain algorithm using a 0.5 resolution. This allowed
assignment of cells to a total of 16 clusters. (A) Uniform Manifold Approximation and Projection (UMAP) plots showing distribution of cells per cluster in
IgG2_Ctrl versus GT103-treated group. (B) The stacked bar chart displaying the distribution of cells by percentage per sample within the main cell clusters in
scRNAseq analysis of total TILs. (C, D) UMAP plots showing the expression of immunosuppressive markers in the (C) neutrophil and (D) monocyte clusters.
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of the transcription factor Id2 required for Treg function and its
associated Treg-related genes (IL1rl1 [St2], Klrg1, Ccr2, Hif1a)
were downregulated (41) (Fig. 6E). In addition, we observed that
mGT103 treatment increased activation of pathways, including com-
plement activation�, apoptosis induction�, hypoxia-, and inflamma-
tory response�associated pathways, in the Tregs (Fig. 6F).

Immune landscape of CFH autoantibody-positive patients with
lung cancer

The above data from mouse models suggest that the presence of anti-
CFH autoantibodies in patients with lung cancer may be associated
with a favorable immune landscape in lung cancer tissues. To test
this hypothesis, we analyzed the immune landscape of tumor tissues
from patients with early-stage lung cancer using IMC, a high-resolu-
tion imaging technology. Our previous work identified an association
between higher incidence of anti-CFH autoantibodies in patients with

early-stage NSCLC (stage I) but not in late-stage patients (3). We
selected five stage I anti-CFH Ab�positive patients and five stage I
anti-CFH Ab�negative patients with the same adenocarcinoma his-
tology (Supplemental Table S1). We used an IMC Ab panel for
human lung cancer analysis containing 22 markers for tumor cells,
vascular epithelial cells, and immune cells. The IMC technology
allowed us to quantitate immune cell infiltration in the tumor tissue
from patients and analyze the spatial relationships of these cells (Fig.
7). Representative images of tumor sections from one each of anti-
CFH Ab�positive and anti-CFH Ab�negative patients with
NSCLC are shown in Fig. 7A. The figure shows higher represen-
tation of immune cell markers and lower abundance of tumor cell
markers (smooth muscle actin, vimentin, E-cadherin, and pankera-
tin) in tumors of anti-CFH Ab�positive patients compared with anti-
CFH Ab�negative patients. We further quantified the individual
marker intensity of all the samples from the two groups using the

FIGURE 6. Subclustering and gene expression levels in intratumoral T cells. Clusters that were identified as T cells were subsetted for subclustering analysis
using the Seurat package. Subclusters in the T subset was identified after running a principal component analysis on the integrated assay of the subset with the
graph-based clustering approach implemented in the FindClusters function using 15 principal components and a resolution of 0.5, resulting in 11 T cell subclusters.
(A) t-Distributed stochastic neighbor embedding (tSNE) plot showing distribution of T cells per cluster in mGT103- and control-treated groups. (B) The stacked
bar chart displaying the subcluster composition of T cells per sample. Differentially expressed genes in (C) CD41 T cells, (D) CD81 T cells, and (E) Treg subclus-
ters between GT103- and control-treated samples. A total of 150�1500 cells were used for differential expression analysis for each cluster (p < 10−6 for all listed
genes). Scales are log2. (F) Top upregulated pathways in Treg subsets. NES, normalized enrichment score.
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histogram function of histoCAT and normalized it to pankeratin to
give normalized mean intensity for all the tissues. We observed a
significantly higher percentage of CD41 helper T cells, CD81 cyto-
toxic T cells, CD201 B cells, CD11c1 DCs, CD331 cells, and the T
cell activation marker CD251 cells in tumors from anti-CFH
Ab�positive patients with NSCLC than in anti-CFH Ab�negative
patients (Fig. 7B). One major advantage of the IMC technology is
the capability to analyze spatial relationships among various cells.
We analyzed the spatial relationships between immune cells and
tumor cells in NSCLC patient tumors from the two groups. As
shown in Fig. 7C, CD41, CD81, and CD201 effector cells were
found to be segregated from pankeratin1 tumor cells in anti-CFH
Ab�positive patients with NSCLC, whereas these immune cells were
interspersed with tumor cells from the anti-CFH Ab�negative
patients with NSCLC. In addition, FOXP31 cells were more abun-
dant and coexisted with the CD4 marker in the anti-CFH
Ab�negative patients with lung cancer, confirming the presence of
more Tregs in this group than in the anti-CFH Ab�positive patients
with NSCLC. Importantly, FOXP31 Tregs were in close contact with
Foxp3− CD41 T cells in the tumors from anti-CFH Ab�negative
patients (Fig. 7C). In contrast, the few FOXP31 Tregs were distant
from FOXP3− CD41 T cells in the anti-CFH Ab�positive patients
(Fig. 7C).
Our observation that the immune cells form clusters in the tumors

