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Targeted Stat2 deletion in conventional dendritic cells impairs CTL responses but 
does not affect antibody production
Connie C. Qiua*, Kevin P. Kotredesb*, Tess Cremersb, Sajan Patelb, Alexandra Afanassievb, Michael Slifkerc, 
Stefania Galluccia, and Ana M. Gamero b,d**
aLaboratory of Dendritic Cell Biology, Department of Microbiology and Immunology, Lewis Katz School of Medicine at Temple University, 
Philadelphia, PA, USA; bDepartment of Medical Genetics and Molecular Biochemistry, Lewis Katz School of Medicine at Temple University, 
Philadelphia, PA, USA; cBiostatistics and Bioinformatics Facility, Fox Chase Cancer Center, Philadelphia, PA, USA; dFels Institute for Cancer Research and 
Molecular Biology, Lewis Katz School of Medicine at Temple University, Philadelphia, PA, USA

ABSTRACT
STAT2 is a central component of the ISGF3 transcriptional complex downstream of type I interferon (IFN-I) 
signaling. The significance of in vivo IFN-I/STAT1 signals in cDCs is well-established in the generation of 
antitumor cytotoxic T cell (CTL) responses. However, the role of STAT2 has remained elusive. Here, we 
report a clinical correlation between cDC markers and STAT2 associated with better survival in human 
metastatic melanoma. In a murine tumor transplantation model, targeted Stat2 deletion in CD11c+cDCs 
enhanced tumor growth unaffected by IFNβ therapy. Furthermore, STAT2 was essential for both, the 
activation of CD8a+cDCs and CD11b+cDCs and antigen cross-presentation in vivo for the generation of 
robust T cell killing response. In contrast, STAT2 in CD11c+cDCs was dispensable for stimulating an 
antigen-specific humoral response, which was impaired in global Stat2 deficient mice. Thus, our studies 
indicate that STAT2 in cDCs is critical in host IFN-I signals by sculpting CTL responses against tumors.
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Introduction

Type I interferons (IFN-I) play a central role in tumor 
immunity.1 They inhibit tumor growth by orchestrating 
immunomodulatory effects that bridge the innate and adap-
tive immune response.2–4 Major functions of IFN-I include 
induction of cell-intrinsic antiviral/antitumor responses and 
activation of adaptive antigen-specific B and T cell responses, 
modulated by IFN-stimulated genes (ISGs).5 Activation of the 
IFN-I signaling pathway requires the assembly of the canoni-
cal transcriptional complex ISGF3 consisting of STAT1, 
STAT2 and IRF9. The prevalent view is that Janus kinases 
JAK1 and TYK2 tyrosine phosphorylate STAT1 and STAT2. 
STAT1/STAT2 heterodimers form and bind IRF9 to translo-
cate to the nucleus and drive ISG expression.6 IFN-I can also 
induce the formation of STAT1 homodimers as well as non- 
canonical heterodimers of STAT1/IRF9 and unphosphory-
lated STAT2/IRF9. Most recently, assembly of the ISGF3 
complex was revisited. Under homeostatic conditions, pre-
formed STAT2/IRF9 heterodimers were found to sustain 
basal ISG expression in a ligand-independent manner that 
rapidly switched to ISGF3 in the nucleus following IFN-I 
stimulation.7

Conventional dendritic cells (cDCs) are central regulators of 
tumor immunity.8 Two independent studies identified host 
IFN-I signaling in cDCs as essential for cross-presentation of 

tumor antigens to CD8 + T cells by employing mice with 
CD11c+cDCs lacking either IFN-I receptor or STAT1.9,10 We 
previously reported that STAT2 suppressed tumor growth and 
was required for bone marrow-derived DCs generated in the 
presence of GM-CSF, to become activated and cross-present 
tumor antigen to CD8 + T cells.11,12 Because some IFN-I 
responses are STAT1-independent,13,14 the role of STAT2 in 
cDCs in vivo has remained unclear.

cDCs are key players in humoral immunity for directly 
stimulating follicular T helper cells, which promote the classic 
antigen-specific antibody response; they provide help to 
B cells and support their survival.15,16 IFN-I are essential in 
humoral immunity as IFN-I receptor-deficient mice do not 
produce antigen-specific antibodies after immunization.17 

While these results emphasize the importance of IFN-I-in 
antibody production, it is unknown if STAT2 signaling in 
general, and in cDCs specifically, is needed to stimulate 
a humoral response.

