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ABSTRACT

Background Recent impressive advances in cancer
immunotherapy have been largely derived from cellular
immunity. The role of humoral immunity in carcinogenesis
has been less understood. Based on our previous
observations we hypothesize that an immunoglobulin
subtype IgG4 plays an essential role in cancer immune
evasion.

Methods The distribution, abundance, actions, properties
and possible mechanisms of IlgG4 were investigated with
human cancer samples and animal tumor models with an
extensive array of techniques both in vitro and in vivo.
Results In a cohort of patients with esophageal cancer
we found that IgG4-containing B lymphocytes and lgG4
concentration were significantly increased in cancer
tissue and IgG4 concentrations increased in serum

of patients with cancer. Both were positively related

to increased cancer malignancy and poor prognoses,

that is, more IgG4 appeared to associate with more
aggressive cancer growth. We further found that IgG4,
regardless of its antigen specificity, inhibited the classic
immune reactions of antibody-dependent cell-mediated
cytotoxicity, antibody-dependent cellular phagocytosis
and complement-dependent cytotoxicity against cancer
cells in vitro, and these effects were obtained through

its Fc fragment reacting to the Fc fragments of cancer-
specific IgG1 that has been bound to cancer antigens. We
also found that IgG4 competed with IgG1 in reacting to

Fc receptors of immune effector cells. Therefore, locally
increased IgG4 in cancer microenvironment should

inhibit antibody-mediated anticancer responses and

help cancer to evade local immune attack and indirectly
promote cancer growth. This hypothesis was verified in
three different immune potent mouse models. We found
that local application of 19G4 significantly accelerated
growth of inoculated breast and colorectal cancers and
carcinogen-induced skin papilloma. We also tested the
antibody drug for cancer immunotherapy nivolumab, which
was lgG4 in nature with a stabilizing S228P mutation, and
found that it significantly promoted cancer growth in mice.
This may provide an explanation to the newly appeared
hyperprogressive disease sometimes associated with
cancer immunotherapy.

Conclusion There appears to be a previously
unrecognized immune evasion mechanism with IgG4

playing an essential role in cancer microenvironment with
implications in cancer diagnosis and immunotherapy.

INTRODUCTION

While new immune therapy for cancer
focuses mostly on manipulating cellular
immunity, humoral immunity also holds
great promise for cancer therapy.'? IgG4 is a
unique antibody that has the lowest concen-
tration among IgG subtypes in healthy
individuals, and its function has not been
well understood.”” IgG4 was regarded as a
‘blocking antibody’ because of its reduced
ability to trigger effector immune reac-
tions.®” Therefore whatever molecules IgG4
reacts to, the subsequent immune reaction
was subdued.® IgG4 has a unique structure
of Fab arm exchange (FAE) in which the
two heavy and light chains of two different
antibodies with different specificities are
exchanged, resulting in an asymmetric
bispecific antibody with reduced ability
to bind to antigen and to form immune
complexes.” Another unique feature of IgG4
is that it can react to other IgGs via its Fc
fragment, and the significance of this prop-
erty has not been well understood. Evidence
suggests that FAE and Fc-Fc reactivity may
involve the same molecular structure on
IgG4 molecule."’ Davies et al'' '* resolved
the crystal structure of IgG4 Fc fragment
revealing a unique molecular conforma-
tion supporting its Fc binding property.
Recent interests in IgG4-related diseases
unveiled a wide range of pathologies with
a common phenomenon of often increased
IgG4 concentration in the serum and IgG4-
postive plasma cells in the affected organs
accompanied by local inflammation and
fibrosis, but its pathogenic mechanism is
still poorly understood."*™"
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The possible functions of IgG4 in cancer, and also
in the immune system, have not been well elucidated.
Increases of IgG4-positive plasma cells were reported in
gastrocarcinoma,'® extrahepatic cholangiocarcinoma'’
and melanoma.'® The above studies were performed on
limited number of cases without convincing explana-
tion of mechanism or significance. Wu et al" reported
that serum IgG4:IgG ratio could predict recurrence
of hepatocellular carcinoma after surgery. The most
extensive study on IgG4 and cancer was performed by
Karagiannis et al,”” who investigated the possible effect
of cancer-specific IgG4 in inhibiting cancer immunity
in melanomas and suggested competition between
cancer-specific IgG4 and IgGl in binding to cancer
antigens as the cause for the inhibition. A recent report
raised the concept of cancer-educated B cells and toxic
IgG produced by these cells in facilitating lymph node
metastasis for breast cancer in a mouse model.”’ We
performed a multidimensional investigation of IgG4
in a wide array of patients with cancer and tissues with
both in vitro and in vivo experiments. Extensive new
evidence led us to hypothesize that there is a potent
humoral immune editing mechanism in cancer micro-
environment, with IgG4 playing an essential role. We
propose that Fc-Fc reaction could be the basic mech-
anism of this immune inhibition. We validated this in
three immune potent animal models. This property was
also found applicable to cancer immunotherapy drug
nivolumab, which was IgG4 in nature. Our study points
to a so far little appreciated mechanism of immune
evasion in cancer.

MATERIALS AND METHODS

Key resources

Detailed information about key resources including
antibodies, biological samples, chemicals, assay kits, cell
lines and software are shown in online supplementary
table 1.

Experimental model and subject details

Patients and healthy volunteers

We collected tissue and blood samples from over 100
patients with cancer in Shantou University Affiliated
Tumor Hospital and the East Guangdong Provincial
Pathological Consultation Center. Details of the human
samples are shown in online supplementary table 2.

Immunohistochemistry
Details of the protocols and the antibodies are shown in
online supplementary data.

SDS technique

The expressions of IgGl, IgG2, IgG3 and IgG4 in
esophageal cancer were detected at the histological
level. The stain-decolorize-stain (SDS) technology22
was performed on the same slide sequentially with four
different antibodies to demonstrate the four antigens.

The distribution pattern, abundance and relationship
of the four antigens were processed with an image soft-
ware (Photoshop) to achieve an integrated figure. The
proximity of different cell types on the tissue sections was
measured with an image analyzing software Image-Pro
Plus V.6.0. Details of the protocol are presented in the
online supplementary data.

