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Summary

Resistance can occur in patients receiving adoptive cell therapy (ACT) due to antigen-loss-variant 

cancer cell (ALV) outgrowth. Here we demonstrate that murine and human Th9 cells, but not 

Th1/Tc1 or Th17 cells, expressing tumor-specific T-cell-receptors (TCR) or chimeric antigen 

receptors (CAR), eradicate advanced tumors that contain ALVs. This unprecedented antitumor 

capacity of Th9 cells is attributed to both enhanced direct tumor cell killing and bystander 

antitumor effects promoted by intratumor release of IFNα/β. Mechanistically, tumor-specific Th9 

cells increase the intratumor accumulation of extracellular ATP (eATP, released from dying tumor 

cells), because of a unique feature of Th9 cells that lack the expression of ATP degrading 

ectoenzyme CD39. Intratumor enrichment of eATP promotes the monocyte infiltration and 

stimulates their production of IFNα/β by inducing eATP-endogenous retrovirus-TLR3/MAVS 

pathway activation. These results identify tumor-specific Th9 cells as a unique T cell subset 

endowed with the unprecedented capacity to eliminate ALVs for curative responses.
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Graphical Abstract

eTOC

Tumor heterogeneity and antigen loss cause tumor relapse or progression after cancer adoptive 

cell immunotherapy. Xue et al. uncover that tumor-specific Th9 cells not only kill antigen-positive 

cancer cells but kill antigen-negative cancer cells in tumors, which hold promise to advance the 

utility and efficacy of adoptive cell immunotherapy.

Introduction

Drug resistance may cause cancer treatment failure and death in over 90% of patients with 

advanced tumors. Patients may initially respond to treatment, but recurrence often occurs 

because of the heterogeneous nature or genetic diversity of cancer cells (Bedard et al., 2013). 

Few cells carrying specific somatic mutation are iteratively selected and escape during 

chemotherapy or targeted therapies causing tumor relapse or progression (Bedard et al., 

2013).

Similarly, resistance can emerge after cancer adoptive cell immunotherapy. As a result, 

despite the high initial response rates in patients treated with TCR (T-cell-receptors) or 

CAR(chimeric antigen receptors) engineered ACT (adoptive cell therapy), durable complete 

responses are observed in less than 30% of patients in hematological malignancies and 

ACT has not mediated sustained responses in solid tumors, which display much higher 

heterogeneity and contain a significant amount of ALVs (antigen-loss-variant cancer cell) 
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(Jacoby et al., 2016; June et al., 2018; Gerbitz et al., 2012). Relapses due to ALVs 

upon ACT have been frequently reported in patients with melanoma (Mehta et al., 2018), 

leukemia (Jacoby et al., 2016), multiple myeloma (Adam et al., 2019), and glioblastoma 

(Brown et al., 2016; O’Rourke et al., 2017). For example, in melanoma patients treated 

with ACT targeting the melanoma-melanocytic antigen MART1, tumor relapse due to 

the selection of MART1-loss or multiple melanocytic antigen-loss ALVs was observed 

(Landsberg et al., 2012; Mehta et al., 2018). Similarly, CD19− ALVs occur in up to 50% 

of leukemia/lymphoma patients after CD19 CAR-T cell treatment (Park et al., 2016). When 

the CD19 antigen is lost due to mutation or lineage switch (Velasquez and Gottschalk, 

2017), malignant cells become invisible to CD19-specific CAR-T cells (Park et al., 2016). 

However, such strategy may significantly raise cost and toxicity of ACT, and may only delay 

the onset of the relapse, but eventually select the outgrowth of multi-antigen “negative” 

tumor cells (Hegde et al., 2016; Fry et al., 2017; Wang et al., 2017; Zhang et al., 2015). 

Thus, we currently lack therapeutic approaches that efficiently prevent the emergence of 

ALVs.

CD4+ T cells generated by TGF-β1 and IL-4 that produce IL-9 are defined as a separate 

Th subset termed Th9 to distinguish them from classical Th2 cells (Dardalhon et al., 2008; 

Veldhoen et al., 2008). We (Lu et al., 2012; Lu et al., 2014a; Zhao et al., 2016) and others 

(Purwar et al., 2012) have characterized tumor-specific Th9 cells as an antitumor T cell 

subset. Furthermore, we (Lu et al., 2018) have recently reported that tumor-specific Th9 

cells are less susceptible to exhaustion, fully cytolytic to tumor cells, and possess long-term 

persistence capacity because of their unique hyperproliferative T cell feature. However, these 

observations only reveal how tumor-specific Th9 cells eradicate antigen-positive tumor cells 

(Lu et al., 2018; Lu et al., 2012; Lu et al., 2014a; Zhao et al., 2016). Given the unmet 

need to develop effective ACT strategies for solid tumors with the heterogeneity in antigen 

expression, the role of ACT with tumor-specific Th9 cells in ALV-containing tumors is still 

elusive. Therefore, we carried out this study to uncover the T cell features of Th9 cells for 

ALV clearance.

Results

Th9 cells eliminate “natural-occurring” ALVs

Tyrosinase-related protein-1 (TRP-1) is a native antigen expressed by melanoma. We 

compared the antitumor effects of Th1 and Th9 cells in an advanced murine B16 melanoma 

model (Figure 1A). We also included Th17 cells as “an enhanced version of Th1 cells” 

(Muranski et al., 2011). The characterization of these Th cells was consistent with our 

prior publication (Lu et al., 2018) and Th9 cells displayed a less-exhausted, fully cytolytic, 

and hyperproliferative phenotype (Figure S1A-S1F). In advanced B16 melanoma-bearing 

mice, adoptive transfer of TRP-1-specific Th9 cells eradicated the large established tumor 

(8×7 mm, established s.c.), and led to long-term tumor-free survival (~300 days) (Figure 

1B). In sharp contrast, TRP-1-specific Th1 cells failed in controlling tumor growth, while 

TRP-1-specific Th17 cells promoted tumor regression, but failed in eradicating the tumor 

since the majority of mice succumbed after 2 months due to tumor recurrence (Figure 1B).
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We performed mechanistic studies to identify the more pronounced antitumor effects of Th9 

cells as compared to Th17 cells. Firstly, we investigated T cell persistence and in vivo killing 

activity. Tumor-bearing mice treated with Th9 and Th17 cells were euthanized ~60 days 

after treatment when Th17 cell-treated mice started showing tumor regrowth. Persistence 

of the transferred TRP-1-T cells in the peripheral blood was very similar between Th9 

and Th17 cell-treated mice (Figure S1G-S1H). Similarly, no significant differences were 

observed in the in vivo killing activity against TRP-1 peptide-loaded targets, suggesting that 

both Th9 and Th17 cells efficiently recognize their cognate targets (Figure S1I-S1J). We also 

thought to determine if a higher dose of Th1 or Th17 cells may be required to prevent tumor 

recurrence. Interestingly, high dose Th1 (2×107) or Th17 (7.5×106) cell ACT enhanced 

antitumor efficacy compared to the regular dose (2.5×106), but still failed to prevent the 

recurrence in majority of the treated mice (Figure 1B). Of note, these high doses of Th1 and 

Th17 cells were the maximum dose a mouse can receive, because a further increase of T cell 

dose was too toxic (>60% of mice died of side effects in the 1st week after ACT).

However, we noted that macroscopically most of the tumors recurrent in mice treated with 

Th17 cells were white to gray, while tumors growing in mice receiving Th1 cells appeared 

to be dark black as typically observed in the B16 tumor model (Figure 1C). We thus 

hypothesized tumors relapsing in Th17 cell treated mice may be B16 ALV tumor cells 

that lost TRP-1 expression, which is required for the melanin production, and escape TRP-1-

mediated recognition (Kobayashi et al., 1994). We confirmed that in the white recurrent 

tumors, the expression of TRP-1 protein was low or undetectable by Western blot analysis 

and qPCR (Figure 1D and S1K), whereas the gene expression of Mitf (encodes Melanocyte 

Inducing Transcription Factor) and Dct (encodes TRP-2) was only slightly decreased (Figure 

S1L). Thus the adoptive transfer of TRP-1-Th17 cells in B16 tumor-bearing mice faithfully 

recapitulates the clinical scenario of tumor relapse due to the emergence of ALVs observed 

after adoptive T cell therapy.

Tumor-specific TCR and CAR Th9 cells eradicate ALV-containing “chimeric tumors”

Although Th9 cell transfer appears to possess the capacity to prevent ALV-mediated relapse, 

an important question is whether Th9 cells can eliminate a more heterogeneous tumor cell 

population that already contains a significant fraction of ALVs, as often observed in patient 

tumors (Klebanoff et al., 2016). We used CRISPR/Cas9 to knock out the expression of 

TRP-1 in B16 cells (referred as B16TRP-1-KO cells, Figure S1M) and composed chimeric 

tumor B1610%TRP-1-KO containing 90% of WT-B16 cells and 10% of B16TRP-1-KO cells 

(Figure 1E). We then used mice bearing large B1610%TRP-1-KO chimeric tumors to test 

the antitumor effects of TRP-1 T cell-transfer. In this model, we observed rapid tumor 

relapse upon TRP-1-Th17 T cell transfer, while TRP-1-Th9 cells continued to cause tumor 

eradication and mice remained tumor-free at 440 days (Figure 1F). Mice transferred with 

Th9 cells did not display significant systemic toxicity including limited weight loss, no 

significant pathological change, relatively low proinflammatory cytokines in serum, and 

moderate vitiligo development (Figure S1N-S1Q). Interestingly, the relapsed tumors in Th17 

cell ACT group preferentially lost Tyrp1 but not Mitf and Dct gene expression (Figure 

S1R). Remarkably, TRP-1-Th9 cell transfer also extends to the protection of mice upon 

tumor-specific rechallenge in the contralateral flank at 60 days after initial transfer (Figure 
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1F and Figure S1S), although isolated Th9 cells from treated mice did not display apparent 

cytotoxicity against B16TRP-1-KO cells (Figure S1T), suggesting that Th9 cells may not 

directly eradicate ALVs in vivo. Furthermore, B16 tumors containing up to 30% ALVs can 

be eradicated by TRP-1-Th9 cells (Figure S1U).

