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ABSTRACT
IgG4 subclass antibodies are expressed in alternative Th2 environments featuring high IL-10 expression, 
including several solid tumors such as melanoma. To induce tolerance, allergen immunotherapy mediates 
antibody class switching from pro-inflammatory IgE to anti-inflammatory IgG4. We previously reported 
that IgG4 drives allergic M2 macrophages toward tolerogenic states. Here we assessed the roles of IgG4 
and macrophage activation in colorectal cancer (CRC).

In this observer-blinded, case-control study, we analyzed total circulating serum IgE, IgG1 and IgG4 
levels in CRC (n = 38) patients with (n = 13, TxNxM1) or without (n = 25, TxNxM0) metastasis, and in healthy 
donors (n = 21). Primary cultures of circulating monocyte-derived macrophages from healthy controls and 
CRC patients were further evaluated in their responses to stimulation with IgG1 or IgG4.

We found higher absolute serum levels of IgG4 in patients with CRC. IgG4 enabled polarization of 
macrophages derived from CRC patients and healthy controls into alternatively-activated tolerogenic M2b 
phenotypes. IgG4-stimulated M2 macrophages were characterized by lower surface CD206, CD163, CD14, 
and CD11b expression and higher CCL-1, IL-10, and IL-6 production. IgG4 was less potent that IgG1 in 
triggering antibody-dependent cell-mediated phagocytosis (ADCP) of cancer cells. Further, higher z-nor-
malized IgG4/-IgE sera level ratios correlated with the presence of metastasis (p = .0247 and p = .0009, 
respectively) in CRC patients.

High IgG4 in CRC synergizes with macrophages in shaping an immunosuppressive microenvironment 
and impairs anti-cancer effector cell functions. The shift of serum IgG4/IgE ratios toward enhanced 
tolerance induction in metastatic disease indicates a role for high IgG4 in disease progression and poor 
prognostic outcome.
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Introduction

Immunoglobulin E (IgE) induces a strong activation of Fc 
epsilon receptors (FŒRs) and can activate cytotoxic innate 
effector cells, such as eosinophils, monocytes, macrophages, 
and mast cells. These functions are widely established in 
allergic inflammation. In cancer, besides the debated roles 
of mast cells, 1 tumor-associated tissue eosinophilia (TATE) 
and macrophage (TAM) infiltration are considered charac-
teristics of on-site inflammation .2–6 These infiltrates could 

however contribute to anti-tumor responses via antibody- 
dependent cell-mediated cytotoxicity (ADCC) and phago-
cytosis (ADCP) when stimulated by IgE. Furthermore, 
accumulation of IgE directed to cancer tissues can contri-
bute to anti-tumor inflammation stimulated by highly- 
expressed cancer antigens form tumor-associated molecular 
patterns (TAMPs), facilitating IgE cross-linking and thereby 
triggering release of cytotoxic macrophage and mast cell- 
derived mediators, such as TNF-α. Both effector and 

CONTACT Erika Jensen-Jarolim erika.jensen-jarolim@meduniwien.ac.at Institute Pathophysiology and Allergy Research, Center for Pathophysiology, 
Infectiology and Immunology, Medical University of Vienna, Vienna, 1090, Austria.
*contributed equally
IgG4-expressing cells are found in close vicinity to macrophages in colorectal cancer (CRC) tissues;IgG4 stimulation induces an immune-regulatory M2b-like 
macrophage phenotype;IgG4 shows impaired effector cell functions against cancer cells, e.g. antibody-dependent cell-mediated phagocytosis (ADCP).IgG4- 
expressing cells are found in close vicinity to macrophages in colorectal cancer (CRC) tissues;IgG4 stimulation induces an immune-regulatory M2b-like 
macrophage phenotype;IgG4 shows impaired effector cell functions against cancer cells, e.g. antibody-dependent cell-mediated phagocytosis (ADCP).

Supplemental data for this article can be accessed on the publisher’s website

ONCOIMMUNOLOGY                                        
2021, VOL. 10, NO. 1, e1880687 (12 pages) 
https://doi.org/10.1080/2162402X.2021.1880687

© 2021 The Author(s). Published with license by Taylor & Francis Group, LLC. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-5884-8256
http://orcid.org/0000-0003-0351-6937
http://orcid.org/0000-0002-6216-193X
http://orcid.org/0000-0003-1652-2965
http://orcid.org/0000-0002-5209-0488
http://orcid.org/0000-0002-9177-0101
http://orcid.org/0000-0002-7478-4173
http://orcid.org/0000-0002-4100-7810
http://orcid.org/0000-0003-3832-6957
http://orcid.org/0000-0003-4019-5765
https://doi.org/10.1080/2162402X.2021.1880687
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2021.1880687&domain=pdf&date_stamp=2021-02-06


immune-stimulating functions can induce anti-tumor effec-
tor cell activation .7

A significant portion of tumor-infiltrating lympho-
cytes, however, have been identified as regulatory 
T cells (Tregs) or regulatory B cells (Bregs), which are 
reported to actively suppress immune responses. They 
create an immunomodulatory microenvironment by 
production of immunosuppressive mediators, such as 
IL-10. IL-10 on the one hand indirectly downregulates 
IgE production, 8 while on the other hand it accelerates 
IL-4 mediated isotype switch toward IgG4 production 
by B cells .9 IL-10 is therefore critical in tipping the 
balance toward a low IgE/IgG4 ratio. This is well known 
in the context of IgE-mediated allergy, where allergen 
immunotherapy typically shifts the response toward 
IgG4 production, a process known to be associated 
with immune tolerance toward the allergen. In contrast 
to IgE, IgG4 induces the weakest activation of FcγRs on 
effector cells out of all immunoglobulins, and it is the 
only IgG subclass/isotype which does not activate the 
complement system .10 Previous studies in melanoma11 

and preliminary findings in CRC indicate that IgG4 is 
expressed in cancer tissues .12,13 Irregular serum IgG4 
levels and concurrent diagnosis of IgG4-related diseases 
have been reported in several cancer types .14–18 