Here, we present novel evidence that intrinsic STAT2 sig-
naling in cDCs is essential for the generation of an effective 
CTL response but nonessential in stimulating an antibody 
response. Importantly, human metastatic melanoma tumors 
display a STAT2 transcriptional signature in cDCs associated 
with better survival. Altogether, our study establishes STAT2 as 
a key molecule in DC-mediated antitumor immunity.
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Materials and methods

Patient sample information and bioinformatic analysis

Publicly available TCGA-SKCM datasets were used for gene 
expression correlations and overall patient survival analysis.18 

Characteristics of the melanoma patient cohort are presented 
in supplementary table 1. There are 470 samples represented, 
of which two patients are counted twice as they have both, 
a primary and a metastatic sample. Principal component ana-
lysis (PCA) was performed on gene expression values (mea-
sured in standardized counts-per-million (CPM)) using the 
R prcomp function. The set of STAT2-dependent ISGs used 
in the analysis was compiled from multiple publications19–27 

and only those genes found expressed in DCs (VAV1, 
LAPTM5, WDFY4, HCLS1, CD86, SPI1, CD72, IL2RB, SLA2, 
IFI30, CXCL9, CD40, CD74 and CCL4) were used for PCA 
analysis. Correlations between principal component (PC1) and 
BATF3/IRF8 gene expression were calculated and significance 
was assessed using the R cor.test function. To perform survival 
analysis based on levels of the first PC1, we first noted that time 
from SKCM diagnosis to death or last follow-up was not the 
correct survival time to use as it gives rise to anomalous results 
(i.e. survival time for primary SKCM appears to be significantly 
shorter than for metastatic SKCM). To address this problem, 
we used the observed survival interval (OBS) defined in Xiong 
et al.,28 which replaces time of diagnosis with time of TCGA 
specimen sampling. Kaplan-Meier survival analysis using OBS 
was performed based on values of PC1 (low or high, based on 
median split). To assess potential confounders, we also fit Cox 
proportional hazards models including age and tumor stage, in 
addition to PC1. We limited attention to PC1 as it accounted 
for 73.9% of total variation in the samples.

Generation of conditional Stat2KO mouse

All animal studies were conducted with the approval of the 
Animal Care and Use Committee at Temple University. Wild 
type (WT) and Stat2KO mice on the B6 genetic background11 

were bred in our animal facility under a pathogen-free envir-
onment. Stat2 floxed (Stat2fl/fl) mice were generated in the 
C57BL/6 J genetic background. Specific Stat2 deletion in DC 
(Stat2Δ-DC) was achieved by crossing B6-CD11c-Cre-GFP mice 
(Jackson Labs, Bar Harbor, ME) with Stat2fl/fl mice. Different 
set of primers (supplementary Table 2) were used to distin-
guish wild type from Stat2fl/fl allele and Stat2Δ-DC.

Tumor cell lines and primary bone marrow-derived cDCs

Murine B16-F1 melanoma cell line was maintained in DMEM 
medium (Mediatech, Inc; Herndon, VA) supplemented with 
5% heat-inactivated FBS, 2 mM L-glutamine, 1 mM sodium 
pyruvate, 100 U/mL penicillin and 100 µg/mL streptomycin 
(Invitrogen Corp, CA) at 37°C and 5% CO2. Murine EL-4 
lymphoma cell line was maintained in DMEM medium with 
10% heat-inactivated horse serum, glutamine and sodium pyr-
uvate. Mouse primary DC cultures were generated from bone 
marrow precursors as previously described.12 All experiments 
were performed with mycoplasma-free cells.

