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Host-induced antibodies and their contributions to cancer inflammation are largely unexplored. IgG4 sub-
class antibodies are present in IL-10–driven Th2 immune responses in some inflammatory conditions. Since 
Th2-biased inflammation is a hallmark of tumor microenvironments, we investigated the presence and func-
tional implications of IgG4 in malignant melanoma. Consistent with Th2 inflammation, CD22+ B cells and 
IgG4+-infiltrating cells accumulated in tumors, and IL-10, IL-4, and tumor-reactive IgG4 were expressed in 
situ. When compared with B cells from patient lymph nodes and blood, tumor-associated B cells were polar-
ized to produce IgG4. Secreted B cells increased VEGF and IgG4, and tumor cells enhanced IL-10 secretion in 
cocultures. Unlike IgG1, an engineered tumor antigen-specific IgG4 was ineffective in triggering effector cell–
mediated tumor killing in vitro. Antigen-specific and nonspecific IgG4 inhibited IgG1-mediated tumoricidal 
functions. IgG4 blockade was mediated through reduction of FcγRI activation. Additionally, IgG4 significantly 
impaired the potency of tumoricidal IgG1 in a human melanoma xenograft mouse model. Furthermore, serum 
IgG4 was inversely correlated with patient survival. These findings suggest that IgG4 promoted by tumor-in-
duced Th2-biased inflammation may restrict effector cell functions against tumors, providing a previously 
unexplored aspect of tumor-induced immune escape and a basis for biomarker development and patient- 
specific therapeutic approaches.

Introduction
Despite numerous reports investigating the clinical significance of 
immune cells in the circulation and in tumor lesions, the nature of 
local B cell responses and functional contributions of antibodies 
produced in cancer are largely unexplored (1–4). Recent studies 
have mainly focused on the immunoregulatory roles of B cells in 
mouse models of cancer through mechanisms such as effector cell 
engagement of Fcγ receptors and production of cytokines such as 
TNF-α and IL-10 (5, 6).

B cells respond to a variety of local stimuli to differentiate, 
undergo class switching, and produce antibodies of specific classes 
and subclasses. Human B cells are known to produce 4 subclasses 
of IgG (IgG1, IgG2, IgG3, IgG4), with each subclass having differ-
ent biological functions (7, 8). These antibody types vary in their 
ability to activate immune system components, including the 
formation of the complement complex or the engagement of Fc 
receptors on the surface of effector cells (9). However, whether IgG 

subclasses and their effector functions are of significance in cancer 
inflammation is relatively unknown.

IgG4 is considered a “weak” subclass due to its poor ability 
to bind complement and Fc receptors and to activate effector 
cells. IgG4 production is normally associated with prolonged 
exposure to antigens and has been reported to interact with 
antibodies of the IgG and IgE classes through their Fc domains, 
potentially influencing antibody-mediated functions (10, 11). 
In healthy adult serum, IgG1, IgG2, IgG3, and IgG4 represent 
65%, 25%, 6%, and 4% of the total IgG pool, respectively, but 
these proportions may be altered in certain disease contexts  
(8, 12). Associations of IgG4 antibodies are reported in a range 
of chronic inflammatory and autoimmune conditions that 
feature infiltration of target organs by IgG4-expressing cells 
(13, 14). Despite association with inflammatory pathologies, 
in allergy, elevated serum IgG4 antibody titers correlate with a 
reduction of allergic symptoms and successful allergen immu-
notherapy (15, 16). In this context, IgG4 antibodies are thought 
to interfere with IgE-mediated effector cell activation. This indi-
rectly implies a functional significance of IgG4 in modulating 
antigen-specific antibody-mediated effector mechanisms and in 
inducing clinical tolerance (17, 18).
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The relationship between IgG4 and malignancy is largely unex-
plored. Infiltrating IgG4+ cells in lesions of patients with extrahe-
patic cholangiocarcinomas and pancreatic cancers were recently 
reported (19, 20), and early studies have indicated abnormalities 
in serum titers of IgG4 in patients with melanoma (21). Both 
the presence and potential biological role of IgG4 subclass anti-
bodies in melanoma tumor lesions remain largely unknown.  
Th2-mediated immune responses represent the classical hallmarks 
of local inflammation in solid tumors such as melanomas (22). 
The immunoregulatory cytokine IL-10 has been shown to trigger 
“a modified Th2 response” by inducing differentiation of IgG4+  
B cells and, in the presence of IL-4, to direct antibody class switch-
ing of B cells to secrete IgG4 (23, 24).

The association between induction of IL-10 and production of 
IgG4 antibodies has been shown in IgG4-related diseases and also 
in allergic individuals undergoing allergen immunotherapy (25). 
Th2-type inflammation in tumor tissues is dominated by IL-10–
producing cells, such as Tregs and M2-type macrophages (26, 27). 

We therefore reasoned that these Th2-type tumor inflammatory 
microenvironments may favor “alternatively activated” humoral 
immunity and local expression of IgG4 antibodies.

In this study, we show mature B cells and IgG4 antibodies in 
melanoma lesions in the presence of key Th2-type cytokines that 
may trigger IgG4 production. Using engineered IgG1 and IgG4 
antibodies of the same specificity against a tumor-associated anti-
gen, we demonstrate the capacity of IgG4 to counteract antitumor 
immunity in vivo.

Results
CD22+ B cells infiltrate melanoma lesions and IgG antibodies are expressed 
in situ. The presence of mature CD22+ B cells was observed in mel-
anoma lesions by immunohistochemistry (Figure 1A). CD22+ cell 
infiltrates were found both within tumor lesions and in surround-
ing stroma areas rich in CD45+ cells, indicating that this popula-
tion is part of the immune inflammatory infiltrate in tumors. Fur-
thermore, CD22+ cells were also seen in close proximity to FoxP3+ 

Figure 1
B cells (CD22+) infiltrate melanoma lesions and produce 
IgG. (A) Immunohistochemistry showing the presence of 
lymphocytes (CD45+), mature B cells (CD22+), activated 
lymphocytes (FoxP3+) (alkaline phosphatase [red], hema-
toxylin [blue]), and colocalization of all 3 within cutaneous 
metastases (scale bar: 100 μm; original magnification, 
×10). CD22+ cells in melanoma are shown at higher mag-
nification (original magnification, ×40). (B) Significantly 
increased CD22+ B cell infiltration was measured in pri-
mary (n = 6) and metastatic (n = 7) melanoma lesions 
compared with healthy skin (n = 8). HPF, high-powered 
microscope field. (C) Comparative real-time PCR showed 
significantly elevated CD22 expression in primary (n = 10)  
and metastatic (n = 10) melanomas compared with 
healthy skin (n = 9). (D) Increased expression of mature 
IgG mRNA in metastatic melanoma lesions (n = 10) com-
pared with primary melanomas (n = 10) and healthy skin 
(n = 9) measured by comparative real-time PCR analysis. 
(E) IgG expression (by comparative real-time RT-PCR) is 
elevated in melanoma lesions of stage IV patients com-
pared with lesions of stage I–III patients. (F) Immunoflu-
orescent evaluations of IgG+ B cells in human metastatic 
melanoma lesions (CD22+ B cells in red; left) (IgG+ cells 
in green; middle) and CD22+IgG+ B cell infiltrates (right). 
Scale bar: 10 μm; original magnification, ×63. (B and 
E) *P < 0.01, **P < 0.01, ***P < 0.001, Mann-Whitney 
U test. (C and D) *P < 0.05, **P < 0.01, ***P < 0.001, 
Kruskal-Wallis 1-way ANOVA with Dunn’s post-hoc test. 
Horizontal lines in box plots represent the mean, and 
whiskers indicate minimum and maximum values
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cells, which may imply associations between regulatory elements 
and B cells in tumors, as reported in the context of cholangiocar-
cinoma (19). CD22+ cell infiltrates were found in 8 out of 9 mel-
anoma lesions examined, and 6 of these CD22+ tumors were also 
positive for FoxP3 (Table 1). Quantitative immunohistochemical 
evaluations also confirmed infiltration of CD22+ B cells, asso-
ciated with 6 out of 6 primary and 5 out of 7 metastatic tumor 
lesions, while we detected sporadic CD22+ infiltrates in 2 out of 
8 healthy skin specimens (Figure 1B and Supplemental Figure 1, 
left panel; supplemental material available online with this article; 
doi:10.1172/JCI65579DS1). Primary and metastatic melanoma 
tumors had ≥7 CD22+ B cells per high-powered microscope field, 
compared with very low or absent CD22+ B cell infiltration in 
healthy skin (P < 0.05 and P < 0.001, respectively; Figure 1B).

The presence of CD22+ B cells in melanoma lesions was also 
confirmed by quantitative RT-PCR analyses. CD22 mRNA expres-
sion was determined in healthy skin (n = 9), primary melanoma 
lesions (n = 10), and melanoma skin metastases (n = 10) (Figure 
1C). We detected low to no expression of CD22 mRNA in healthy 
skin samples and significantly elevated levels in primary and meta-
static melanoma skin lesions (P < 0.01 and P < 0.001, respectively), 
suggesting recruitment of mature B cells to tumors (Figure 1C). 
Levels of mature IgG mRNA were elevated in metastatic melanoma 
lesions (n = 10) compared with those in both primary melanomas 
(n = 10) (P < 0.05) and healthy skin samples (n = 9) (P < 0.001), in 
which there was little to no expression (Figure 1D and Table 2). 
When we analyzed IgG4 expression by disease stage, we found sig-
nificantly higher expression of IgG mRNA in lesions from patients 
with stage IV disease (n = 6) compared with expression in lesions 
from patients at stages I–III (n = 14) (Figure 1E). Local expres-
sion of CD22+IgG+ B cell infiltrates was detected in melanoma 
lesions, as determined by dual-color immunofluorescence (Figure 
1F). These data confirm that mature antibody-expressing B cells 
infiltrate melanoma lesions and that IgG antibodies are expressed 
locally in metastatic melanoma.