Abundant IgG4+ plasma cell infiltrates were described 
in pancreatic cancer tissues19 and IgG4 was found to be 
the dominant IgG subclass in both serum and tumor 
tissue of patients with thyroid carcinoma, 20,21 where 
IgG4+ plasma cells were associated with unfavorable 
prognostic aspects, such as multi-focality. Further, in 
gastric cancer, higher numbers of IgG4-positive cells 
in tumor tissues were associated with disease progres-
sion and poor prognostic outcomes .22

In cancer tissues, approximately 50% of infiltrating 
immune cells have been identified as macrophages, 
often polarized to the alternatively-activated “M2” phe-
notype .4 We have previously shown that the (“alterna-
tively-activated”) subtype M2a, which is prominent in 
IgE-mediated allergy, is repolarized to an immune- 
regulatory (“type II activated”) phenotype M2b in the 
presence of IgG4 .23 It is known that M2 macrophages 
may create a pro-tumorigenic microenvironment2,24–26 

which correlates with angiogenesis, 25,27,28 survival and 
proliferation of tumor cells .3,27 However, the macro-
phage subtype responsible for these modulatory signals 
has not been defined consistently. In line with the 
AllergoOncology concept [27, 28], we transferred and 
adapted our experiments with alternatively differen-
tiated macrophages from the allergy field into oncology. 
Here we evaluated whether IgG4, previously reported to 
be overexpressed in melanoma and other cancers with 
poor outcomes, can stimulate M2a and M2b macro-
phages to adapt immunosuppressive states and to 
enhance production of IL-10 and other immunomodu-
latory mediators. We asked whether IgG4 can support 
a pro-tumorigenic microenvironment by driving TAMs 
into immune-modulating phenotypes and by disruption 
of antibody-dependent cell-mediated cytotoxicity 

(ADCC) and phagocytosis (ADCP). We furthermore 
aimed to assess whether these findings could be con-
firmed and correlated with disease progression in color-
ectal cancer (CRC) and, potentially, in other cancer 
cohorts.

Materials and methods

Study population

The study was conducted between 2016 and 2018 at the 
Department of General Surgery, St. Vincent Hospital Vienna 
(“Barmherzige Schwestern Wien”), Austria, after approval by 
the hospital’s Ethics Committee Board (Nr. 201604_EK01). 
The participants were either in hospital for an elective colono-
scopy (controls) or for staging and/or surgery in recently 
diagnosed colorectal cancer (CRC patients) with (=TxNxM1) 
and without (=TxNxM0) systemic metastasis at initial diagno-
sis. Clinical characteristics (e.g. TNM stage, drug and allergy 
anamnesis), laboratory parameters, and follow-up data (e.g. 
mortality) were obtained from surgical and pathological 
records. The blood samples were rapidly sent to our research 
lab for analysis by a blinded study member (RB).

In total, 66 patients (N = 66) were recruited at the in-patient 
ward of the Department of General Surgery, St. Vincent Hospital 
Vienna, Austria. Blood samples were obtained after gaining 
written informed consent and rapidly analyzed in a blinded 
manner as described above. Six (n = 6) patients were excluded 
due to flaws in blood sampling or pre-analysis. One patient 
(n = 1), classified as M0 upon inclusion and diagnosed with 
peritoneal cancerosis during surgery, was excluded from further 
analysis, as systemic metastasis had not been established at initial 
diagnosis and mode of metastasis, i.e. local versus hematogenic, 
was unclear. Nine (n = 9) patients were excluded from the 
analyses because of IgE-mediated allergy and five (n = 5) patients 
had insufficient viable PBMCs in serum for consequent analyses. 
Thus, forty-five (n = 45) patients (62.2% male; age 
67.4 ± 11.1 years) were eligible for analyses:

● Non-CRC patients with normal colonoscopy (=controls) 
(n = 15);

● CRC patients (n = 30):
(1) without systemic metastasis at initial diagnosis 

(=TxNxM0) (n = 20);
(2) with systemic metastasis at initial diagnosis (=TxNxM1) 

(n = 10)

Inclusion criteria:

• age between 18 and 85 years
• recent initial CRC diagnosis, without any preceding or 

neo-adjuvant therapy (CRC patients)
• normal colonoscopy during the last month (controls)
• adequate German language skills
• signed declaration of consent

Exclusion criteria:

• innate or acquired immune deficiencies

e1880687-2 G. JORDAKIEVA ET AL.



• ongoing potentially immune-modulating therapies
• active infectious or inflammatory (bowel) disease
• any other kind of malignancy in patient history
• previously diagnosed IgG4-associated disease and/or 

known serum IgG4 elevation.

