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SUMMARY

Heightened effector function and prolonged persistence, the key attributes of Th1 and Th17 cells, 

respectively, are key features of potent anti-tumor T cells. Here, we established ex vivo culture 

conditions to generate hybrid Th1/17 cells, which persisted long-term in vivo while maintaining 

their effector function. Using transcriptomics and metabolic profiling approaches, we showed that 

the enhanced anti-tumor property of Th1/17 cells was dependent on the increased NAD+-

dependent activity of the histone deacetylase Sirt1. Pharmacological or genetic inhibition of Sirt1 

activity impaired the anti-tumor potential of Th1/17 cells. Importantly, T cells with reduced 

surface expression of the NADase CD38 exhibited intrinsically higher NAD+, enhanced oxidative 

phosphorylation, higher glutaminolysis, and altered mitochondrial dynamics that vastly improved 

tumor control. Lastly, blocking CD38 expression improved tumor control even when using Th0 

anti-tumor T cells. Thus, strategies targeting the CD38-NAD+ axis could increase the efficacy of 

anti-tumor adoptive T cell therapy.

Graphical abstract

INTRODUCTION

Adoptive T cell therapy (ACT) is a powerful strategy for controlling cancer (Rosenberg and 

Restifo, 2015). Yet, elimination of an established tumor is hampered either due to loss of T 

cell effector function or its survival (Crompton et al., 2014). Therefore, strategies to increase 

persistence and sustain effector function of the anti-tumor T cells are of immense 

importance. Several strategies including duration of expansion, using different cytokines 

(IL2, IL15, IL21) (Redeker and Arens, 2016), and employing different helper T (Th) or 

cytotoxic T (Tc) subsets programed ex vivo (Th1 or Tc1, Th9 or Tc9, Th17 or Tc17) 
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(Emtage et al., 2003; Lu et al., 2012; Muranski et al., 2008) have been tested to improve the 

efficacy of ACT. While each one of these strategies results in a unique effector signature and 

shows an incremental improvement in tumor control (Lu et al., 2012; Muranski et al., 2008; 

Tsung et al., 1997), efforts to incorporate optimal anti-tumor attributes of these strategies 

into one effector population has yet to be achieved.

Recently, Th17 cells gained increased attention in cancer immunotherapy because their 

“stem cell-like” characteristics enable them to persist longer in the host (Kryczek et al., 

2011; Muranski et al., 2011). Paradoxically, the anti-tumor potential of Th17 cells depend on 

the ability to secrete IFNg, the signature cytokine of Th1 cells (Muranski et al., 2008). Thus, 

the culture conditions that would merge “effector cytokine function” of Th1 cells along with 

the “stem cell-like phenotype” of the Th17 cells would be highly advantageous for ACT.

Metabolic reprogramming that accompanies activation of T cell is an important determinant 

of T cells’ fate (Buck et al., 2015). While effector T cell exhibit increased aerobic glycolysis 

(Caro-Maldonado et al., 2012), memory T cells utilize oxidative phosphorylation 

(OXPHOS) (van der Windt and Pearce, 2012). Furthermore, molecules such as AMPK (Rolf 

et al., 2013), HIF1a (Doedens et al., 2013), and Foxo1 (Hess Michelini et al., 2013; Rao et 

al., 2012) dictate the balance between effector and memory T cells. The dependence of 

memory T cells on fatty acid oxidation and lysosomal lipolysis (Chang and Pearce, 2016) 

has also been shown. In addition to mitochondrial biogenesis, the quality of the 

mitochondria as observed by the cristae organization could also influence T cell fitness and 

ability to control tumors (Buck et al., 2016). However, it remains to be determined if there 

exists a central switch that regulates these intertwined processes.

In order to obtain robust tumor control, we hypothesized that T cells programmed to display 

a combination of effector (as in Th1) and stemness (as in Th17) phenotypes would enhance 

the efficacy of ACT. Our data demonstrate that hybrid Th1/17 cells persisted long-term in 
vivo while maintaining their effector function, and their anti-tumor potential was dependent 

on enhanced levels of nicotinamide adenine dinucleotide (NAD+), a key substrate of 

deacetylase Sirt1. Importantly, CD38, a NAD+ hydrolase that inversely correlates to NAD+ 

levels (Chini, 2009), is co-expressed with exhaustion marker PD1, and CD38 inhibition led 

to metabolic reprograming of T cells with superior tumor control.

RESULTS

Combined Culture Conditions of Th1 and Th17 Cells Generate Hybrid Th1/17 Cells

To merge the best functional traits of Th1 to Th17 cells, we modified the culture condition of 

Th17IL1β+TGFβ cells (generated in presence of IL1β plus low dose of TGFβ), since they 

exhibited superior anti-tumor response as compared to conventional Th17 cells (generated in 

the presence of TGFβ) due to reduced ectonucleotidase expression (Chatterjee et al., 2014). 

We observed that combining the culture conditions of Th17IL1β+TGFβ (IL6, IL1β, IL23, 

TGFβlo) and Th1 cells (with IL12) resulted in hybrid Th1/17 cells, which not only co-

express elevated levels of IFNγ and IL17 (Figures 1A, S1A, and S1B) but also exhibit 

phenotypic signature akin to the pathogenic Th17 cells (Lee et al., 2012). The hybrid Th1/17 

cells displayed intermediate levels of both Th1 and Th17 signature transcription factors (T-
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bet, RORγ, IRF-4) (Figure 1B), chemokine receptors (CXCR3, CCR6) (Figure 1C), 

effectors (GzmB, Tbx21, GM-CSF), and stemness-associated genes (IL22, IL23R, TCF7, 

BCL6, β-catenin) (Figure 1D), along with TCR restimulation induced cell death (Figure 1E). 

