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Introduction
Tumor immunotherapies have emerged as first-line treatment for a number of  malignancies (1). In partic-
ular, immune checkpoint blockade (ICB) using anti–PD-1 antibodies (nivolumab or pembrolizumab) has 
demonstrated clinical use in a wide range of  cancer types (1, 2). However, the efficacy of  ICB is currently 
limited to a fraction of  patients with cancer. The preexisting immune composition of  a tumor is a critical 
determinant of  response to ICB, which displays enhanced efficacy in T cell–inflamed tumors (3, 4). In 
addition to their potential as predictive biomarkers for response to ICB therapy, increased densities of  intra-
tumoral CD8+ T cells are associated with enhanced overall survival of  patients with cancer (5). Currently, 
there is an unmet need for therapeutic agents that induce T cell infiltration into tumors and permit effective 
treatment of  patients who exhibit resistance or limited response to ICB.

Myeloid cells comprise several subtypes, including DC and macrophages, which play key roles in reg-
ulating tumor progression and response to therapies (6). Canonically, mature DC are considered immu-
nogenic, while immature DC are deemed to be immunosuppressive (7). In both mice and humans, Batf3- 
dependent conventional type 1 DC (cDC1) are purported to be the primary DC subpopulation responsible 
for the cross-priming of  tumor-specific CD8+ T cells as well as their recruitment to and activation within the 
tumor (8, 9). Consequently, cDC1 are associated with improved response to ICB in melanoma and increased 
patient survival in a variety of  cancer types (9–11). Similar to DC, macrophages, which are among the most 
abundant immune cells in tumors, can play bivalent roles in cancer (12). Depending on their phenotype, 
they are classified as undifferentiated macrophages (M0), classically activated type 1 macrophages (M1), 

Myeloid cells orchestrate the antitumor immune response and influence the efficacy of immune 
checkpoint blockade (ICB) therapies. We and others have previously shown that IL-32 mediates 
DC differentiation and macrophage activation. Here, we demonstrate that IL-32 expression in 
human melanoma positively correlates with overall survival, response to ICB, and an immune-
inflamed tumor microenvironment (TME) enriched in mature DC, M1 macrophages, and CD8+ T cells. 
Treatment of B16F10 murine melanomas with IL-32 increased the frequencies of activated, tumor-
specific CD8+ T cells, leading to the induction of systemic tumor immunity. Our mechanistic in vivo 
studies revealed a potentially novel role of IL-32 in activating intratumoral DC and macrophages 
to act in concert to prime CD8+ T cells and recruit them into the TME through CCL5. Thereby, IL-32 
treatment reduced tumor growth and rendered ICB-resistant B16F10 tumors responsive to anti–PD-1 
therapy without toxicity. Furthermore, increased baseline IL-32 gene expression was associated with 
response to nivolumab and pembrolizumab in 2 independent cohorts of patients with melanoma, 
implying that IL-32 is a predictive biomarker for anti–PD-1 therapy. Collectively, this study suggests 
IL-32 as a potent adjuvant in immunotherapy to enhance the efficacy of ICB in patients with non–T 
cell–inflamed TME.
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and alternatively activated macrophages (M2) (13). Generally, both M0- and M2-like macrophages have 
protumorigenic functions, whereas M1-like macrophages are associated with improved survival (14). While 
DC- and macrophage-targeted agents (e.g., anti-CD40 and poly-ICLC) are being tested in clinical trials, 
none have demonstrated sufficient efficacy to warrant regulatory approval for solid tumors (15, 16).

In our previous work, we discovered an IL-32–dependent pathway of  DC differentiation, and we 
showed that recombinant IL-32γ (here after referred to as IL-32) induces human DC maturation and activa-
tion of  CD8+ T cells in vitro, suggesting its therapeutic potential in cancer (17). The receptor for IL-32 has 
not been identified, and no rodent orthologs of  IL-32 have been reported (18). Consequently, murine studies 
with IL-32 have been limited to transgenic mice overexpressing human IL-32 and to the use of  recombinant 
human IL-32 (19–24). However, IL-32 triggers redundant signaling and effector function in human and 
murine cells (19). IL-32 has pleiotropic functions with 9 known alternative spliced isoforms (18), whereof  
IL-32γ is the largest and, putatively, the most bioactive isoform (25). Each of  these isoforms display differ-
ent activity, and their respective functions have been studied in a number of  diseases, including cancer (22, 
26–28). Studies with murine transgenic models showed that overexpression of  IL-32 (α, β, and γ) inhibited 
the growth of  murine tumors by inducing tumor cell apoptosis, leading to CD8+ T cell responses (21, 22, 29). 
Nevertheless, transgene-induced intracellular expression of  a particular IL-32 isoform may not accurately 
reflect its mechanistic role in human cancers, given that it may not be secreted. Furthermore, it is difficult to 
assess the translational relevance of  IL-32 treatment in these settings. Hence, we investigated the therapeutic 
potential of  intratumoral IL-32γ administration in murine cancer models, while simultaneously assessing the 
immunological correlates and prognostic value of  high IL-32 expression in human melanoma.