Immunohistochemistry (IHC) and Immunofluorescence (IF) 
staining

For immunostaining protocols, were prepared paraffin 
blocks from 13 CRC patients using the resection tissues. 
The 13 CRC patients derived specimens do not overlap 
with the recruited study population investigated in any 
other protocol. Serial 4-μm sections were on a microtome 
(Leica) cut from CRC tumor samples previously fixed in 
buffered 3.9% formalin and paraffin-embedded. Sections 
were deparaffinated in Xylene for 20 minutes and rehy-
drated by serial incubations in alcohol. Heat-induced anti-
gen retrieval was performed in a pressure steam cooker 
with Tris-EDTA buffer, pH 9 during 15 min. 
Permeabilization was done with PBS 0.2% Tween20 for 15 
min, and blocking with 5% FCS in PBS, for 30 min at RT. 
For immunohistochemistry method, DAKO EnVision+, 
Peroxidase system (DAKO, Glostrup, Denmark) anti- 
mouse was used. Sections were counterstained with hema-
toxylin for nuclear visualization. Alternatively, a fluorescent 
triple staining was performed using: 1) mouse anti-human 
IgG4 clone HP6025 1:500 (Genway Biotech); 2) rabbit anti- 
human CD38 clone EPR4106 dilution 1:100 (Abcam); 3) 
goat anti-human CD68 clone C-18: sc-7082 dilution 1:100 
(Santa Cruz Biotechnology). The secondary antibody used 
were: 1) donkey anti-mouse IgG AF568 (Abcam); 2) donkey 
anti-rabbit IgG AF488 (Abcam); 3) donkey anti-goat IgG 
AF647 (Abcam). Samples were counterstained with DAPI 
(1:1000 dilution) and mounted in Moviol (Sigma-Aldrich). 
TissueFAXS (TissueGnostics, Vienna, Austria), a fully auto-
mated multi-channel immunofluorescence tissue analysis 
system was used for the acquisition of diseased specimen. 
For acquisition, the 20x/0.5 or the 40x/1.3-oil objectives 
were used (EC Plan_NeoFluar, Zeiss) .29 Filter sets were 
from Chroma TechnologyCorp (DAPI 350/460 nm; FITC/ 
Cy2 470/525 nm; mCherry/TxRed 560/630 nm; Cy5 620/ 
700 nm). Images were processed using Java image proces-
sing program Fiji software. IgG4 positive expression on 
CRC tumor samples were evaluated by HistoQuest software 
(TissueGnostics, Vienna, Austria) .30

Serum levels measurement of total IgG1, IgG4 and IgE

Human peripheral blood was obtained by venipuncture using 
coated with lithium heparin (Greiner Bio-One, Austria) 
vacuum tubes CAT serum separator clot activator (Greiner 
Bio-One, Austria) or coated with lithium heparin (Greiner Bio- 
One, Austria) and then transferred in 2 ml tubes. In both the 
procedures the samples were allowed to clot for at least 30 min 
at room temperature in an upright position and were then 
centrifuged at 1800xg for 10 min. Serum was recovered and 
stored in fresh 1.5 ml tubes at −20°C. Serum levels of total of 
IgG1, IgG4, and IgE were determined on a BNII nephelometer 

(Siemens Healthcare Diagnostic Products, Vienna, Austria). 
The measured concentrations of total sera IgG1, IgG4, and 
IgE were normalized using a z-normalization formula for 
each class separately. 

z ¼
x � �x

σ 
�x= mean of total sera concentration for the specific class; 
σ = standard deviation of total sera concentration for the 
specific class.

We obtained three values: z-normalized IgG1 (zIgG1) 
values, z-normalized IgG4 (zIgG4) values, and z-normalized 
IgE (zIgE) values.

Then, we hypothesized that the zIgG4 values could correlate 
positively with the metastatic stage of CRC and zIgE values could 
correlate negatively with the metastatic stage of CRC. To demon-
strated that we created the zIgG4/-zIgE ratio that could include 
both the characteristics. As controls, zIgG1/-zIgE ratios were used.

Purification and treatment of monocytes from peripheral 
blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were obtained 
from lithium heparin samples and monocyte cells were purified 
from the other cells by plastic adhesion method as previously 
described .23 Briefly, PBMCs were isolated by Ficoll-Paque (GE 
Healthcare, Solingen, Germany) (density 1.077 g/ml) gradient 
centrifugation (400 × g, 30 min, 20°C, in a swinging-bucket 
rotor without brake). The white layer of PBMCs was recovered 
and washed 3 times in RPMI 1640. After the last wash the cells 
were resuspended and seeded in 6 well plates (Falcon, Corning, 
NY) at a concentration of 2 × 106 cells/ml, 3.5 ml/well. After 
2 hours, non-adherent cells were washed away 2 times and 
adherent cells (monocytes) were maintained in RPMI 1640 
with 10% heat-inactivated FBS, and 1% of P/S (cRPMI), sup-
plemented with 20 ng/ml rh-M-CSF for 7–9 days. Half of the 
medium was refreshed every 2–3 days. Purity of monocyte cells 
was assessed after 3 days of culture by multicolor staining of 
CD3, CD11b, and CD86, using the SYTOX™ Green Ready 
Flow™ Reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) to exclude dead cells23(data not shown).