To determine if Th9 cells may also eradicate the ALV-containing metastatic tumors, we took 

advantage of an extremely aggressive B16 brain metastatic melanoma model (intracranial 

injection of 1×105 B1610%TRP-1-KO cells, Figure 2A), causing all mice to die on day 9 or 

10 after the tumor challenge if untreated. Mice received T cells i.v. on day 8 (just one day 

before the untreated mice started to die), with the transfer of 1 dose of TRP-1 Th9 cells or 

Th1 cells, or multiple doses of Th1 cells every week. Again, mice treated with one dose of 

Th9 cells all survived for at least 80 days, whereas all the mice received one dose of Th1 

cells died ~ 20 days. As expected, multiple doses of Th1 cells indeed significantly extended 

the survival compared to mice receive only one dose; but unfortunately, all mice still died 

of the disease ~40 days (Figure 2B). Biopsy of the brain B16 tumors revealed some striking 

features associated with depigmented ALV tumor growth in mice received 5 doses of Th1 

cells, whereas brain tumors in PBS or one dose Th1 cell-treated mice are dark black (Figure 

2C and 2D). Therefore, providing more tumor-specific Th1 cells is not sufficient to drive 

a curative response, but eventually, also promotes the escape of ALV tumor outgrowth. To 

strengthen our findings, we generated human Th9 cells and T1 cells (Th1+Tc1) and found 

that human Th9 cells were also less-exhausted and hyperproliferative effector T cells by 

in vitro assays (Figure S2A-S2E). Furthermore, in a human PBMC-engrafted NSG mouse 

model, human autologous MART-1-Th9 cells display superior antitumor capacity against 

melanoma patient-derived xenograft (PDX) compared to Th1+Tc1 cells in vivo (Figure 2E). 

Interestingly, the curative response of human MART-1-Th9 cells requires the engraftment of 

autologous PBMC, whereas MART-1-loss human melanoma ALV outgrowth was inevitable 

in non-humanized NSG mice receiving human Th9 cells (Figure S2F).

To strengthen our findings, we developed another model of hMesothelin-mCAR Th9 cells 

to target the hMesothelin-expressing murine ID8 ovarian cancer (OvCa). We composed 

ID890%hMesothelin “chimeric tumor” cells containing 10% of hMesothelin− ID8 ALVs, and 

inoculated them subcutaneously into female B6 mice. Remarkably, mCAR Th9 cells caused 

long-term protection with relapse-free responses up to 150 days, whereas a high dose of 

mCAR Th1+Tc1 cell ACT selected the outgrowth of hMesothelin-loss ID8 ALVs (Figure 

2F and S2G). Similarly, human autologous hMesothelin-hCAR Th9 cells but not regular 

or high doses of Th1+Tc1 CAR T cells eradicate human OvCa PDX in humanized NSG 

mice (Figure S2H-S2J). Interestingly, human CAR Th9 cell ACT alone is sufficient for the 

antitumor response, while cotransfer of CAR Tc9 cells may not bring additional benefits 

(Figure S2I). Therefore, our results highlight a unique feature of tumor-specific Th9 cells 

with the potential for broad therapeutic exploitation to prevent the relapse of ALVs.

Th9 cells ACT creates a unique tumor microenvironment to overcome ALV outgrowth

Tumor-specific Th9 cells eradicated not only antigen-expressing tumor cells but also 

chimeric tumors containing ALVs. To investigate the underlying mechanism, we first 

determined if the unique hyperproliferative Th9 cell feature (Lu et al., 2018), which is 
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indispensable for Th9 elimination of antigen-positive tumor cells and driven by TRAF6-

NF-κB signaling, may also dictate the Th9’s eradication of ALVs. Interestingly, although 

TRAF6 signaling is required for the antitumor response in Th9 ACT (Figure S3A), it seems 

that TRAF6 signaling does not contribute to the anti-ALV response because tumors at the 

endpoint show no reduction of Tyrp1 gene expression (Figure S3B). In addition, it appeared 

that IL-21 did not contribute to Th9-mediated eradication of ALVs (Figure S3C). These 

results suggest that the role and mechanisms underlying Th9-mediated clearance of antigen-

negative ALVs, especially when synergized with lymphodepleting pre-conditioning regimen, 

may be different from that of elimination of antigen-positive tumor cells by tumor-specific 

Th9 cells.

To gain further insight into how Th9 cells eliminate ALVs, we analyzed the tumor-

infiltrating immune cells. In mice treated with Th9 cells, we observed a significant increase 

in the infiltration of SSChiCD11b+CD11c−MHC-IIloF4/80−Ly6G−Ly6Chi inflammatory 

monocytes (Figure 3A and 3B). We hypothesized that Th9 cells recruit these inflammatory 

monocytes from the spleen within the tumor because these cells were abundant in the 

spleens of all CTX-treated mice irrespective of the T cells they have received (Figure 

S3D). Based on previous studies, these cells seem to be induced as a result of temporary 

lymphopenia (Becker and Schrama, 2013; Kodumudi et al., 2012).

The recruitment of inflammatory monocytes within the tumor in mice treated with Th9 

cells prompted us to analyze the potential role of these cells. We found that an anti-Gr-1 

mAb, but not an anti-Ly6G mAb substantially and preferentially reduced the recruitment of 

inflammatory monocytes within the tumor in mice treated with Th9 cells (Figure 3C and 

S3E). Unexpectedly, depletion of these inflammatory monocytes largely precluded Th9 cells 

from eliminating ALVs because mice relapsed due to the growth of tumor cells lacking 

TRP-1 expression (Figure 3D and 3E). Collectively, our results pinpoint a pivotal role of a 

unique Th9 transfer-dependent recruitment of inflammatory monocytes into the tumor that 

allows the clearance of ALVs.

Th9 cell ACT promotes an eATP-enriched milieu causing the recruitment of monocytes

Since monocyte recruitment is crucial to Th9 cell-mediated anti-ALV response, we sought 

to determine which factors cause the recruitment of monocytes. We found that tumor 

monocyte infiltration is not mediated by IL-9 or chemokines because host deficiency of 

Il9r, Ccr1, Ccr2, Ccr5, Ccr6, Ccr7, Cxcr3, Ccr9, Cxcr2, Cxcr5, Cxcr6 and Cx3cr1 did not 

abrogate the tumor infiltration with monocytes (Figure 4A). We next extend our study to 

non-classic extracellular nucleotides that promote monocyte chemotaxis towards apoptotic 

tumor cells by sensing of eATP but not ADP (Elliott et al., 2009). We found that suramin 

(a pan-purinergic signaling inhibitor) administration remarkably reduced tumor monocyte 

infiltration, suggesting that extracellular nucleotides may promote monocyte chemotaxis 

(Figure 4B). The purinergic receptor P2Y2 (encoded by P2ry2) was previously suggested 

to mediate monocyte chemotaxis towards apoptotic cells by sensing eATP (Elliott et al., 

2009). In agreement with this observation, we found that host P2ry2-deficiency prevented 

monocyte tumor infiltration and abrogated the anti-ALV capacity of Th9 cells, because the 

relapsed tumors also display largely reduced TRP-1 expression (Figure 4B and S4A-S4C). 
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Reciprocally, reconstituting P2ry2−/− mice with i.v. injection of inflammatory monocytes 

isolated from WT but not P2ry2−/− mice restored monocyte recruitment to tumors and 

anti-ALV capacity of Th9 cells (Figure S4D and S4E).

The above observation suggests that Th9 cells may promote an eATP-enriched milieu 

allowing monocyte recruitment. However, tumor-specific cytolytic effector T cells and 

memory T cells express CD39 (Gupta et al., 2015; Moncrieffe et al., 2010; Takenaka et 

al., 2016), a surface-expressing ectoenzyme that converts pro-inflammatory eATP released 

from stressed or damaged cells into AMP (Vijayan et al., 2017). Since immune cells other 

than transferred T cells may express CD39, our results suggested that cyclophosphamide 

(CTX) should have depleted the major immunosuppressive cell subsets in tumors that may 

express CD39 (see Figure 3B; ~90% of tumor-infiltrating immune cells are transferred Th1 

or Th17 cells on day 10). We thus hypothesized that Th9 cells, but not Th1 and Th17 cells, 

do not produce CD39 so that eATP remains available within the tumor environment and 

recruits the monocytes. In line with previous reports (Chalmin et al., 2012; Li et al., 2012), 

we also found that human and murine Th1, Tc1, and Th17 cells express high levels of CD39, 

whereas such expression is very low on human and murine Th9 cells (Figure 4C-4D and 

S4F-S4G), which may be a result of high GFI-1 expression in Th9 cells that suppress CD39 

expression (Chalmin et al., 2012). We also tested the presence of eATP in the supernatant 

of the B16 tumor cells cocultured with TRP-1 T cells. Significantly higher eATP was 

detected in the coculture of Th9 cells and tumor cells as compared to Th1 and Th17 cells 

(Figure 4E), and supernatants collected from Th9 cell cocultures caused the migration of 

monocytes in transwell assays (Figure 4F). The addition of suramin, Th1 cells, Th17 cells, 

or overexpression of CD39 in tumor cells reduced the Th9 cell-induced eATP enrichment 

and prevented monocyte recruitment in the cocultures (Figure 4E and 4F). Furthermore, 

transfer of Th9 cells, but not the CD39-overexpressed Th9 cells, or cotransfer of Th9 with 

Th1 or Th17 cells effectively promoted tumor monocyte infiltration in tumor-bearing mice 

(Figure 4G). Meanwhile, knockdown of Entpd1 in Th1 or Th17 cells promoted tumor 

monocyte infiltration in tumor, and knockdown of Entpd1 in Th1 cell, but not Th17 cells, 

induced an anti-ALV immunity (Figure S4H-S4L). In addition, overexpression of CD39 

in Th9 cells largely abrogated the capacity of Th9 cells to eliminate ALVs and led to the 

growth of TRP-1 negative tumor cells (Figure 4H and 4I). Similar results were observed by 

co-transferring Th9 cells and TRP-1 Th1 cells (Figure 4J). Finally, other potential CD39+ 

immune cells may infiltrate into tumors after lymphodepletion, which may affect the anti-

ALV capacity of Th9 cells and contribute to the reduced antitumor response. Our results 

demonstrated that i.p. administration of CD39 inhibitor POM-1 significantly improved Th9 

ACT efficacy when targeting tumors contained ~40% of ALVs (Figure S4M), although 

POM-1 alone had no antitumor effects (Li et al., 2019). Therefore, our results highlight 

that Th9 cells promote non-classic eATP-promoted monocyte chemotaxis that allows potent 

antitumor effects.

Induction of a Type I IFN responsive signature in monocytes by Th9 cells causes the 
elimination of ALVs

To further elucidate the role of Th9 cells in recruiting inflammatory monocytes, we 

sorted CD11b+CD11c−Ly6Chi inflammatory monocytes infiltrating the tumor and their 
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counterparts in the spleens of mice treated with Th9 cells. We performed gene enrichment 

analysis of tumor-infiltrating monocytes (Tumor-Mono) versus splenic monocytes (Spleen-

Mono) by Gene Set Enrichment Analysis (GSEA)(Subramanian et al., 2005) for 186 KEGG 

gene sets. Among the top 10 most altered gene sets, we further conducted a leading-edge 

analysis to determine which subsets of genes contributed the most to the enrichment signal 

of a given gene set's leading edge or core enrichment (Subramanian et al., 2005). A cluster 

of 6 type I IFN genes represented the leading edge among the most altered gene sets (Figure 

5A and S5A). Similarly, the IFNα/β Responsive Signature was also significantly enriched in 

tumor monocyte compared to Spleen-Mono (Figure 5B).