Antibodies and cytokines

Anti-STAT1 antibody (Cat# sc-346) was purchased from Santa 
Cruz Biotechnologies (Santa Cruz, CA). Anti-STAT2 antibody 
(Cat# 07–140) and anti-OVA antibody (Clone OVA-14) were 
obtained from Millipore-Sigma (St. Louis, MO). Anti-Actin-HRP 
antibody (Cat# HRP-60008) was obtained from Proteintech 
(Rosemont, IL) and HRP-conjugated anti-mouse (Cat#7076S) 
and anti-rabbit secondary antibodies (Cat#7074S) were pur-
chased from Cell Signaling (Danvers, MA). For flow cytometry, 
anti-CD16/CD32 (clone 2.4G2) was purchased from BioLegend 
(San Diego, CA), anti-B220-PE (clone RA3-6B2), anti-CD11b- 
PE-Cy7 (cloneM1/70), anti-CD3-FITC (clone 17A2), anti-CD4- 
PE (clone RM4-5), anti-CD8a-APC (clone 53–6.7) and anti- 
CD40 (clone HM40-3) were obtained from BD Biosciences 
(San Jose, CA). Anti-CD11c-APC (clone N418) and anti-CD86 
clone GL1 were purchased from eBioscience, Inc. (San Diego, 
CA). Recombinant murine IFN-β was provided by Biogen-Idec.

Tumor transplantation

One million B16-F1 tumor cells or 3 × 105 EL4 cells resuspended 
in 200 µL of endotoxin-free saline solution were injected subcu-
taneously (s.c.) on the dorsal flank of 6–8 weeks old C57BL/6 mice. 
Three days later, mice received IFN-β (2x104U) intratumorally 
and around the site of tumor injection twice weekly in 100 µL of 
PBS. Tumor measurements were started on day 7 using a digital 
caliper. Tumor volume was determined with the formula: V = a2b, 
where a is the shorter diameter and b is the longer diameter of the 
tumor. Study was terminated when tumors reached a size of 
20 mm in diameter. No mice died during the study.

Western blot analysis

Cells and tissues were disrupted in lysis buffer as described 
previously.29 Protein extracts were resolved on precast 
SurePAGE 4–12% gradient gels (Genscript, Piscataway, NJ) 
and transferred onto PVDF membranes. Membranes were 
blocked with Blocker Casein TBS and incubated with the 
corresponding primary and HRP-conjugated secondary anti-
bodies in TBS + 3% BSA. Signal was developed using enhanced 
chemiluminescence reagent (BioRad, Hercules, CA) and 
images captured with BioRad ChemiDoc imaging system. 
Actin was used as internal loading control.

Immunization with chicken egg ovalbumin

Mice were immunized by intramuscular injection with 50 μg of 
chicken egg ovalbumin (OVA) in Complete Freund’s Adjuvant 
(CFA, Sigma), followed by two booster injections of 100 μg of 
OVA and 50 μg of OVA in Incomplete Freund’s Adjuvant 
(IFA, Sigma) as 2nd and 3rd immunization, respectively, given 
two weeks apart. Blood was collected prior to initial immuni-
zation with OVA antigen in CFA, 2 weeks after the initial 
immunization before the first booster injection (2nd immuni-
zation), and 2 weeks after that, before the third injection. Tail 
bleeds were obtained, and blood was allowed to coagulate at 
room temperature. Serum was collected after centrifugation 
and stored at −80°C for antibody measurements.
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Measurement of OVA antibodies by ELISA

Ninety-six-well plates were coated with 100 μl of OVA 
(30 μg/ml) resuspended in borate buffer saline (BBS) and 
incubated overnight at 4°C. Plates were then blocked with 
3% BSA in BBS for 2 h at 37°C. Serum samples diluted 
1:500 in BBS containing 1% Tween 80 (BBT) or 
a commercial mouse anti-OVA antibody standard were 
added to plate and incubated at 4°C overnight. Following 
incubation with secondary antibody (Alkaline Phosphatase- 
conjugated anti-mouse IgG diluted at 1:5000) signal was 
developed using 1 mg/ml of p-nitrophenyl phosphate 
(PNPP, Sigma). Optical density (OD) was measured at 
405 nm with wavelength correction at 650 nm.

In vivo CTL killing assay

Mice were immunized with OVA antigen using the protocol 
described above. One week after the third injection of OVA, 
in vivo CTL killing assay was performed as described.12 Percent 
specific lysis was calculated as 1-[rnaive/rimmunized]x100, where 
r = % CFSElo cells/% CFSEhi cells.