Macrophage polarization and stimulation with IgG1 or 
IgG4 immune complex

Adherent monocytes acquired the mature macrophage char-
acteristics after 7–9 days of in vitro culture with 20 ng/ml rh- 
M-CSF. Macrophages were then detached using ice-cold 
PBS−Ca-Mg supplemented with 2.5 mM EDTA (PBS/EDTA) 
pH 8.0 and allowed to recover in cRPMI. To mimic the crea-
tion of IgG1 or IgG4-related immune complexes (ICs) we used 
plate-bound human myeloma IgG1 (mIgG1) or IgG4 (mIgG4) 
(Athens Research and Technology, Athens, GA) as described 
in previous study .23 Briefly, a 96 well plate (Falcon, Corning, 
NY) was coated with mIgG1 or mIgG4 antibodies, 5 µg/well in 
HBSS (50 µg/ml), at 37°C, 5% CO2, 95% humidity for 1 h, and 
then washed twice with 200 µl of cRPMI. Then, macrophages 
were seeded in the wells coated or not with ICs at a cell con-
centration of 1.5 × 105 cells/ml. To polarize the cells in M2a 
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macrophages were used cRPMI supplemented with 20 ng/ml 
rh-M-CSF, 20 ng/ml rh-IL-4, and 20 ng/ml rh-IL-13.

Staining and flow cytometric analysis

After 72 h, M2a cells incubated with or without IgG1- or IgG4- 
ICs were detached using ice-cold PBS/EDTA and washed twice 
with cell staining buffer (cat.420201 BioLegend, San Diego, 
CA), for surface marker phenotypization. Then, cells were 
incubated with a multicolor staining mix of monoclonal anti-
bodies against CD14, CD86, CD11b, CD163, and CD206 or 
their isotype controls (BioLegend, San Diego, CA) diluted 
1:100 in staining buffer for 30 min at 4°C followed by 2x 
washing with staining buffer. Samples were acquired by 
FACS Canto II (Becton Dickinson, Franklin Lakes, NJ) and 
analyzed with the FlowJoTM Software version 10.3 (FlowJo, 
LLC, Ashland, OR, USA). Several FlowJo plugins were used 
to improve the Flow cytometer data analyses. First, the FlowAI 
plugin was used to identify anomalous events and clean the 
data by removing them. Second, the DownSample plugin was 
used to reduce the number of events necessary for the repre-
sentation of all the parameters datasets in a two-dimensional 
space to 9.000 events. Finally, a machine learning algorithm 
uniform manifold approximation and projection (UMAP) was 
used for dimensionality reduction by using the UMAP plugin. 
For the characterization of each parameter the geometric mean 
fluorescence intensity (MFI) values that were calculated for 
each fluorochrome were used. The z-normalization of MFI 
for each staining antibody and each donor was performed for 
M2a, M2a + IgG1, and M2a + IgG4.23 (Supporting information 
for z-norm calculation).

ELISA

Supernatants from M2a cells either incubated on IgG1- or 
IgG4-IC-coated plates or not (see above) were collected after 
72 h and IL-10, IL-6, and TNFα were analyzed by ELISA 
(Thermo Fisher Scientific, Waltham, MA), IL-12p70 by 
ELISA (BioLegend, San Diego, CA), and CCL1 by ELISA 
(R&D Systems, Minneapolis, MN, USA), following the suppli-
er’s instructions. The z-normalization of the concentration for 
each cytokine/chemokine and each donor was performed for 
M2a, M2a + IgG1, and M2a + IgG4.

Cells used for the antibody-dependent cell-mediated 
cytotoxicity/phagocytosis (ADCC/ADCP) assay

The human epidermal epithelial carcinoma cell line A431 
(ATCC CRL-1555), and the human colon adenocarcinoma 
cell line CaCo2/TC7 (ATCC HTB-37) were maintained in 
high glucose DMEM (4500 g/l glucose). The medium for 
CaCo2/TC7 was supplemented with 20% heat-inactivated 
FBS, 2 mM L-glutamine, 1 mM NEAA and 1 mM of P/S 
(cDMEM_CaCo2). The medium for A431 is similar to 
cDMEM_CaCo2 with the exception of 10% heat-inactivated 
FBS, and 4 mM L-glutamine (cDMEM_A431); the human 
colon adenocarcinoma cell line HT-29 (ATCC HTB-38), and 
the human myelomonocytic cell line U937 (ATCC CRL- 
1593.2) were maintained in RPMI 1640, supplemented with 

10% heat-inactivated FBS, 1 mM of P/S, and 1 mM NEAA 
(cRPMI). All the cell lines were incubated at 37°C in 5% CO2 
atmosphere .31

Target cell preparation for ADCC and ADCP

The human epidermoid carcinoma cell line A431, the human 
colon adenocarcinoma cell line HT-29, and the human colon 
adenocarcinoma cell line CaCo2/TC7 express different levels of 
EGFR (Repository Figure 1a). For CFSE staining, human can-
cer cell lines were detached with Accutase solution (Sigma- 
Aldrich, St. Louis, MO), following the supplier’s instructions. 
The resulting cells were washed in HBSS and incubated (3x106 

cell/ml) with 1 µl of 5 mM CFSE each ml for 20 min at 37°C 
and kept protected from light (Repository Figure 1b). After the 
staining period, the cells were washed with cRPMI by adding 5 
times the original staining volume. Then, the cells were 
counted and seeded in 24-well plate at a cell concentration of 
3.5 × 105 cells/ml and left adhere O.N.