Tumor-associated B cells are polarized to produce IgG4 antibodies in Th2-
biased inflammatory melanoma microenvironments. To examine the 
proportions of IgG subclasses produced in melanoma, B cells from 
melanoma skin lesions (n = 2, stages III and IV), patient lymph 
nodes (n = 3, stage III), patient blood (n = 6, stages III and IV), 
and healthy volunteer blood (n = 4) were cultured ex vivo (Tables 2 
and 3 and Supplemental Table 1). IgG subclass titers (IgG1, IgG2, 

IgG3, IgG4) in culture supernatants were then measured by ELISA. 
Proportional IgG subclass expression and IgG4/IgGtotal ratios from 
healthy volunteer peripheral blood B cells (IgG1: 79.5% ± 8.5%; 
IgG2: 14.3% ± 7.9%; IgG3: 4.3% ± 1.5%; IgG4: 1.5% ± 1%), patient 
peripheral blood B cells (IgG1: 76.4% ± 14.3%; IgG2: 15.8% ± 10.2%;  
IgG3: 4.1% ± 3.2%; IgG4: 3.9% ± 2.2%), and B cells from patient 
lymph nodes (IgG1: 83.2% ± 3.6%; IgG2: 6.5% ± 0.5%; IgG3:  
3.3% ± 1.0%; IgG4: 7.0% ± 2.1%) were consistent with those 
commonly detected in human sera (IgG4/IgGtotal ratio range:  
0.01–0.083, each condition tested in triplicate) (Figure 2A and ref. 
12). However, B cells derived from metastatic melanoma lesions 
exhibited higher proportional IgG4 subclass production (IgG4/
IgGtotal ratio range: 0.209–0.334) (IgG1: 43.2% ± 1.7%; IgG2:  
4.1% ± 1.4%; IgG3: 24.8% ± 3.5%; IgG4: 27.5% ± 5.3%) (Figure 2A).

Using immunohistochemical evaluations, we also detected sub-
stantial levels of IgG4-immunopositive cells infiltrating tumor 
areas in primary and metastatic melanoma lesions, while IgG4+ 
cells were rarely observed in healthy skin (Figure 2B, left, and Sup-
plemental Figure 1, right panels). These observations were con-
firmed with quantitative assessments of sections, which showed 
IgG4 positivity in 9 out of 12 melanomas and sporadic expres-
sion in 2 out of 10 healthy skin specimens (P < 0.001; Figure 2B, 
right). Furthermore, immunohistochemical evaluations of IgG4+ 
infiltrates were examined in relation to clinical parameters for a 
cohort of 9 patients. Although these observations are limited by 
the small number of patients, it is noteworthy that 3 patients who 
are deceased demonstrated IgG4 positivity in the lesions tested 
(Table 1). Expression of IgG4 was also confirmed by RT-PCR 
sequence alignments of patient specimens (representative clone in 
Supplemental Figure 2). These data suggest that IgG4 production 
occurs in situ in the melanoma microenvironment.

We then asked whether IgG4 antibodies in the tumor microenvi-
ronment and in patient circulation may recognize tumor cells. For 
this, we examined the reactivities against tumor cells of IgG1 and 
IgG4 antibodies produced by B cells derived from patient blood 
(n = 2, patients in stage III and IV), cutaneous metastases (n = 3,  
2 patients in stage III and 1 patient in stage IV), and a lymph node 
metastasis (n = 1, a patient in stage III) and cultured ex vivo for 
5 days. Tumor cell reactivity evaluations were conducted using 
a previously described cell-based ELISA (28). We found detect-
able levels of IgG4 reactivity against A375 metastatic melanoma 
cells, above background set by human IgG4 antibody controls, in  

Table 1
Pathological evaluations of IgG4, CD22, and FoxP3 of melanoma lesions, with corresponding clinical parameters

Patient  Gender Breslow Stage Date of  Date of  Infiltrating  Infiltrating  Infiltrating  Status 
ID    diagnosis biopsy CD22 IgG4 FoxP3
M72 F 3.12 IV 12/12/2003 01/26/2011 – – – Alive
M78 M 1.07 IV 03/02/2009 05/14/2009 + + – Deceased
M109 M 1.86 IV 02/19/2007 09/13/2009 + + – Deceased
M141 M 9.7 IV 10/23/2006 11/27/2009 + – + Alive
M173 F 2.2 IIIB 10/23/1998 02/12/2010 ++ + + Deceased
M248 F NA IIIB 06/01/2004 07/30/2010 + – +/– Alive
M430 F 6.75 IIC 11/29/2011 01/27/2012 ++ – ++ Alive
M525 F 2.2 IIC 06/29/2012 08/02/2012 ++ ++ + Alive
M549 F 0.45 III 07/02/2010 09/29/2012 + +/– ++ Alive

Evaluation criteria were as follows: –, 0% infiltration; +/–, <25% infiltration; +, >25% < 50% infiltration; ++, >50% infiltration; +++, >75% infiltration. See also 
Figures 1 and 2. n = 9. NA, not available.
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1 blood sample and 1 cutaneous metastasis (Figure 2C). In the same 
specimens, we found no equivalent detectable reactivity of IgG1 
antibodies against these tumor cells. In contrast, we detected IgG1 
antibody reactivity to melanoma cells in the lymph node sample 
without detectable equivalent IgG4 reactivity. Additionally, using 
2-color immunofluorescence on a cutaneous melanoma lesion, 
we demonstrated colocalization of IgG4 with the melanoma-as-
sociated antigen S100, further supporting the presence of tumor 
reactive IgG4 antibodies in situ (Figure 2D). These experiments, 
together with detected IgG4 expression in melanoma lesions by 
RT-PCR analysis (Supplemental Figure 2), suggest that tumor- 
reactive antibodies of the IgG4 subclass are expressed by patient  
B cells situated in both melanoma lesions and the circulation. We 
reasoned that the polarization of IgG4 in situ may be influenced by 
local factors, such as production of IL-10 in combination with IL-4, 
which is known to induce differentiation of IgG4+ B cells, drive 
class switching, and to maintain polarization of humoral immune 
responses in favor of IgG4 (29). Accordingly, we found significantly 
elevated mRNA expression of the Th2 cytokines IL4 and IL10 and 
of the inflammatory cytokine IFNG, reported to be involved in 
tumorigenesis, by quantitative RT-PCR in both primary (n = 10) 
and metastatic (n = 10) melanoma skin specimens when compared 

with healthy skin samples (n = 9) (P < 0.05; Figure 2E and ref. 30). 
Secretion of these cytokines was also confirmed in ex vivo cultures 
of tumor lesions (Figure 2F). These findings indicate a potential 
association of Th2-biased local expression of IL-10 and IL-4 with 
IgG4 production at inflammatory tumor sites.

Melanoma tumor cells trigger Th2-driven polarization, inducing B cells 
to secrete IgG4. To elucidate whether melanoma cells can influence 
polarized expression of IgG4 by B cells, we attempted to recre-
ate the proximity between B cells and tumor cells in an ex vivo 
stimulation assay. We cocultured melanoma patient peripheral 
blood B cells with autologous irradiated PBMCs in the presence 
or absence of A375 metastatic melanoma cells or human primary 
melanocytes. Similarly to that in B cells isolated from melanoma 
lesions, we detected increased IgG4/IgGtotal ratios from blood 
B cells cultured with PBMCs in the presence of melanoma cells 
(IgG1: 35.0% ± 5.6%; IgG2: 23.1% ± 0.9%; IgG3: 30.3% ± 4.6%;  
IgG4: 20.0% ± 1.1%), while IgG4/IgGtotal ratios remained low 
when B cells were cultured with PBMCs in the absence of mel-
anoma cells (IgG1: 54.8% ± 3.5%; IgG2: 29.3% ± 8.6%; IgG3:  
9.2% ± 1.3%; IgG4: 6.7% ± 1.2%) (n = 9, Figure 3A, left). When we 
compared IgG4 polarization of B cells plus PBMCs in the absence 
or presence of melanocytes (IgG1: 51.9% ± 2.9%; IgG2: 21.5% ± 4.2%;  

Table 2
Clinical parameters, pathological evaluations, and IgG expression levels for melanoma lesions

Patient  Gender Age Stage IgG  Breslow Clark Ulceration Tumor inf.  Classification TNM  
ID    expression    lymphocytes  classification
M123 M 76 IV 0.5 5.85 IV Absent Absent Primary T4a;N3;M1a
M125 F 62 IB 0 1.65 III Absent Present Primary T2a;N0;M0
M127 F 36 IIIC 4.006 N/A N/A N/A N/A In transit metastasis T3a;N3;M0
M128 F 82 IB 0 1.08 III Absent Present Primary T2a;N0;M0
M129 M 63 IV 22 N/A N/A N/A N/A In transit metastasis T3a;N3;M1c
M133 M 75 IIC 0.0234 3.3 IV Absent Absent Primary T4b;N0;M0
M147 F 46 IIIA 1.456 2.1 Unknown Absent Unknown Primary T3a;N1a;M0
M171 M 48 IIIC 0.00032 N/A N/A N/A N/A In transit metastasis T2a;N3;M0
M173 F 87 IIIB 0.00041 N/A N/A N/A N/A In transit metastasis T3b;N2c;M0
M192 F 88 IV 4.006 N/A N/A N/A N/A Dist. subcutaneous metastasis T4b;N0;M1a
M294 M 80 IIC 0.0041 6.36 IV Present Absent Primary T4b;N0;M0
M72 F 77 IV 17 N/A N/A N/A N/A In transit metastasis T3a;N3;M1c
M80 M 70 IIA 0.0056 2.85 IV Absent Absent Primary T3a;N0;M0
M172 M 73 IIIB 1.78 N/A N/A N/A N/A In transit metastasis T3b;N2c;M0
M141 M 64 IV 0.861 N/A N/A N/A N/A Dist. skin metastasis T4a;N3;M1a
M245 M 79 IIB 1.61 3 III Present Unknown Primary T3b;N0;M0
M284 F 65 IIIC 0.0202 N/A N/A N/A N/A In transit metastasis Tx;N3;M0
M149 M 60 IB 1.4 1.11 IV Absent Absent Primary T2a;NxMx
M269 F 73 IIA 0 2.32 IV Absent Present Primary T3a;N0;M0
M221 M 52 IV 25 N/A N/A N/A N/A In transit metastasis Tx;N0;M1c