The type I IFN signature of tumor monocytes observed after Th9 adoptive transfer was 

corroborated by the upregulation of mRNA levels of Ifna/Ifnb genes within the tumor and 

IFNβ protein in tumor tissue lysate supernatants (Figure 5C and 5D). Furthermore, tumor 

monocytes are the dominant source of type I IFN production in Th9 cell-treated tumors 

(Figure 5E-5F), and the depletion of tumor monocytes obtained by the administration of the 

anti-Gr-1 antibody substantially reduced type I IFNs (Figure 5G). Similarly, significantly 

upregulated mRNA levels of human IFNA/B genes can be detected in human OvCa PDX 

tissues from NSG mice treated with human Mesothelin-CAR Th9 cells and co-transferred 

with PBMC but not human monocyte-depleted PBMC (Figure S5B). Finally, to ascertain the 

contributions of type I IFN in controlling the emergence of ALVs, B1610%TRP-1-KO tumor-

bearing mice were treated with TRP-1 Th9 cells together with blocking antibodies targeting 

the mIFNαR1. We observed tumor relapse in mice receiving mIFNαR1 blocking antibodies, 

and the relapsed tumor appears to have very limited TRP-1 expression (Figure 5H and 

5I). Interestingly, our results also demonstrated that Th9 ACT induced an IFNaR1 signaling-

dependent host CD4+ T cell, CD8+ T cell, and NK cell activation which contributes to ALV 

tumor clearance (Figure S5C and S5D). We next analyzed tumor-infiltrating host T cells 

activated by Th9 ACT, and found that host T cells expressed moderate levels of PD-1/Lag3 

and displayed central memory and effector memory phenotypes (Figure S5E and S5F). In 

particular, there was an increase in the number of gp100- and TRP-2-tetramer+ CD8+ T 

cells after Th9 ACT (Figure S5G). In addition, increased IFNγ production in Th9 group 

was detected by ELISA after restimulation of these CD8+ or CD4+ T cells with gp100, 

TRP-2, or B16 neo-antigen peptides (Kreiter et al., 2015) compared to control peptides, 

while Th1 or Th17-ACT had moderate or no effects on the generation of these antigen-

specific T cells, respectively (Figure S5H). Furthermore, we also found that the number 

of activated T cell and DC populations were significantly increased in the tumor-draining 

lymph nodes (TDLNs) after Th9 ACT (Figure S5I-S5K). Consistent with these results, the 

deficiency/depletion of all types of host CD4+ T cell, CD8+ T cell, and NK cell subsets 

almost completely abrogated the anti-ALV effect of Th9 cells (Figure S5L and S5M). 

Taken together, our results highlight that tumor monocyte-derived type I IFN is required to 

control the clonal expansion of ALVs, while the elimination of TRP-1+ tumor cells remains 

exquisitely Th9 cell-dependent.

Th9 cells promote viral mimicry in tumor monocytes

We performed a screening on the pattern recognition receptors that may control the 

induction of type I IFN pathways in tumor monocytes. Our analysis reveals that the 
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expression of Ifna/b in monocytes was predominantly due to the TLR3-TRIF-dependent 

pathway, and to a lesser extent, to the mitochondrial antiviral signaling protein (MAVS)-

dependent pathway (Figure 6A). Tumor monocytes are highly enriched in Toll-like receptor 

signaling and TRIF-mediated TLR3 signaling signatures (Figure 6B), and it is thus plausible 

that monocytes may sense the presence of double-strand RNA (dsRNA) via TLR3 and 

MAVS (Chattopadhyay and Sen, 2014). Indeed, gene expression profile of tumor monocytes 

isolated from Th9 cell-treated mice was significantly enriched in the “Response to dsRNA” 

gene signature as compared to SpMono (Figure 6B). Furthermore, dsRNA was detected in 

tumor monocytes by the intracellular staining with the J2 antibody (Weber et al., 2006) 

(Figure 6C and 6D).

Both TLR3 and MAVS are involved in the recognition of dsRNAs associated with dsRNA-

virus infections (Chattopadhyay and Sen, 2014). As endogenous retrovirus (ERVs) represent 

up to 10% of mouse and human genomes and monocytes are the reservoir for multiple 

endogenous retroviruses (Johnston et al., 2001), we thus hypothesized that the intracellular 

dsRNA is a result of viral mimicry by endogenous transcripts from murine endogenous 

retroviral (mERV) elements. We found that tumor monocytes isolated from Th9 cell-treated 

mice displayed upregulated reverse transcriptase (RT) activity, and that depletion of tumor 

monocytes completely reduced the RT activity within the tumor (Figure 6E and 6F). We 

further confirmed the expression of multiple murine ERVs by qPCR that include xMLV, 

pMLV, mpMLV, GLN, IAP, MMERVK, MaLR, MusD and EnTII (Figure 6G).

To assess the presence of viral mimicry effects in tumor monocytes upon Th9 cell treatment 

we performed studies using P2ry2−/− mice that lack monocytes (Figure 4B) to determine 

if the enforced infiltration of monocytes into tumor engrafted in P2ry2−/− mice (intratumor 

injection of monocytes) may induce type I IFNs. Injection of sorted Spleen-Mono into tumor 

in P2ry2−/− mice receiving Th9 cells, but not Th1 or Th17 cells, caused production of type 

I IFNs and RT activity, which is abrogated by the administration of suramin (Figure 6H and 

6I). Notably, when murine Spleen-Mono were exposed to 100 nM ATP in vitro, we detected 

> 10-fold increase of Ifna and Ifnb mRNA expression, whereas the deficiency in Mavs 
or Tlr3 partially abrogated ATP-mediated Ifna and Ifnb induction (Figure 6J). Similarly, 

when human monocytic THP-1 cells were stimulated with 100 nM ATP in culture, we 

detected significantly increased expression of human type I IFNs and multiple human ERVs, 

compared to PMA that promotes hERVs expression in human monocytes (Johnston et al., 

2001) (Figure S6A-S6C).

ATP activates NF-κB signaling (Franke et al., 2012) that is the master transcriptional factor 

for ERV transcription (Zeng et al., 2014). Specific inhibition of NF-κB signaling abrogated 

the ERV production in both murine and human monocytes treated with ATP (Figure 6K and 

S6B-S6C). Further, we found that silencing p65 and, to a lesser extend, p50, significantly 

reduced ERV induction in monocytes injected into tumors of Th9 cell-treated P2ry2−/− mice 

(Figure S6D). Importantly, reconstitution of P2ry2−/− mice by intratumoral injection with 

WT inflammatory monocytes transduced with control-siRNA but not RelA-siRNA restored 

host T cell response against tumor-specific antigens (Figure S6E). Finally, we tested whether 

the host expression of TLR3 and/or MAVS is required to control the emergence of ALVs. 

Remarkably, the deficiency in Mavs or Tlr3 reduced the capacity of Th9 cells in controlling 
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ALV-containing tumors (Figure S6F). Collectively, our data indicate that tumor-specific Th9 

cells activate the molecular program of dsRNA-TLR3/MAVS in tumor monocytes and that 

this molecular program is essential in controlling the growth of ALVs (Figure S6G).

Discussion

Acquired resistance is an important mechanism by which tumors escape immune attacks 

including those caused by ACT (Hegde et al., 2016; Fry et al., 2017; Wang et al., 2017). 

Recent studies targeted acquired resistance by using CAR-T cells to overexpress CD40L 

(Kuhn et al., 2019), IL-12 (Chmielewski et al., 2011), Flt3L (plus poly I:C and anti-4-1BB 

coinjection) (Lai et al., 2020), or CCL19 and IL-7 (Adachi et al., 2018). Although these 

approaches may also reduce/delay ALV outgrowth, curative response rates are relatively low 

and whether they can successfully eliminate poorly immunogenic ALVs (e.g. B16 ALVs) 

in late-stage tumors are still elusive. In the current study, we observed that ACT based 

on tumor-specific Th9 cells prevents tumor escape due to antigen loss in tumor models in 

which Th9 cells are either expressing a tumor-specific TCR or a CAR. Tumor eradication 

caused by tumor-specific Th9 cells is achieved via direct killing of Th9 cells of tumor 

cells expressing the targeted antigen and an indirect effect of Th9 cells that causes the 

elimination of ALVs via recruitment of inflammatory monocytes and production of type I 

IFNs. Our study thus demonstrated that Th9 cells possess another critical antitumor property 

that further differentiates these cells from classical Th1, Tc1, and Th17 cells.

We discovered that ACT based on tumor-specific Th9 brings together the adaptive and 

innate immunity, which combination allows tumor eradication. Th9 cells retain the strong 

antigen-specific antitumor effects that are characteristic of the Th1 cells of the adaptive 

immune responses, but also create a unique modification of the immune landscape of the 

tumor microenvironment that is reminiscent of an active innate immune response. Th9 cells 

recruit inflammatory monocytes within the tumor during the immune cell recovery occurring 

upon myelosuppressive chemotherapy that is normally used in the clinical protocols of ACT. 

Our results also indicate that the specific recruitment of inflammatory monocytes as well as 

the type I IFN milieu they provide play a vital role in clearing tumor clones that lack the 

targeted antigen and thus escape classical TCR or CAR-mediated cytolytic effect.

We mechanistically dissected how Th9 cells cause the monocyte recruitment within the 

tumor and how they imprint a type I IFN signature. Monocyte recruitment within the tumor 

mediated by Th9 is not due to IL-9, which is the all marker of Th9 cells, nor to classical 

chemokine-mediated pathways. In contrast, we discovered that the purinergic receptor P2ry2 
deficiency reduces the tumor monocyte infiltration, indicating that this effect may rely on the 

eATP-promoted chemotaxis. Under physiological conditions, ATP is detected intracellularly 

at high concentrations ranging from 1 to 10 mM (Takenaka et al., 2016), while in the 

extracellular milieu ATP concentrations are in the nanomolar range (Takenaka et al., 2016). 

However, ATP can be released upon cell necrosis and apoptosis and serve as a “danger 

signal” or “find me” signal that promotes the monocyte chemotaxis (Elliott et al., 2009). 

Due to the incapacity of Th9 cells to metabolize ATP, it accumulates within the tumor 

microenvironment and specifically recruits monocytes within the tumor.
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Another critical finding is that monocytes recruited within the tumor microenvironment by 

Th9 cells become proinflammatory since they display a type I IFN signature. Monocyte 

polarization to proinflammatory function was predominantly TLR3-TRIF-dependent, and 

to a lesser extent, MAVS pathway-dependent. Both pathways sense dsRNA, and we 

discovered that endogenous retrovirus is the main source of dsRNA in tumor monocytes, 

recapitulating previous finding that monocytes are reservoir for multiple endogenous 

retroviruses (Johnston et al., 2001). In line with reported by others (Chiappinelli et al., 

2015), ERV-derived dsRNA can activate both TLR3 and MAVS signalings. The detection 

of dsRNA by TLR3 is likely because TLR3 recognizes extracellular dsRNA released 

from activated or damaged cells (Dela Justina et al., 2020; Vercammen et al., 2008; 

Chattopadhyay and Sen, 2014), and we indeed detected a significant amount of damaged/

dying monocytes in Th9-treated tumors. Interestingly, monocyte infiltration of tumor was 

insufficient for dsRNA-type I IFN production, whereas eATP enrichment was indispensable 

for this response.