Effector cell preparation for ADCC and ADCP

U937 monocytic cells were stained with 1:100 anti-FcαRI 
(CD89) APC (BioLegend, San Diego, CA) at 4°C after the 
killing assay. The anti-FcαRI (CD89) APC used for the staining 
of monocytic cells was labeling only the effector cells and not 
the tumor target cells (Repository Figure 1c).

Cell incubation and labeling for the cytotoxicity/ 
phagocytosis assay

The CFSE-labeled tumor target cell lines in the 24 well plate, 
were incubated with 20 µg/ml of cetuximab derived anti- 
hEGFR-IgG1 or -IgG4 subclasses/isotypes (InvivoGen, 
Toulouse, France), (or myeloma mIgG1 and mIgG4 as control) 
and with U937 monocytic cells at a cell concentration of 
3.5 × 105 cells/ml for 2 hours at 37°C and 5% CO2. The 
tumor cells and the monocyte/macrophage cells were seeded 
at a 1:1 ratio. After the incubation time, all the cells were 
detached with ice-cold PBS/EDTA and then washed with 
HBSS. The resuspended cells were incubated for 
10–15 minutes at RT, protected from light with Zombie 
Violet™ (BioLegend, San Diego, CA) to assess live vs. dead 
status of the cells. Without washing, the cells were stained 
with anti-FcαRI (CD89) APC (BioLegend, San Diego, CA) at 
RT for 15 minutes. After that 0.5 ml of cell staining buffer 
(BioLegend, San Diego, CA) was used to wash the cells and 
then the cell pellet was resuspended in 200 µl of cell staining 
buffer and then the samples were acquired using an FACS 
CANTO II flow cytometer (Becton Dickinson, Franklin 
Lakes, NJ).31

Flow cytometric analysis

Recorded events by FACS Canto II flow cytometer (Becton 
Dickinson, Franklin Lakes, NJ, USA) were analyzed with the 
FlowJoTM Software version 10.3 (FlowJo, LLC, Ashland, OR, 
USA). FlowAI plugin was used to identify anomalous events 
and clean the data by removing them. We designed a gate 
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strategy (Repository Figure 2(a-d)) to identify tumor cells 
killed by ADCP (CD89-APC and CFSE-FITC double positive 
cells) and tumor cells killed by ADCC (Zombie Violet™-Pacific 
Blue and CFSE-FITC double positive cells).

Statistical analysis

The graphs and the statistical analyses were performed with 
GraphPad Prism version 8.4.0 for Macintosh (GraphPad 
Software, La Jolla, CA, USA) and with R software (R version 
3.6.2.). Validation of data from surface marker expression and 
cytokines/chemokines concentrations was done by repeated- 

measures one-way ANOVA and Tukey multiple comparison 
post-hoc test. The level of statistical significance is defined as n. 
s. (not significant) P > .05, # P < .1, * P < .05, ** P < .01, *** 
P < .001, **** P < .0001.

Shapiro-Wilk test was used to test normality on the natural 
logarithm of laboratory data before applying Pearson’s correla-
tion coefficient test with zIgG4/-zIgE and zIgG1/-zIgE.

The Youden index and the AUC were calculated using 
receiver operating characteristic (ROC) analysis to determine 
an optimal cutoff value for the zIgG4/-zIgE ratio to discrimi-
nate between metastatic and non-metastatic patients using 
a binormal method. We classified the donors regarding the 

Figure 2. Evaluation of total zIgG4/-zIgE ratio and of total zIgG1/-zIgE ratio. Total IgG4, IgG1 and IgE levels of healthy donors, primary cancer patients and 
metastatic patients were measured. After z-normalization of all their values, we calculated the total zIgG4/-zIgE ratio in comparison with total zIgG1/-zIgE ratio. (a) 
Significantly higher values of total zIgG4/-zIgE ratio were found in metastatic compared to primary tumor patients (p = .0009433) and to healthy donors (p = .02474). (b) 
No significant differences were found when we evaluated the total zIgG1/-zIgE ratio. One-way ANOVA with Tukey post-hoc test was performed. n.s. P > .05, # P < .1, * 
P < .05, *** P < .001, **** P < .0001.

*
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Figure 1. Measurement of total IgG4 sera levels in all the different cluster of donors. Total IgG4 levels of healthy donors, primary cancer patients and metastatic 
patients were measured. After z-normalization significantly higher total IgG4 sera levels (zIgG4) were found in metastatic compared to primary tumor patients 
(p = .01109). One-way ANOVA with Tukey post-hoc test was performed. n.s. P > .05, * P < .05.
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presence of metastases including in the non-metastatic donors 
also the healthy donors: non-metastatic donors (class = 0), 
donors with metastases (class = 1). Then, we use a R script 
and the R package “ROCit” to derive all the parameters. 
A script in R was written to obtain all the statistical values 
and the graphs. The level of statistical significance was evalu-
ated using the z-test: null hypotheses H0: AUC = AUC0; AUC0 
= AUC with chance level (AUC = 0.5) .32 One-way ANOVA 
was applied for comparison of the zIgG4/-zIgE ratio between 
groups. All statistical results with a p-value <0.05 were consid-
ered significant.