See also Figures 1 and 2. n = 20. N/A, not assessed; inf., infiltrating; Dist., distant. Numbers in the “Breslow” column indicate the thickness (mm) of the pri-
mary melanoma. Values in the “Clark” column (I–V) indicate the level of anatomical invasion of the skin into different skin compartments

Table 3
Clinical parameters and pathological evaluations for lymph node specimens

Patient ID Gender Age Stage Nodes sampled Nodes involved Metastasis TNM
M488 F 53 IIIA 2 1 Yes T2a;N1a;M0
M36 M 69 IIIC 9 1 Yes T4b;N3;M0
M490 F 54 IIIB 14 2 Yes T4b;N2a;M0

See also Figures 1 and 2. n = 3.
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Figure 2
B cells in melanoma lesions are polarized to produce IgG4 antibodies with reactivity against tumor cells. (A) Polarization of IgG subclasses in  
B cells derived from metastatic melanoma skin tumor lesions (n = 2), patient lymph nodes (n = 3), peripheral blood from patients with melanoma  
(n = 6), and from healthy volunteers (n = 4). Cells were cultured ex vivo, and IgG subclass expression profiles were analyzed from culture superna-
tants by ELISA (mean ± SD; each sample condition tested in triplicate). (B) Immunohistological evaluations confirm significantly increased IgG4+ 
cell infiltration in melanoma lesions (n = 10) but not healthy skin (n = 10) (***P < 0.001), and representative metastatic melanoma depicts IgG4+ 
cells (red; hematoxylin [blue]) (scale bar: 20 μm; original magnification, ×10). (C) Reactivity of patient B cell–derived IgG1 and IgG4 antibodies 
to A375 tumor cells evaluated using a cell-based ELISA. Dashed black and gray lines indicate cut-off points for IgG1 and IgG4 tumor-reactive 
antibodies, respectively (lines defined as 2 SDs above isotype control antibodies). (D) Immunofluorescent staining of IgG4+ (red) colocalized 
with S100+ (green) cells in metastatic melanoma (scale bar: 50 μm; original magnification, ×40). (E) Increased expression of IL4, IL10 and IFNG 
in metastatic melanomas (n = 10) compared with primary melanomas (n = 10) and healthy skin (n = 9) by comparative real-time PCR. Horizontal 
lines in box plots represent mean, and whiskers indicate minimum and maximum values. *P < 0.05, **P < 0.01, Kruskal-Wallis 1-way ANOVA with 
Dunn’s post-hoc test. (F) Cytokines IL-4, IL-10 and IFN-γ are secreted in metastatic melanoma lesion ex vivo cultures.
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Figure 3
Ex vivo stimulation assays demonstrate that tumor cells polarize B cells to produce IgG4. (A) IgG subclass production by patient peripheral 
blood B cells. Cells were cocultured with irradiated PBMCs with or without metastatic melanoma cells or primary melanocytes for 5 days. Culture 
supernatants were harvested, and IgG subclass expression profiles were analyzed by IgG subclass ELISA. IgG subclass fractions and total IgG 
concentrations were illustrated for each sample as mean ± SD of 3 independent experiments (all conditions performed in triplicates). *P < 0.01. 
Secretion of Th2 cytokines IL-10 and IL-4 from B cell cultures treated with or without (B) tumor cells or (C) primary melanocytes were analyzed by 
cytokine multiplex assay analysis. Both cytokines were significantly increased in cultures containing tumor cells but not in cocultures with mela-
nocytes (*P < 0.01; **P < 0.01, Mann-Whitney U test; n = 9 replicates per coculture condition). Horizontal lines in box plots represent mean, and 
whiskers indicate minimum and maximum values. Comparative real-time PCR analysis of IL-4, IL-10, and VEGF expression by A375 melanoma 
cells isolated by flow cytometric sorting before (–) and after (+) cocultures with B cells and PBMCs shows (D) increased IL-10 expression by 
cocultured melanoma cells and (E) confirmation that A375 cells secrete IL-10 but not IL-4 in culture. ND, not detected. (F) Comparative real-time 
PCR analysis of IL-4, IL-10, and VEGF expression by B lymphocytes isolated by flow cytometric sorting from monocultures or from cultures with 
tumor cells, showing increased expression of VEGF expression by B cells when cocultured with tumor cells.
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IgG3: 14.0% ± 1.5%; IgG4: 12.6% ± 2.8%), we observed a small, 
but not statistically significant, difference in IgG4/IgGtotal ratios 
with the addition of melanocytes, indicating that IgG4 polariza-
tion may be partly due to an allogeneic HLA mismatch effect in 
these assays. We demonstrated significant changes in IgG4 polar-

ization (higher IgG4/IgGtotal ratios) when comparing B cells, 
PBMCs, and melanocytes with samples of B cells, PBMCs, and 
melanoma cells (P < 0.05). The overall titers of IgG antibodies 
produced in the presence or absence of melanoma cells in these 
assays were comparable (Figure 3A, right).

Figure 4
Biological properties of engineered IgG1 and IgG4 antibodies recognizing the melanoma-associated antigen CSPG4. Anti-CSPG4 IgG1 and 
anti-CSPG4 IgG4 antibodies bind to receptors on the cell surface of (A) U937 monocytic cells, (B) primary monocytes, and (C) tumor cells. 
ImageStream and flow cytometric evaluations confirm IgG1 and IgG4 antibody binding to Fcγ receptors (top and middle panels) and also to the 
antigen CSPG4 (bottom panel) expressed on the surface of SK-MEL-28 melanoma cells. ImageStream images are shown on the left. IgG FITC, 
cell surface (area indicated by circle on top left of each panel) binding of antibodies on cells; BF, bright-field image of cells; IgG FITC/BF, composite 
image of antibody and bright-field images, confirming anti-CSPG4 antibody binding to the cell surface. Quantitative analyses are based on the 
acquisition of 20,000 cells. Control samples for U937 and monocytes were incubated with goat anti-human IgG (Fab′)2-FITC antibody. Control 
samples for antibody binding to tumor cells were human IgG1 and IgG4 isotype antibodies of irrelevant specificity. (D) Flow cytometric analysis 
of CSPG4 IgG1 or CSPG4 IgG4 antibody binding to a panel of tumor cell lines or primary human melanocytes. Antibody binding was detected 
with an anti-human IgG (Fab′)2-FITC, and specific binding was depicted by MFI values above isotype control antibody binding.
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We next asked whether ex vivo production of IgG4 in the pres-
ence of melanoma cells is associated with Th2-biased inflam-
matory cytokines. Consistent with our findings in metastatic 
melanoma lesions, ex vivo stimulation of B cells with metastatic 
melanoma cells triggered enhanced IL-4 and IL-10 levels, as 
compared with B cell cultures in the absence of melanoma cells  
(P < 0.01 and P < 0.05, respectively) (Figure 3B). We also detected 
increased titers of VEGF, IL-6, and MCP-1, but not IFN-γ, in cocul-
tures with melanoma cells (Supplemental Figure 3A). In contrast, 
when we compared IL-4 and IL-10 titers in cultures of B cells and 
PBMCs in the presence or absence of melanocytes, we did not 
observe any significant increases (Figure 3C). These findings indi-
cate that melanoma cells drive Th2-biased inflammatory environ-
ments favoring increased IgG4/IgGtotal production ratios.

To further investigate the origin of Th2 cytokine production, 
we harvested A375 melanoma cells before and after coculture 
assays by flow cytometric cell sorting (strategy for flow cytomet-
ric sorting shown in Supplemental Figure 3B). We demonstrated 
increased expression of IL-10 by these cells following coculture 
with B cells and PBMCs. Message for IL-4 was not detected, and 
VEGF mRNA was present but was not upregulated following 
coculture (Figure 3D). When cultured alone under normal culture 
conditions, melanoma cells did not express or secrete IL-4, but the 
cells secreted detectable levels of IL-10 (Figure 3E). These assays 
point at enhanced expression of IL-10 by melanoma cells in these 
coculture assays. Neither B cells nor tumor cells expressed IL-4 
message under these culture conditions, and therefore, IL-4 may 
be contributed by another cell type in PBMCs (Supplemental Fig-
ure 3C) or possibly stromal cells in the tumor microenvironment.

Having shown that tumor cells produce IL-10 in culture, next we 
investigated the cytokines produced by sorted B cells in these cul-
ture conditions (strategy for flow cytometric sorting shown in Sup-
plemental Figure 3D). B cells in coculture experiments upregulated 
VEGF expression, while expression of IL-10 by these cells was 
detected but not upregulated following coculture with tumor cells 

(Figure 3F). These experiments suggest that B cells may contribute 
to polarized humoral immunity by enhancing production of VEGF.