In a recent clinical trial with 74 metastatic melanoma patients following TIL ACT, baseline 

serum levels of IL-9 was able to predict response to TIL ACT, while TIL persistence 

and mutation burden did not correlate with outcome (Forget et al., 2018). Similarly, an 

increase in physiological Th9 cell counts but not Th1 or Th17 counts during the treatment 

with Nivolumab (anti-PD-1 Abs) has been reported to be associated with all 18 clinical 

responders with metastatic melanoma (46 patients in total) (Nonomura et al., 2016). In this 

study, human Th9 cells also seem to be endowed with robust anti-ALV activities. These 

results will provide the basis for our future clinical trial of ACT with human tumor-specific 

Th9 cells.

STAR METHODS

Resource availability

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Yong Lu (yolu@waekhealth.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The data reported in this paper is deposited in the Gene 

Expression Omnibus (GEO) database under accession number GSE151712.

Experimental models and subject details

Mice—C57BL/6, CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ), Ccr1−/− (B6.129S-Ccr1tm1Gao/

AdlJ ), Ccr2−/– (B6.129S4-Ccr2tm1Ifc/J ), Ccr5−/− (B6;129P2-Ccr5tm1Kuz/J ), 

Ccr6−/− (B6.129P2-Ccr6tm1Dgen/J ), Ccr7−/− (B6.129P2(C)-Ccr7tm1Rfor/J ), Ccr9−/− 

(B6N.129-Ccr9tm1Lov/JmfJ), Cxcr2−/− (B6.129S2(C)-Cxcr2tm1Mwm/J), Cxcr3−/− 

(B6.129P2-Cxcr3tm1Dgen/J), Cxcr5−/− (B6.129S2(Cg)-Cxcr5tm1Lipp/J), Cxcr6−/− 

(B6.129P2-Cxcr6tm1Litt/J), Cx3cr1−/− (B6.129P2(Cg)-Cx3cr1tm1Litt/J), P2ry2−/− 

(B6.129P2-P2ry2tm1Bhk/J), Ifnar1−/− (B6(Cg)-Ifnar1tm1.2Ees/J), Camp−/− (B6.129X1-

Camptm1Rlg/J), Sting−/− (B6(Cg)-Sting1tm1.2Camb/J), Mavs−/− (B6;129-Mavstm1Zjc/J), 
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Myd88−/− (B6.129P2(SJL)-Myd88tm1.1Defr/J), Tlr4−/− (B6(Cg)-Tlr4tm1.2Karp/J), 

Tlr3−/− (B6;129S1-Tlr3tm1Flv/J), Trif−/− (C57BL/6J-Ticam1Lps2/J), TRP-1 (B6.Cg-

Rag1tm1Mom Tyrp1B-wTg(Tcra,Tcrb)9Rest/J), MHCII−/− NSG (NOD.Cg-PrkdcscidH2-
Ab1tm1DoiIl2rgtm1Wjl/SzJ), Cd4−/− (B6.129S2-Cd4tm1Mak/J) and MHCI−/− NSG (NOD.Cg-

B2mtm1UncPrkdcscidIl2rgtm1Wjl/SzJ) mice were purchased from Jackson Laboratory. Il9r−/− 

mice were a gift from Dr. Jean-Christophe Renauld at Ludwig Institute for Cancer Research. 

Male and female 6- to 8-week-old mice were used for each animal experiment. The studies 

were approved by the Institutional Animal Care and Use Committee and Institutional 

Review Board of the Wake Forest School of Medicine.

Cell lines—Murine melanoma cell line B16 and human ovarian cancer cell line SK-OV-3 

were purchased from ATCC. Murine ovarian cancer cell line ID8 was a gift from Dr. 

Neveen Said at Wake Forest School of Medicine. B16TRP-1-KO cell line was generated 

using CRISPR/Cas9 for TRP-1 deletion. ID8 cancer cells were KO of p53 gene by CRISPR/

Cas9 to recapitulate the human high-grade serous OvCa(Walton et al., 2016). hMesothelin-

expressing ID8 cancer cells were generated by transduction with lentivirus vectors encoding 

human hMesothelin to ID8p53KO cells. CD39-expressing B16 cancer cells were generated 

by transduction with lentivirus vectors encoding murine CD39. Cells (including T cells) 

were cultured in RPMI 1640 Medium (Invitrogen) supplemented with 10% heat-inactivated 

fetal bovine serum (Thermo Scientific), and 100 U/ml penicillin-streptomycin and 2 mM 

L-glutamine (Invitrogen).

Reagents—αGr-1 (clone RB-8C5), αLg6G (clone 1A8), αIFNAR-1 (clone MAR1-5A3), 

αIL-4 (clone 11B11), αCD8 (clone 2.43), αNK1.1 (clone PK136), αIL-21R (clone 4A9), 

and αIFNγ (clone XMG1.2) were purchased from BioXCell. Mouse cytokines IL-4, 

IL-6, IL-12, and human IL-4, TGFβ, IL-2 and IL-6 were purchased from R&D Systems. 

eATP signaling inhibitor Suramin (Catalog# sc-200833), CD39 inhibitor POM-1 (Catalog# 

sc-203205) and NF-κB inhibitor QNZ (Catalog# sc-200675) were purchased from Santa 

Cruz Biotechnology.

Method details

Viral production and T cell transduction—The cDNA sequence of human MSLN-

(SS1)(Ho et al., 2011)-mBBZ or hMSLN-(SS1) (Ho et al., 2011)-hBBZ was synthesized 

by GenScript and then cloned into MigR1 retroviral vector for murine T cell transduction 

or pRRLSIN.EF-1a-EGFP-2A.WPRE lentiviral vector for human T cell transduction, 

respectively. Human HLA-A*02-restricted MART-127-35 specific TCR lentivector (DMF5)

(Hughes et al., 2005) is a gift from Dr. Steven Rosenberg. Control, Entpd1, or Traf6 
targeting shRNA were constructed on PMKO.1 vector. Viruses were packaged in 293T cells 

transfected with Lipofectamine 2000 (Life Science). Viral supernatant was harvested from 

day 1 to day 3, filtered with a 0.45-μm filter, concentrated with PEG-itVirus Precipitation 

Solution, and stored at −80°C until use.

Murine TRP-1 T cells preparation—Naive CD4+CD62L+ T cells were purified from 

spleens of TRP-1 mice using (EasySep™ Mouse Naïve CD4+ T Cell Isolation Kit, 

Catalog#19765) and differentiated into Th1, Th9, or Th17 cells according to established 
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methods(Downs-Canner et al., 2017; Ghoreschi et al., 2010; Lu et al., 2012; Muranski et al., 

2011). Briefly, TRP-1-specific naïve CD4+ T cells were cultured for 3 days with irradiated 

splenic APCs from C57BL/6 mice (2 ml culture medium per well in 24-well plate) in the 

presence of TRP-1106-133 peptide (5 μg/ml) with:

a. Th1-polarizing medium supplemented with mIL-2 (30 ng/ml), mIL-12 (4 ng/ml), 

and anti-IL-4 mAb (10 μg/ml);

b. Th9-polarizing medium supplemented with mIL-4 (10 ng/ml), hTGF-β1 (1 ng/

ml), and anti-IFN-γ monoclonal antibodies (mAbs; 10 μg/ml);

c. Th17-polarizing medium supplemented with mIL-6 (30 ng/ml), mIL-1β (20 ng/

ml), hTGF-β1 (2.5 ng/ml), mIL-21 (100 ng/ml), anti-IL-4 mAbs (10 μg/ml), 

anti-IL-2 mAbs (10 μg/ml) and anti-IFN-γ mAbs (10 μg/ml)(Muranski et al., 

2011);

After an initial 3-day culture, cells were provided with mIL-2 (5 ng/ml), except Th17 cells 

which received IL-2 (5 ng/ml) plus IL-23 (50 ng/ml)(Muranski et al., 2011). After culturing 

for a total of 5 days, differentiated Th cells were depleted of dead cells using Dead Cell 

Removal kit (Miltenyi, Catalog# 130-090-101) and then used in animal studies.

Murine CAR T cell preparation—Murine T cells were activated by priming CD4+ or 

CD3+ T cells isolated from the spleens of C57BL/6 (B6) mice with mouse αCD3/CD28 

Dynabeads (ThermoFisfer, Catalog# 11453D) in the presence of mIL-4 (10 ng/ml), hTGF-

β1 (1 ng/ml), and anti-mIFN-γ monoclonal antibodies (mAbs; 10 pg/ml) for Th9 cells; or 

10 ng/ml mIL-7 and 10 ng/ml mIL-15 for Th1+Tc1 cells (Bead-to-cell ratio was 1:3, 2 

ml culture medium per well in 24-well plate). During activation, T cells were transduced 

with hMSLN-(SS1) (Ho et al., 2011)-mBBZ-CAR encoding γ-retrovirus to make T cells 

targeting MSLN in the presence of 10 μg/ml protamine sulfate (Sigma) by centrifugation 

for 2 hrs at 1,800 rpm at room temperature. The general transduction rate of CAR vector 

was 30-40% based on GFP expression. CAR+ (GFP+) T cells were sorted on day 3 and then 

expanded in the presence of 5 ng/ml mIL-2 (Th9) or 10 ng/ml mIL-7 and 10 ng/ml mIL-15 

(T1: Th1+Tc1) cells for an additional 4 days.