Taken together, this data confirm that the unique ex vivo programming condition can 

generate hybrid Th1/17 cells with the best characteristics of Th1 and Th17 cells.

Next, a comparative Illumina microarray analysis showed that 589 genes were exclusively 

expressed in hybrid Th1/17 cells (Figure 1F), with Th1/17 cells exhibiting dominant Th1 or 

Th17 genes. For instance, analysis of IL12 signaling-related molecules shows that hybrid 

Th1/17 programming results in upregulation of STAT4 and higher levels of the IL12 

receptor component, IL12Rb2, which is normally reduced in Th17 cells (Figure S1C). Given 

the role of IL18 in immunosuppression (Terme et al., 2011), Hlx in maintaining a heritable 

Th1 gene expression (Mullen et al., 2002), and CCL3-CXCR3 circuit in trafficking of T 

cells to sites of inflammation (Lord et al., 2005), we proposed that this unique molecular 

signature would be advantageous in exhibiting reduced susceptibility of hybrid Th1/17 cells 

to immunosuppression and increased anti-tumor activity. Further, a unique metabolic and T 

cell signaling pathway gene expression was also observed in hybrid Th1/17 cells (Figure 

S1D).

Hybrid Th1/17 Cells Exhibit Enhanced Anti-Tumor Potential

A comparative determination of the anti-tumor property between Th1, Th17 or Th1/17 cells 

differentiated ex vivo using melanoma epitope tyrosinase reactive CD4+ T cells obtained 

from h3T TCR transgenic mice (Mehrotra et al., 2012), showed that adoptive transfer of 

hybrid Th1/17 cells exhibit superior tumor control as compared to Th1, Th17 (Figure 2A) or 

even Th17IL1β+TGFβ cells (Figure S2A). Administering anti-IFNγ or anti-IL17 antibody to 

the recipient mice along with ACT showed that IL17 neutralization had minimal effect on 

B16 tumor progression, at least during the initial three weeks, whereas blocking of IFNγ 
completely diminished the anti-tumor potential of Th1/17 cells (Figure 2B). This indicates 

that IFNγ is indispensable for the anti-tumor response of Th1/17 cells. Further, hybrid 

Th1/17 cells generated using a different tumor epitope, tyrosinase-related protein-1 (TRP-1) 

TCR, were also better than Th1 or Th17 cell in treating metastatic lung tumors (Figure 2C). 

Importantly, tumor-free mice when re-challenged with the same tumor did not show any 

tumor growth until 150 days, the latest time point observed, and instead developed vitiligo, 

(Figure 2C, right lower panel), while maintaining IFNg signature (Figure 2D). This indicates 

the sustained lytic activity of the adoptively transferred T cells against TRP-1 antigen which 

is also expressed by the melanocytes. Moreover, the anti-tumor property of hybrid Th1/17 

was independent upon endogenous immune cells, as it also controlled tumor effectively in 

Rag1−/− recipients (Figures S2B and S2C). The direct tumoricidal activity of the Th1/17 

cells is explained by their ability to enhance MHC Class II expression on B16 melanoma 

cells, after melanoma epitope TRP-1 specific T cells differentiated to either Th1 or Th17 or 

Th1/17 were co-cultured in vitro with B16 tumor overnight (Figure S2D). A complete 

necropsy revealed that histologically there were no obvious pathological manifestation in the 

experimental animals, and any changes observed reflected physiological responses to the 

experiment (data not shown). The organ weight to body weight ratios was also compared 

and no significant differences were noticed between groups.
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Given long-term tumor control observed with murine hybrid Th1/17 cells, similar strategies 

to generate hybrid Tc1/17 using class I restricted epitope reactive T cells also exhibited 

vastly improved tumor control as compared to Tc1 and Tc17 cells alone in both murine 

melanoma (using gp100 reactive T cells), and a spontaneous prostate tumor model (using 

Sv40 reactive T cells) (Figures S3A–S3H). Next, we determined if our ex vivo programming 

strategy has potential to generate tumor-reactive human T cells for ACT. Using purified 

CD4+ T cells from normal healthy donors we were able to generate human Th1/17 hybrid 

cells, as indicated by the IFNγ and IL17 cytokine profile (Figure S3I). Further, our data in 

Figure S3J shows that ex vivo programming of tumor infiltrating lymphocytes (TILs) 

obtained from a metastatic melanoma patient resulted in increased “stemness” features 

associated with our programming protocol.