of anti-CFH Ab�positive patients with NSCLC suggest that tertiary
lymphoid-like structures are likely present within these tumors.
Indeed, tumors from anti-CFH Ab�positive patients with NSCLC
contained CD451 immune cells forming a core that is surrounded
by pankeratin1 tumor cells (Fig. 7D). In contrast, tumors from anti-
CFH Ab�negative patients with NSCLC contained CD451 immune
cells that were interspersed with tumor cells (Fig. 7D). Furthermore,
CD41/CD81 T and CD201 B lymphocytes as well as CD141 mye-
loid cells aggregated together with pankeratin1 tumor cells in tumors
from anti-CFH Ab�positive patients with NSCLC, whereas
these immune cells were interspersed with tumor cells in anti-CFH
Ab�negative patients with NSCLC (Fig. 7D). Taken together, these
IMC analyses revealed a favorable immune landscape in tumors
from anti-CFH Ab�positive patients with NSCLC.

Discussion
In this study, we analyzed the cellular and molecular mechanisms
of a novel, to our knowledge, mAb derived from an autoantibody
discovered in patients with NSCLC with exceptional outcomes to
explore how this complement-activating Ab modulates antitumor
immunity. The study demonstrated the following. (1) mGT103 has
antitumor activities across different tumor types. (2) mGT103 treat-
ment results in a favorable TME, including reduced intratumoral

FIGURE 7. IMC analysis of tumor tissue from CFH autoantibody-positive
and -negative patients with lung cancer. Tissue sections were stained with a
panel of metal-conjugated Abs. Ab staining of tissue sections was quantified
through the combination of laser ablation using a modified ArF excimer Geo-
Las C laser system (Coherent) to ablate tissues in a rastered pattern at 20 Hz
and to direct aerosol transportation of the sample to a cytometry by time
of flight mass cytometer (Fluidigm). Segmentation was performed using
MCDViewer and CellProfiler 4.2.1. MCDViewer was used to classify pixels
into three classes (nuclei, membrane, and background) and to generate

probability maps. CellProfiler was used to segment probability maps to gener-
ate segmentation masks. A combination of channels was used to classify the
background and membrane. These masks were combined with the individual
.tiff files to extract single-cell information from each individual image, and
further analysis was done using HistoCAT_1.73. (A) Representative heatmap
of the tumor tissue from CFH Ab (1) or (�) patients indicating the intensity
of each marker. (B) Individual marker intensity was measured by using the
histogram function of HistoCAT and then normalized with pankeratin inten-
sity to give normalized mean intensity. Data are plotted as mean ± SEM (n 5