Immunofluorescence double staining

Two antibodies from different species were incu-
bated on the same tissue section. Primary antibodies
were detected with goat antimouse b555/antirabbit
488 IgG or goat antimouse 488/antirabbit 555 IgG
(Alexa Fluor, Life Sciences), and immunoreactivity
was visualized with a fluorescence microscope. Anti-
gens were detected and demonstrated with two fluores-
cence signals in red and green, and the blue signal of
4',6-diamidino-2-phenylindole (DAPI) as for cell nuclei.
Images were acquired with the EVOS FL fluorescence
microscope (Life Technologies, USA).

IgG4 immunohistochemistry

To verify that IgG4 could react to IgGl that had
been immobilized to tissue sections, we used human
pancreas and brain and antibodies to insulin, glucagon
and neurofilament as models. Detailed protocol of this
experiment is shown in the online supplementary data.

Immunoglobulin preparations

Fab and Fc fragments of IgG, IgGl and IgG4 were
prepared with papain digestion. In the presence of
cysteine, IgGs were cleaved at a position above the hinge
region by papain at 37°C for 5hours. After purification
with Protein A affinity chromatography, pure Fab and
Fc fragments were isolated. With elution buffer, IgG
Fc fragment was washed down from Protein A column.
After centrifugation and concentration measurement,
IgG preparations were collected and stored at 4°C
before use.

Western blot

IgG subclasses were resolved on 10% sodium dodecyl
sulfate-polyacrylamide gels under reducing conditions
and then transferred onto nitrocellulose membranes
(GE Healthcare, Life Sciences). The membranes were
blocked for 1hour with 5% bovine serum albumin
(BSA) in Tris-buffered saline, with Tween-20, pH 7.6,
and then incubated with primary antibody (Biotin
Labeling Kit, AnaSpec) overnight at 4°C. It was then
incubated with secondary antibody for 1 hour at room
temperature. Finally reaction density was measured
with Odyssey western at 680nm and 800 nm detection
channel.

Serum IgG4 and IgG assessment

Sera samples collected from 82 patients with esophageal
cancer and 70 healthy volunteers were sent to Golden
Field Medical Test Company (Guangzhou, China),
and Roche immune turbidimetry method was used to
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measure serum IgG4 and total IgG concentrations. All
serum samples were stored at -80°C freezer immedi-
ately before analysis. All quantitative data were treated
statistically.

Measurement of IgG4 concentrations in tumor and tumor-adjacent
normal tissues with ELISA

Concentrations of IgG4 in 46 pairs of esophageal cancer
and adjacent normal tissues (5cm from the edge of
the cancer mass) were measured with ELISA. Detailed
protocol of this experiment is shown in the online supple-
mentary data.

Cell culture for Fc receptor binding assays

U937 cell line was bought from Procell Life Science &
Technology China (#CL-0239), and cells were cultured
in RPMI 1640 (Gibco, #C22400500BT) supplemented
with 10% fetal bovine serum (Gibco, #10099-141) and
100 U/mL penicillin-streptomycin (Gibco, # 15140-122)
at 1><106/mL in 25 mL cell culture bottle.

Protein preparations

Details of the protocols for protein preparation, separa-
tion and papain digestion are shown in online supple-
mentary data.

Fluorescence activating cell sorter (FACS) for Fc receptor assays
Details of the relevant protocols are shown in online
supplementary data.

ADCC, ADCP and CDC tests

The classic antibody-dependent cell-mediated cytotox-
icity (ADCC), antibody-dependent cellular phagocytosis
(ADCP) and complement-dependent cytotoxicity (CDC)
tests were performed based on previously reported proto-
cols.”™! Non-specific IgG4, instead of cancer-specific
IgG4, was used to inhibit these reactions. IgG1 was used
as control. Details of the protocols are shown in online
supplementary data.

Animal models

Breast cancer and colon cancer models

BALB/c mice were obtained from Vital River Technical
(Beijing, China). Mice aged between 6 and 8 weeks and
weighed 20+2g were used in all experiments. All mice
were inoculated with 4T1 mouse breast cancer cells or
CT26 mouse colon cancer cells subcutaneously under the
left forearm, 1x10° 4T1 cells per mouse to build cancer
models. The mice were divided into different groups
and were treated with IgGl or IgG4 derived from intra-
venous IgG (IVIG), IVIG without IgG4, nivolumab and
Fc of nivolumab, respectively. Details of the protocols are
shown in online supplementary data.

Carcinogen-induced skin tumor model

We employed a well-established carcinogen-induced skin
tumor model to study the effect of IgG4 and IVIG without
IgG4 in comparison with controls (phosphate buffered

saline (PBS)). Detailed protocol is shown in online
supplementary data.

Quantification and statistical analysis

Data were analyzed in GraphPad Prism. All reported p
values were derived from two-sided comparisons, with values
of less than 0.05 considered to be statistically significant.

RESULTS

lgG4 was significantly increased in the serum of patients with
cancer and this increase was related to cancer stage and
patient prognosis

We first measured the concentrations of IgGl, IgG2,
IgG3 and IgG4 in sera of patients with esophageal cancer
(n=82). IgG4 was significantly increased in patients
with cancer in comparison with normal healthy subjects
(n=70). The concentration of IgG4 was increased from
about 3% to 11%. The ratio of IgG4:IgG, _  was also
significantly increased. The statistical significance of both
reached p<0.0001. The increase of IgG4 was also posi-
tively correlated to the stages of cancer, with late stage
cancers having more obvious increases. Higher IgG4
serum concentrations were associated with worse prog-
nosis (figure 1A-D).