Metabolically Unique Th1/17 Cells Depend upon Glutaminolysis

Metabolic commitment plays an important role in function and survival of T cells in a tumor 

microenvironment (Scharping et al., 2016; Sukumar et al., 2013). We observed that uptake 

of 2NBDG, a fluorescent glucose analog which indicates glycolytic commitment, was 

highest in Th1 cells followed by intermediate level in Th1/17 and lowest in Th17 cells (Th1 

> Th1/17 > Th17) (Figure 3A). Similarly, extracellular acidification rate (ECAR) was also 

intermediate in Th1/17 cells relative to Th1 and Th17 cells (Figure 3B). This corresponds to 

the intermediate level of free GAPDH (Figure 3C), which inversely regulate IFNg by 

binding to the AU-rich elements within its 3′ UTR mRNA (Chang et al., 2013). Hybrid 

Th1/17 also exhibited intermediate expression of various glycolytic enzymes as determined 

by quantitative PCR (q-PCR) (Figure 3D). Th17 and Th1/17 cells showed lower expression 

of lactate dehydrogenase A (LDHA, converts pyruvate to lactate) and MCT4 (transports 

lactate out of the cell) as compared to Th1 cells, suggesting that pyruvate generated in 

glycolysis can be more efficiently integrated into the TCA cycle to fuel mitochondrial 

metabolism (Figure 3D). Additionally, mitochondrial oxygen consumption rate (OCR), an 

indicator of OXPHOS, was also intermediate in hybrid Th1/17 cells (Figures 3E and 3F). 

Notably, the Th17 and Th1/17 cells possessed a higher OCR/ECAR ratio as compared to 

Th1 cells (Figure 3G), indicating that Th17 and Th1/17 cells preferentially use OXPHOS, 

whereas Th1 cells mostly use glycolysis to fulfil their bioenergetic demands.

Since fatty acid oxidation (FAO) has been shown to modulate OXPHOS by providing acetyl-

CoA, a substrate for TCA cycle, we evaluated the influence of FAO in affecting OXPHOS of 

different T cell subsets. Consistent with lower OXPHOS, mRNA level of CPT1a, a rate-

limiting enzyme that regulates the entry of fatty acid from cytosol to mitochondria (Jogl et 

al., 2004), was significantly reduced in Th1 and Th1/17 cells as compared to Th17 cells 

(Figure 3H). Moreover, inhibition of CPT1a using etomoxir significantly depleted OCR and 

SRC values in Th17 cells (Figure 3I), whereas OXPHOS in Th1 and Th1/17 cells were 

mostly unaffected (Figures 3J and 3K), suggesting less dependence of Th1/17 cells on FAO 

as compared to Th17 cells in maintenance of high OXPHOS.

Because activation of T cells is also accompanied by the upregulation of glutamine 

catabolism that provides intermediates such as α-ketoglutarate which can be metabolised 

through TCA cycle to fuel OXPHOS (Newsholme et al., 1985), we next sought to determine 
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the impact of glutaminolysis in the metabolic commitment of different T cell subsets. The 

genes associated with glutamine uptake (e.g., glutamine transporters Slc1a5, Slc3a2, and 

Slc7a5), and its catabolism were considerably higher in hybrid Th1/17 cells as compared to 

Th1 and Th17 cells (Figure 3L). Upon evaluating key glycolytic and glutamine pathway 

proteins analyzed using flow cytometry (Figures S4A–S4C), we observed lowest levels of 

free glycolytic enzymes indicating active glycolysis in Th1 cells (Figure S4A), while the 

Th1/17 cells exhibited the highest levels of glutamine transporters (Figure S4B) and lower 

level of free enzyme in glutamine pathway (Figure S4C). Immunoblot analysis also showed 

increased protein level of glutamine transporters and catabolic enzymes in Th1/17 cells 

(Figure S4D), indicating its increased dependence on glutamine metabolism. This suggests 

that higher glutaminolysis in Th1/17 cells could play a major role in maintaining high 

OXPHOS commitment. Importantly, increased incorporation of radio labeled glutamine in 

Th1/17 cells relative to Th1 and Th17 cells also confirmed glutaminolysis dependence of 

hybrid cells (Figure 3M).

The functional consequence of differential gluatamine metabolism in Th subsets was 

supported by the observation that Th17 cells with low glutaminolysis express a sizable 

population positive for FoxP3, whereas its expression is significantly reduced in Th1/17 with 

high glutaminolysis (Figure 3N). This is in accordance with the study that inefficient or 

reduced glutaminolysis promotes expression of FoxP3 in T cells (Klysz et al., 2015). Thus, 

increased glutaminolysis in hybrid Th1/17 cells likely contributes to reduced trans-

differentiation to FoxP3+ phenotype and an effective tumor control.

To comprehensively determine the dependence of Th1/17 cells on glutaminolysis for its 

effector function and antitumor potential, we inhibited glutaminolysis in Th1/17 cells using 

6-Diazo-5-oxo-L-norleucine (DON), a glutaminase inhibitor. Similar to 2DG which has 

been shown to affect IFNγ production by T cells (Chang et al., 2013), our data suggest that 

blocking of glutaminolysis also reduces the differentiation of Th1/17 cells as evident by 

reduction in IFNγ+IL-17+ secreting fraction (Figures S4E and S4F). Most importantly, 

effector molecules (Figure S4G) and the viability of Th1/17 cells was also reduced by 2-fold 

in Th1/17 cells as compared to Th1 or Th17 cell cultured in presence of DON (Figure S4H). 

Further, DON pre-treatment of Th1/17 cells not only reduced the uptake of radio labeled 

glutamine in a dose dependent manner (Figure 3O) but also showed significant attenuation 

of the anti-tumor response upon ACT (Figure 3P), likely due to reduced in vivo viability in 

absence of active glutaminolysis.