5). The p values are denoted as *p < 0.05 and **p < 0.01. (C) Scatterplots
indicate the spatial relation of two markers. (Pan-keratin is a tumor cell
marker.) (D) Representative heatmap of the tumor tissue (original magnifica-
tion ×100) from CFH Ab (1) or (�) patients indicating the distribution of
immune cells and cancer cells representing tertiary lymphoid-like structure.
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Tregs, MDSCs, and TANs, and enhanced DCs. (3) mGT103 treat-
ment enhanced Ag-specific tumor-infiltrating T lymphocytes, and its
antitumor activity critically depended on CD41 and CD81 T lym-
phocytes. (4) Tumor cell�derived CFH is required for tumor growth
in vivo, and mGT103 exerts the antitumor effect by specifically tar-
geting tumor-derived CFH, resulting in activation of the comple-
ment pathway. (5) Complement C3 is required for the antitumor
activity of mGT103. (6) mGT103 causes accumulation of comple-
ment cleavage products C3d and anaphylatoxins C3a and C5a
that bind to their receptors on immune cells to stimulate antitu-
mor immunity and mediate CDC and release of DAMPs. (7)
mGT103 treatment impacted molecular pathways that are
involved in antitumor responses. (8) The immune landscape of
tumors from anti-CFH Ab�positive patients with NSCLC is associ-
ated with immune activation. (9) The combination of mGT103 with
anti-PD-L1 and poly(I:C) further enhances its antitumor efficacy in
mice. Previous studies suggested that CFH promotes tumor growth
through multiple means, including protection from complement-
mediated killing of tumor cells, promotion of CD141 monocyte
differentiation into immune-suppressive (HLA-DRlowPD-L1hi)
macrophages, and differentiation of tolerogenic and anti-inflammatory
monocyte-derived DCs (12�19, 22). Our findings suggest that
mGT103 blocked CFH and its multiple means of tumor-promot-
ing activities intratumorally.
We show that mGT103 blockade generated a profound change

from an immunosuppressive TME to a favorable antitumor setting
by decreasing MDSCs and TANs. CFH has been shown to directly
promote CD141 monocyte differentiation into IL-10�producing
immunosuppressive macrophages (16). This effect was mediated
by binding of the SCR19�20 region of CFH to the monocyte cell
surface through unidentified receptor(s), followed by internaliza-
tion of CFH and intracellular signaling to change the transcriptome
into an immunosuppressive signature (16). mGT103, recognizing
SCR19 of CFH, may block CFH binding and internalization into
monocytes/MDSCs, thereby preventing CFH-mediated intracellular
signaling for intratumoral M-MDSC differentiation. Further support-
ing this, CFH treatment of monocyte-derived DCs generates an anti-
inflammatory and tolerogenic state that is also mediated through its
SCR19�20 region (22). Our flow cytometric and scRNAseq analy-
ses confirm that mGT103 reduced the influx of immune-suppressive
monocytes expressing lLy6c2, csf1r, ccr2, CR3/Itgam, Cd14, and
Arg1 markers that correspond to M-MDSC markers (42).
Furthermore, our scRNAseq analysis of intratumoral leukocytes

revealed that mGT103 reduced N2-type TANs expressing the immu-
nosuppressive markers Arg2, CSF-1, CD-274, CR3/Itgam, CXCl2,
and Il-1b. A possible mechanism of mGT103-induced TAN reduction
is through enhanced neutrophil apoptosis. CFH specifically binds to
CR3 (CD11b/CD18) on neutrophils through its SCR7 and SCR19�20
domains (43). CFH binding to neutrophils inhibits neutrophil acti-
vation, reduces ROS production, and prevents excess inflammation
(44, 45). Because ROS is a direct mediator of neutrophil apoptosis
(46), mGT103 blocking of CFH binding to CR3 on TANs may result
in a loss of CFH inhibition of excess production of ROS, leading to
ROS-mediated neutrophil apoptosis in the TME. This hypothesis
will be tested in future experiments. The investigation of the impact
of mGT103 on intratumoral MDSC and neutrophil fates will be
important directions to completely elucidate the roles of this drug
in cancer immunotherapy.
Our data demonstrate that mGT103 treatment reduces intratumoral