In vivo stimulation of DCs

Mice were injected intravenously with TLR7 ligand R848 (30 μg; 
InvivoGen) and euthanized 24 h later. Spleens were digested in 
collagenase type IV (Worthington, Lakewood, NJ) and DNAse 
from bovine pancreas type II (Sigma) for 45 min at 37°C in 
IMDM media and filtered through a 100 μm filter. Splenocytes 
were cleared of red blood cells using ammonium-chloride- 
potassium and immunostained for flow cytometry analysis.

Flow cytometry

Single-cell splenocytes were resuspended in cold PBS containing 1% 
BSA and incubated with rat anti-mouse CD16/CD32 mAb for 
10 min on ice to block FcγR. Cells were then stained for 30 min 
on ice with antibodies against surface cell markers (B220, CD11c, 
CD11b, CD3, CD4, and/or CD8a clone) and activation markers 
(CD86 and CD40). Cells were analyzed on a FACSCanto cytometer 
(BD Biosciences). Data analysis was performed using FlowJo 
software.

Statistical analysis of animal studies

Prism software (GraphPad, San Diego, CA) was used for statistical 
analysis. Unpaired Student t- test was used for the comparison 
between two groups. One-way ANOVA or two-way ANOVA 
analysis followed by Dunnett’s test were applied for multiple com-
parisons. Values of p < .05 were considered statistically significant. 
A power calculation was set at the 5% significance with 80% power.

Results and discussion

Human melanoma tumors display a link between cDCs 
and STAT2-dependent gene transcripts

Evidence of IFN-I signaling in T cells infiltrating human 
melanoma tumors highlights the importance of host IFN-I 
in the generation of robust CD8+ cytolytic T cell (CTL) 
response.30 Therefore, we evaluated human melanoma sam-
ples for the presence of an IFN-I/STAT2 dependent signature 
in cDCs. Analysis of TCGA-SKCM datasets representing 
patients with primary and metastatic melanoma (Suppl. 
Table 1) based on STAT2 mRNA expression showed an 

Figure 1. Correlation between cDC markers and STAT2-dependent gene transcripts in human metastatic melanoma. Transcriptional signatures of human primary 
(n = 103) and metastatic melanoma (n = 367) samples were obtained from TCGA-skin cutaneous melanoma (SKCM) datasets. (a-b) Kaplan-Meier plots show significantly 
longer survival in samples with high values of STAT2 or high values of PC1 (first principal component based on expression of 14 STAT2-dependent ISGs). High and low 
values were based on median split. (c-d) Relationships between PC1 and IRF8/BATF3 expression. Gene expression levels are measured in counts per million.
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association between high STAT2 and overall increased survi-
val, seen only in metastatic patients (Figure 1a). Next, overall 
increased survival of patients with metastatic disease corre-
lated with high PC1 of the expression values of 14 STAT2- 
dependent ISGs (Figure 1b). No statistical differences were 
found in overall survival of patients with primary melanoma 
based on PC1 expression (low PC1, n = 70 and high PC1, 
n = 31; p = .07). Interrogation of the same metastatic patient 
samples revealed that cDC markers BATF3 and IRF8 strongly 
correlated with PC1 (Figure 1c,d), indicating a significant role 
for cDCs in intra-tumor STAT2-dependent responses. PC1 
and STAT2 remained significantly associated with survival in 
metastatic samples after adjusting for age and stage. These 
data provide further support to our previous finding in which 
we showed a requirement for STAT2 in cDC function and 
tumor growth control when studied in the context of global 
STAT2 deficiency.11

Stat2 ablation in CD11c+DCs facilitates tumor growth that 
is not suppressed by exogenous IFN-I