Increased Levels of Metabolite Nicotinamide Adenine Dinucleotide in Th1/17 Cells

A comprehensive evaluation of principle metabolites (using services from Metabolon) shows 

that hybrid Th1/17 cells possess a metabolite signature that is also intermediate between the 

Th1 and Th17 cells (Figure 4A). Figure 4B shows the panel of metabolites that were 

significantly different between the Th1, Th17, and Th1/17 cell groups. Consistent with our 

gene expression and metabolic flux data, metabolomic analysis also revealed that Th17 cells 

had higher level of acyl carnitine and propionylcarnitine required for FAO relative to Th1/17 

cells (Figure 4B). Late TCA cycle intermediates like fumarate and malate were also higher 
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in Th1/17 cells, which may indicate the preferential FAO in Th17 cells while increased 

pyruvate and glutamine oxidation in Th1/17 cells (Figure S4I).

Interestingly, we found that there was a striking 34-fold increase in NAD+ levels in Th1/17 

cells as compared to Th17 cells (Figure S4J). This was dependent on glutaminolysis since 

DON treatment significantly reduced NAD+ levels, whereas 2DG treatment increased the 

NAD+ level in Th1/17 cells (Figure S4K). Owing to the well-characterized role of NAD+ in 

regulating T cell proliferation, cytokine production and survival (Bruzzone et al., 2009; 

Tullius et al., 2014), we determined the impact of modulating NAD+ on Th1/17 cell 

function. We observed that depletion of NAD+ using FK866 (Figure S4L), an inhibitor of 

nicotinamide phosphoribosyltransferase (Nampt) that is required for the biosynthesis of 

NAD+ (Bruzzone et al., 2009) resulted in a 2-fold decrease in the frequency of IL17+IFNγ+ 

population in Th1/17 cells (Figure 4C) and reduced expression of stemness-associated 

molecules such as Tcf7, Bcl6, and β-catenin (Figure 4D). We also observed that FK866-

treated Th1/17 cells failed to exhibit potent tumor control upon adoptive transfer as 

compared to untreated Th1/17 cells (Figure 4E), indicating that elevated levels of NAD+ in 

Th1/17 cells is required for the maintenance of their anti-tumor activity and viability in vivo.

NAD+-Sirt1 Axis Is Required to Exert Anti-Tumor Response by Th1/17 Cells

Sirt1, an NAD+ dependent protein deacetylase, acts as an epigenetic modulator of key 

transcription factors regulating immune cell function (Zhang and Kraus, 2010). We observed 

that Sirt1 deacetylase activity was 2-fold higher in Th1/17 cells (Figure 5A), and a decreased 

frequency of IL17+ population in both Th17 and Th1/17 cells was noticed when using Sirt1-

KO T cells (Figures 5B and 5C), or programming WT T cells in the presence of Sirt1 

pharmacological inhibitor Ex527 (Figure S5A). No significant difference in IFNγ secreting 

fraction was observed with Ex527 or FK866 with Th1 subsets (Figures S5A and S5B).

Expression of the stemness-associated genes was also markedly reduced in Th1/17 cells 

when using Sirt1 pharmacological inhibitor (Figure 5D) or Sirt1KO (Figure 5E), suggesting 

that NAD+-mediated Sirt1 activity is crucial for Th1/17 cells to exert their functionality and 

stemness phenotype. Since Sirt1 acts as a key metabolic sensor and regulates both glucose 

and lipid metabolism in various tissues (Li, 2013), we next sought to determine whether high 

Sirt1 activity in Th1/17 cell endows them with the unique metabolic phenotype (i.e., 

Glutaminolysishi Glycolysismedium). However, qPCR analysis did not show a marked 

difference in the expression of key enzymes associated with different metabolic pathways in 

Th1/17 cells derived from WT versus Sirt1KO (Figures S5C and S5D). This suggests that 

high Sirt1 activity in Th1/17 cells does not dictate their metabolic fate but rather acts 

downstream of NAD+ to regulate the functionality and stemness phenotype of the cell. 

Further, melanoma epitope tyrosinase reactive hybrid Th1/17 cells (h3T CD4+ T cells) 

differentiated ex vivo in the presence of Ex527 exhibited reduced ability to control tumor 

growth as compared to the vehicle treated cells (Figure 5F). Similarly, Sirt-1fl/flCD4Cre 

mouse splenic T cells retrovirally transduced with TRP-1 TCR and programmed to hybrid 

Th1/17 phenotype exhibited reduced tumor control when adoptively transferred to the 

murine melanoma B16-F10 bearing mice (Figure 5G). Thus, Sirt1 deacetylase activity is 

essential for the anti-tumor activity of hybrid Th1/17 cells.
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NAD+-Mediated Sirt1 Deacetylase Regulates Foxo1 Activity, a Key Determinant of Anti-
Tumor Response of Th1/17 Cells

Because the deacetylase activity of Sirt1 modulates the acetylation/deacetylation status of 

various transcription factors involved in the regulation of key cellular responses (Zhang and 

Kraus, 2010), we compared the degree of acetylation in hybrid Th1/17 cells. Using the 

global acetylation antibody that tracks the acetylation sites on the lysine residues, we 

observed that Th1/17 cells indeed have reduced acetylation, which was reversed to a certain 

extent when NAD+ levels were lowered due to Nampt inhibitor FK866 treatment (Figures 

6A and S6A). However, it was unclear if the anti-tumor property exhibited by Th1/17 cells 

was a synergistic effect of acetylation/deacetylation induced functional modulation of 

multiple proteins.