IgG4 subclass antibodies lack antitumoral effector functions and block 
IgG1-mediated tumor cell killing by patient monocytes. To explore 
potential mechanisms by which IgG4 may impact on antitumoral 
responses, we engineered 2 antibodies, with IgG1 and IgG4 Fc 
regions, that share identical variable regions recognizing the mel-
anoma-associated antigen CSPG4. With these, we attempted to 
mimic a clinically relevant situation, in which IgG1 and IgG4 were 
found alone or together in the presence of tumor antigen-express-
ing cancer cells and FcγR-expressing immune effector cells, such as 
patient monocytes/macrophages (5, 19). Both antibodies bound to 
FcγR-expressing U937 monocytes, to patient monocytes (Figure 4,  
A–C), and to a panel of melanoma cells (Figure 4D).

First, we examined the ability of each antibody to activate 
patient-derived monocytes to kill tumor cells in vitro. Patient 
monocytes incubated with anti-CSPG4 IgG4 and A375 melanoma 
cells mediated nonsignificant tumor cell killing compared with 
a nonspecific IgG4 (antibody clone SP211-IgG4) after 3 hours  
(n = 6). In contrast, the corresponding anti-CSPG4 IgG1 of the 
same specificity triggered statistically significant increases in 
phagocytosis (antibody-dependent cellular phagocytosis [ADCP]) 
(21.1% ± 2.5%) of melanoma tumor cells by monocytes compared 
with anti-CSPG4 IgG4 (3.2% ± 0.3%) and controls (2.6% ± 0.1%)  
(P < 0.001; Figure 5, A and B). Consistent with reduced IgG4 anti-
tumor activity, we detected lower levels of IFN-γ (P < 0.01), IL-1β 
(P < 0.01), and TNF-α (P < 0.05) in supernatants from cultures 
treated with anti-CSPG4 IgG4 compared with those treated with 
anti-CSPG4 IgG1 (n = 6) (Figure 5C).

When anti-CSPG4 IgG1 and anti-CSPG4 IgG4 were combined 
with patient-derived monocytes and melanoma cells, the tumori-
cidal capacity of anti-CSPG4 IgG1, previously observed in the 
antibody-dependent cellular cytotoxicity/ADCP (ADCC/ADCP) 
assays, was significantly reduced in the presence of anti-CSPG4 
IgG4 (P < 0.001, Figure 5D). This suggested that anti-CSPG4 IgG4 
is not only incapable of triggering effector cell–mediated tumor 
killing but may additionally suppress tumor cell killing capacity 
of tumor-specific IgG1. To evaluate whether specificity for the 
tumor antigen was necessary for an IgG4 antibody to block IgG1 
effector cell functions against tumor cells, we performed ADCC/
ADCP (cytotoxicity/phagocytosis) assays, incubating tumor cells 
and patient-derived monocytes with anti-CSPG4 IgG1 in combina-
tion with a human IgG4 antibody of irrelevant specificity. Nonspe-
cific IgG4 partly hindered tumor-specific IgG1 tumor cell killing  
(P < 0.001; Figure 5E), suggesting that tumor cell specificity may 
only be partly responsible for the antibody modulatory properties 
of IgG4. These data are in line with known properties of IgG4 inter-
actions with Fc regions of immunoglobulins, and they are also con-
sistent with reports that only a small fraction of IgG4 antibodies are 
allergen specific in allergic subjects following immunotherapy (31). 
In summary, IgG4 antibodies lack antitumoral effector functions 
and impair IgG1-mediated tumor cell killing by patient monocytes.

IgG4 blocks IgG1 tumor cell killing by inhibiting IgG1 binding and acti-
vation through FcγRI. In order to elucidate whether IgG4 antibodies 
could hinder binding of IgG1 on the surface of effector cells, we 
performed a competition binding assay using monocytic cells. 
This showed decreased IgG1 binding on the surface of human 
monocytes with increasing concentrations of IgG4 (Figure 6A), 
suggesting that IgG4 competes with IgG1 for FcγR binding on 
the surface of effector cells.

Figure 5
IgG4 irrespective of tumor specificity is ineffective in triggering anti-mel-
anoma effector functions in vitro and prevents IgG1 from mediating 
tumor cell killing. (A) Dot plots depicting CFSE+ tumor cells and CD89-
PE+ monocytes (effector cells) were used to quantify CFSE+ tumor 
cells present within PE+ effector cells, indicating phagocytosis (ADCP) 
(CFSE+/PE+ cells) (top panel). CFSE+/DAPI+ double-positive tumor 
cell events indicate tumor targets killed by cytotoxicity (ADCC, bottom 
panel) by IgG1 but not IgG4. (B) Quantification of tumor antigen-spe-
cific IgG1 and IgG4 antibody induced ADCC/ADCP by monocytes. 
Tumor antigen-specific IgG1 mediated tumor cell killing compared 
with an unspecific control antibody or cells alone. The corresponding 
anti-CSPG4 IgG4 antibody induced no tumor cell killing above iso-
type control levels. (C) Titers of secreted IFN-γ, IL-1β, and TNF-α, but 
not of IL-10, were higher in culture supernatants of monocytes and 
tumor cells stimulated with anti-CSPG4 IgG1 antibodies compared with 
those stimulated with anti-CSPG4 IgG4 or controls. All samples were 
tested in duplicates; mean ± SD (n = 6). (D) Tumor antigen-specific 
IgG1 against the melanoma antigen CSPG4 can induce monocytes to 
kill tumor cells, but addition of anti-CSPG4 IgG4 blocks the antitumor 
functions of the same concentrations of IgG1. (E) Similar blocking of 
IgG1-mediated tumor cell killing can be observed when CSPG4 IgG1 is 
coincubated with a nonspecific human IgG4 antibody. (B, D, and E) All 
assays were performed in triplicates. Data represent percentage tumor 
cell killing (mean ± SD) (n = 6). *P < 0.05, **P < 0.01; ***P < 0.001.
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In order to investigate which FcγR is predominantly responsi-
ble for the induction of tumor cell killing via IgG1, we conducted 
tumor killing assays during which individual FcγR families were 
blocked with antibodies described in the literature to have an 
inhibitory capacity for these specific receptor families. We demon-
strate that, in this experimental system, blockade of FcγRI, but 
not of the other 2 receptor families, was responsible for the IgG1-
mediated tumor cell killing (Figure 6B). We confirmed the wide-
spread distribution of FcγRI along with the other 2 FcγRs (FcγRII 
and FcγRIII) in melanoma lesions (1 representative of 4 patient 
specimens shown in Supplemental Figure 4). Since FcγRs such as 
FcγRIIb are known to play immunomodulatory roles, we investi-
gated whether specific inhibition of IgG binding to each of these 
receptor families had any bearing on the killing inhibition medi-
ated by IgG4. In these experiments, we found that inhibition of 
CD32 is not involved in IgG1 blocking by IgG4 (Figure 6C).

Next, at different time points during in vitro tumor cell killing 
assays, we harvested monocytes by flow cytometric sorting and 
assessed phosphorylation of downstream signaling events trig-
gered through engagement of FcγR engagement and activation 
(32). We observed increased phosphorylation of known mem-
bers of the FcγR activatory signaling cascades (Src, MEK, and 
AKT) in the presence of IgG1 compared with the presence of 
both IgG1 and IgG4 antibodies (33). On the contrary, there were 
no differences in the levels of phosphorylated SHIP1 in relation 
to CSPG4 IgG1 or in relation to coincubation with IgG1 and 
IgG4 antibodies together at any of the time points tested (Fig-
ure 6D). These data suggest that inhibition of IgG1-mediated 
tumor cell killing by IgG4 is attributed to lack of effector cell 
activation rather than induction of inhibitory signals via FcγRs 
such as FcγRIIb. We conclude that in this experimental system 
IgG4 functions by competing with IgG1 for FcγRI binding and 
therefore blocking the activatory cascades through reduced 
phosphorylation of Src, MEK, and AKT.

IgG4 impairs antitumor immunity in a human melanoma xenograft 
model. Next, we compared the efficacies of anti-CSPG4 IgG1 and 
IgG4 in vivo in a subcutaneous human melanoma xenograft mouse 

model engrafted with human immune effector cells (Supplemen-
tal Figure 5 and ref. 34). Intravenous treatment with anti-CSPG4 
IgG1 (3 × 10 mg/kg weekly doses) significantly reduced tumor 
size compared with treatments with nonspecific mAb or vehicle 
controls (n = 6, P < 0.05; Figure 7A). However, tumor size in anti- 
CSPG4 IgG4–treated mice increased in line with that in controls, 
suggesting that IgG4 was significantly less effective than IgG1 at 
restricting tumor growth in vivo (P < 0.001). Furthermore, when 
anti-CSPG4 IgG1 and IgG4 were administered together, tumors 
grew similarly to vehicle-treated controls (n = 6, P < 0.001 for IgG1/
IgG4 combinations compared with IgG1 treatment alone; Figure 
7A), indicating that anti-CSPG4 IgG4 might counteract IgG1 anti-
tumor functions in vivo.

To ascertain that impaired antitumoral functions of anti- 
CSPG4 IgG4 were not due to inability of IgG4 to localize in 
CSPG4-expressing tumors in the mice, 111In radio-labeled anti- 
CSPG4 IgG4 biodistribution was monitored by PET/SPECT 
imaging of human xenografts (n = 3). Accumulation in tumors 
was observed within 24 hours following antibody treatment (Fig-
ure 7B). Furthermore, we observed that subcutaneous human 
melanoma xenografts from mice treated with anti-CSPG4 IgG1 
attracted higher levels of human CD68+ cells (macrophages) 
compared with mice treated with IgG4 or combinations of IgG1 
and IgG4 antibodies (Figure 7, C and D). These findings indicate 
that macrophages may be recruited and potentially play a role in 
restricting tumor growth when engaged by CSPG4 IgG1 in situ.