We aimed at 80% power (alpha = .05) considering a one- 
way between-subjects ANOVA across three groups. Our calcu-
lations showed that the suggested number of participants was 
N = 60 and the study would be sensitive to effects of partial eta- 
squared (η2

p) = 0.14, equating to a large effect. After exclusion 
of participants from calculations due to the reasons stated 
above (see “Study Population”), we had 45 participants across 
the three groups. In this case, the study is sensitive to effects of 
partial eta-squared (η2

p) = 0.19; thus, the number of patients 
analyzed in the CRC group are able to describe statistically 
significant large effects .33

Results

Serum levels of IgG1, IgG4, and IgE immunoglobulins

After z-normalization, we measured significantly higher total 
IgG4 serum levels in patients with CRC diagnosed with meta-
static compared to primary disease (p = .01109) (Figure 1). On 
the contrary, no significant changes were found after z-normal-
ization of total IgG1 and IgE serum levels (Repository Figure 3 
(a-b)). The z-normalized total IgG4/IgE serum level ratio for 

each donor (zIgG4/-zIgE) was significantly higher in metastatic 
patients compared to healthy donors (p = .02474), and also 
significantly higher compared to patients with primary disease 
(p = .0009433) (Figure 2a). Comparison of zIgG1/-zIgE values 
showed no significant difference between groups (Figure 2b).

Receiver operating characteristic (ROC) analysis of serum 
zIgG4/-zIgE and zIgG1/-zIgE

Receiver operating characteristics (ROC) analysis was per-
formed to determine the cutoff value of total serum zIgG4/- 
zIgE levels that can be used to predict the metastases in 
diagnosed tumor patients (Figure 3(a-b) and Table 1). ROC 
analysis determined that the best cutoff value for the total 
serum zIgG4/-zIgE level to predict the presence of metas-
tases was 1.04345 (p = 5.19081e-06). We also determined 
that, the area under the ROC curves (AUC) was 0.83438, 
the False Positive Rate (FPR) was 30% and the True 
Positive Rate (TPR) was 83%. On the contrary, the best 
cutoff value for the total serum zIgG1/-zIgE level, used as 
control, to predict the presence of metastases was 2.92326 
(p = .04461). The area under the ROC curves (AUC) was 
0.69702, the FPR was 50% and the TPR was 83%.

Evaluation of IgG4 expression in tumor tissue sites

Immunohistochemical staining of CRC cancer tissues were 
evaluated by the TissueFAXS methodology. We found that 
IgG4 was mainly expressed in tumor stroma amongst all inves-
tigated tumor samples (Figure 4(a-c)). IF staining of tissue 
sections from CRC patients showed that IgG4, likely produced 
by the CD38 positive B cells, was found near CD68-positive 
monocytes/macrophages in tumors (Figure 4(d-e)).
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Figure 3. Receiver operating characteristic (ROC) analysis of serum total zIgG4/-zIgE ratio and of total zIgG1/-zIgE ratio. Receiver operating characteristic (ROC) 
analysis of total zIgG4/-zIgE and total zIgG1/-zIgE was performed using R package “ROCit”. (a) Binormal ROC curves were constructed for diagnostic performance 
considering total zIgG4/-zIgE in metastatic patients versus primary tumor patients. Youden Index point was calculated to determine the optimal cutoff for the diagnosis 
of metastases. Area under the ROC curves (AUC) = 0.83438, False Positive Rate (FPR) = 0.30, True Positive Rate (TPR) = 0.83. (b) Binormal ROC curves were constructed 
and Youden Index point was calculated also for total zIgG1/-zIgE in metastatic patients versus primary tumor patients. Area under the ROC curves (AUC) = 0.69702, False 
Positive Rate (FPR) = 0.50, True Positive Rate (TPR) = 0.83.
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Macrophages stimulated with IgG4 displayed M2b-like phe-
notype surface markers and cytokine production characteristics

Using a multicolor flow cytometric panel of monoclonal anti-
bodies against the monocyte/macrophage lineage markers CD14, 
CD86, CD11b, CD163 and CD206, we investigated the phenotypic 
characteristics of human macrophages from healthy volunteers and 
from patients with CRC. We compared macrophages stimulated ex 
vivo with antibodies of different subclasses. Upon treatment of M2a 
cells with mIgG4, we applied dimensionality reduction to represent 
the shape of all events in two dimensions of the cell surface markers 
mentioned above. The obtained patterns differed from treatments 
between mIgG1 and mIgG1 stimulation (Repository Figure 6) in all 
groups, healthy donors, primary tumor patients and in metastatic 
patients. When considering the z-normalized geometric mean of 

intensity (zMFI) of each surface marker analyzed, we found that 
treatment of M2a with mIgG4 antibodies polarized macrophages 
toward an M2b-like phenotype (Repository Figure 7). Both mIgG4 
or mIgG1 induced a significant reduction of CD14, CD163 and 
CD206 expression in M2a cells from healthy, primary tumor, and 
metastatic patients compared to unstimulated M2a controls. This 
reduction in cell surface marker expression was more pronounced 
with mIgG4.

In agreement, also the cytokine and chemokine expression by 
M2a macrophages when stimulated with mIgG4 containing 
immune complexes (ICs) (Figure 5) resembled a pattern typical 
of an M2b regulatory macrophage phenotype and was different 
from that in mIgG1 or no-ICs stimulation samples for each tested 
cytokine.