Given that Foxo1 has been implicated in the generation of T cell memory response, 

migration (Rao et al., 2012) and is regulated both by phosphorylation and acetylation levels 

(Daitoku et al., 2011), we focused on evaluating this protein between the Th subsets. The 

Th1/17 cells exhibited intermediate level of Foxo1 phosphorylation (Figure 6B). Since 

phosphorylation levels of Foxo1 facilitate its export from the nucleus to the cytoplasm, 

leading to its degradation and loss of transcriptional activity, these data suggest that Th1 

cells have minimal nuclear retention of Foxo1, which could be the reason for their reduced 

memory or persistence as compared to Th17 and Th1/17 cells. The confocal imaging studies 

correlated with the phosphorylation data and showed that degree of Foxo1 retention in the 

nucleus is higher in Th17 cells followed by Th1/17 and Th1 cells (Figure 6C). Analysis of 

Foxo1 acetylation, which correlates to attenuation of its transcriptional activity (Daitoku et 

al., 2004), showed reduced acetylation levels in Th1 and Th1/17 cells (Figure S6B). Given 

that Th1 cells exhibit increased phosphorylation and reduced retention in the nucleus, it is 

likely that the cumulative activity of Foxo1 is higher in Th1/17 cells as compared to Th1 

cells (despite having high NAD+). A quantitative determination of the transcriptional activity 

of Foxo1 in Th subsets showed that Foxo1 activity was indeed highest in Th1/17 cells as 

compared to the Th1 and Th17 cells (Figure 6D). Further, the elevated Foxo1 activity 

translated into higher expression of key Foxo1 targets as Klf2 and Ccr7 in Th1/17 cells as 

compared to Th17 and Th1 cells (Figure 6E). This difference also led to functionally 

increased homing of Th1/17 cells to the lung, liver, spleen, and lymph nodes after 24 hr of 

adoptive transfer into CD45.2+ congenically different recipient (Figures 6F and 6G).

In further studies, pharmacological inhibition of NAD+ and Sirt1 in Th1/17 cells not only 

resulted in increased acetylation in Th1/17 cells (Figure S6C) but also resulted in decreased 

expression of the Foxo1 targets Klf2 and Ccr7 (Figure S6D). This indicates that NAD+ 

mediated Sirt1 activity regulates acetylation levels of Foxo1, which in turn affects its 

transcriptional activity and modulates the functional outcome of a T cell immune response. 

Differentiation of hybrid Th1/17 cells was also compromised when using splenic T cells 

from Foxo1fl/flLckcre mouse, as evident by decreased fraction of IL17+IFNγ+ (Figures 6H 

and 6I) and reduced expression of “stemness” genes (Figure 6J). Importantly, 

Foxo1fl/flLckcre derived T cells transduced with TRP-1 TCR and ex vivo programmed to 

Th1/17 phenotype also showed reduced ability to control tumor growth upon adoptive 

transfer (Figure 6K). These data suggest that NAD+-Sirt1 based modulation of Foxo1 
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activity plays a key role in hybrid Th1/17 cell migration, effector function, stemness, and 

anti-tumor responses.

Next, we sought to determine whether maintenance of transcriptionally active nuclear Foxo1 

is a key regulator of anti-tumor property in general, and could ameliorate the anti-tumor 

response of Th1 cells (that exhibit high NAD+ and Sirt1 but low nuclear Foxo1). 

Phosphorylation of AKT (S473) inversely correlates with the nuclear Foxo1 level, as its 

kinase activity phosphorylates Foxo1 and facilitates nuclear export (Rao et al., 2012). To 

interrogate whether reduced nuclear Foxo1 in Th1 cells is due to increased activity of AKT, 

we determined both pAKT (S473) level and their kinase activity in Th subsets. We observed 

that pAKT (S473) level and their kinase activity are markedly elevated in Th1 cells as 

compared to Th17 and Th1/17 cells (Figures S6E and S6F). Next, we inhibited the activity 

of AKT in Th1 cells in order to block the phosphorylation of Foxo1. Inhibition of AKT in 

Th1 cells significantly reduced the phosphorylation of Foxo1 (Figure S6G), and 

concomitantly increased its nuclear retention (Figure S6H). Importantly, using Th17 and 

Th1/17 cells programmed in presence of AKT activator SC-79 showed reduced nuclear 

Foxo1 levels (Figure S6H). The reduction of AKT in Th1 cells also led to upregulation of 

genes associated with memory response (Figure S6I). Furthermore, Th1 cells cultured in the 

presence of AKTi also exhibited improved tumor control when compared with vehicle 

control treated Th1 cells (Figure S6J). Thus, although Th1 have levels of NAD+ comparable 

to Th1/17 cells, their inferior anti-tumor phenotype can be improved by inhibiting the AKT-

Foxo1 circuit.