lgG4-containing lymphocytes and IgG4 concentration were
significantly increased in cancer microenvironment and this
increase was associated with cancer cell infiltration
IgG4-positive lymphocytes were significantly increased
in cancer microenvironment in comparison with tissue
more distant to the cancer mass. IgG4-positive lympho-
cytes were barely detectable in tumor-adjacent normal
tissue (figure 1H). On the same tissue sections employing
the SDS technique22 to simultaneously visualize the four
subtypes of IgG with four distinct colors, we found that
one plasma cell only contained one IgG subtype, that is,
IgGl, IgG2, IgG3 and IgG4 were all contained in their
own plasma cell populations separately (figure 1I). The
marked increase of IgG4-containing plasma cells in
comparison with other subtypes was clearly visualized. On
cancer tissue sections, IgG4-positive plasma cells appeared
to accumulate more in tissues with extensive cancer cell
infiltration than in other areas (figure 1E,H). In addition,
IgG4-positive cells are often in close proximity to cells
containing IgG1 and IgG2 but not to IgG3. This phenom-
enon was not seen among other IgG subtypes apart from
IgG4. Quantitative data of the proximity of different
cell types are presented in online supplementary figure
S2. With the multiple immunostaining method, we also
demonstrated that IgGl-containing and IgG4-containing
lymphocytes were distinct from CD3-positive T lympho-
cytes in the same region of the cancer tissue (figure 1J).
In addition, we measured the concentrations of IgG4 in
cancer tissue and cancer-adjacent normal tissue (n=46
pairs). The average concentration of IgG4 in cancer tissue
was about four times higher than that in the adjacent
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Figure 1 Significant increase of IgG4 and IgG4:19G,
IgG4 in serum of esophageal squamous cell cancer (ESCC) (n=82) was significantly higher when compared with healthy controls
(n=70) (p<0.0001). (B) IgG4:1gG, , ratio in ESCC (n=82) was significantly higher than that in matching healthy adults (n=70)
(p<0.0001). (C) IgG4 in stage 1V (n=18) was significantly higher than those in stages I and II (n=16) (p<0.01). (D) IgG4:1gG,_,,,

in serum of stage IV ESCC (n=18) was significantly higher than those in stages I and II (n=16) (p<0.05). (E) Scatter diagram of
IgG4-positive cell numbers in cancer (cancer), adjacent normal tissue (adjacent) and normal tissues. IgG4-positive lymphocytes
in and around the esophageal cancer mass (n=110) are significantly more abundant than those in the adjacent normal tissue
(n=60) and normal lymphoid tissues (n=63) (***p<0.001 for both). Increases of IgG4-positive lymphocytes were most abundant

in areas of cancer cell proliferation. (F) The increase of IgG4-positive cell numbers was related to the prognoses of the patients.
More IgG4-positive cells were associated with worse outcome (p<0.05). (G) IgG4 concentration in cancer tissue (n=46) was
significantly higher than that in adjacent normal tissue (n=46) (p<0.01). (H) Immunohistochemistry of IgG4 in esophageal cancer
tissues. From left to right are IgG4 in cancer tissues, cancer-adjacent tissue and normal lymphoid tissue (tonsil). It clearly
demonstrates that IgG4-positive lymphocytes (red) were markedly increased (left) in comparison with normal lymphoid tissue
(right) and with tumor-adjacent normal tissue (middle). Scale bar: 100 um. (I) Demonstration of four subpopulations of IgG-
containing plasma cells with multiple immunostaining (SDS method) in cancer. Each subclass has its own distribution pattern
and one plasma cell only produces one subclass of IgG. IgG1: yellow; IgG2: green; IgG3: purple; IgG4: red. (J) On the same
tissue section, a triple immunostaining was performed with the SDS method to demonstrate the distribution and relationship
among CD3-positive T cells (yellow), IgG1-positive B cells (greens) and |gG4-positive B cells (red). Each cell type has its own
distribution, and no overlap between different cell types is observed. SDS, stain-decolorize-stain.
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normal tissue, and the difference between these two
groups was statistically significant (p<0.01) (figure 1G).

lgG1 extracted from patients with cancer reacted to cancer
cells of the same patients but IgG4 extracted from the same
patients did not

We extracted IgGl and IgG4 from the serum of 10 patients
with esophageal cancer, 10 with breast cancer and 2 with
colon cancer with respective specific antibody columns.
We then labeled the antibodies with biotin and tested the
reactivity of these extracted antibodies to cancer tissue
sections of the same patients. In all cases IgGl reacted
to cancer cells from the same patients but IgG4 did not
(figure 2A). It appeared that the increased IgG4 in cancer
microenvironment and in the patient’s serum was not
reactive to cancer antigens, while IgGl extracted from
the same patients reacted to the cancer antigens.

lgG4 reacted to cancer-specific IgG1 that was bound to
cancer cells

Although IgG4 extracted from patients with cancer did
not react to cancer antigen, it did react to cancer-specific
IgGl that was bound to cancer antigen on tissue sections.
As shown in figure 2B, when cancer-specific IgGl that
was not labeled with biotin was applied to cancer tissue
sections followed by biotin-labeled IgG4, the cancer cells
became positive, while when the same biotin-labeled IgG4
was applied to the same cancer tissue section without
prior application of IgGl it did not react. This reaction
of IgG4 to cancer-specific IgGl was not via the antigen-
specific variable region of IgG4, as such IgG4 was neither
specifically against IgGl nor was it specifically against
cancer antigen with its antigen recognizing Fab variable
region, as shown in figure 2A. The only explanation was
that IgG4 reacted to IgGl through its Fc region. This was
validated by subsequent experiments with western blot
analysis, as shown in figure 3A-E.

In western blot IgG4 was found to react to other IgGs (IgG1,
lgG2, 1gG3 and 1gG4) via an Fc-Fc mechanism, and this
reaction was across species, but lgG4 did not react to other Ig
subtypes (IgM, IgE, IgA or IgD)

To test if and how IgG4 could react to IgGl, we
performed western blot with IgG4 from different
sources (extracted from patients with cancer, from
normal adults and commercially purchased). IgG4 was
found to react to IgGl, IgG2, IgG3 and IgG4 at the
molecular weight (MW) of about 50 KD, and this reac-
tion was not seen when IgG1, IgG2 or IgG3 was used as
the antibody and IgG4 as the target molecule running
on the gel. The above phenomenon was observed in
western blot of both reducing and non-reducing condi-
tions (figure 3A; online supplementary figure S3).
However, human IgG4 did not react to human IgM, IgA,
IgD or IgE (online supplementary figure S4). Never-
theless we found that this reaction was across species,
that is, human IgG4 reacted to IgGs of human, mouse,
rabbit and goat (online supplementary figure S5). We