U937 cell line: tumor cell line interaction when stimulated 
with immunotherapeutic IgG1 or IgG4 subclass

We next used antibodies applied in clinical oncology 
for the in vitro stimulation of human U937 monocytic 
cells. Dependent on the IgG1 or IgG4 subclass, and 

Table 1. ROC binormal analysis of CRC tumor patients.

AUC CI Cutoff P value

zIgG1/-zIgE 0.69702 0.50474–0.8893 2.92326 0.04461
zIgG4/-zIgE 0.83438 0.69056–0.9782 1.04345 5.19081e-06

Figure 4. Evaluation of IgG4 expression in CRC tumor site. (a) One representative immunohistochemistry staining of formalin fixed paraffin embedded colon cancer 
slides against IgG4 (brown spots). (b) Highlighted area in red was magnified and IgG4 (brown spots) are marked with white arrows. (c) Quantification of IgG4 cell 
positivity in ten different tumor slides. We found significantly more IgG4 positive cells in the stroma site than in the tumor site microenvironment (Paired two tails 
Student’s t test, p < .0001). (d) One representative IF staining of formalin fixed paraffin embedded colon cancer slides against CD38 positive B cells (green), against IgG4 
(red), and against CD68 positive macrophages cells (white). (e) Highlighted area in red was magnified to show the close contact between CD38+ green B cell expressing 
IgG4 (red spots) and CD68+ (white) macrophages.
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directly correlating with the EGFR expression levels in 
the tested cell lines (A431 ≫ HT29 > CaCo2), the α- 
EGFR therapeutic anti-tumor antibody cetuximab dis-
played different capacity to trigger phagocytosis of 
tumor cells by human monocytes (Repository Figure 
5). With IgG4, significantly lower percentages of 
tumor cells were killed by ADCP, compared to samples 
incubated with IgG1 (Figure 6).

Discussion

IgG4 expression has been linked to immune tolerance in aller-
gic diseases34 and shown to increase upon prolonged and/or 
high-dose antigenic stimulation in atopic patients undergoing 
allergen immunotherapy. Emerging findings also indicate that 
IgG4 is highly expressed in certain tumor tissue types19,22 and 
its presence correlates with poor prognosis in some 

malignancies. In this study we report significantly higher 
serum IgG4 levels and higher zIgG4/-zIgE ratios in metastatic 
compared to non-metastatic CRC patients. This shift in pro-
portions between serum IgG4 and IgE levels in metastatic 
patients indicates both an increase of circulating IgG4 and 
a decrease in circulating IgE levels, which is most strikingly 
illustrated as an elevated zIgG4/-zIgE ratio. Furthermore, we 
recently summarized the current knowledge on macrophage 
re-polarization and cytokine production in the context of 
potential pro-tumorigenic functions of IgG4, 35 by the reshap-
ing of the tumor microenvironment. Here, in colon tissues 
from CRC patients, we report that IgG4 was expressed in 
close proximity to macrophages. We present data in support 
of a critical role for IgG4 in driving human macrophages, such 
as those found infiltrating tumors, toward featuring cell surface 
molecule characteristics and secretory capacity of an alterna-
tively activated, immune-suppressive state.

Figure 5. Production of M2b-like cytokines/chemokines by M2a macrophages treated with mIgG1 or mIgG4 antibodies. The supernatants of monocyte-derived 
macrophages (MDM) from the PBMCs of healthy donors or primary tumor patients or metastatic tumor patients were polarized ex vivo for 72 h. M2a macrophages 
treated ex vivo with plate-bound myeloma IgG1 (mIgG1) or plate-bound myeloma IgG1 (mIgG4) or left untreated were evaluated by cytokine ELISA for the detection of 
CCL-1, IL-10 and IL-6 production. Our results showed an increase of CCL-1, IL-10 and IL-6 production by M2a macrophages treated with mIgG4, similarly to M2b-like 
cytokine and chemokine production. These findings were true for all PBMC donor groups. The z-normalization of pg/ml concentration was performed for each marker 
and each donor before the statistical validation. Gray bars: unstimulated M2a cells; white bars: M2a cells + mIgG1; black bars: M2a cells + mIgG4. The results from thirty- 
one independent experiments were combined for statistical analysis. One-way ANOVA with Tukey post-hoc test was performed. n.s. P > .05, * P < .05, ** P < .01, *** 
P < .001, **** P < .0001.
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Several pro- and anti-inflammatory mediators, which can be 
synthesized and released by macrophages, are involved in the 
process of tumorigenesis and metastasis. Pro-inflammatory 
cytokines (e.g. TNF-α, IL-6), particularly in chronic inflamma-
tion, can lead to reactive oxygen species-derived DNA-damage, 
resulting in tumor promotion. Anti-inflammatory cytokines 
(e.g. IL-10, TGF-β) support tumor expansion via immune 

evasion, with the invasive properties being promoted by both 
anti-inflammatory, that is epithelial-mesenchymal transition 
being enabled by TGF-ß, and pro-inflammatory cytokines, 
which are also involved in angiogenesis and metastasis. IL-8 
and other chemokines are involved in tumor cell migration. 
Serum IL-6 or IL-10 are discussed as potential markers of 
tumorigenesis stages and tumor-associated prognosis .36 

While progress has been made in the understanding of the 
mechanisms of these cytokines in the tumorigenic process, 
establishing a relationship between cytokine expression and 
disease progression, survival, and response to therapy remains 
a major challenge.