Inverse Correlation between CD38 and NAD+ Controls Long-Term Anti-Tumor Response by 
T Cells

Recent studies have implicated that in addition to being a part of non-canonical 

adenosinergic pathway (Morandi et al., 2015), the cell surface molecule CD38 is also a 

NADase and its expression inversely correlates with NAD+ levels (Chini, 2009). While the 

expression of CD38 was found to be upregulated on Th17 cells, hybrid Th1/17 cells 

exhibited reduced expression of CD38 and other ectonucleotidases (CD39, CD73) (Figure 

7A). Further, TCR activated CD38KO T cells showed intrinsically higher NAD+ and Sirt1 

activity (Figures 7B and 7C) that also correlated with significantly higher OCR and spare 

respiratory capacity as compared to WT T cells (Figure 7D). The preferential dependence of 

CD38KO T cells on OXPHOS was evident by their higher OCR/ECAR ratio as compared to 

WT T cells (Figure 7E).

A comparative analysis of key metabolic regulators identified reduced glucose uptake 

(measured using 2-NBDG) (Figure 7F), CD71 (Figure S7A), pS6 (Figure S7B), T-bet 

(Figure S7C), and increased expression of Eomes (Figure S7D) in CD38KO T cells as 

compared to WT T cells. Further, CD38KO T cells also exhibited increased expression of 

the antioxidant genes (thioredoxin1, thioredoxin2, SOD1, SOD2 and Nrf2) (Figure S7E) and 

genes associated with stem-cell like phenotypes (e.g., Tcf7, Bcl6, and β-catenin) (Figure 

7G). As observed for hybrid Th1/17 cells, the CD38KO T cells also showed similar 

metabolic gene signature with enhanced expression of glutaminolysis pathway genes (Figure 

7H) and mitochondrial biogenesis regulator PGC1a (Figures 7I and S7F), whereas the 

Chatterjee et al. Page 9

Cell Metab. Author manuscript; available in PMC 2018 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of FAO regulator Cpt1a was significantly reduced (Figure 7J). Increased 

expression of PGC1α also correlated with a higher mitochondrial number in CD38KO T 

cells relative to WT T cells as determined by electron microscopy (Figure 7K). Dependence 

on the glutaminolysis pathway also correlated with increased uptake of radio-labelled 

glutamine by CD38KO T cells as compared to the WT T cells (Figure 7L). Further, 

subcutaneously established murine melanoma B16-F10 treated by adoptively transferring 

TRP-1 TCR transduced Th0 cells (i.e., activated for 3 days in presence of IL2) obtained 

from either WT (i.e., IFNγ
Thy1.1 knockin reporter) or CD38KO/IFNγThy1.1 mice showed 

that even in absence of ex vivo programming, CD38-KO derived Th0 cells could efficiently 

control tumor growth (Figure 7M).

We also observed that there was almost a 50% reduction in the cytokine secretion from WT 

T cells infiltrating tumors as compared to the CD38KO T cells (Figure 7N). Thus, 

maintaining increased NAD+ by limiting the induced expression of CD38 on T cells renders 

them with a phenotype to persist longer and maintain anti-tumor function. Importantly, the 

expression of exhaustion molecule PD1 was not much different between the tumor 

infiltrating WT or CD38KO T cells (Figure S7G). This implies that CD38 expression plays a 

key role in metabolically modulating even PD1-expressing exhausted T cells.

Given a recent report that blockade of PD1 is not sufficient to reverse mitochondrial 

insufficiency observed in tumor infiltrating lymphocytes (TILs) (Scharping et al., 2016), we 

postulated that it is the expression of CD38 on the PD1 expressing T cells which regulates 

its metabolism. This idea was confirmed when the CD38-KO T cells did not lose 

functionality and maintained higher levels of PGC1a as compared to WT T cells after 

overnight exposure to EL4 tumor ascitis (Figure 7O). Thus, it is likely that CD38 mediated 

NAD+ level is key for maintaining PGC1α expression in the TILs. Further analysis of Th1 

cells differentiated using CD38KO splenic T cells showed reduced pFoxo1 (Figure S7H), 

increased expression of stemness associated genes (Figure S7I), and improved tumor control 

(Figure S7J) compared to WT Th1 cells. However, when CD38KO T cells were used to 

program hybrid Th1/17 cells we observed no difference in cytokine secretion profile (Figure 

S7K), stemness genes expression (Figure S7L), or in vivo tumor control (Figure S7M). This 

suggests that increasing NAD+ could be key for improving the functionality of any Th 

subset, and ex vivo programming to hybrid phenotype leads to high NAD+ that equates with 

intrinsic NAD+ levels achieved by CD38 downregulation.

Since adoptively transferred T cells could acquire TGFβ mediated CD38 expression in a 

tumor microenvironment (Figure S7N), which may lead to reduced NAD+ levels, we posited 

that combining anti-CD38 antibody along with adoptive transferred T cells would enhance 

anti-tumor response. After co-culturing murine anti-CD38 antibody and purified T cells with 

TGFβ1 (to mimic tumor suppressive microenvironment and induce CD38), our initial in 
vitro data show that T cells activated in the presence of anti-CD38 antibody exhibit reduced 

CD38 expression (Figure S7O), increased cytokine secretion (Figure S7P), and higher Sirt1 

activity (Figure S7Q). Importantly, the mice treated with combination of anti-CD38 antibody 

(Fab fragment) and T cells exhibited durable tumor control and longer survival as compared 

to those that were either treated with anti-CD38 antibody alone or the T cells alone (Figure 

7P). Thus, strategies that lower CD38 expression enhance T cell mediated tumor control.
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DISCUSSION

Adoptive T cell therapy (ACT), which involves the transfer of tumor epitope reactive 

autologous T cells to tumor-bearing hosts after ex vivo programming is a promising 

approach for treating patients with advanced malignancies (Rosenberg and Restifo, 2015). 