Results
IL-32 expression positively correlates with myeloid markers, mature DC, and increased overall survival in patients with 
melanoma. In view of  the previously demonstrated ability of  IL-32 to induce potent DC maturation and mac-
rophage activation, we examined the association between IL-32 and myeloid markers in cutaneous melanoma 
(17). Therefore, we examined the correlation between IL-32 gene expression and the DC marker CD11c (also 
known as ITGAX) as well as the costimulatory molecules CD40, CD80, and CD86 in melanoma samples 
from The Cancer Genome Atlas (TCGA). This analysis revealed a significant, positive correlation between 
IL-32 and genes indicative of  activated myeloid cells (Figure 1A). To comprehensively analyze the association 
between IL-32 expression and mature DC in cancer, we used a previously defined gene signature representing 
“mature DC” to score samples from all TCGA cohorts (30). This revealed a significant positive correlation 
of  IL-32 gene expression to the mature DC signature not only in melanoma, but in all 33 available TCGA 
cohorts (Figure 1B). For further analysis, we stratified melanoma samples from TCGA by IL-32 expression to 
delineate IL-32hi and IL-32lo groups (top and bottom 25%, respectively). Unsupervised clustering analysis con-
firmed enrichment of  genes constituting the mature DC signature in IL-32hi versus IL-32lo melanomas (Figure 
1C). Consequently, IL-32hi samples displayed a significantly higher signature score for DC maturation (Figure 
1D). Due to the indispensable role of  cDC1 in cancer immunity we assessed the relationship between IL-32 
and cDC1 in human melanoma. This analysis revealed a significant positive correlation between IL-32 and a 
previously defined cDC1 gene signature (Figure 1E) (10). These findings provide evidence for a strong associ-
ation of  IL-32 with mature intratumoral DC and increased levels of  cDC1. To assess the prognostic relevance 
of  our findings, we performed Kaplan-Meier survival analysis of  samples from all TCGA cohorts between 
IL-32hi and IL-32lo samples (Supplemental Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.138772DS1). The most significant difference in survival between those 2 
groups was observed in patients with melanoma, with the IL-32hi group exhibiting markedly increased surviv-
al (Figure 1F). Furthermore, a multivariate Cox regression analysis revealed IL-32 as a prognostic parameter 
after adjustment for other clinical variables (Table 1). Therefore, IL-32 is a potential prognostic biomarker in 
melanoma; however, this finding requires further validation in a prospective study.

IL-32hi human melanomas exhibit gene signatures associated with T cell activation, M1 macrophage polarization, 
and chemokine activity. Next, we dissected the gene expression profiles of  the previously defined IL-32hi and 
IL-32lo melanoma samples. Unsupervised clustering revealed a distinct transcriptional profile in IL-32hi 
samples compared with that in IL-32lo samples (Supplemental Figure 1B). To delineate biological and 
molecular functions associated with the IL-32hi gene expression profile in melanoma, we performed gene 
ontology (GO) term enrichment analysis. Among the most significantly enriched GO terms by classifica-
tion of  “biological processes” and “molecular functions” were those associated with “T cell activation” 
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and “chemokine activity,” respectively (Figure 2, A and B). Consequently, in IL-32hi biopsies, we detected 
a significantly increased expression of  genes associated with CD8+ effector T cells as well as chemokines 
involved in lymphocyte recruitment and Th1-associated cytokines (Figure 2C) (31, 32). These findings 
suggest that IL-32hi melanomas exhibit a highly chemotactic tumor microenvironment (TME) favoring 
T cell infiltration into the tumor. Therefore, we studied the relationship between IL-32 gene expression 
and tumor-infiltrating immune cells using quanTIseq, a recently described computational approach to 
estimate the relative proportions of  various tumor infiltrating immune cells from bulk tumor RNA-Seq 
profiles (33). This analysis revealed significantly higher proportions of  immune cells in IL-32hi tumors and 

Figure 1. IL-32 expression is associated with activation of myeloid cells and increased overall survival in melanoma. (A) Pearson correlation of IL32 
mRNA expression to that of CD11c (ITGAX), CD86, CD80, and CD40 in melanoma samples from TCGA. (B) Pearson correlation of IL32 gene expression to the 
mature DC score for all available TCGA cohorts. (C) Heatmap of 56 genes defining the mature DC signature, and (D) mature DC score in IL-32lo– and IL-32hi–
expressing melanomas (bottom and top 25%, n = 118). Differences between groups were analyzed by unpaired, 2-tailed Student’s t test. The box extends 
between 25% and 75%, and the whisker extends up to 75% plus IQR and down to 25% minus IQR. (E) Pearson correlation between IL32 mRNA expression 
and gene signature score specific for cDC1. (F) Kaplan-Meier survival curves for IL-32lo (median survival, 701 days) and IL-32hi (mean survival, not applicable) 
patients. (A and F) n = 471 biologically independent melanoma samples from TCGA SKCM cohort. (A, D, and E) Each dot represents an individual patient.
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