A
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Figure 2 1gG4 extracted from a patient with cancer reacted
to cancer-bound IgG1 and blocked antibody-mediated
cancer immunity. (A) Upper panel: These photos serve as

an example of the reactivity of IgG1 and IgG4 extracted

from patients with cancer. IgG1 from the serum of a patient
with breast cancer was labeled with biotin and stained a
frozen cancer tissue section of the same patient. Cancer
cells were positively stained by IgG1 (left). The cancer cells
were confirmed by their characteristic histopathology of

H&E staining (middle). IgG4 from serum of the same patient
labeled with biotin and applied on the same cancer on a
consecutive section was completely negative (right). Lower
panel: Another breast cancer positively stained by IgG1 from
the patient’s serum (left). The cancer cells were identified by
positive immunostaining of cytokeratin (CK) on a consecutive
section (middle). IgG4 from the same patient was not reactive
to the same cancer on a consecutive section (right). (B)

The upper panel illustrates the principle of the experimental
reactions, and the middle and lower panels show staining
results from two patients with breast cancer. Left: IgG1 from a
patient with cancer positively reacted to frozen cancer tissue
of the same patient (brown cells). Middle: IgG4 from the
same patient with cancer applied to consecutive sections,
but did not react to the same cancer. Right: However, when
unlabeled IgG1 was applied to the same cancer tissue
section followed by biotin-labeled IgG4, the cancer cells were
positively stained (brown cells).

further digested human IgG4 and IgGl into Fab and Fc
fragments with papain. It was found that it was the Fc
fragment of IgG4 reacting to Fc of IgG1 (figure 3B-E).
This reaction was easy to occur as only 5min incubation
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Figure 3 IgG4 reacted to IgG1 in western blot and tissue
sections in an Fc-Fc fashion. (A) In western blot, non-cancer-
specific IgG4 from a patient with breast cancer reacted to
IgG1 and IgG4 from the same patient with cancer (right panel,
arrows). However, when IgG1 and IgG4 were run on the gel
and biotin-labeled IgG1 was used as the primary antibody,
no band was seen (left panel). These are the same antibodies
used in figure 2A,B, providing support to explain the reaction
between IgG4 and IgG1 seen on cancer tissue. (B) Western
blot demonstrated that IgG4 reacted with IgG1, 1gG2, IgG3
and IgG4. (C) IgG4 reacted with IgG Fc fragment but not with
Fab arm. (D) IgG4 reacted with IgG1 Fc fragment but not with
Fab arm. (E) Biotin-labeled 1gG4 Fc fragment reacted to IgG1
and IgG4 Fc fragments but not with IgG1 or IgG4 Fab. Biotin-
labeled 1gG4 Fab did not react to IgG1 or IgG4 Fc or Fab.
These results demonstrate that it is the Fc region of IgG4 that
reacted to Fc of IgG1.

Primary antibody: Biotin labeled IgG4Fc

resulted in a clear band. Therefore, the positive reac-
tion obtained by sequential applications with cancer-
specific IgGl1 followed by non-cancer-specific IgG4 on
cancer tissue (figure 2B) had to take place between the
Fc of IgG4 and the Fc of IgGl, as shown in figure 3.

The Fc-Fc reaction between IgG4 and IgG1 bound to tissue
sections was further tested and validated with a number of
antibodies and tissue types apart from cancer

Following the same logic, we tested the reactivity between
the Fc fragments of IgG4 and IgGl, already demonstrated
in western blot, on tissue sections. We used IgG1 primary
antibodies to insulin and glucagon in normal human
pancreas and antibody to neurofilament in human brain

3

for this test. The same principle was established with these
normal tissues. Detailed results and figures are shown in
online supplementary figure S6.

lgG4 competed with IgG1 to bind to Fc receptors of PBMC and

macrophages

We performed immunoglobulin and Fc receptor binding
assays with peripheral blood monocytes (PBMC) and with
a human monocyte cell line U937 (Procell Life Science
& Technology China, #CL-0239). IgGl and IgG4 were
extracted from the serum of patients with cancer and
PBMCs were isolated from the same human subjects. The
extracted and purchased IgG1 and IgG4 were labeled with
biotin or FITC. In the IgGl and IgG4 binding assay, we
found that IgG1 and IgG4 competed with one another in
binding to PBMC, and this reaction could be completely
blocked by Fc receptor blocker. This competition was
concentration-dependent, that is, as the concentration of
IgG4 increased, more IgG1 bound to PBMC was replaced.
The reverse was also true, that is, IgG1 could also replace
IgG4 in this competition assay. This phenomenon was
demonstrated on cytospin slides of PBMC preparation
(online supplementary figure S7).

In addition, flow cytometry was performed to examine
the binding properties of IgG1 and IgG4 to Fc receptors
of monocytes. The ability of IgGl and IgG4 to bind to
all three subtypes of Fc gamma receptor (FcyR)—FcyRI
(CD64), FcyRII (CD32) and FcyRII (CD16)—was exam-
ined with corresponding antibodies. We found that IgG4
could compete with IgG1 in binding to the Fc receptor
of monocytes (U937). We further found that the binding
force of IgGl was about twice as strong as that of IgG4.
For individual receptor subtypes, IgG1 could bind to all
three receptor subtypes, that is, FcyRI (CD64) > FcyRII
(CD32) > FcyRIII (CD16). In contrast, IgG4 could only
bind to FcyRI (CD64). Although their binding sites were
different, IgG4 could completely block IgGl. We also
found that it was necessary for a relatively high concen-
tration of IgG4 to be present in the solution in order to
compete with IgGl in binding to Fc receptors (online
supplementary figure S8).

lgG4 inhibited the classic immune reactions of ADGC, ADCP
and CDC mediated via cancer-specific IgG1 and effector
immune cells/complements