While cytolytic CD8+ T (Tc) cells have been extensively investigated and used for ACT, 

accumulating evidence indicates that CD4+ T helper (Th) cells are also effective in tumor 

immuno-therapy (Muranski et al., 2008). We hypothesized that “a superior Th subset in anti-

tumor therapy would be hybrid Th1/17 cells with ‘anti-tumor effector’ function of Th1 cells 

and ‘stemness characteristics’ of Th17 cells” (Kryczek et al., 2011; Muranski et al., 2011; 

Wei et al., 2012). Our data show that a hybrid Th1/17 subset has a significantly improved 

anti-tumor activity compared to Th1 or Th17 cells. Importantly, hybrid Tc1/17 cells also 

exhibited potent anti-tumor phenotype. The long persisting hybrid T cells exclusively 

secreted IFNγ, and showed loss of anti-tumor phenotype upon blocking IFNγ. We believe 

that the strategy to generate both Th1/17 and Tc1/17 cells using similar programming 

conditions is of translational value, since it will overcome the current limitation where Th17 

cells are better at anti-tumor activity than Th1 cells (Muranski et al., 2008), and Tc1 are 

better than Tc17 cells (Yu et al., 2013).

In this study we have combined Th1 programming conditions that utilize IL12, with low 

dose TGFβ in Th17IL1β cells in order to obtain Th1/17 (or Tc1/17) phenotype. Remarkably, 

the effector functions attributed to IL12 programmed Th1 were evident in these hybrid 

Th1/17 (or Tc1/17) cells that showed long-term tumor control. It is likely that the inclusion 

of IL12 in culture conditions augmented the levels of NAD+ in the hybrid Th1/17 cells, since 

Th1 cells also showed an increase in NAD+ levels. Paradoxically, the Th1 cells exhibit 

reduced anti-tumor effects (Muranski et al., 2008). While IL12 also favors the generation of 

fully activated effector CD8+ T cells, it has been shown to hinder the formation of CD8+ T 

cell memory precursors and differentiation of long-term CD8 T cell memory (Pearce and 

Shen, 2007).

Additionally, the contrast between the Th1 cells and the hybrid Th1/17 cells may also be in 

differential Foxo1 phosphorylation that decides its nuclear versus cytoplasmic localization 

and promotes the memory T cell phenotype (Rao et al., 2012). Since Foxo1 activity is 

dependent upon its deacetylation, it is possible that high NAD+ dependent Sirt1 histone 

deacetylase levels in hybrid Th1/17 cells could have resulted in increased expression of its 

downstream targets (as CCR7, KLF2), which also translated to increased migration of these 

cells. Similarly, the ability of Foxo1 to regulate mitochondrial biogenesis PGC1α has also 

been reported previously (Daitoku et al., 2003). Given the role of Sirt1 in increasing 

lifespans (Rodgers et al., 2005), it is likely responsible for enhanced persistence and anti-

tumor function of Th1/17 cells. Importantly, reducing the phosphorylation of Foxo1 by 

inhibiting AKT in Th1 cells increased Foxo1 dependent transcription of memory-associated 

genes which in turn improved the anti-tumor response of Th1 subsets. Thus, our data 

indicate that NAD-Sirt1-Foxo1 axis regulates T cell immune response.

Another important aspect of the hybrid Th1/17 and CD38KO T cells is their dependence on 

glutaminolysis. Given the parallel role of glutamine and glucose, and that glutamine also 
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plays an essential role in cellular proliferation in maintenance of ATP and intracellular 

glutathione even in hypoxic condition (Le et al., 2012), our data show that in comparison to 

the Th1 and Th17 cells, hybrid Th1/17 cells exhibit higher expression of antioxidant genes 

and also higher intracellular glutathione—indicative of increased glutamine uptake (Yu et 

al., 1999). Similarly, CD38KO T cells also displayed increased antioxidant capacity and 

glutamine uptake. It is likely that dependence on glutamine metabolism may help Th1/17 or 

CD38KO T cells to persist and maintain effector function. Our data also suggest that while 

secretion of IFN-γ is highly sensitive to glycolysis inhibition (as both Th1 and Th1/17 cells 

significantly lose their ability to secrete IFN-γ in presence of 2DG), secretion of IL-17 

increased by 2-fold in both Th17 and Th1/17 cells in presence of 2DG, in accordance with 

the published report by Gerriets et al. (Gerriets et al., 2015), where they showed an 

upregulation of RORγ expression in Th17 cells cultured in presence of 2DG.

Paradoxically, it has also been reported that 2DG treatment significantly reduced EAE 

pathogenesis in mouse model caused by Th17 cells (Shi et al., 2011). Therefore, these 

observations led us to conclude that inhibition of glycolysis by 2DG doesn’t essentially 

inhibit the signature cytokine of Th17 cells but might interfere with their pathogenic 

signature and ability to cause EAE. However, we observed that inhibition of glutaminolysis 

using its inhibitor DON resulted in decreased IL17 secretion (in both Th17 and Th1/17 

subsets), loss of stemness-related genes and compromised anti-tumor effector response in 

hybrid Th1/17 cells.