To determine intrinsic STAT2 signaling in cDCs, we generated 
mice with Stat2 deletion in CD11c+DCs, therein referred as 
Stat2Δ-DC (Suppl. Figure 1). We analyzed the three main DC 
subsets: CD11b+cDCs (B220− CD11c+ CD11b+, cDCs), plas-
macytoid DCs (B220+ CD11cInt CD11b−, pDCs), and 
CD8a+cDCs (CD3− CD8a+ CD11c+ B220−), the latter being 
important for cross-priming CD8+ T cells. Total cellularity of 
the spleen and frequency of DC subsets in Stat2Δ-DC and 
Stat2KO mice were the same as in WT mice, indicating that 
STAT2 played no intrinsic role in DC development (Suppl. 
Figure 2a-D). We also showed that tumor growth was acceler-
ated in Stat2Δ-DC mice as in Stat2KO mice (Figure 2a) and 
IFNβ treatment failed to restrict tumor growth (Figure 2b). 
Both findings illustrate a pivotal role for STAT2 in cDCs to 
activate the antitumor effects of IFN-I. Our data establish 

Figure 2. Intrinsic STAT2 signaling in cDCs is critical for tumor suppression and type I IFN antitumor response. (a) Tumor growth in Stat2fl/fl, and Stat2Δ-DC mice that were 
transplanted with B16-F1 (Stat2fl/fl; n = 9 and Stat2Δ-DC; n = 10) or EL4 tumor cells (n = 9 for each genotype). (b) Mice of the indicated genotypes (n = 8–9) were injected 
subcutaneously with B16-F1 cells. Three days later mice received injections of PBS or IFN-β around the site of tumor implantation twice weekly. Values are shown as 
mean tumor volume determined over 20 days. *, p < .05; **, p < .01; and ***, p < .001. ns, not statistically significant. The results are from two independent experiments 
that were combined with at least 4 mice per group.
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a salient feature of STAT2 that was inferred but not addressed 
in previous studies using mice lacking IFN-I receptor or 
Stat1.9,10 Moreover, this observation highlights cDCs as 
orchestrators of the anti-tumor immune responses.

STAT2 signaling is required for DC activation in vivo

We determined whether Stat2 deletion in cDCs impaired their 
activation in vivo by TLR7 ligand R848. TLR7 stimulation 
enables antigen cross-presentation by DC subsets by causing 
a vigorous production of IFN-I and IL12,31,32 which are essential 
for the cross-priming of CD8+ T cells.33,34 The spleens of mice 
injected with R848 or PBS vehicle were analyzed after 24 h for 
changes in surface expression of activation markers CD86 and 
CD40 in CD11+cDCs (CD8a+cDCs and CD11b+cDCs) and 
B220+ CD11cint pDCs, gated as shown in Figure 3a,c. All three 
DC subsets in WT, Stat2fl/fl and CD11c-Cre mice showed upre-
gulated CD86 and CD40 by R848 (Figure 3).12,34 In contrast, the 
same three DC subsets in Stat2KO mice showed impaired upre-
gulation of both costimulatory markers, indicating that global 
STAT2 was required for in vivo DC responses to TLR7. The 
same defect was observed in Stat2Δ-DC mice but was restricted to 
CD11b+ and CD8a+cDC subsets with the CD8a+ cDC subset 
having the most severe impairment (Figure 3d and E vs. 
Figure 3g,h), which is closely aligned with Stat2KO mice. 

Although Stat2Δ-DC pDCs showed less upregulation, it did not 
reach statistical significance (figure 3f,i), possibly because CD11c 
+Cre is expressed less in pDCs.35 Hence, our results corroborate 
our previous study with Stat2KO mice12 and show conclusively 
that intrinsic STAT2 in cDCs is critical for their responses to 
systemic TLR activation mediated by autocrine/paracrine IFN-I.

CTL killing response is dependent on intrinsic STAT2 
signaling in cDCs in vivo

To test whether STAT2 signaling in cDCs was needed for 
generating CD8 + T cell responses, we analyzed CTL killing 
in vivo of OVA-specific CFSE labeled target cells by flow 
cytometry. We immunized mice with OVA plus adjuvant and 
seven days after the last immunization, we performed CTL 
killing in vivo assay by injecting mice intravenously with tar-
gets consisting of a mix of unpulsed and OVA-pulsed syn-
geneic splenocytes, recognizable by differential CFSE staining. 
After 24 h, we found WT mice had effective specific target lysis 
of 75–80% when compared to naïve unimmunized mice 
(Figure 4b). In stark contrast, Stat2Δ-DC and Stat2KO mice 
displayed attenuated CTL responses with specific killing of 
22.5% and 14.5% on average, respectively. Thus, our findings 
indicate that STAT2 deficiency in CD11c+cDCs impedes 
development of an effective CTL response in vivo. These 