Human T cell preparation—Human autologous T cells were activated by priming 

human CD4+ or CD3+ T cells from PBMC of melanoma patient (HLA-A2+) with human 

αCD3/CD28 Dynabeads (ThermoFisfer, Catalog# 11132D) in the presence of hIL-4 (10 

ng/ml), TGF-β1 (1 ng/ml), and anti-IFN-γ monoclonal antibodies (mAbs; 10 μg/ml) for 

Th9 cells or 10 ng/ml hIL-7 and 10 ng/ml hIL-15 for Th1+Tc1 cells (Bead-to-cell ratio 

was 1:3, 2 ml culture medium per well in 24-well plate). After 24 hrs of stimulation, 

T cells were transduced with human HLA-A*02-restricted MART-127-35 specific TCR 

lentivector (DMF5, MOI=3:1) to make T cells targeting melanoma-associated antigen 

MART-1 (Hughes et al., 2005) in the presence of 10 μg/ml protamine sulfate (Sigma) by 

centrifugation for 2 hrs at 1,800 rpm at room temperature. T cells were washed 48 hrs after 

transfection and then expanded in the presence of 100 U/ml hIL-2 (Th9) or 10 ng/ml hIL-7 

and 10 ng/ml hIL-15 (T1: Th1+Tc1) cells for an additional 4 days before use. The general 

transduction rate of MART-1-TCR vector was >80% based on tetramer staining.
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In some studies, human autologous CAR T cells were generated by priming human CD4+ 

or CD3+ T cells from PBMC of OvCa patient with human αCD3/CD28 Dynabeads 

(ThermoFisfer, Catalog# 11132D) in the presence with hIL-4 (10 ng/ml), hTGF-β1 (1 ng/

ml), and anti-hIFN-γ monoclonal antibodies (mAbs; 10 μg/ml) for Th9 cells; or 10 ng/ml 

hIL-7 and 10 ng/ml hIL-15 for Th1+Tc1 cells (Bead-to-cell ratio was 1:3, 2 ml culture 

medium per well in 24-well plate). After 24 hrs of stimulation, T cells were transduced with 

hMSLN-(SS1) (Ho et al., 2011)-hBBZ-CAR-GFP encoding lentivector (MOI=3:1) to make 

T cells targeting human MSLN in the presence of 10 μg/ml protamine sulfate (Sigma) by 

centrifugation for 2 hrs at 1,800 rpm at room temperature. T cells were washed 48 hrs after 

transfection and then expanded in the presence of 100 U/ml hIL-2 (Th9) or 10 ng/ml hIL-7 

and 10 ng/ml hIL-15 (T1: Th1+Tc1) cells for an additional 4 days before use. The general 

transduction rate of CAR vector was >85% based on GFP expression.

Real-time PCR—Total RNA was extracted from cells using the RNeasy 

Mini kit (Qiagen) according to the manufacturer’s instructions. Genes were 

expressed with specific primers and analyzed by using SYBR green real-time 

PCR (Applied Biosystems). Expression was normalized to the expression of the 

housekeeping gene GAPDH. Primers: mIfna 5′-TCAGTCTTCCCAGCACATTG-3′, 
mIfna R: 5′-GAGAAGAAACACAGCCCCTG-3′; mIfnb F: 5 ′-
CAGCTCCAAGAAAGGACGAAC-3′, mIfnb R: 5′-GGCAGTGTAACTCTTCTGCAT-3′; 
eMLV spliced F: 5′-CCAGGGACCACCGACCCACCG-3′, eMLV 
spliced R: 5′-TAGTCGGTCCCGGTAGGCCTCG-3–; MMTV spliced 

F: 5′-AGAGCGGAACGGACTCACCA-3′, MMTV spliced R: 5′-
TCAGTGAAAGGTCGGATGAA-3′; xMLV F: 5′-TCTATGGTACCTGGGGCTC-3′, 
xMLV R: 5′-GGCAGAGGTATGGTTGGAGTAG-3′; pMLV/mpMLV 
common F: 5′-CCGCCAGGTCCTCAATATAG-3′, pMLV R: 5′-
AGAAGGTGGGGCAGTCT-3′, mpMLV R: 5′-CGTCCCAGGTTGATAGAGG-3′; 
GLN F: 5′-TGTGTAAGTCCAGACGCAG-3′, GLN R: 5′-
CCAACCTACTCCAAAAACAG-3′; IAP F: 5′-AAGCAGCAATCACCCACTTTGG-3′, 
IAP R: 5′-CAATCATTAGATGCGGCTGCCAAG-3′; MMERVK 
F: 5′-CAAATAGCCCTACCATATGTCAG-3′, MMERVK R: 

5′-AGCCCCAGCTAACCAGAAC-3′; MusD/EnTII common 

F: 5′-GTGCTAACCCAACGCTGGTTC-3′, MusD R: 5′-
CTCTGGCCTGAAACAACTCCTG-3′, ETnII R: 5′-ACTGGGGCAATCCGCCTATTC-3′; 
Mervl Pol F: 5′-ATCTCCTGGCACCTGGTATG-3′, Mervl Pol R: 5′-
AGAAGAAGGCATTTGCCAGA-3′; mGAPDH F: 5′-TTGATGGCAACAATCTCCAC-3’, 

mGAPDH R: 5’-CGTCCCGTAGACAAAATGGT-3’. hIFNa F: 5′-
GCCTCGCCCTTTGCTTTACT-3′, hIFNa R: 5′-CTGTGGGTCTCAGGGAGATCA-3′; 
hIFNb F: 5′-ATGACCAACAAGTGTCTCCTCC-3′, hIFNb 
R: 5′-GGAATCCAAGCAAGTTGTAGCTC-3′, hMSLN F: 5′-
CCAACCCACCTAACATTTCCAG-3′, hMSLN R: 5′-CAGCAGGTCCAATGGGAGG-3′, 
HERV-F F: 5′-CCTCCAGTCACAACAACTC-3′, HERV-F R: 5′-
TATTGAAGAAGGCGGCTGG-3′; HERV-E F: 5′-GGTGTCACTACTCAATACAC-3′, 
HERV-E R: 5′-GCAGCCTAGGTCTCTGG-3′; HERV-W F: 5′-
TGAGTCAATTCTCATACCTG-3′, HERV-W R: 5′-AGTTAAGAGTTCTTGGGTGG-3′; 
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ERV-F2B F: 5′-AAAAAGGAAGAAGTTAACAGC-3′, ERV-F2B 
R: 5′-ATATAAAGACTTAGGTCCTGC-3′; HERV-K(HML-2) 
F: 5′-AAAGAACCAGCCACCAGG-3′, HERV-K(HML-2) R: 

5′-CAGTCTGAAAACTTTTCTCTC-3′; HERV-K(HML-5) F: 

5′-TGAAAGGCCAGCTTGCTG-3′, HERV-K(HML-5) R: 5′-
CAATTAGGAAATTCTTTTCTAC-3′; hLINE ORF1 F: 

5′-TTGGAAAACACTCTGCAGGATATTAT-3′, hLINE ORF1 
R: 5′-TTGGCCTGCCTTGCTAGATT-3′; hGAPDH F: 

5′-AGTCAACGGATTTGGTCGTATTGGG-3′, hGAPDH R: 5′-
ACGTACTCAGCGCCAGCATCG-3′.

Enzyme-linked immunosorbent assay—Cell culture supernatants were tested by 

ELISA using Mouse IFN Beta ELISA Kit (High Sensitivity, pbl Assay Science) according to 

the manufacturer’s protocol.

ATP quantification assay—ATP concentration in the cell culture supernatants were 

tested by ATP Determination Kit (ThermoFisher) according to the manufacturer’s protocol.

Tumor models and adoptive transfer—Mice received subcutaneous (s.c.) injection 

with 1×106 B16 tumor cells or 1×106 B1610%TRP-1-KO (contains 90% ofWT-B16 cells and 

10% of B16TRP-1-KO cells) tumor cells. At 10 days after tumor injection, mice were treated 

with adoptive transfer of 2.5×106 Th1, Th9, or Th17 cells, high dose Th1 (2×107), or 

high dose Th17 cells (7.5×106) followed by intravenous (i.v.) injection of 2.5×105 TRP-1 

peptide-pulsed bone marrow-derived dendritic cells generated as previously described (Hong 

et al., 2012). Cyclophosphamide (CTX, Sigma) was administrated intraperitoneally (i.p.) as 

a single dose at 120 mg/kg 1 day before T-cell transfer. Mice were euthanized at indicated 

days. In some experiments, surviving mice were s.c. rechallenged with 2×106 B16TRP-1-KO 

tumor cells on the contralateral flank. In some experiments, mice have been injected i.p. 

with 150 μg mAbs (e.g. αGr-1, αIL-21R, αNK1.1, αCD8, or αIFNaR1 mAbs) every 3 days 

starting from one day before T cell transfer for a total of 8 times (αGr-1 and αIFNaR1), a 

total 15 times (αIL-21R), or until the endpoint (αNK1.1 and αCD8). In some experiments, 

mice have been injected i.p. with 3 mg suramin every 3 days one day before ACT until 

mice were used for indicated tests. In some experiments, mice were injected i.p. with 125 μg 

POM-1 every 3 days starting from day 5 after ACT for a total of 15 doses.

Mice received intracranial injection of 1×105 B1610%TRP-1KO tumor cells. At 8 days after 

tumor injection, mice were treated with adoptive transfer of 1×106 Th1 or Th9, or multiple 

injections of 1×106 Th1 as long as mice still alive. CTX was administrated intraperitoneally 

(i.p.) as a single dose at 120 mg/kg 1 day before T-cell transfer. For human Th9 cell 

study, MART-1+/HLA-A2+ melanoma patient-derived xenografts (PDX) were injected into 

MHC I−/−/II−/− double KO-NSG mice (DKO-NSG, crossed from class T−/− and class II−/− 

NSG). Mice were treated with MART-specific T cells and/or autologous PBMC (1×107) on 

day 10. Human T cells were transduced with human HLA-A*02-restricted MART-127-35 

specific TCR lentivector (DMF5) (Johnson et al., 2006) to make T cells targeting MART-1 

(upregulated in most melanomas)(Borbulevych et al., 2011). These human MART-1-specific 

CD4+ T cells have been reported to exhibit multifunctional effector and helper responses, 
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and can mediate HLA-A2-restricted MART-1-specific cytolytic function of comparable 

efficacy to that of CD8+ CTL (Ray et al., 2010). Mice were euthanized at endpoints.

Female B6 mice received subcutaneous (s.c.) injection with 1×107 ID890%hMesothelin 

(containing 90% of hMesothelin-expressing ID8 cells and 10% of hMesothelin− ID8 ALVs) 

tumor cells. At 45 days after tumor injection, mice were treated with adoptive transfer of 

5×106 CAR Th1+Tc1, 5×106 CAR Th9 or high dose of 2.5×107 Th1+Tc1cells. CTX was 

administrated intraperitoneally (i.p.) as a single dose at 120 mg/kg 1 day before T-cell 

transfer. For human CAR Th9 cell study, OvCa patient-derived xenografts (PDX) were 

injected into MHC I−/−/II−/− double KO-NSG mice (DKO-NSG, crossed from class I−/− and 

class II−/− NSG). Mice were treated with Mesothelin-specific CAR T cells (5×106 CAR 

Th1+Tc1, 5×106 CAR Th9, 5×106 CAR Th9+Tc9 or high dose of 2.5×107 Th1+Tc1 cells) 

and autologous PBMC (1×107) on day 10. Human T cells were transduced with human 

Mesothelin CAR vector to make T cells targeting human Mesothelin (highly expressed on 

>65% of OvCa patients (Morello et al., 2016)). Mice were euthanized at endpoints.