Serum IgG4 antibodies may be predictive of clinical outcomes in mela-
noma. Having investigated the immunomodulatory potential of 
IgG4 in melanoma in vitro and in vivo, we then evaluated whether 
the presence of IgG4 in patient circulation could be used as a pos-
sible biomarker. We performed IgG1–IgG4 subclass Luminex bead 
array assays using sera from 33 patients with stage III and IV mel-
anoma (Figure 8 and Table 4). Spearman correlation analyses were 
performed to examine any significance among IgG subclass titers 
in sera in relation to patient survival. We demonstrated a negative 
correlation only between IgG4 serum titers and patient survival  
(r = –0.31, P < 0.05), while no significant correlations were found 
in relation to the other IgG subclasses (Figure 8A).

Normal IgG4/IgGtotal ratios in human sera have been reported 
around 0.025 (35). In this study, we confirmed this (Figure 2A) 
and additionally found that IgG4/IgGtotal ratios in patient sera 
had a median of 0.034 (95% CI of mean, 0.024–0.044). We there-
fore reasoned that serum IgG4/IgGtotal ratios above the 75% per-
centile (IgG4/IgGtotal = 0.04) may be considered high in patient 
sera (Supplemental Figure 6). To gain an insight into the signif-
icance of IgG4/IgGtotal ratios in patient sera, we analyzed cumu-
lative survival on a Kaplan-Meier survival plot in our 33 patient 
cohort. We found that patients with higher serum IgG4/IgGtotal  
ratios (>0.04, n = 13) had significantly lower survival rates (median 
survival 8 months; hazard ratio, 0.19; 95% CI, 0.0635–0.5685) 
compared with patients whose IgG4/IgGtotal serum ratios were 
<0.04 (n = 20) (P < 0.01) (Figure 8B).

Overall, we have shown that IgG4 subclass antibodies are pres-
ent in tumor lesions and that they are inefficient in restricting 
melanoma tumor cell growth. In addition, IgG4 suppressed IgG1-
mediated melanoma cell killing in vitro and in a clinically relevant 
humanized mouse engrafted with human melanoma. When exam-
ined in relation to clinical outcomes, data presented here suggest 
that IgG4 is associated with reduced survival and may be evaluated 
as a prognostic biomarker in melanoma.

Figure 6
IgG4 blocks IgG1 antibody-dependent tumor cell killing by inhibiting 
IgG1 binding and activation through FcγRI. (A) Competition assay 
of IgG1 binding on the surface of monocytic cells displaced by addi-
tion of increasing concentrations of IgG4 antibody. Proportion of 
cells binding IgG1 is decreased with increasing concentrations of 
IgG4, demonstrated by flow cytometric evaluations and represen-
tative confocal images (yellow, by ImageStream). (B) Anti-CSPG-4 
IgG1-mediated tumor cell killing (by flow cytometry) is inhibited by 
addition of an antibody known to block IgG Fc binding to FcγRI but 
not with addition of blocking antibodies to FcγRII or to FcγRIII. (C) 
Inhibitory functions of anti-CSPG-4 IgG4 are not lost by blocking 
FcγRII or FcγRIII with previously described specific FcγR blocking 
antibodies in flow cytometric antibody-dependent tumor cell killing 
assays. (D) Protein extracts of primary human monocytes isolated by 
flow cytometric sorting at different times during the antibody-mediated 
tumor cell killing assay were examined for phosphorylated products of 
the FcγR signaling pathway. Western blots of phospho-proteins and 
band density quantifications relative to freshly isolated monocytes 
demonstrate that IgG4 inhibits the activatory signaling cascades of 
FcγR (Src, AKT, MEK), while lack of pSHIP implies that FcγRII signal-
ing is not involved in the IgG4 blockade. (B and C) Data are represen-
tative figures of 3 independent experiments.
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Discussion
Despite the fact that B lymphocytes constitute important senti-
nels of adaptive immunity and the antibody-mediated immune 
response, the mechanisms by which they participate in tumor 
immunity remain only partially understood (2–4, 36–39). We 
described a hitherto undiscovered aspect of local humoral 
immunity in melanoma, characterized by B cell infiltration and 
local expression of IgG4 antibodies, in the context of prominent 
expression of IgG4 polarizing cytokines IL-10, IL-4, and VEGF. We 
demonstrated that, in the presence of melanoma cells, production 
of these cytokines is enhanced and B cells are polarized to produce 
IgG4 ex vivo. Importantly, we showed that IgG4 antagonizes IgG1-
mediated human anti-melanoma immunity in vitro and in vivo 
and that IgG4 blockade is mediated through competition with 
IgG1 for FcγR binding and therefore inhibits downstream signal-
ing activation of effector cells (i.e., monocytes).

Previous studies have reported the presence of CD20+ cells 
in melanoma lesions (2, 3), but this pan–B cell marker is also 

expressed by melanoma stem cells (40, 41). We selected the B cell 
marker CD22 to differentiate B cells from melanoma stem cells 
and to study mature B cells that may express class-switched anti-
bodies. We detected CD22 at the mRNA and protein levels in mela-
noma lesions but at very low levels in normal skin (Figure 1). These 
cells were observed within tumor lesions and also surrounding 
stroma areas rich in CD45+ cells, indicating that B cells form part 
of the immune inflammatory infiltrate; however, the significance 
of CD22+ B cell infiltrates in cancer remains unclear. B cell and 
plasma cell (CD138) infiltration in melanoma have been associ-
ated with favorable clinical outcomes, and lymphoid structures 
containing B cells (CD20) and also plasma cells (CD138) were 
recently reported (4, 42). Other reports highlight immunomod-
ulatory roles for B cells in cancer, suggesting that their contribu-
tion may reflect a balance between effective immunity and tumor- 
induced inflammation (20, 43).

The presence of mature IgG mRNA in metastatic melanoma 
lesions and CD22+IgG+ and IgG4+ cells infiltrating tumor cell areas 

Figure 7
IgG4 has no antitumoral effector functions in vivo and blocks tumor-specific IgG1 function. (A) Anti-CSPG4 IgG1 antibody is capable of restrict-
ing the growth of subcutaneous melanoma lesions in NSG mice engrafted with human immune effector cells, while tumors in mice treated with 
an anti-CSPG-4 IgG4 antibody or coadministered with anti-CSPG4 IgG1 and IgG4 antibodies grow similarly to those from mice treated with 
nonspecific antibody or vehicle alone (n = 7 mice per group; mean ± SEM tumor volume in mm3). *P < 0.05, ***P < 0.001, 2-way ANOVA with 
Bonferroni post-hoc test. Data are representative of 2 experiments. (B) Representative NanoSPECT/CT images of Indium-111–labeled anti- 
CSPG4 IgG4 antibody (red), demonstrating accumulation of antibody in subcutaneous melanoma lesions at 20 minutes, 8 hours, and 24 hours 
following intravenous administration (n = 3). (C) Representative immunohistological images and (D) quantitative analyses of sections from human 
melanoma tumors grown in NSG mice treated with vehicle alone, anti-CSPG4 IgG1, anti-CSPG4 IgG4, or a combination of anti-CSPG4 IgG1 
plus anti-CSPG4 IgG4 antibody, demonstrating elevated levels of human CD68+ (brown) immune cell infiltration in human xenograft tumors in 
animals treated with anti-CSPG4 IgG1 antibody. Horizontal bar indicate the mean, and individual symbols indicate individual tumors. Scale bar: 
50 μm; original magnification ×20. ***P < 0.001.
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suggest that B cells may participate in local tumor surveillance 
through production of antibodies. This study demonstrates the 
expression of IgG antibodies in situ rather than being sequestered 
or diffused into tumors from the circulation. This was shown by 
the detection of mature IgG mRNA, IgG4 clone expression, and 
IgG4+ infiltrates in melanoma lesions as well as by the produc-
tion of tumor-reactive IgG4 antibodies by tumor-resident B cells 
(Figure 2). Recent findings implicate increased IgG4 serum titers 
and IgG4+ tissue infiltrates in a range of inflammatory conditions 
triggered by chronic exposure to nonmicrobial antigens (14, 18, 
31). Our findings demonstrating increased expression of IgG, the 
presence of IgG4+ infiltrates in tumors, and tumor-reactive B cells 
in lesions are consistent with exposure to tumor antigens, as this 
might allow for antibody class switch recombination (44).

We found a striking polarization in IgG subclass distribution 
produced by tumor-derived B cells in favor of IgG4 (Figure 2). We 
directly showed a role for tumor cells in influencing IgG4 pro-
duction by B cells (Figure 3). Furthermore, ex vivo stimulation 
of human B cells with melanoma cells also resulted in a similar 

proportional increase in IgG4/IgGtotal 
ratios compared with unstimulated  
B cells, and we demonstrated that mel-
anoma tumor cells, but not normal 
human melanocytes, are capable of 
polarizing B cell responses in favor of 
IgG4 production. In melanoma tumor 
lesions, these increased IgG4/IgGtotal 
ratios were accompanied by expression 
of Th2-biased inflammatory cytokines 
known to drive production of IgG4 by 
B cells. Tumors circumvent immune-
mediated clearance by triggering 
inflammatory cells with immunoreg-
ulatory properties and immunosup-
pressive mediators (e.g., IL-10, VEGF, 
TGF-β) in situ (34, 45, 46). The immu-
noregulatory cytokine, IL-10, can direct 
“a modified Th2 response” favoring B 
cell production of IgG4 (23, 25, 47). In 
support of this, we have found induc-
tion of increased IL-10 production 
by tumor cells cultured with B cells  
ex vivo. IL-10 has been implicated in 
modified Th2 responses in the con-
text of IgG4-related diseases (48, 49). 
Although IgE and IgG4 are triggered 
by similar Th2-biased signals, IL-10 is 
thought to divert a classical Th2-type 
immunity, bypassing IL-4–induced 
IgE responses in favor of IgG4 (23, 29). 
Classically, high IgG4/IgGtotal ratios 
are considered a natural effort by the 
immune system to contain immune 
activation. These alterations, how-
ever, have also been documented in 
individuals chronically exposed to 
occupational or environmental anti-
gens and are not normally accompa-
nied by development of IgE (50, 51). 
Consistent with this, we detected IgE 

mRNA in only 2 out of 10 patient lesions that we examined (data 
not shown), which also points to the involvement of altered Th2 
responses in tumor microenvironments (52).