We first verified that non-cancer-specific IgG4 indeed
reacted to IgG1 (cetuximab) used in ADCC, ADCP and
CDC (figure 4A). We then found that IgG4 inhibited
ADCC elicited cytotoxicity with cancer-specific IgG1 anti-
body and PBMC (figure 4B). The IgG4 used in our test
was not directed against cancer antigen or to lympho-
cytes. Non-cancer-specific IgGl could also inhibit ADCC
but to a much lesser extent (also reached statistical signif-
icance). We obtained evidence to show that inhibition of
ADCC appeared to take place at the site of the cancer-
specific antibody, that is, IgG4 reacted to the IgGl anti-
body bound to cancer cells (figure 2B) and the site of
immune effector Fc receptors. The latter effect could
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Figure 4 Non-cancer-specific IgG4 inhibited classic ADCC, ADCP and CDC reactions against cancer but had no direct
effect on cancer cell growth. (A) On western blot, the chimeric antibody cetuximab (IgG1 against EGFR) was run on the gel,
and IgG4 and IgG1 at concentrations of 3, 5 and 10 ug/mL were used as the primary antibodies. IgG4 reacted to cetuximab
at a concentration-dependent manner, but IgG1 did not react. (B) Left: In a classic ADCC experiment, cetuximab (IgG1) was
incubated with an EGFR-expressing lung cancer cell line (A549) and then with PBMC from normal healthy adult. Cancer cell
activity was significantly reduced (n=12). Non-cancer-specific IgG1 and HSA were used as controls showing that they had
no direct effect on the cancer cells (n=12). Middle: When non-cancer-specific IgG4 was added to the mixture, the effect of
cetuximab was significantly reversed demonstrating an inhibitory effect of IgG4 in ADCC (n=12). Non-cancer-specific IgG1 had
a much smaller, but also significant, effect in inhibiting ADCC action (n=12). Right: When Fc receptor blocker was incubated
with PBMC, the effect of cytotoxicity was blocked. (C-E) ADCP was performed with a lung cancer cell line A549 (expressing
EGFR) as the targets, human peripheral monocyte-derived macrophages as the effector cells and the antibody cetuximab
(IgG1) against EGFR as the mediating antibody. The tumor cells were stained with CFDA-SE fluorescence probes (green).
Macrophages derived from PBMC were stained with Dil fluorescent probes (orange). Blue fluorescence is the nuclei stained with
DAPI. (D) Higher magnification of (C). The orange-colored macrophages were in close contact with green tumor cells. Tumor
debris ingested by macrophages appeared yellow in the cytoplasm of macrophages. (E) Bar chart showing the effect of ADCP
and its inhibition by IgG4. (F) Left: In 10 pg/mL rituximab-mediated ADCP model, Giemsa staining results of phagocytosis of Raji
cells by macrophages after the addition of 100 ug/mL IgG1 and IgG4, respectively. Right: IgG4 significantly inhibited rituximab-
mediated ADCP in phagocytosis by macrophage, but IgG1 could not inhibit the ADCP effect. Scale bar=30um (*p<0.05,
**p<0.01, **p<0.001). (G) In a classic CDC experiment, cetuximab anti-EGFR antibody was incubated with an EGFR-expressing
lung cancer cell line (A549) and then with complement (Co) from serum of a normal healthy adult. The cancer cell activity was
significantly reduced. (H) When non-cancer-specific IgG4 was added to the mixture in the above CDC experiment, the effect
of cetuximab was significantly reversed. () IgG4 and IgG1 were incubated with KYSE150 for 24 hours and no effect on cell
growth was found. ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP, antibody-dependent cellular phagocytosis;
CDC, complement-dependent cytotoxicity; CFSE-DA, carboxyfluorescein diacetate succinimidyl ester; DAPI, 4',6-diamidino-2-
phenylindole; EGFR, epidermal growth factor receptor; HSA, human serum albumin; PBMC, peripheral blood mononuclear cell.
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be abolished with the addition of Fc receptor blocker
(Human TruStain FcX, BioLegend, China) to the PBMC.

We also performed an ADCP experiment employing
human monocyte-derived macrophages and esophageal
cancer cells. Cetuximab (IgGl) was used as the mediating
antibody. This was performed employing a coculture and
cell-counting method and FITC-labeled antibody flow
cytometry. Two models were employed and both methods
showed that non-cancer-specific IgG4 was able to reduce
the effect of ADCP mediated by cancer-specific IgGl
(figure 4C-F).

In a classic CDC assay, we used cancer cell line A549
(ATCC, USA, #C4215) as the target cancer cells, cetux-
imab as the cancerspecific IgGl mediating antibody
and human plasma as the source of complements, and
demonstrated the destructive effect on cancer cells. We
then used non-cancer-specific IgG4 or IgGl to inhibit
the effect. We found that the CDC effect was partially
inhibited by non-cancer-specific IgG4 but not by IgGl
(figure 4G,H).

For comparison, we added IgG4 or IgGl at various
concentrations in cancer cell culture for different periods
of time and found no direct effect of these proteins on
cancer cell growth (figure 4I).

lgG4 (including nivolumab) significantly accelerated breast
cancer cell and colon cancer cell growth in two immune
potent mouse models in vivo
The above results point to a mechanism that IgG4 plays
an important role in local immune evasion by blocking
immune responses mediated by cancer-specific IgG anti-
bodies. To further examine this mechanism mediated by
such antibodies, we performed in vivo studies to verify
this hypothesis with immune competent mouse models.
In one model, we injected non-cancer-specific IgG4 into
a location where breast cancer cells were inoculated
subcutaneously. In this group of mice, cancer cell growth
was significantly increased, resulting in a much larger
cancer mass by 21 days in comparison with other groups
(injections of PBS or IgG without IgG4) (figure bA,B). As
there is no direct effect of IgG4 on cancer cell growth
(figure 4I), these results unequivocally confirmed that
IgG4 can inhibit local immune reaction and thereby
promote cancer growth in vivo through immune evasion.
In a separate but similar experiment of a colon cancer
mouse model, we injected antibody to programmed cell
death-1 (PD-1) (nivolumab), which is a widely used drug
in cancer immune therapy and is also an IgG4 isotype
with S228P mutation, which replaces a serine residue in
the hinge region with a proline residue to prevent FAE
and stabilize the protein. We also injected the Fc frag-
ment of anti-PD-1 and compared the results with IgG4,
IgGl, and PBS groups. We found that IgG4, anti-PD-1 and
in particular the Fc of anti-PD-1 groups produced much
larger cancer masses in comparison with the groups with
PBS and IgGl. The differences were statistically signifi-
cant (figure 5C,D). The group injected with non-cancer-
specific IgGl also resulted in enlarged cancer mass to

a significant extent. Before the animal experiment, we
tested the reactivity of nivolumab to react to IgGl in a
western blot assay. We found that the Fc of nivolumab
reacted to IgGl (online supplementary figure S3), and
the S228P mutation did not seem to prevent Fc-Fc reac-
tion taking place between nivolumab and other IgGs. In
addition, we examined T lymphocytes in the different
groups of mice and found that local injection of IgG4 led
to significant reduction of T lymphocytes in tumor in this
group but not in the control groups (online supplemen-
tary figure S9).