In some experiments, monocytes were sorted from spleens of WT or P2ry2−/− tumor-

free mice 10 days after CTX treatment. P2ry2−/− mice bearing 10-day established 

B1610%TRP-1-KO tumors (1×106 B1610%TRP-1-KO cells injected s.c.) were treated with CTX 

on day 9, followed by Th9 cell and DC transfer as described above. Monocytes (1×107) were 

transferred i.v. into mice on day 12 and day 22. In some experiments, monocytes (1×106) 

were transduced with siRNA and intratumorally injected into tumors 7 and/or 14 days after 

Th9 ACT.

The enzyme-linked immunosorbent spot (ELISpot) assay—Mice bearing 10-day 

established B1610%TRP1KO tumors were treated by Th1, Th9, or Th17 cell ACT as described 

above. Mice were sacrificed on day 20 after ACT and tumor tissues were minced and 

digested by tumor dissociation kit (Miltenyi Biotec). Each host immune cell subset in about 

200 mg tumor tissues was isolated by a bead positive selection kit (CD8, NK1.1, or CD4). 

Isolated cells per 200 mg tumor tissues were cocultured with irradiated B16TRP-1KO tumor 

cells on IFNγ ELISpot Kit plates (Mouse IFN-gamma ELISpot Kit, R&D Systems) for 48 

hours following the manufacturer's instructions. The plates were imaged and evaluated by 

Cellular Technology Limited ELISPOT Analyzer.

Host T cell response assay—TRP-1-specific Th9 cells (2.5×106) were transferred i.v. 

into WT mice bearing 10-day established B1610%TRP-1-KO tumors (1×106 B1610%TRP-1-KO 

cells challenged s.c. 10 days before T cell transfer). Adjuvant cyclophosphamide (CTX, i.p.) 

and DC vaccination (2.5×105, i.v.) were administered to mice. B1610%TRP-1-KO tumors 20 

days after Th9 cell ACT were harvested, minced, and digested by tumor dissociation kit 

(Miltenyi Biotec). CD8+ or CD4+ T cells in about 200 mg tumor tissues were isolated by a 

bead positive selection kit (CD8, or CD4). T cells were then restimulated with peptide (10 

μg/ml)-loaded DCs for 72 hrs in the presence of 5 ng/ml mIL-2. Peptide sequence: MHC-I 

peptide for TRP-2180-188 (SVYDFFVWL) (Overwijk and Restifo, 2001), MHC-I peptide 

for gp10025-33 (EGSRNQDWL) (Overwijk and Restifo, 2001), and neoantigens (Kreiter 

et al., 2015) B16-M27 (MHC-I peptide: REGVELCPGNKYEMRRHGTTHSLVIHD), B16-

M30 (MHC-II peptide: PSKPSFQEFVDWENVSPELNSTDQPFL), and B16-M48 (MHC-II 
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peptide: SHCHWNDLAVIPAGVVHNWDFEPRKVS). OVA peptides were used as controls: 

OVA MHC-II peptide (ISQAVHAAHAEINEAGR) and OVA MHC-I peptide (SIINFEKL).

Flow cytometry and western blot analysis—FITC-, PE-, APC- or Brilliant Violet-

conjugated mAbs (1:100 dilution) were used for staining after Fc blocking, and analyzed 

using a FACS Fortessa flow cytometer.

For Western blot, TRP-1 mAbs (#sc-166857) from Santa Cruz Biotechnology were used at 

a 1:500 dilution. β-Actin mAbs (#3700T) from Cell Signaling and used at a 1:1000 dilution. 

Full unedited scans of blots shown in Figures are shown in Supplementary Figure 12.

CFSE dilution assay and in vitro cytotoxicity assay—In some experiments, Th 

cells were incubated for 5 minutes at 37°C with 1 mM CFSE in PBS, and then washed 

extensively. The proliferation of T cells by the relative CFSE dilution after stimulation was 

determined by FACS. In the cytotoxicity assay, B16 target cells or MC38 non-target cells 

for TRP-1 T cells were labeled with 5 mM CFSE. B16 target cells or MC38 non-target cells 

were incubated alone in triplicate with TRP-1 T cells at a 1:10 tumor-to-T cell ratio. After 

48 hour culture, CFSE+ tumor cells from each target and control wells were stained using 

FVD and analyzed by FACS. FVD+ tumor cells were considered dead cells. The percent 

specific lysis was calculated as (FVD+ target - FVD+ control)×100%.

In vivo T Lymphocyte cytotoxicity assay—In vivo CTL assay was performed as 

described previously with some modifications (Xue et al., 2019; Keller et al., 2008; Lu et 

al., 2014b). Spleen cells from C57BL/6 mice were pulsed with 5 μg/ml TRP-1 peptide or 

OT-II peptide. Pulsed splenocytes were labeled with CFSE at a final concentration of 1 

μM (CFSEhi) or at a final concentration of 0.1 μM (CFSElo). Two cell populations were 

mixed at 1:1 ratio, and 2 × 107 total cells were injected intravenously into treated mice. The 

percentage of antigen-specific lysis was determined 36 h later in T cell treated mice (TRP1 

peptide-pulsed CFSEhi target + OT-II peptide-pulsed CFSElo non-target), by analyzing the 

relative proportion of CFSEhi target cells and CFSElo non-target cells in splenocytes based 

on CFSE-labeling intensity. The percentage of specific lysis was calculated as follows: (1–R 

× M2/M1) × 100, where M1 = non-target events, M2 = target events, R = M1 in untreated 

mice/M2 in untreated mice.

Microarray analysis—Mice were treated with Th9 cells, and 10 days after Th9 

transfer, tumor tissue and spleens were harvested and dissociated for cell sorting. 

CD11b+CD11c−Ly6Chi inflammatory monocytes were flow-sorted and total RNA was 

extracted with the RNeasy Mini kit (Qiagen). RNA samples were sent to the Genomic Core 

of Case Western Reserve University for quality evaluation using an Agilent Bioanalyzer. 

Samples with intact 18S and 28S ribosomal RNA bands with RIN >8.5 were processed 

for microarray analysis, which was performed with a Mouse Gene 2.0 ST Kit at the Case 

Western Reserve University Genomic Core. Gene set enrichment analysis (GSEA) of the 

gene expression profiles of the 5 cell types was implemented using GSEA software (gsea-

v3.0, http://software.broadinstitute.org/gsea/downloads.jsp). P-values were calculated with 

the Kolmogorov-Smirnov test (threshold = 0.01). The false discovery rate (FDR), q value, is 

the estimated probability that a gene set with a given NES represents a false-positive finding. 
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The threshold for q value in GSEA is 0.25. Gene sets for the mature effector were derived 

from a publicly available study of the genes differentially expressed by >2 fold in quaternary 

versus primary cells(Gu et al., 2016).

Quantification and statistical analysis

For statistical analysis, Student’s t-test or ANOVA was used. A P value less than 0.05 was 

considered statistically significant. Results are presented as mean ± s.d. unless otherwise 

indicated.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Th9 cells eradicate advanced tumors containing antigen-loss-variant cancer 

cells

• Lack of CD39 on Th9 cells increase the intratumor accumulation of eATP

• eATP-ERVs-TLR3/Mavs-Type I IFN pathway is activated in the recruited 

monocytes

• Type I IFN induced in the recruited monocytes cells causes the elimination of 

ALVs
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Figure 1. Transfer of tumor-specific Th9 cells prevents the relapse of variant tumors.
(A) TRP-1-specific Th1, Th17, Th9 cells (CD45.2+, regular dose, 2.5×106), high dose 

Th1 (2×107), or high dose Th17 cells (7.5×106) were transferred i.v. into CD45.1+ B6 

mice bearing 10-day large established B16 tumors (1×106 B16 cells challenged s.c. 10 

days before T cell transfer). Adjuvant cyclophosphamide (CTX, i.p.) and DC vaccination 

(2.5×105, i.v.) were administered to some mice as indicated. (B) Tumor responses to 

TRP-1 cell transfer are shown (n=5/group). The description of tumor-free survival is 

summarized from several independent studies. (C-D) Tumors were harvested from No-T-

cell-treated mice, Th1 or Th17-cell-treated mice. Images of representative tumors are 

shown in (C). Tumor tissue lysates were analyzed for TRP-1 expression by western-blot 

(D). (E) Intracellular staining of TRP-1 in B1610%TRP-1-KO and B16TRP-1-KO tumor cells. 

(F) B1610%TRP-1-KO tumor (contain 10% B16TRP-1-KO ALVs)-bearing mice were treated 

similarly to Fig. 1A. Surviving mice in the Th9-cell-treated group were rechallenged 

with 2×106 ALVs (B16TRP-1-KO) on day 60. Tumor responses are shown (n=5/group). 

Representative results from one of two repeated experiments are shown (total # of mice/

group ≥ 20 in B; ≥ 10 in F).
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Figure 2. Effect of TRP-1-specific-Th9 cells and hMesothelin-CAR-Th9 cells.
(A) TRP-1-specific 1.0×106 Th1 (single or multiple doses), or 1.0×106 Th9 cells (CD45.2+) 

were transferred i.v. into CD45.1+ B6 mice bearing 8-day established intracranially (i.c.) 

injected B16 tumors (1×105 B1610%TRP-1-KO tumor cells challenged i.c. 8 days before T 

cell transfer). (B) Survival analysis in response to adoptive cell transfer (n=9-10/group). 

Data are summarized from two independent studies. **P<0.01, Th9 compared with PBS, 

Th1, and 5×Th1, survival analysis was conducted by log-rank test. (C-D) Brain tumors 

were harvested from mice received indicated treatments. Images of representative brain 

tumors are shown (C). Tumor tissue lysates were analyzed for TRP-1 expression by western 

blot (D). (E) Human autologous MART-1-specific 1.0×106 Th9, or 1.0×106 Th1+Tc1 cells 

were transferred i.v. into NSG mice bearing 10-day established intracranially (i.c.) injected 

melanoma PDX (1×105 cells challenged i.c. 10 days before T cell transfer). Autologous 

PBMC was administered i.v. to mice on day 3 as indicated. Survival analysis in response to 

ACT (n=6-9/group). Data are summarized from three independent studies. *P<0.05, Human 

MART-1 Th9+PBMC compared with any other groups, survival analysis was conducted 

by log-rank test. (F) hMesothelin-CAR-T cells (5.0×106 GFP+) were transferred i.v. into 

CD45.1+ B6 mice bearing 45-day-established, s.c. injected ID890%hMesothelin tumors. CAR 

Th1+Tc1 cells were used in a regular dose of total cell # at 5×106 or in a high dose of 

2.5×107 cells. Tumor responses to hMesothelin-CAR-T cell transfer are shown (n=5/group). 

Data are summarized from two independent studies. Representative results from one of two 

repeated experiments are shown (total # of mice/group ≥ 10).
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Figure 3. Tumor inflammatory monocytes recruited by Th9 cells during lymphopenia are crucial 
to anti-ALV responses.
(A-B) B1610%TRP-1-KO tumor-bearing mice (s.c.) were treated as shown in Fig. 1F. Tumor 

tissues (200 mg/mice, 10 days after ACT) were harvested and used for FACS analysis. 