As reported by others in the context of IgG4-related diseases, 
we detected local expression of tissue-resident IgG4 together with 
enhanced expression of IL-10 and IL-4 cytokines in tumors (Figure 3  
and ref. 49). We also demonstrated that tumor cells are capable of 
stimulating such modified Th2 responses, featuring production 
of IL-10 and IL-4 and secretion of IgG4 by B cells. Also consis-
tent with a tumor-associated inflammatory environment, VEGF, 
known to polarize Th2-biased cytokine production by PBMCs 
through induction of IL-10–secreting cells such as Tregs (53), 
along with well-described tumor-induced inflammatory media-
tors IL-6 and MCP-1 (53–56), was found at significantly increased 
levels (P < 0.001; Supplemental Figure 3A), upregulated by B cells 
in cultures of B cells with melanoma cells compared with cultures 
without tumor cells. While tumor cells contributed enhanced 
expression of IL-10 in coculture assays, neither B cells nor tumor 
cells expressed IL-4 under these coculture conditions, and it is pos-

Table 4
Clinical parameters and disease staging at the time of sampling for peripheral blood donor 
cohort used for serum detection of IgG subclass and correlations

Patient Gender Breslow Date of sample Age at date  Date of death Stage 
    of sample (yr)
M31 F 3.5 03/05/2009 45 01/20/2010 IV
M42 F 4.29 03/19/2009 80 07/20/2009 IIIc
M70 M 9.3 04/23/2009 43 10/05/2009 IV
M72 F 3.12 04/16/2009 76 Alive IV
M85 M NA 06/18/2009 53 Alive IV
M95 F 2.77 12/10/2009 65 06/28/2011 IV
M107 M 6 08/06/2009 63 09/10/2011 IIIC
M109 M 1.86 08/13/2009 74 02/23/2010 IV
M110 F 2.42 08/21/2009 48 Alive IIIB
M111 M 1.21 08/21/2009 66 12/19/2010 IIIB
M114 F 2.37 09/10/2009 52 Alive IIIC
M123 M 2.04 10/08/2009 76 05/05/2010 IV
M130 M 3.6 11/05/2009 66 12/31/2009 IV
M137 F NA 11/26/2009 69 03/18/2010 IV
M138 F 2 11/26/2009 60 Alive IV
M139 F 2.3 11/26/2009 55 Alive IV
M146 F 4.2 12/03/2009 80 11/11/2010 IIIC
M147 F 2.3 01/07/2010 46 Alive IIIA
M150 F 1.6 01/07/2010 32 Alive IIIA
M154 M NA 01/14/2010 80 Alive IIIB
M158 M NA 02/11/2010 53 Alive IIIA
M161 F 1.1 02/11/2010 52 Alive III
M163 M NA 01/28/2010 75 11/14/2010 IV
M199 M 6.7 04/15/2010 62 04/26/2012 IV
M247 F 2.16 07/29/2010 35 Alive IV
M122 M NA 10/15/2009 78 05/05/2010 IV
M134 M 3.45 11/12/2009 81 02/05/2010 IV
M214 M 2.2 05/13/2010 70 Alive III
M235 F 5.25 06/03/2010 60 Alive III
M244 M NA 07/15/2010 34 Alive IV
M251 M 2.1 08/05/2010 70 Alive III
M268 M 3.1 10/21/2010 83 12/11/2011 III
M399 M 3.7 10/20/2011 41 Alive IV

Numbers in the “Breslow” column indicate the thickness (mm) of the primary melanoma. See also 
Figure 8. n = 33.
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antigen recognition, and, in support of this, we found tumor-re-
active IgG4 antibodies associated with melanoma lesions. Second, 
IgG4 could bind to Fcγ receptors, preventing IgG1 interactions on 
the surface of effector cells. The implications of the latter mecha-
nism would be that IgG4 of any specificity could neutralize IgG1-
FcR–mediated effector functions against tumors through engage-
ment of the main Fcγ receptor families (58). In agreement with this 
possibility, a nonspecific IgG4 also blocked IgG1-mediated tumor 
cell ADCP by patient monocytes almost as effectively as the tumor 
antigen-specific IgG4 (Figure 5). This suggested that antigen spec-
ificity may only partly account for the IgG4 antibody-neutralizing 
properties (31, 59, 60). Furthermore, here we demonstrated that 
tumor antigen-specific IgG4 inhibited IgG1-dependent tumor cell 
killing by blocking activatory signal cascades associated with FcγRI 
effector mechanisms, which would normally lead to functions such 
as ADCP (Figure 6). One can therefore envisage that if IgG4 anti-
bodies are abundant in tumor microenvironments, their proxim-
ity to tumor cells may not only inhibit the effector functions of 
naturally expressed antibodies, but IgG4 could also impair thera-
peutic antibody effector functions in situ by one or more mecha-
nisms, as has already been reported following antibody treatments 
for rheumatoid arthritis (61, 62). Our findings are also consistent 
with similar reported functional roles of IgG4 in blocking immune 
responses in atopic individuals receiving allergen immunotherapy 
(18, 31). While these effects signal the relief of symptoms and suc-
cessful allergen immunotherapy, the presence of IgG4 in tumor 
microenvironments and its antibody-neutralizing functions may 
contribute to evasion of the humoral immune response to cancer.

Further supporting the potential significance of IgG4 in mela-
noma growth are our findings that elevated levels of IgG4 in patient 

sible that IL-4 production may be contributed by other stromal or 
immune cells in tumor microenvironments. Our findings there-
fore identify melanoma tumor cells as potential inducers of IgG4 
in tumor microenvironments via B cell–produced VEGF, trigger-
ing enhanced IL-10 production by tumor cells.

Insights into how IgG4 antibodies contribute to immune homeo-
stasis and to different disease pathologies are starting to emerge. 
IgG4 is considered a “nonactivating” subclass associated with 
chronic inflammation and limited immune activating functions 
(57). Links between IgG4 and tissue inflammation (14), in the 
context of well-characterized inflammatory mechanisms at play 
in tumors, raise the possibility of a key role for this antibody sub-
class in tumor inflammation. In support of this concept, we have 
shown the local presence of IgG4 antibodies in melanoma and their 
contributions to tumor inflammatory responses. In addition, we 
found that tumor antigen-specific IgG1, but not the corresponding 
IgG4, could activate patient-derived monocytes to kill tumor cells 
in vitro (Figure 5). These findings were confirmed by in vivo exper-
iments, since tumor antigen-specific IgG4 was unable to restrict 
tumor growth, despite accumulating in tumor lesions (Figure 7). 
Polarizing humoral responses in favor of IgG subclasses with low or 
no potency in activating effector cells against tumors may therefore 
represent a mechanism of tumor escape.

Another potential mechanism relates to IgG4 interactions with 
other IgG antibodies and its capacity to impede IgG functions that 
would otherwise activate effector cells to eradicate tumors. We 
observed that a tumor antigen-specific IgG4 antibody hindered the 
ability of the corresponding IgG1 to induce ADCP of tumor cells 
by patient monocytes. This may be the outcome of one or more 
potential scenarios. First, IgG4 may compete with IgG1 for tumor 

Figure 8
Elevated levels of IgG4 antibodies in patient sera correlate 
with patient survival. (A) IgG subclass ELISA evaluations of 
sera from 33 patients with stage III and IV melanoma were 
evaluated using Spearman correlation analyses for IgGsubclass/
IgGtotal, fractions in relation to patient survival (months), show-
ing a statistically significant negative correlation between IgG4 
fraction only (r = –0.32; P = 0.00353). (B) Kaplan-Meier cumu-
lative survival analysis of overall patient survival was compared 
with respect to IgG4/IgGtotal fractions (stratified according to 
fractions above (blue) or below (black) the 75 percentile of the 
IgG4/IgGtotal fractions measured from the 33 metastatic mela-
noma patient cohort), indicating that high IgG4/IgGtotal ratios in 
sera are associated with a significantly lower overall survival  
(P = 0.003; hazard ratio 0.19; 95% CI 0.0635–0.5685).
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012) were grown in Dermal Cell Basal Medium (ATCC) and supplemented 
with the Melanocyte Growth Kit (ATCC). The monocytic cell line U937 
(CRL-1593.2) was grown in DMEM, 10% FCS. Cells were grown in 2 mM 
l-glutamine, penicillin (5,000 U/ml), and streptomycin (100 μg/ml). The 
B95-8 marmoset blood leukocyte cell line secreting Epstein-Barr virus was 
grown in RPMI 1640 medium, 10% FCS, 2 mM l-glutamine, penicillin 
(5,000 U/ml), and streptomycin (100 μg/ml). All cells were maintained in a 
5% CO2 humidified incubator at 37°C.

RNA isolation from patient samples. Specimens placed in RNAlater solution 
(Life Technologies) were stored at –70°C prior to RNA extraction. RNA 
isolation was performed using a Qiagen Homogenizer II and an RNeasy Kit 
(Qiagen). Reagents were from Qiagen unless otherwise indicated. Tissue 
was removed from RNAlater, placed in a 2-ml microfuge tube with lysis 
buffer, and homogenized. Total RNA was prepared using the RNeasy Plus 
Mini Kit (Qiagen) according to the manufacturer’s protocol. A total 500 
ng of RNA was reverse transcribed into complementary DNA, using Super-
Script II Reverse Transcriptase and OLIGO(dT) primer mix (Life Technol-
ogies) according to the manufacturers’ instructions.