Tregs (itTregs), a major immunosuppressive factor in host antitumor
immunity. Several lines of evidence suggest that mGT103 treatment
may decrease itTreg survival by suppressing expression of the tran-
scription factor Id2 through C3d engagement of its receptor(s) on
itTregs. The CFH-mediated reduction of itTregs may consist of the

following cascade. (1) Activation of complement by mGT103 pro-
duces an excess level of the complement split product C3d in the
TME (47�49). A 3-fold increase in the level of C3d was observed
in CMT167 tumors from mGT103-treated mice. (2) C3d engages its
receptor CR2 on itTregs and induces itTreg apoptosis and deletion.
A recent study showed that tumor-expressed C3d enhances antitu-
mor immunity by depleting itTregs through engagement of its cog-
nate receptor CR2 on itTregs (50). (3) C3d stimulation of CR2 on
itTregs downregulates the key transcription factor Id2 and results in
impaired function and survival. Both Id2 and Id3 function to main-
tain peripheral Treg survival (51), whereas Id2 is required for adi-
pose Treg (aTreg) differentiation, survival, and function (41). Loss of
Id2 in aTregs resulted in decreased expression of aTreg-associated
markers ST2 (IL1rl1), KLRG1, and CCR2, as well as Hif1a (41).
ItTregs reside in a hypoxic environment similar to that in adipose
tissue. Importantly, our scRNAseq analysis revealed a very similar
gene expression pattern between mGT103-treated itTregs and Id2-
deficient aTregs, suggesting that mGT103 may trigger a similar
signaling cascade to induce itTreg apoptosis.
In addition to the role of T cells, we show that the BCR pathway

is activated in mGT103-treated tumors. We have recently demon-
strated the importance of B cells in mGT103-mediated antitumor
activity (7). That study showed that (1) GT103 activity is dependent
on B cells; (2) genes involved in B cell functions (e.g., germinal
center formation, MHC class II Ag presentation, Ab production, and
survival of mature B cells) are upregulated by mGT103 in intratu-
moral B cells; and (3) coincubation of tumor cells and B cells in the
presence of complement and GT103 leads to B cell activation, pre-
sumably due to the release of Ag-conjugated C3d-related comple-
ment products that bind to CR2 on B cells (52).
Our analysis of the immune landscapes in tumors from anti-CFH

Ab�positive and anti-CFH Ab�negative patients with NSCLC pro-
vided further support for the role of mGT103 in creating a favorable
TME. The IMC imaging study revealed multiple features of tumors
from anti-CFH Ab�positive patients compared with tumors from
anti-CFH Ab�negative patients, including (1) higher presentation of
effector immune cell populations CD41 helper T cells, CD81 cyto-
toxic T cells, CD201 B cells, CD11c1 DCs, and the T cell activa-
tion marker CD25; (2) less abundant FOXP31cells; (3) segregation
of CD41, CD81, and CD201 effector cells from pankeratin1 tumor
cells; and (4) presence of tertiary lymphoid-like structures in anti-
CFH Ab�positive patients with NSCLC. Although these findings
demonstrate correlation between GT103 and anti-CFH autoantibody,
the association may lack causative evidence. A number of other
factors may play a role in the generation of a favorable TME and
a better outcome apart from the presence of anti-CFH autoantibody
in these patients. It is possible that host differences influenced both
the formation of autoimmune Abs, including those associated with
CFH, and an antitumor microenvironment. As a result, characteris-
tics such as germinal centers may not be related with the presence
of anti-CFH autoantibodies but could be driven by an unrelated
immune response of the host. Another limitation of the human study
is the small sample size and the nonrandom selection of tumors from
stage I patients, introducing a potential bias; the autoantibody-positive
patients had positive outcomes, whereas autoantibody-negative
patients had poor outcomes. The patients selected for their positive
outcomes might possess robust antitumor immunity independent of
the presence of Abs.
The study also supports our previous findings regarding mGT103-