lgG4 significantly accelerated skin tumor formation in a
carcinogen-induced papilloma mouse model

We also tested IgG4 in an established carcinogen-
induced skin cancer mouse model.”> A two-stage skin
carcinogenesis procedure was performed first with
7,12-dimethylbenz[a]anthracene (DMBA) and then
with 12-O-tetradecanoylphorbol-13-acetate (TPA) on a
mouse’s posterior dorsal skin as described previously.”
The animals were divided into three groups (nine in each
group) according to subcutaneous treatment with IgG4,
IVIG without IgG4 or PBS. The animals were followed
for 12 weeks. On day 29, mice treated with IgG4 began
to grow tumors, followed by the PBS (control) group on
day 50 and IVIG without IgG4 group on day 64. On day
64, the IgG4 treated group developed seven papillomas
in five mice, while the PBS group had four papillomas
in four mice, and the IVIG without IgG4 group had two
papillomas in two mice. On day 84 when the observation
was terminated, the IgG4 treated group had 19 papil-
lomas in all nine mice, the control group had 12 papil-
lomas in seven mice and the IVIG without IgG4 group
had 6 papillomas in six mice. The volume of each tumor
was also larger in the IgG4-treated group than the PBS
group, which in turn is larger than the IVIG without IgG4
group. At termination on day 84, the total tumor volume
of the IgG4 treated group was 12 times larger than the
group treated with IVIG without IgG4 and was about six
times larger than the control (PBS) group (figure 5E-H,
online supplementary figure S10).

All the above effects were inducible by 1gG4 from different
sources regardless of its antigen specificity

We tested IgG4 extracted from the serum of patients with
cancer and healthy individuals, isolated from IVIG, and
genetically engineered IgG4 purchased from different
commercial sources, in all cases without knowing their
antigen specificity. They all gave the same inhibitory
effect. This included a monoclonal antibody to PD-1 of
which the S228 region of the Fc fragment was mutated to
prevent FAE and stabilize the antibody. It produced the
same effect too.

DISCUSSION
A number of original observations were made in this
study that unveiled previously unknown properties of

8

Wang H, et al. J Immunother Cancer 2020;8:¢000661. doi:10.1136/jitc-2020-000661


https://dx.doi.org/10.1136/jitc-2020-000661
https://dx.doi.org/10.1136/jitc-2020-000661
https://dx.doi.org/10.1136/jitc-2020-000661
https://dx.doi.org/10.1136/jitc-2020-000661

A B
) liad v ®
1gG4 »
o e
19G without i
2 ® .
(o]

2 3
= o

Tumor Weight (g)
s e 2 ¢

Day0 Day7 Day10 Day15 Day19
Days after tumor injection

CT26

G Total tumor volume
Total tumor number

—~25 e
207 o PBS 'E
- 1gG4 20

15.

: i '
I PRt

012345678 910111213 PBS 19G4  without IgG4

H
| s | gos | withoutigoa

Total tumor volume(mm3) 12718757  71.1187875 5.741481
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promote tumor growth by inhibiting local immunity. (C,D) IgG4, anti-PD-1 (nivolumab) and anti-PD-1-Fc induced significant
tumor (CT26 mouse colon cancer) progression in mice. Five groups of mice were tested by injecting IgG4, nivolumab (IgG4
subtype), nivolumab-Fc, IgG1 and PBS. By 19 days, IgG4, nivolumab and nivolumab-Fc induced significant progression of
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IgG4, and was six times larger than the group treated with PBS. (E) The removed back skin of mice from the three groups (at

15 weeks). The tumors are shown in dark-brown color. (F) Tumors at higher magnification. (G) Changes of tumor numbers

and volume over time of the three groups. (H) Total tumor volumes of the three groups at 12 weeks after treatment. *p<0.05,
**p<0.01, **p<0.001. IVIG, intravenous IgG; PBS, phosphate buffered saline; PD-1, programmed cell death-1.
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cancer immunity. Collectively these findings point to an
immune evasion mechanism with IgG4 playing a crucial
role in coordinating an inhibitory effect of humoral and
cellular immune responses against cancer.

The finding of increased IgG4 concentration in the
serum of patients with cancer was in agreement with those
reported by Karagiannis et al'® and Miyatani et al,'® who
found increased IgG4 in melanoma and gastric cancers.
In agreement with Wu et al,lg we further found that the
extent of increase was proportionally related to cancer
malignancy and patient prognoses. Late stage cancers
were accompanied with more obvious IgG4 increase. The
marked increases of IgG4 positive lymphocytes and IgG4
concentration in cancer microenvironment were in agree-
ment with a previous report by Harada et al, who found
such an increase in extrahepatic cholangiocarcinoma.'’
Our observation was derived from a much larger cohort
of patients in comparison with previous reports.'®"?** We
also found that IgG4-positive lymphocytes were distinct
from CD3-positive T lymphocytes, and this increase was
mainly seen in areas of cancer cell proliferation.

An important observation in our study was that the
IgG4 in cancer microenvironment and in the patient’s
serum was not reactive to cancer antigens but it reacted to
IgGl that was specifically against cancer. In addition the
IgG4 to IgGl reaction was via Fc-Fc reaction rather than
Fab fragments. We also demonstrated that non-cancer-
specific IgG4 could inhibit ADCC, ADCP and CDC reac-
tions mediated by cancer-specific IgGl against cancer.

It should be noted that the increase of IgG4 in cancer
microenvironment was significant, by at least tenfold
(IgG4-containing plasma cells) and by about fourfold
(IgG4 concentration) in comparison with adjacent
normal tissue. This remarkable increase would likely allow
the binding of IgG4 to all or most cancer-bound IgGs and
block the subsequent immune effector reaction as shown
in our in vitro experiments. In addition, from the Fc
receptor competition experiments, it showed that consid-
erable amount of IgG4 is required to compete with IgGl
in reacting to Fc receptors of PBMC and macrophages.
Therefore the inhibitory effect observed in our experi-
ments should be operative in cancer microenvironment.