Representative (A) and summarized results (B, n=3-4/group) are shown. Data are mean ± 

SD. **P<0.01, Th9 compared with Th1 and Th17 groups, one-way ANOVA with Tukey test. 

(C-E) B1610%TRP-1-KO tumor-bearing mice were treated with Th9 cells as shown in Fig. 

1F, together with indicated antibodies every 3 days after ACT. Tumor-infiltrating indicated 

immune cells are calculated from FACS analysis (C, n=3-4/group). Data are mean ± SD. 

**P<0.01, α-Gr-1 compared with IgG and α-Ly6G groups, one-way ANOVA with Tukey 

test. (D) Mice survival curves are shown (n=9-12/group, combined from 2 independent 

experiments), **P<0.01, compared with any other groups, survival analysis was conducted 

by log-rank test. (E) Tumor (~day 60) tissue lysates were analyzed for TRP-1 production by 

western-blot. Representative results from one of two repeated experiments are shown.
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Figure 4. Tumor-specific Th9 cells promote eATP-P2Y2 dependent chemotaxis of tumor 
monocytes.
(A-B) B1610%TRP-1-KO tumor-bearing WT or transgenic mice were treated as shown in 

Fig. 1F. Some mice were treated with i.p. injection of suramin. Tumor tissues (200 mg/

mice, 10 days after ACT) were harvested and leukocytes were counted and used for FACS 

analysis. Tumor-infiltrating indicated immune cells are calculated from FACS analysis (B, 

n=3-4/group). Data are mean ± SD. **P<0.01, compared with WT and WT+PBS groups, 

one-way ANOVA with Tukey test. (C-D) Surface expression of CD39 on TRP-1 T cells 

was analyzed by FACS. Data are mean ± SD. **P<0.01, Th9 compared with Th1 and Th17 

groups, one-way ANOVA with Tukey test. (E) B16 tumor cells and TRP-1 T cells were 

cultured alone or cocultured as indicated for 24 hours (n=3). The ATP concentrations in 

the culture supernatant were determined by ATP Determination Kit. Data are mean ± SD. 

**P<0.01, Th9+B16 compared with any other groups, one-way ANOVA with Tukey test. 

(F) Monocytes migration assay. B16-bearing mice were treated with CTX. SpMono were 

sorted 10 days later and seeded in Transwells with the bottom media from the supernatant 

of indicated cell cultures. Cells migrated to the bottom after 18 hrs are counted by cell 

counter. Data are mean ± SD. *P<0.05, Th9 compared with any other groups, one-way 

ANOVA with Tukey test. (G) B1610%TRP-1-KO tumor-bearing WT mice were treated as 

shown in Fig. 1F. Tumor tissues (200 mg/mice, 10 days after ACT) were harvested and 

leukocytes were counted and used for FACS analysis (G, n=3-4/group). Data are mean ± 

SD. **P<0.01, compared with Th9 and Th9-GFP groups, one-way ANOVA with Tukey test. 

(H-I) B1610%TRP-1-KO tumor-bearing WT mice were treated as shown in Fig. 1F. (H) Mice 

survival curves are shown (n=10-12/group, combined from 3 independent experiments), 
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*P<0.05, compared with any other groups, survival analysis was conducted by log-rank test. 

(I) Tumor (~day 60) tissue lysates were analyzed for TRP-1 production by western-blot. 

(J) B1610%TRP-1-KO tumor-bearing WT mice were treated as shown in Fig. 1F. Mice 

survival curves are shown (n=9-12/group, combined from 3 independent experiments), 

*P<0.05, compared with any other groups, survival analysis was conducted by log-rank 

test. Representative results from one of two or three repeated experiments are shown.
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Figure 5. Th9 cell ACT induces type I IFN signatures in tumor for ALV-clearance.
(A-B) Mice were treated as in Fig. 1F, and mice transferred with Th9 cells were euthanized 

10 days after transfer. Tumor monocytes and SpMono were sorted for gene array (n=3). 

Shown is a gene cluster that contributes the most to the enrichment signal of a given gene 

set's leading edge or core enrichment (A) and IFNα/β responsive signature (B). (C-G) Mice 

were treated as in Fig. 1F. (C) Tumor tissues were extracted for total RNA and analyzed 

by qPCR (n=3/group). Data are mean ± SD. **P<0.01, compared with any other groups, 

one-way ANOVA with Tukey test. (D) Tumor lysate supernatants were analyzed by ELISA 

for IFNβ (n=3/group). Data are mean ± SD. **P<0.01, compared with any other groups, 

one-way ANOVA with Tukey test. (E) The indicated cells were sorted for qPCR (n=3/

group). Data are mean ± SD. **P<0.01, Th9 compared with Th17 group, one-way ANOVA 

with Tukey test. (F) Intracellular staining of IFNα/β was performed on the indicated cells 

obtained from Th9-treated mice (n=3/group). Data are mean ± SD. **P<0.01, tumor-Mono 

compared with Tumor-T cells or Spleen-Mono groups, one-way ANOVA with Tukey test. 

(G) Tumor tissues from mice with the indicated treatments were extracted for total RNA and 

analyzed by qPCR (n=3/group). Data are mean ± SD. **P<0.01, Th9+IgG compared with 

any other groups, one-way ANOVA with Tukey test. (H-I) B1610%TRP-1-KO tumor-bearing 

WT mice were treated as shown in Fig. 1F, with antibody injection i.p. every 3 days after 

ACT. (H) Mice survival curves are shown (n=9-11/group, combined from 2 independent 

experiments), **P<0.01, compared with any other groups, survival analysis was conducted 

by log-rank test. (I) Tumor (~day 60) tissue lysates were analyzed for TRP-1 production by 

western-blot. Representative results from one of two repeated experiments are shown.
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Figure 6. Viral mimicry in tumor monocytes is required for Th9 anti-ALV responses.
(A) B1610%TRP-1-KO tumor-bearing WT or transgenic mice were treated as shown in Fig. 

1F. Tumor tissues (10 days after ACT) were extracted for total RNA and analyzed by qPCR 

(n=3/group), Data are mean ± SD. **P<0.01, compared with WT+Th9 group, one-way 

ANOVA with Tukey test. (B) GSEA of the gene profiles as in Fig. 5A was performed 

for the indicated gene signatures. (C-D) Intracellular staining of dsRNA (n=3/group) was 

performed in the indicated cells 10 days after treatments similar as in Fig. 1F. Data are 

mean ± SD. **P<0.01, compared with any other groups, one-way ANOVA with Tukey test. 

(E-F) B1610%TRP-1-KO tumor-bearing WT mice were treated as shown in Fig. 1F. Tumor 

tissues (E) or sorted cells (F) 10 days after ACT were lysed by 1% Triton-X-100. Data 

are mean ± SD. **P<0.01, compared with any other groups, one-way ANOVA with Tukey 

test. (G) Tumor-infiltrating cells sorted from Th9-treated mice 10 days after transfer (n=3/

group) were tested for transcript levels of the indicated murine ERVs measured by qPCR. 

Data are mean ± SD. **P<0.01, compared with T cell (tumor) and Mono (spleen) groups, 

one-way ANOVA with Tukey test. (H-I) WT SpMono sorted from CTX-treated mice were 

injected into tumor of P2ry2−/− mice (10 days after tumor-bearing P2ry2−/− mice treated 

with CTX+T cells w/o suramin). The tumor tissues were analyzed by qPCR (H) and RT 

activity (I) 3 days later (n=3-4/group). Data are mean ± SD. **P<0.01, Th9 cells compared 

with Th1, Th17 cells, and spleen-mono injected into tumor receiving Th9 cells and suramin, 
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one-way ANOVA with Tukey test. (J) SpMono sorted from CTX-treated WT, Tlr3 KO, or 

Mavs KO mice were treated as indicated and performed for qPCR analysis (n=3/group). 

Data are mean ± SD. **P<0.01, compared with PBS or WT/ATP groups, one-way ANOVA 

with Tukey test. (K) WT SpMono sorted from CTX-treated mice were treated as indicated 

and performed for qPCR (n=3/group). Data are mean ± SD. **P<0.01, compared with any 

other groups, one-way ANOVA with Tukey test. Representative results from one of two 

repeated experiments are shown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

αGr-1 BioXcell Cat#BE0075

αLy-6G BioXcell Cat#BE0075-1

αIFNAR-1 BioXcell Cat#BE0241

αIL-4 BioXcell Cat#BE0045

αCD8 BioXcell Cat#BE0061

αNK1.1 BioXcell Cat#BE0036

αIL-21R BioXcell Cat#BE0258

αIFNγ BioXcell Cat#BE0055

αIL-2 BioXcell Cat#BE0043

TRP-1 Santa Crus Cat#sc-166857

β-actin Cell Signaling Cat#3700T

BV421 anti-mouse CD11b BioLegend Cat#101251

PerCP anti-mouse CD11c BioLegend Cat#117326

BV605 anti-mouse F4/80 BioLegend Cat#123133

BV570 anti-mouse Ly6G BioLegend Cat#127629

PE anti-mouse Ly6C BioLegend Cat#128008

FITC anti-mouse CD4 BioLegend Cat#100405

APC anti-mouse CD45.2 BioLegend Cat#109814

PE anti-mouse CD3 BioLegend Cat#100206

PE anti-mouse CD39 BioLegend Cat#143804

PE anti-mouse PD-1 BioLegend Cat#135206

APC anti-mouse Lag3 BioLegend Cat#125210

APC anti-mouse IFNγ BioLegend Cat#505810

APC anti-mouse IL-9 BioLegend Cat#514106

APC anti-mouse IL-17 BioLegend Cat#v506916

PE anti-human IL-9 BioLegend Cat#507603

FITC anti-human CD4 BioLegend Cat#357406

PE anti-human CD39 BioLegend Cat#328208

PE anti-mouse CD44 BioLegend Cat#103024

FITC anti-mouse CD62L BioLegend Cat#104406

PE anti-mouse CD8 BioLegend Cat#100708

APC anti-mouse CD11c BioLegend Cat#117310

Bacterial and virus strains

 

 

Biological samples
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REAGENT or RESOURCE SOURCE IDENTIFIER

Patient-derived xenografts (PDX) Wake Forest Baptist Comprehensive 
Cancer Center