Figure 3. STAT2 is critical for DC subsets to respond to TLR stimulation in vivo. WT, Stat2KO, Stat2fl/fl, CD11c-Cre+ and Stat2Δ-DC mice were injected i.v. with PBS or TLR7 
ligand R848. DC subsets in splenocytes were analyzed 24 h later by flow cytometry for surface lineage and activation markers. Normalized expression of CD40 and CD86 
to WT mice set at 1, is shown for (d, g) CD8a+ cDCs, (e, h) CD11b+cDCs and (f, i) pDCs, gated as shown in (a, b, c). A representative histogram for CD86 and CD40 
expression is shown for all 3 DC subsets. n = 3–4 mice per group. Error bars indicate mean ± SEM. **, p < .01; ***, p < .001; and ****, p < .0001, ns, not significant.
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observations together with our previous studies,11,12 in which 
DCs generated from bone marrow of Stat2KO mice were sub-
optimal in inducing antigen-specific CTL killing, strongly sup-
port the essential role of STAT2 signaling in CD11c+cDCs in 
inducing adaptive anti-tumor immunity. Intriguingly, indivi-
duals with homozygous STAT2 deficiency have been identified 
in the world who presented with severe and recurrent viral 
infections in childhood and exhibited defective IFN-I 
signaling.36 An outstanding question is whether STAT2 defi-
ciency heightens the risk of these patients for developing can-
cer later in life that, at this moment, is unknown.

STAT2 signaling in cDCs is dispensable for the generation 
of antigen-specific antibodies

To further our understanding of the role of STAT2 signaling 
in cDC competence to stimulate humoral immunity, we 
assessed the production of antibodies against OVA, a well- 
characterized T cell-dependent antigen.37 Stat2Δ-DC mice pro-
duced similar levels of serum anti-OVA IgG as WT, CD11c- 

Cre+ and Stat2fl/fl mice following the first and second immu-
nizations (Figure 4a). In contrast, Stat2KO mice displayed 
impaired production of anti-OVA IgG. These results indicate 
that STAT2 function is critical in the development of humoral 
responses regardless of the presence or absence of STAT2 
signals in CD11c+cDCs.

Based on our findings, we propose a model wherein intrin-
sic STAT2 signaling in cDCs is essential for promoting their 
maturation and capacity to cross-present tumor antigen to 
CTLs to generate a strong anti-tumor immune response 
(Figure 4c). We conclude that STAT2 mediates the antitumor 
effects of IFN-I via cDC activity while STAT2 signaling in 
cDCs is redundant in humoral responses by a STAT2- 
dependent process involving other cell types. Overall, our 
study underscores the prominent role of STAT2 in IFN-I-DC- 
CTL cell axis to control tumor growth.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Figure 4. Intrinsic STAT2 signaling in cDCs is dispensable for antibody production but essential for CTL killing responses in vivo. Mice of different genotypes were 
immunized with OVA protein in CFA followed by one injection of OVA in IFA two weeks later. (a) Serum collection from individual mice was done prior to immunization, 
two weeks after the initial immunization, and two weeks after the second immunization. Anti-OVA antibody levels were determined by ELISA and data are shown as 
mean optical density (OD). WT, n = 14; Stat2fl/fl, n = 9; CD11c-Cre, n = 10; and Stat2Δ-DC, n = 8; Stat2KO, n = 7 for the two time points and n = 4 for the last time point. The 
mice tested were divided in two independent experiments. (b) Two weeks after the second immunization, mice received a third immunization for OVA. CTL killing 
activity was measured 7 days later by injecting mice i.v. with an equal mixture of splenocytes labeled with high or low CFSE and pulsed with or without OVA peptide. 
Spleens were analyzed 24 h later by flow cytometry and the percentage of specific lysis was calculated. Error bars show mean ± SD. Mice were tested divided in two 
independent experiments; each dot represents one individual mouse. ****, p < .0001. ns, not significant. (c) Proposed model of STAT2 role in cDC in tumor control.
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