In this study, we found that IgG4 reacted to IgG1 not
only on western blot but also on cancer tissue sections.
We demonstrated that non-cancer-specific IgG4 reacted
to cancer-specific IgGl that was bound to cancer cells.
This would allow IgG4 to block the subsequent immune
effector response that would otherwise detect and destroy
cancer cells. Our study was the first to demonstrate in
cancer tissue that non-cancer-specific IgG4 was able to
bind to cancer-bound IgGl, thereby blocking cancer-
specific antibody-elicited cancer targeting immunity.

The ability of IgG4 to react to IgG1 and other subtypes
through Fc-Fc reaction was noticed over 20 years ago
by Zack et al™ This only occurred when IgG1 was immo-
bilized to solid phase, but the biological implication of
this ‘unusual’ phenomenon has not been explained
adequately.” We found in this study that this Fc-Fc reaction

was across species and this possibly indicates that such a
property was preserved during evolution and therefore
likely to have significant biological functions. Rispens et al"’
reported that Fc-Fc interaction was C 3-mediated. They
further speculated that this interaction might be an inter-
mediate step of FAE that was stabilized at this stage because
the target IgG was coupled to a solid phase.'” FAE only takes
place between two IgG4s in liquid phase because of weak-
ened covalent (hinge disulfide bonds) and non-covalent
(C,3-C,,3) interactions of IgG4 molecules.*® ¥ This would
not occur between IgG4 and IgGl in liquid phase as IgGl
has more stable intra-heavy chain bonds and would not be
available for Fc-Fc binding with IgG4. When IgGl is bound
to solid phase, however, such as immobilized to cancer anti-
gens, its Fc heavy chains may be partially dissociated and
undergo conformational changes allowing IgG4 to bind
to.'”* In cancer, this denaturation of immobilized IgG1 is
likely to be facilitated by increased antioxidant glutathione
(GSH) in cancer tissue'’ ™ or cleaved by proteases rich in
cancer.”’ *! Therefore, IgG4 would react to cancer-antigen
bound IgGl only but not to IgGl in circulation. Thus this
immune inhibition by IgG4 only occurs in cancer microenvi-
ronment where anticancer IgG1 has bound to cancer tissue
but not in other parts of the body including in circulation.

The ability of IgG4 to inhibit ADCC, ADCP and CDC
was reported previously.””™ However, the IgG4 they used
was specifically engineered against a cancer antigen. They
concluded that the inhibition was due to competition
between cancerspecific IgG1 and cancer-specific IgG4 on
the same cancer antigens.”” *** One study reported that
non-cancerspecific IgG4 also had inhibitory effect on
ADCC without giving any explanation of the mechanism
and its possible significance.”’ Here we found that non-
specific IgG4 can inhibit ADCC, ADCP and CDC against
cancer. We also obtained evidence to show that this inhibi-
tion took place in two sites, that is, with its ability to react
to Fc fragment of cancer-bound IgGl and Fc receptor on
effector immune cells. Both will lead to disconjunction
between immune effector cells and cancer cells resulting in
immune escape. As for complement, it was reported previ-
ously that IgG4 did not react to C1q.”’ Therefore no compe-
tition of binding is needed for IgG4 to inhibit CDC.

In this study, we found that IgG4 extracted from a patient
with cancer did not react to the same cancer tissue but IgG1
did. We speculate that this could be due to the fact that
most IgG4s were bispecific, that is, its two Fabs reacted to
different antigens due to FAE, and therefore its reactivity to
cancer antigens was unstable, which could not be demon-
strated with a biotin-labeled IgG4 applied on cancer tissue
sections in our experiment. Previously it was shown that
IgG4 could evolve from other IgG subtypes, and it could
be also directly produced by plasma cells*® without being
specific to cancer antigens.

There have been extensive studies on Fc receptors on
immune effector cells. Such receptors are divided into
three major types and at least six subtypes with FcyRIIa as
the inhibitory type and the rest as the activating types.* *! **
All four types of IgG were found to react to these receptors
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with their Fc fragments at different strengths. In this study,
we blocked the three receptor subtypes with respective anti-
bodies and identified the specific receptors for IgGl and
IgG4. We found that IgG4 could completely block IgGl
from binding to Fc receptors, although each of the two
antibodies has its own preferred Fc receptor subtypes. This
could be due to interfering or shielding of the receptor
binding sites by stereo structures of IgG4. We also found
that a relatively high concentration of IgG4 in the environ-
ment is necessary for it to effectively block IgGl binding.
Such a concentration would be available in cancer as we
found that IgG4 was markedly elevated in cancer micro-
environment. It was interesting to note that not only non-
cancer-specific IgG4 could reverse the effect of ADCC but
non-cancer-specific IgG1 also reversed the ADCC effect but
to a lesser extent. The difference between the two was statis-
tically significant and both were also statistically different
from that of the control with human albumin. The likely
explanation for this observation was that IgG4 was able to
block the ADCC reaction at two levels, that is, one at the
cancer-bound IgGl level and another at the Fc receptor of
the immune effector cell level, while non-cancerspecific
IgG1 only interfered the reaction at one level, that is, the
Fc receptor level. As the affinity of IgGl for Fc receptors is
higher than that of IgG4,* more IgG4 is needed to block
IgGl binding to Fc receptors, as demonstrated in our
experiments.

It has been shown that class switching of lymphocyte
toward production of IgG4 can be promoted by a T
helper 2-biased response with expressions of cytokines
interleukin (IL)-4, 1L-13,% ® IL-10, vascular endothelial
growth factor (VEGF),” ** ® I1-12 and 11-21.°° " 1gG4
was increased in parasite infections and chronic antigen
stimulation in autoimmune diseases.”* *® * 1gG4 would
then suppress the chronic inflammation to confine tissue
damage.”” It appears that cancer cells are chronic anti-
gens that continuously stimulate the local immune cells
leading to increase of IgG4-producing plasma cells in
cancer. This in turn causes IgG4 to increase first locally
and then in circulation.