N/A

Chemicals, peptides, and recombinant proteins

The NF-κB-specific inhibitor QNZ Santa Cruz Biotechnology Cat#sc-200675

eATP signaling inhibitor Suramin Santa Cruz Biotechnology Cat#sc-200833

CD39 inhibitor POM-1 Santa Cruz Biotechnology Cat#sc-203205

MHC-I peptide for TRP-2180-188 (SVYDFFVWL) GenScript N/A

MHC-I peptide for gp10025-33 (EGSRNQDWL) GenScript N/A

B16-M27 (MHC-I peptide: REGVELCPGNKYEMRRHGTTHSLVIHD) GenScript N/A

B16-M30 (MHC-II peptide: PSKPSFQEFVDWENVSPELNSTDQPFL) GenScript N/A

B16-M48 (MHC-II peptide: SHCHWNDLAVIPAGVVHNWDFEPRKVS) GenScript N/A

OVA MHC-II peptide (ISQAVHAAHAEINEAGR) GenScript N/A

OVA MHC-I peptide (SIINFEKL) GenScript N/A

MHC class II–restricted TRP1 (SGHNCGTCRPGWRGAACNQKILTVR) GenScript N/A

Mouse IL-1β R&D Systems Cat#NP_032387

Mouse IL-4 R&D Systems Cat#P07750

Mouse IL-6 R&D Systems Cat#P08505

Mouse IL-2 R&D Systems Cat#P04351

Mouse IL-12 R&D Systems Cat#P43432

Mouse IL-23 R&D Systems Cat#P43432

Mouse IL-21 R&D Systems Cat#Q9ES17.1

Human TGF-β1 R&D Systems Cat#P01137

Human IL-4 R&D Systems Cat#204-IL-050/CF

Critical commercial assays

ATP Determination Kit ThermoFisher Cat#A22066

ELISA kits mouse TNF-α eBioscience Cat#50-112-8899

ELISA kits mouse IFN-γ eBioscience Cat#50-112-9023

ELISA kits mouse IL-6 eBioscience Cat#50-112-8808

ELISA kits mouse IL-1β eBioscience Cat#50-112-8706

ELISA kits mouse IFN-β R&D Cat#424001

Annexin V-FITC Apoptosis Detection Kit eBioscience Cat#BMS500FI-100

Deposited data

CD11b cell gene array NCBI Gene Expression Omnibus GSE151712

Experimental models: Cell lines

B16 ATCC Cat#CRL-6323

ID8 A gift from Dr. Neveen Said at Wake 
Forest School of Medicine

N/A

SK-OV-3 ATCC Cat#HTB-77

293T ATCC Cat#CRL-3216

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

C57BL/6 The Jackson Laboratory Cat#000664

CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) The Jackson Laboratory Cat#002014

Ccr1−/− (B6.129S-Ccr1tm1Gao/AdlJ ) The Jackson Laboratory Cat#032932

Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J ) The Jackson Laboratory Cat#004999

Ccr5−/− (B6;129P2-Ccr5tm1Kuz/J ) The Jackson Laboratory Cat#005427

Ccr6−/− (B6.129P2-Ccr6tm1Dgen/J ) The Jackson Laboratory Cat#005793

Ccr7−/− (B6.129P2(C)-Ccr7tm1Rfor/J ) The Jackson Laboratory Cat#006621

Ccr9−/− (B6N.129-Ccr9tm1Lov/JmfJ) The Jackson Laboratory Cat#027041

Cxcr2−/− (B6.129S2(C)-Cxcr2tm1Mwm/J) The Jackson Laboratory Cat#006848

Cxcr3−/− (B6.129P2-Cxcr3tm1Dgen/J) The Jackson Laboratory Cat#005796

Cxcr5−/− (B6.129S2(Cg)-Cxcr5tm1Lipp/J) The Jackson Laboratory Cat#006659

Cxcr6−/− (B6.129P2-Cxcr6tm1Litt/J) The Jackson Laboratory Cat#005693

Cx3cr1−/− (B6.129P2(Cg)-Cx3cr1tm1Litt/J) The Jackson Laboratory Cat#005582

P2ry2−/− (B6.129P2-P2ry2tm1Bhk/J) The Jackson Laboratory Cat#009132

Ifnar1−/− (B6(Cg)-Ifnar1tm1.2Ees/J) The Jackson Laboratory Cat#028288

Camp−/− (B6.129X1-Camptm1Rlg/J) The Jackson Laboratory Cat#017799

Sting−/− (B6(Cg)-Sting1tm1.2Camb/J) The Jackson Laboratory Cat#025805

Mavs−/− (B6;129-Mavstm1Zjc/J) The Jackson Laboratory Cat#008634

Myd88−/− (B6.129P2(SJL)-Myd88tm1.1Defr/J) The Jackson Laboratory Cat#009088

Tlr4−/− (B6(Cg)-Tlr4tm1.2Karp/J) The Jackson Laboratory Cat#029015

Tlr3−/− (B6;129S1-Tlr3tm1Flv/J) The Jackson Laboratory Cat#005217

Trif−/− (C57BL/6J-Ticam1Lps2/J) The Jackson Laboratory Cat#005037

TRP-1 (B6.Cg-Rag1tm1Mom Tyrp1B-wTg(Tcra,Tcrb)9Rest/J) The Jackson Laboratory Cat#008684

MHCII−/− NSG (NOD.Cg-PrkdcscidH2-Ab1tm1DoiIl2rgtm1Wjl/SzJ) The Jackson Laboratory Cat#021885

Cd4−/− (B6.129S2-Cd4tm1Mak/J) The Jackson Laboratory Cat#002663

MHCI−/− NSG (NOD.Cg-B2mtm1UncPrkdcscidIl2rgtm1Wjl/SzJ) The Jackson Laboratory Cat#010636

Il9r−/− A gift from Dr. Jean-Christophe Renauld 
at Ludwig Institute for Cancer Research

N/A

Oligonucleotides

mIFNa F: 5′-TCAGTCTTCCCAGCACATTG-3′ Sigma N/A

mIFNa R: 5′- GAGAAGAAACACAGCCCCTG-3′ Sigma N/A

mIFNb F: 5′-CAGCTCCAAGAAAGGACGAAC-3′ Sigma N/A

mIFNb R: 5′-GGCAGTGTAACTCTTCTGCAT-3′ Sigma N/A

eMLV spliced F: 5′-CCAGGGACCACCGACCCACCG-3′ Sigma N/A

eMLV spliced R: 5′-TAGTCGGTCCCGGTAGGCCTCG-3′ Sigma N/A

MMTV spliced F: 5′-AGAGCGGAACGGACTCACCA-3′ Sigma N/A

MMTV spliced R: 5′-TCAGTGAAAGGTCGGATGAA-3′ Sigma N/A

xMLV F: 5′-TCTATGGTACCTGGGGCTC-3′ Sigma N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

xMLV R: 5′-GGCAGAGGTATGGTTGGAGTAG-3′ Sigma N/A

pMLV/mpMLV common F: 5′-CCGCCAGGTCCTCAATATAG-3′ Sigma N/A

pMLV R: 5′-AGAAGGTGGGGCAGTCT-3′ Sigma N/A

mpMLV R: 5′-CGTCCCAGGTTGATAGAGG-3′ Sigma N/A

GLN F: 5′-TGTGTAAGTCCAGACGCAG-3′ Sigma N/A

GLN R: 5′-CCAACCTACTCCAAAAACAG-3′ Sigma N/A

IAP F: 5′-AAGCAGCAATCACCCACTTTGG-3′ Sigma N/A

IAP R: 5′-CAATCATTAGATGCGGCTGCCAAG-3′ Sigma N/A

MMERVK F: 5′-CAAATAGCCCTACCATATGTCAG-3′ Sigma N/A

MMERVK R: 5′-GTATACTTTCTTCTTCAGGTCCAC-3′ Sigma N/A

MaLR F: 5′-ATGTTTTGGGGAGGACTGTG-3′ Sigma N/A

MaLR R: 5′-AGCCCCAGCTAACCAGAAC-3′ Sigma N/A

MusD/EnTII common F: 5′-GTGCTAACCCAACGCTGGTTC-3′ Sigma N/A

MusD R: 5′-CTCTGGCCTGAAACAACTCCTG-3′ Sigma N/A

ETnII R: 5′-ACTGGGGCAATCCGCCTATTC-3′ Sigma N/A

Mervl Pol F: 5′-ATCTCCTGGCACCTGGTATG-3′ Sigma N/A

Mervl Pol R: 5′-AGAAGAAGGCATTTGCCAGA-3′ Sigma N/A

mGAPDH F: 5’-TTGATGGCAACAATCTCCAC-3’ Sigma N/A

mGAPDH R: 5’-CGTCCCGTAGACAAAATGGT-3’ Sigma N/A

hIFNα F: 5′-GCCTCGCCCTTTGCTTTACT-3′ Sigma N/A

hIFNα R: 5′-CTGTGGGTCTCAGGGAGATCA-3′ Sigma N/A

hIFNβ F: 5′-ATGACCAACAAGTGTCTCCTCC-3′ Sigma N/A

hIFNβ R: 5′-GGAATCCAAGCAAGTTGTAGCTC-3′ Sigma N/A

hMSLN F: 5′-CCAACCCACCTAACATTTCCAG-3′ Sigma N/A

hMSLN R: 5′-CAGCAGGTCCAATGGGAGG-3′ Sigma N/A

HERV-F F: 5′-CCTCCAGTCACAACAACTC-3′ Sigma N/A

HERV-F R: 5′-TATTGAAGAAGGCGGCTGG-3′ Sigma N/A

HERV-E F: 5′-GGTGTCACTACTCAATACAC-3′ Sigma N/A

HERV-E R: 5′-GCAGCCTAGGTCTCTGG-3′ Sigma N/A

HERV-W F: 5′-TGAGTCAATTCTCATACCTG-3′ Sigma N/A

HERV-W R: 5′-AGTTAAGAGTTCTTGGGTGG-3′ Sigma N/A

ERV-F2B F: 5′-AAAAAGGAAGAAGTTAACAGC-3′ Sigma N/A

ERV-F2B R: 5′-ATATAAAGACTTAGGTCCTGC-3′ Sigma N/A

HERV-K(HML-2) F: 5′-AAAGAACCAGCCACCAGG-3′ Sigma N/A

HERV-K(HML-2) R: 5′-CAGTCTGAAAACTTTTCTCTC-3′ Sigma N/A

HERV-K(HML-5) F: 5′-TGAAAGGCCAGCTTGCTG-3′ Sigma N/A

HERV-K(HML-5) R: 5′-CAATTAGGAAATTCTTTTCTAC-3′ Sigma N/A

hLINE ORF1 F: 5′-TTGGAAAACACTCTGCAGGATATTAT-3′ Sigma N/A

hLINE ORF1 R: 5′-TTGGCCTGCCTTGCTAGATT-3′ Sigma N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

hGAPDH F: 5′-AGTCAACGGATTTGGTCGTATTGGG-3′ Sigma N/A

hGAPDH R: 5′-ACGTACTCAGCGCCAGCATCG-3′ Sigma N/A

Recombinant DNA

MART-127-35 specific TCR lentivector (DMF5) a gift from Dr. Steven Rosenberg N/A

PMKO.1 Addgene Cat#10676

MigR1 Addgene Cat#27490

pUltra Addgene Cat#24129

lentiCRISPR v2 Addgene Cat#52961

Software and algorithms

GSEA v2.2.2 Broad Institute http://
software.broadinstit
ute.org/gsea/
index.jsp

Other
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