RNA and protein isolation from in vitro assays. Cells used in coculture exper-
iments were labeled either with CSPG4-IgG-APC (Miltenyi) and CD45-PE-
Cy7 (BD Biosciences) or with CSPG4-IgG-APC, CD45-PE-Cy7, and B cell 
lineage (CD19, CD22)-FITC and sorted using an Aria II (BD Biosciences). 
Cells from the ADCC/ADCP assay were labeled with anti-CD14-PE-Cy7 
or CD89-PE. Sorted cells were resuspended either in RLT buffer for RNA 
isolation following the RNeasy Kit (Qiagen) or in Cell Lysis buffer (Cell 
Signaling) supplemented with 5 mM PMSF for protein isolation.

Western blot. Protein lysates were separated by SDS-PAGE using 4%–15% 
polyacrylamide minigels (Bio-Rad) and transferred onto PVDF mem-
branes using a Bio-Rad Trans-Blot Turbo Transfer system (Bio-Rad). 
Membranes were blocked with 5% skimmed milk in PBS-Tween 20 and 
incubated with rabbit antibodies specific for the unphosphorylated and 
phosphorylated forms of Src, Akt, MEK(1/2), and SHIP-1 (all from Cell 
Signaling) in 1% skimmed milk-PBS-Tween 20 according to manufacturer 
recommendations. Rabbit antibodies were detected with goat anti-rab-
bit-HRP (Cell Signaling) and visualized with the ECL Detection Kit (GE 
Healthcare) on a Hyperfilm (Amersham).

Cell-based ELISA. Tumor cell–reactive antibodies were detected using cell-
based ELISA, as previously described (28). Briefly, A375 tumor cells were 
plated at 3 × 105 to 6 × 105 cells on 96-well flat-bottom tissue culture plates, 
fixed in 0.5% formaldehyde, and stored at –80°C. On the day of the assay, 
plates were thawed, blocked with a 5% skimmed milk/PBS solution for  
2 hours, and incubated with 100 μl of ex vivo culture supernatants, nonspe-
cific IgG (125 μg/100 μl), or tumor-specific IgG1 or IgG4 antibodies (0.05 
μg/100 μl) for 90 minutes at room temperature. Bound tumor cell–reac-
tive antibodies were detected using a mouse anti-human IgG1 (AbD Sero-
tec, 1:400) or mouse anti-human IgG4 (BD Biosciences, 1:250) antibody. 
This was followed by a 45-minute incubation with a goat anti-mouse IgG 
PE-labeled F(ab)′2 Fc-specific antibody (Jackson ImmunoResearch, 1:350). 
Fluorescence intensity depicting tumor cell reactivity was measured on an 
ELISA reader (BMG Labtech; excitation 488 nm, emission 540 nm). All 
samples were in duplicates, and MFIs were corrected against background 
and normalized against the MFI of the isotype control antibody. Antibod-
ies were defined as reactive against tumor cells when the measured MFI was 
2 SDs above the MFI of the specific isotype control antibody.

Quantitative real-time RT-PCR analysis. CD22, mature IgG, IL4, IL10, IFNG, 
and VEGF mRNA expression were assessed by multiplex real-time quanti-
tative RT-PCR using TaqMan Gene Expression Assays (primers and probes, 
Life Technologies) according to the manufacturers’ instructions. Primers 
and probes for the quantification of mature IgG mRNA were designed 
in-house using Primer Express (Life Technologies) as follows: probe,  

sera are associated with poorer survival (Figure 8). Data presented 
here mandate a closer examination of IgG4 antibodies but also of 
IgG3 antibodies, which are also proportionally elevated in tumors 
and possess lower effector cell activatory properties compared with 
IgG1 antibodies (63), as potentially useful biomarkers in tumor 
lesions and/or in the circulation. Additionally, data demonstrat-
ing VEGF and IgG4 production by B cells in the presence of tumor 
cells imply that B cells may be “reeducated” through cross-talk with 
tumor cells and highlight the need to further dissect the mecha-
nisms by which tumors escape humoral immune responses.

In conclusion, we present the first evidence of local IgG4 expres-
sion in melanoma, associated with the IgG4-polarizing cytokines 
IL-10, VEGF, and IL-4. Our data suggest that IgG4 antibodies trig-
gered in the presence of tumor cells participate in local inflam-
mation and may represent one regulatory mechanism by which 
tumors evade immune attack. Studies in larger cohorts of patients 
are required to elucidate associations of IgG4 with immunologi-
cal, molecular, and clinical parameters and patient responses to 
treatments, paving the way for biomarker development and design 
of personalized medicine approaches. Future strategies to coun-
teract IgG4 immunoregulatory pathways or to design antibody 
treatments and derivatives less prone to IgG4 blockade will be  
of potential therapeutic value.

Methods
Patient data and specimen collection. Melanoma tumor skin lesions, lymph 
nodes, and blood were collected from a total of 57 patients diagnosed with 
stage I–IV malignant melanoma (Tables 1–3 and Supplemental Table 1). 
Patients were staged and classified according to the American Joint Com-
mittee on Cancer Melanoma Staging and Classification criteria (64). Sam-
ples were used fresh, or placed in OCT for cryosectioning or in RNAlater 
solution (Life Technologies) and stored at –70°C for subsequent RNA 
extraction, or fixed in formal saline and embedded in paraffin. Discarded 
human skin samples were obtained from 18 volunteers undergoing routine 
plastic surgery. Human peripheral blood lymphocytes (PBLs) and B cells 
were isolated from a cohort of 8 healthy volunteers. Human samples were 
collected with informed written consent, in accordance with the Helsinki 
Declaration, and study design was approved by the Guy’s Research Ethics 
Committee, Guy’s and St. Thomas’ NHS Foundation Trust.

Human cell isolation and ex vivo stimulation assays. Peripheral blood B cells 
from patients with melanoma and healthy volunteers were isolated using 
the B cell enrichment cocktail (Stemcell Technologies) and cultured at a 
density of 500 cells per well (in 96-well plates) in combination with (3,010 
cGy) irradiated autologous PBMCs, Epstein-Barr virus, and the TLR9 ago-
nist CpG 2006, as previously described (28). Single cell suspensions were 
derived from patient tissues (lymph nodes or melanoma skin lesions) 
using a Gentle MACs Tissue Dissociator (Miltenyi) and filtered through a  
100-μm strainer. In ex vivo stimulation experiments, human peripheral 
blood B cells were cocultured for 5 days together with irradiated PBMCs 
and tumor cells at 1:5:10 ratios in RPMI 1640 medium, 10% FCS, 2 mM 
l-glutamine, penicillin (5,000 U/ml), and streptomycin (100 μg/ml) (all 
Life Technologies) (65). Primary human monocytes from patients with 
melanoma were obtained using the monocyte enrichment cocktail (Stem-
cell Technologies) according to the manufacturer’s instructions (66).

Cell culture and reagents. Cell lines were obtained from ATCC. Media for 
maintaining the melanoma cell lines were as follows: DMEM, 10% FCS 
for A375 (CRL-1619) and A-2058 (CRL-11147); McCoy’s medium, 10% 
FCS for G-361 (CRL-1424); MEM, 10% FCS for WM-115 (CRL-1675) and 
SK-MEL-28 (HTB-72); and Iscove’s modified Dulbecco’s medium, 20% 
FCS for Malme-3M (HTB-64). Primary human melanocytes (PCS-2000-
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Luminex bead array analysis. Luminex Bead Array Assay Kits, Milliplex for 
cytokines (Millipore) or Bioplex for IgG subclasses (Bio-Rad), were used 
according to the manufactures instructions, and data were acquired and 
analyzed using a FlexMap3 (Luminex Cooperation) or Bio-Plex200 (Lumi-
nex Cooperation), respectively.

Production of human anti-CSPG4 antibodies. The cDNA of the heavy and 
light chain variable regions directed against the human CSPG4, a cell sur-
face antigen expressed by >80% of malignant melanomas, were derived 
from previously published variable region sequences of the murine mAb 
225.28S (68–70), and antibodies were subsequently cloned and produced 
in an method analogous to that previously described (71).

Flow cytometric and ImageStream evaluations of antibody binding. For assess-
ment of antibody binding to CSPG4 on a panel of human melanoma cell 
lines (A375, A-2058, G-361, WM-115, SK-MEL-28, Malme-3M), primary 
human melanocytes, U937 monocytes, or human primary monocytes, cells 
were incubated with 10 μg/ml mAbs for 30 minutes at 4°C, followed by  
2 washes in PBS with 5% normal goat serum (FACS buffer). Cells were then 
treated with goat anti-human IgG (Fab′)2-FITC antibody or goat anti-hu-
man IgG1-PE (10 μg/ml) (Jackson ImmunoResearch) for 30 minutes at 
4°C and washed in FACS buffer prior to acquisition and analysis on a 
FACSCanto flow cytometer (BD Biosciences) or ImageStreamX (Amnis 
Corporation). For ImageStreamX, quantitative analyses are based on the 
acquisition of 20,000 cell events, and MFIs were measured and calculated 
using an object mask to detect surface staining only.