The in vivo tumor model with immune potent mice
performed in this study clearly demonstrated that IgG4
accelerated cancer growth. In the breast cancer model,
this led to almost doubled tumor size in 21 days in compar-
ison with controls without IgG4. In the carcinogen-
induced skin tumor model, application of IgG4 for 12
weeks led to a total tumor volume 12 times larger than the
group treated with IVIG without IgG4 and about six times
larger than the group treated with PBS alone. As there is
no direct effect of IgG4 on cancer cell growth (figure 4I),
the only explanation was that IgG4 inhibited local
immune response against cancer resulting in immune
escape. The decreased lymphocytes in the IgG4 group of
our animal model supports this notion. A similar exper-
iment was performed” on NSG (NOD/SCID-gamma)
mice engrafted with human immune effector cells. They
found that cancer-specific IgG4 (anti-CSPG4) antibody
could block the cancer killing effect on subcutaneous

melanoma mediated by cancer-specific IgGl. The differ-
ence of our finding was that the IgG4 did not need to be
cancer-specific. Local increase of IgG4 molecule would
lead to local immune inhibition that indirectly promotes
cancer growth, and this effect was likely rendered by the
Fc fragment of IgG4 rather than antigen-specific Fab frag-
ment as claimed by others.*’

A previous study reported that IVIG could prevent the
development and inhibit the growth of cancers in mice.”
In this study, treatment with IVIG deprived of IgG4 signifi-
cantly inhibited the development of inoculated cancer
in comparison with the control and the IgG4-treated
groups. It appears that the immune inhibitory effect of
IgG4, regardless of its antigen specificity, demonstrated
in vitro is also effective in vivo. It should be noted that
in these animal models, we used human IVIG and IgG4
instead of mouse IgG because the volume of mouse IgG
was too small to be extracted from and applied to the
small animals. We demonstrated in this study that human
IgG4 could effectively react to mouse IgG via the Fc-Fc
reaction (online supplementary figure Sb).

From our observations, a new humoral immune editing
mechanism emerges with non-cancer-specific IgG4
playing a central role. The following mechanism is likely
atwork. Growing cancer cells act as a chronic antigen stim-
ulant that induces marked increase of IgG4-producing B
lymphocytes resulting in elevated concentration of IgG4
in cancer microenvironment and in patients’ serum. IgG4
then reacts to cancer-specific IgG (mostly IgG1) that has
bound to cancer antigens, with its inherited ability of Fc
to react to the Fc of immobilized IgG. This reaction is
likely facilitated by increased concentration of GSH and
increased protease found in most cancer tissues. At the
same time significantly increased IgG4 in cancer micro-
environment also reacts with Fc receptors of effector
leukocytes, thereby blocking effector immune response
against cancer. This new mechanism was validated by the
results of the mouse models where locally administered
IgG4 significantly increased cancer growth in comparison
with the control groups in which no IgG4 was applied.
This proposed IgG4-mediated immune evasion mecha-
nism is illustrated diagrammatically in figure 6.

We also tested a Food and Drug Administration-approved
antibody drug to PD-1 (nivolumab), which has been widely
used in cancer immune therapy, in the animal model as it
is also of the IgG4 subtype. We found that anti-PD-1 and its
Fc fragment led to accelerated cancer growth in compar-
ison with the controls. Recent awareness of hyperprogres-
sive disease (HPD) associated with anti-PD-1 and anti-PD-L1
monoclonal antibody treatment for cancer has caught wide-
spread attention,”* but no consensual explanation for this
phenomenon has arrived. HPD appeared to be a common
complication for immunotherapy with nivolumab in many
cancer types, including head and neck squamous cell
carcinoma,” non-small cell lung cancer,” gastric cancer®™
and so on. Our findings suggest that these IgG4 antibody
drugs might have undesired side effects of inhibiting local
immune responses and indirectly promote cancer growth.
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structural and biological property, increased IgG4 in cancer microenvironment mediates an effective immune escape for cancer.
ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; CDC, complement-

dependent cytotoxicity; NK, natural killer cells.

When the specific target molecule is present in cancer, these
IgG4 antibody drugs might be effective. However, when
the targets are absent or scanty, the IgG4’s immune inhib-
itory effect might prevail and accelerate cancer growth.
This possible detrimental effect of IgG4 might contribute
to HPD in patients treated with PD-1 targeting drugs with
IgG4 structure.” These drugs should possess the proper-
ties of IgG4 described in this and other reports.*® 1 *
To stabilize the hinge region and prevent FAE, the IgG4
used in clinic immunotherapy usually carries a mutation
at position 228 of the heavy chain at the hinge region.’
However, in our experiments this mutation did not seem
to prevent Fc-Fc reaction (online supplementary figure S3)
and the immune blockage effect of nivolumab (IgG4) Fc
leading to the largest cancer size in our animal experiment
(figure 5C,D). We hope that this result will draw attention
of the oncology community to this phenomenon in cancer
immune therapy. The clinical and biological implications
of this observation warrant further investigation.

What was intriguing in our findings is that the increased
IgG4 in patients with cancer was not necessarily cancer-
specific, that is, it did not seem to react to cancer antigen
of the same patient, although we could not rule out that
there were cancer-specific IgG4 antibodies in the cancer
microenvironment. Because of the often bispecific nature

of IgG4’s Fabs, their binding to antigens, even if it exists,
might not be able to withstand the procedure of immuno-
histochemistry to be visualized. Nevertheless, it reacted to
cancer-bound IgGl and competed with Fc receptors on
immune effector cells. Both reactions were accomplished
with its Fc fragment. In addition, when we used IgG4 from
different sources, they all gave the same exact results both
in vitro and in vivo. Therefore, IgG4 molecule itself without
its specific antigen-recognizing variable region is sufficient
to exert the inhibitory effect on local immunity.

These actions of IgG4 found in this study represent
a previously unrecognized dimension of cancer immu-
nology. In addition to going through specific antigens and
receptors, this response uses the Fc fragment of IgG4 to
react with the Fc of other antibodies and to Fc receptors
of immune effector cells. This mechanism may provide
new insights into the immunopathology of cancer, IgG4-
related diseases and immune tolerance in general. Manip-
ulation of B cells and the concentration of IgG4 in cancer
may bring benefits to cancer immunotherapy.
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