Cancer cells secrete chemoattractants (e.g., M-CSF, PDGF) 
which recruit monocytes from the periphery to the tumor site. 
Monocytes differentiate into TAMs with capacity to secrete 
pro- and also anti-inflammatory mediators depending on 
their differentiation states .3 While initially M1 macrophages 
can inhibit tumor growth, later M2-like macrophages create 
a favorable pro-tumorigenic microenvironment and are 
a source of high levels of immunosuppressive cytokines such 
as IL-10 .2,24,25 Importantly, IL-10 plays a role in enhancing 
IgG4 production on site. In healthy volunteer, and patient 
groups with primary or metastatic CRC, IgG4-stimulated M2 
macrophages manifested lower surface CD206, CD163, and 
CD14 expression and higher CCL-1, IL-10, and IL-6 produc-
tion, in an isotype-specific manner (Figure 6), a profile strongly 
resembling the M2b-phenotype [17] (Repository Figure 7), and 
consistent with that we previously reported in an allergy 
model .23

The release of immune-modulating IgG4 antibodies from the 
tumor stroma may promote a tolerogenic microenvironment by 
disruption of TAM mediated anti-tumor mechanisms, such as 
ADCC and ADCP. To assess whether exogenous IgG4 antibodies 
could similarly modify the effector response of macrophages, we 
used two isotype variants of the anti-EGFR therapeutic anti- 
tumor antibody cetuximab, both with the same variable regions, 
but with γ1 or γ4 constant domains. IgG4 (Figure 6) was less 
potent in eradicating EGFR-expressing tumor cells by ADCP than 
IgG1. Thus, TAMs may not only be modulated by endogenous 
IgG4 toward the immunosuppressive M2b-like phenotype, but 
are also less effective in becoming activated to kill tumor cells by 
exogenous IgG4 antibodies applied in clinical oncology .37 The 
potential effector functions of therapeutic antibodies may be 
a consideration in the design of therapeutic agents including 
potentially checkpoint inhibitor agents such as anti-PD1 IgG4 
antibodies Nivolumab or Pembrozilumab .38,39

In contrast to IgG4, IgE cross-linking on densely displayed, 
overexpressed tumor antigens forming TAMPs40 may trigger 
effector cell activation and release of mast cell-derived media-
tors, such as TNF-α. This can drive innate effector cell 
responses which can contribute to anti-tumor inflammation. 
The promising research on the role of IgE in cancer has led to 
the establishment of the emerging field of AllergoOncology, 
investigating multifaceted functions of IgE in cancer [27, 28]. 
Interestingly, IgE may reprogram monocytes and macrophages 
toward cytotoxic functions, 7,41 and the first therapeutic appli-
cation of tumor-specific IgE antibody MOv18 in ovarian can-
cer patients is presently ongoing in a registered clinical trial 
(NCT02546921).

Figure 6. Anti-human EGFR-IgG1 or IgG4 subclass effects on the ADCP and 
ADCC of tumor cell lines by human U937 monocytes. U937 in vitro mediated 
mainly ADCP (a) and lower levels of ADCC (b) of EGFR differently expressing A431, 
HT-29 and CaCo2 tumor cell lines (c). The percentage of tumor dead cells was 
evaluated by flow cytometric analysis following the gating strategy represented 
on Repository figure 2. Black bars: A431 cells; white bars: HT-29 cells; gray bars: 
CaCo2 cells. The results from three independent experiments were combined for 
statistical analysis. One-way ANOVA with Tukey post-hoc test was performed. ** 
P < .01.

ONCOIMMUNOLOGY e1880687-9



Overall, we provide evidence for a detrimental role of IgG4 
in CRC from combined in vitro and patient-derived phenoty-
pic and functional evaluations. We report here that: i) elevated 
IgG4-expressing cells occur especially in close vicinity to 
macrophages in CRC tissue; ii) higher levels of IgG4/-IgE ratios 
were found in metastatic compared to primary CRC disease, 
iii) in macrophages derived from healthy volunteers and dif-
ferent CRC patient groups, IgG4 stimulation could induce an 
immunoregulatory M2b-like macrophage phenotype, and iv) 
tumor antigen-specific IgG4 showed impaired antibody- 
mediated phagocytosis of tumor cells compared with IgG1. 
Taken together our findings support a role for IgG4 in impair-
ing macrophage activation which may have clinical relevance 
in CRC. The fact that macrophages in CRC patients have the 
same polarization plasticity as those macrophages from healthy 
donors, gives hope that it may be possible to immunologically 
manipulate and potentially diminish the tumor-promoting 
functions of IgG4 in the future.

Limitations

At this point, we cannot clearly extrapolate our findings to 
other tumor entities. While in preliminary studies, we found 
abundance of IgG4+ infiltrating cells in bladder, kidney and 
prostate cancers, our retrospective analyses of available sam-
ples from these cancer cohorts allowed for identification of 
similar trends (Supplementary Material 1). These studies 
must therefore be repeated in larger patient cohorts with 
a sufficient sample size.

Conclusions

IgG4 is highly expressed in CRC and drives M2a macrophages 
to a tolerogenic M2b-like phenotype. Our data indicate that the 
presence of IgG4 in CRC can shape an immunosuppressive 
microenvironment, resulting in cancer progression and poor 
prognostic outcomes. Total serum zIgG4/-zIgE ratio might 
prove a useful indicator of a metastatic CRC stage.
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