Cytotoxicity/phagocytosis (ADCC/ADCP) assays. Antibody-dependent cell-
mediated killing of CSPG4-expressing cells by anti-CSPG4 antibodies was 
quantified by a 3-color flow cytometric ADCC/ADCP assay, as previously 
described (72). Briefly, A375 melanoma cells were stained 24 hours prior 
to assays with 5.0 μM CFSE (5-[and 6-] carboxyfluorescein diacetate suc-
cinimidyl ester, Life Technologies) in PBS for 10 minutes at 37°C; washed 
in DMEM medium, 10% FCS, 2 mM l-glutamine; and returned to stan-
dard culture conditions. The following day, CFSE-labeled tumor cells were 
washed and then mixed with human monocytes at an E/T cell ratio of 2:1, 
with or without (5 μg/ml) antibodies, followed by a 3 hours incubation at 
37°C. Cells were then washed in PBS with 2% normal goat serum (FACS 
buffer), incubated for 30 minutes with a mouse anti-human CD89 PE (BD 
Biosciences), washed again in FACS buffer, and resuspended in PBS sup-
plemented with DAPI (Life Technologies). All assay conditions were tested 
in triplicates and replicated in 6 independent experiments using peripheral 
blood monocytes derived from 6 patients with stage II melanoma.

Assessments of receptor function were conducted using blocking anti-
bodies: mouse anti-human FcγRI (Biolegend); mouse anti-human FcγRII 
(Abcam); and mouse anti-human FcγRIII (Abcam), which have been pre-
viously described to block the antibody Fc-mediated functions of differ-
ent FcγR family members (73–75). Blocking experiments with specific or 
nonspecific IgG4 antibodies were conducted using a 3:1 (IgG4/IgG1) ratio.

Samples were acquired immediately using a FACSCanto flow cytometer 
(BD Biosciences). For event acquisition and analysis, CFSE-labeled tumor 
cells were detected in FITC (530/30-nm band-pass filter and a 502-nm 
long-pass filter), CD89-PE-labeled primary monocytes were detected in 
PE (585/42-nm band-pass filter and a 556-nm long-pass filter), and DAPI+ 
dead cells were detected in Pacific Blue (345/20-nm band-pass filter) 
channels, while control samples were set for compensation adjustments 
between CFSE and PE. Two dual-color flow cytometric dot plots were gen-
erated to calculate ADCC and ADCP, as previously described (66, 72, 76).

Assessments of antibodies in a subcutaneous human melanoma model in NOD/
SCID/Il2rg–/– mice engrafted with human immune cells. Male and female NOD/
SCID/Il2rg–/– mice (NOD.cg-Prkdc SCID Il2rg tm1Wjl /SzJ [NSG]; The 
Jackson Laboratory) were used at between 6 and 10 weeks of age. Mice were 
maintained under specific pathogen–free conditions and handled in accor-

5′ FAM-CATCGGTCTTCCCC-MGB 3′; J segment primer, 5′ ACCCTGGT-
CACCGTCTCCTCA 3′; mature IgG reverse primer, TGCAGCAGCGGGT-
CAAG). For each sample, mRNA abundance was normalized against the 
amount of human GAPDH mRNA (VIC) for the cytokine TaqMan Gene 
Expression Assays or against β2-microglobulin mRNA (VIC) for CD22 
and mature IgG mRNA. Data analysis was performed using either a ΔCt 
method, comparing it to an arbitrary number, or a ΔΔCt method, compar-
ing it to freshly isolated cells from blood. Results were expressed as relative 
mRNA expression units or ΔΔCt.

Immunohistochemical evaluations of frozen tissue specimens. Freshly frozen tis-
sue sections embedded in OCT were cut at 4-μm to 8-μm thickness using 
a cryostat (Leica), and sections were air dried and stored at –80°C until 
further use. Prior to staining, slides were equilibrated at room temperature 
for 10 minutes, followed by fixation in acetone for 20 minutes. Sections 
were then air dried and stained using standard operation procedures for 
immunohistochemistry and immunofluorescence using the following 
commercial antibodies: mouse anti-human CD22 mAb (eBioscience); goat 
anti-human IgG (DakoGlostrup); mouse anti-human IgG4 (BD Biosci-
ences); mouse anti-human CD64 (Biolegend); mouse anti-human CD32 
(Abcam); mouse anti-human CD16 (Abcam); goat anti-mouse IgG, biotiny-
lated (DAKO); and rabbit anti-human S100. Subsequently, antibodies were 
detected with the VECTOR Red Alkaline Phosphatase Substrate Kit (Vec-
tor Labs) or with donkey anti-mouse Alexa Fluor 555 and donkey anti-goat 
Alexa Fluor 488 (both Life Technologies). Images were captured using a 
Zeiss Axio Observer.Z1/ Axiophot microscope using AxioVision (×10, ×20, 
and ×63 magnification lenses, Carl Zeiss).

Immunohistochemical evaluations of paraffin-embedded tissue specimens. Paraf-
fin sections were cut at 6-μm thickness on a microtome (Leica) and dried 
overnight at 60°C. Prior to staining, sections were deparaffinized with a 
20-minute incubation in Xylene and then rehydrated by serial incubations 
in alcohol. Heat-induced antigen retrieval was performed in a 95°C water 
bath, using citric acid. Subsequently, sections were stained using standard 
operation procedures for immunohistochemistry with the following com-
mercial antibodies: mouse anti-human CD22 (Abcam); rabbit anti-human 
FoxP3 (eBioscience); mouse anti-human CD45 (eBioscience); and mouse 
anti-human IgG4 (BD Biosciences). Antibodies were detected with goat/
rabbit anti-mouse IgG-biotinylated (DAKO) and visualized using the 
VECTOR Red Alkaline Phosphatase Substrate Kit, including Levamisole 
(Vector Labs). All sections were mounted in DPX mounting solution and 
analyzed on a Zeiss Axiophot microscope using ×10 and ×20 magnification 
lenses (Carl Zeiss) and NIS-Elements imaging software (Nikon).

IgG subclass ELISA. Immunoglobulin subclasses produced in cell culture 
supernatants were measured using an IgG1-, IgG2-, IgG3-, and IgG4- 
specific ELISA. Capture antibodies were from AbD Serotec (IgG1 and IgG3) 
and BD Biosciences (IgG2 and IgG4). Certified Reference Material 470 
(67) (ERM-DA470, Institute for Reference Materials and Measurements) 
was used as the standard to quantify Ig subclass. Maxisorp 96-well plates 
were coated with mouse anti-human IgG1, IgG2, IgG3, or IgG4 antibodies  
in carbonate-bi-carbonate buffer (0.2 M, pH 9.4) overnight, and plates 
were blocked for 1 hour with 2% nonfat milk and PBS-Tween 20. Plates 
were incubated with culture supernatants diluted 1:1 in 50% RPMI media, 
50% PBS, 0.025% Tween 20 for 3 hours, and subclass antibody binding 
was detected with goat anti-human IgG F(ab′)2-HRP incubated for 2 hours 
(Jackson ImmunoResearch), followed by a color reaction with 0.5 mg/ml 
o-phenylenediamine dihydrochloride substrate (Sigma-Aldrich) in perox-
ide substrate buffer (Pierce). Reactions were stopped with the addition of 
1 M HCl. Optical density values were measured at 492 nm (reference wave-
length: 650 nm). Standard curve fitting was performed using Graphpad 
Prism software (Graphpad) with a 4-parameter curve fit using a minimum 
of 6 points on the standard curve.
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dance with the Institutional Committees on Animal Welfare of the UK 
Home Office (The Home Office Animals Scientific Procedures Act, 1986). 
NSG mice were injected subcutaneously with 5 × 105 A375 melanoma cells 
in 150 μl PBS. On day 5, mice received intravenous injections of 10 × 106 
human PBLs (derived from whole human blood by lysis of red blood cells) 
and 10 mg/kg of antibody. Subsequent injections of antibody treatments 
were given 3 times on days 12, 18, and 25 at doses of 10 mg/kg each in 150 μl  
PBS. A control group was treated with 10 × 106 human PBLs on day 5 and 
injected with 150 μl of PBS on days 12, 18, and 25. Tumor growth was 
monitored and measured using calipers. Tumor size (mm3) was calculated 
using the following formula: mm3 = d2 × (D/2), where d stands for the small 
diameter of tumor and D stands for the large diameter of tumor.

Experiments were terminated once the first animal was measured with 
a subcutaneous tumor size no greater than 750 mm3. Spleen engraftment 
of 40%–70% human CD45+ cells was confirmed by flow cytometry for all 
experiments (Supplemental Figure 5).

NanoSPECT/CT imaging of anti-CSPG4 antibody in vivo. NSG mice were 
injected subcutaneously with 5 × 105 A375 tumor cells on day 0. On day 5  
mice were injected intravenously with 10 × 106 human PBLs. Spleen 
engraftment was analyzed as above (Supplemental Figure 5). Anti-CSPG4 
IgG4 (7 mg) was conjugated with the bifunctional chelator CHX-A”-DTPA 
prior to experiments, and on day 24, the antibody was radiolabeled with 20 
MBq of Indium-111 (St. Thomas’ and Guy’s Trust, KCL, London, Radio-
pharmacy) and administered intravenously at 10 mg/kg as above. Images 
were captured under anesthesia after 20 minutes, 8 hours, and 24 hours 
using a NanoSPECT/CT preclinical imager (Bioscan) equipped with a 
multipinhole (9 pinholes; aperture 1.0 mm) collimator and reconstructed 
using the Invivoscope software (Bioscan).

Statistics. Comparative quantitative PCR analyses in human skin specimens 
were conducted using a Kruskal-Wallis analysis with a Dunn post-hoc test. 
Comparative analyses of immunohistochemical staining were performed 
using a Mann-Whitney U test. One-way ANOVA with Bonferroni post-hoc 
test was used to compare ADCC/ADCP of tumor cells by human monocytes, 
triggered by antibodies. Two-way ANOVA with Bonferroni post-hoc test was 
used to compare restriction of tumor cell growth in vivo. For correlation and 
patient survival analyses, Spearman and Mantel-Cox analyses were applied. 
All statistical analyses were performed using GraphPad Prism software (ver-
sion 5.03, GraphPad). Error bars in all in vitro figures represent SD. Error 
bars in all in vivo figures and histological analyses represent SEM.
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