mediated complement activation and its role in tumor growth inhibi-
tion. We have previously demonstrated that mGT103 specifically
binds to tumor but not normal tissues, causes complement C3 split
product deposition on tumor cells, and triggers Ab-dependent cellular
phagocytosis (7). Here, we show that tumor-intrinsic CFH is required
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for mGT103 antitumor activity and that mGT103 treatment does
not bind to (7) or cause toxicity to (5) normal tissues. The role
of mGT103 in complement activation was established by loss of
mGT103 growth inhibitory activity upon C3 depletion in mice and
increased deposition of complement split product C3d on tumor cells.
mGT103 also increases expression of the DAMP molecule HMGB1,
similar to translocation of another DAMP molecule, calreticulin, to
the plasma membrane shown earlier (7). Previously, we reported
increased release of anaphylatoxins C3a and C5a and induction of
CDC upon mGT103 treatment of tumor cells in vitro (5). The essen-
tiality of these anaphylatoxins for mGT103 activity in vivo was dem-
onstrated by loss of that activity upon blockade of C3a and C5a
receptors. Together, these results provide important understanding of
the immune-suppressive roles of CFH. The CFH in the tumor micro-
environment likely inhibits antitumor immunity by two major modes
of action: a direct effect through binding to its receptor CR3 on
TAN and MDSCs and an indirect effect through suppressing com-
plement activation. In this model, mGT103 blockade of CFH action
in tumors results in reduced MDSC differentiation, increased apo-
ptosis of TANs, and enhanced expansion of effector CD41 and
CD81 T cells. mGT103, by binding to a tumor-specific epitope in
CFH, overcomes CFH-mediated suppression of the alternative com-
plement pathway by causing activation of the classical complement
pathway, leading to increased consumption of C3 and to increased
production of C3d. C3d binds to CR2 on B cells, causing their activa-
tion and expansion, and on Tregs, leading to suppression of Id2 and
induction of apoptosis. mGT103 thus creates a highly immune-
competent TME to produce antitumor immunity and may serve as
an ideal immunotherapeutic drug in both monotherapy and combina-
tion therapies.
Last, we found that combination of mGT103 with anti-PD-L1

and the immune adjuvant poly(I:C) exhibits strong antitumor effi-
cacy. Poly(I:C) has no effect on tumor cell growth in vitro, because
it functions by engaging TLR3 on APCs to prime an immune-
stimulatory effect, and in an in vivo tumor model, it has limited
efficacy by itself due to other immunosuppressive factors in the
TME. Our data demonstrate the advantage of targeting multiple
immunosuppressive effects (i.e., blocking CFH function, targeting
PD-L1 immune checkpoint along with enhancing APC functions)
using poly(I:C). Our data are consistent with other studies using
poly(I:C) to enhance the efficacy of immunotherapeutic agents in
several different cancer models. There are 35 Food and Drug
Administration�approved combination immunotherapies for various
types of cancer (53). The combination immunotherapies for NSCLC
primarily consist of anti-PD-1/PD-L1 mAbs plus chemotherapies (53).
The data from our current phase Ib clinical trial (NCT04314089) in
patients with advanced stage refractory NSCLC has established an
exceptional safety profile for GT103. The drug was well tolerated and
has shown no adverse impact on renal function or any significant
adverse events (54). However, GT103 monotherapy may not be suffi-
cient to control late-stage cancer. The enhanced antitumor efficacy by
combined use of mGT103 with anti-PD-L1 plus poly(I:C) provides
an important clue for the next phase of clinical trials. A phase II trial
combining GT103 and Keytruda for patients with advanced, refrac-
tory NSCLC is now open for enrollment (NCT05617313). The pre-
sent study serves to emphasize the importance of not only targeting
tumor epitopes but also activating complement in Ab-based antitu-
mor therapy to promote an immune program with the potential for a
durable, meaningful clinical response. Further studies will be useful
to better understand the effect of an anti-CFH Ab on antitumor
immunity and the optimal population that will respond to therapy.
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