Importantly, the maintenance of high NAD+ level in Th1/17 cells also seems to be dependent 

on glutaminolysis since DON treatment significantly reduced NAD+ level, whereas 2DG 

treatment increased the NAD+ level in Th1/17 cells. The increased accumulation of NAD+ 

observed in Th1/17 cells after 2DG treatment could be due to the reduced usage of cellular 

NAD+ pool, since it also serves as a co-factor for glycolytic enzyme GAPDH in catalyzing 

the conversion of glyceraldehyde-3-phosphate to 3-phosphoglycerate (Meyerhof, 1951). It is 

likely that enhanced T cell memory response and anti-tumor function observed after 

glycolysis inhibition (using 2DG) (Sukumar et al., 2013) may have been due to increased 

NAD+. Thus, glutaminolysis appears to be a key metabolic pathway in Th1/17 cells (and 

CD38KO) that correlates to its enhanced anti-tumor response.

Further, the intrinsic levels of NAD+ inversely correlate to the TGFβ-induced CD38 

expression, which in turn may be how the CD38-NAD+ regulates the T cell function in a 

tumor microenvironment. Since both CD38 and PD1 are tightly co-expressed, we propose 

that CD38 is central in regulating “metabolic exhaustion” by moderating NAD+ levels in the 

PD1+ exhausted T cell. A recent study has also shown that it is the expression of CD38, 

rather than the expression of NAD+ synthesizing enzymes Nampt or NAPRT1, which 

regulates NAD availability in aging cells (Camacho-Pereira et al., 2016). A similar scenario 

could be envisioned for our observation with the anti-tumor T cells where maintenance of 

PGC1α regulated mitochondrial biogenesis (in absence of CD38) preserved T cell 

functionality despite expression of PD1. It should be noted that we also found that 

regulatory T cells (Treg’s) and myeloid derived suppressor cells (MDSCs) obtained from 

CD38KO mice are functionally less suppressive (Figures S7R and S7S), whereas activated 

CD38KO NK cells secreted more effector cytokine IFNγ as compared to WT NK cells 
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(Figure S7T). Thus, better tumor response due to inhibition of CD38 expression by 

concomitantly increasing intracellular NAD+ in T cells (or other immune cells) could be 

important to achieve superior tumor control and allow the widespread application of ACT.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Shikhar Mehrotra (mehrotr@musc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6, B6-HLA-A2+, B6-Rag−/−, CD38KO, Sirt1fl/fl, CD4cre, B6 (CD45.1), 

IFNγ−/−, TRP-1, Pmel, TRAMP mice were obtained from Jackson Laboratory (Bar Harbor, 

ME). IFNγThy1.1 knock-in, Foxo1fl/flLckcre and T Ag TCR-I mice were kind gift from 

Casey T. Weaver, UAB, Melanie Gubbels Bupp, Randolph-Macon College, VA and Jennifer 

Wu, MUSC respectively. CD38KO-IFNγThy1.1 knock-in mice, HLA-A2+-Rag−/− mice and 

Pmel-IFNγ−/− mice were developed in the lab. Melanoma epitope tyrosinase reactive HLA-

A2 restricted TCR transgenic mouse (referred as h3T in the text) was developed in the lab 

and reported earlier (Mehrotra et al., 2012). Animals were maintained in pathogen-free 

facilities and experimental procedures were approved by Institutional Animal Care and Use 

Committees of Medical University of South Carolina, Charleston. Mice were bred and 

housed under standard housing conditions (group housing up to 5 mice per cage) except B6-

Rag−/− and HLA-A2+-Rag−/− mice which require high barrier facility (also group housing 

up to 5 mice per cage). For tumor experiments, equal number of age and gender matched 

(both male and female) mice were randomly assigned for the experiments when they were 

between 8–10 weeks old. No influence of sex on the result of the studies was observed.

Cell Lines—B16-F10 (RRID: CVCL_0159) was obtained from American Type Culture 

Collection (ATCC), suggested to be of male origin.

T Cell Differentiation—Naive CD4+ T cells were purified from the total splenocytes of 6–

9 weeks old WT (C57BL/6) and KO (Foxo1fl/flLckcre, Sirt1fl/flCD4cre, CD38KO) mice using 

CD4+ T cell isolation kit (Miltenyi Biotec) according to manufacturer’s protocol. Total 

splenocytes from 6–9 weeks old TCR transgenic mouse TRP-1 (bears class-II restricted 

CD4+ T cells) or Pmel (bears class-I restricted CD8+ T cells) or TCR-I (bears class-I 

restricted CD8+ T cells) were also used. Within experiments mice were age and sex 

matched. Purified naive CD4+ T cells or total splenocytes were differentiated to Th1 or Tc1 

(10 ng/ml IL12, 50 U/ml IL2 and 10 mg/ml anti-IL4), Th17 or Tc17 (3 ng/ml TGFβ, 25 

ng/ml IL6, 10 mg/ml anti-IL4 and 10 mg/ml anti-IFNγ), Th1/17 or Tc1/17 (20 ng/ml IL1β, 

25 ng/ml IL6, 10 ng/ml IL12, 20 ng/ml IL23, 400 pg/ml TGFβ, 10 mg/ml anti-IL4, 5 mg/ml 

anti-IFNγ), iTreg (5 ng/ml TGFβ, 100 IU/ml IL2, 10 mg/ml anti-IL4 and 10 mg/ml anti-

IFNγ or Th0 (50 IU/ml IL2) in presence of plate bound anti-CD3 (5 μg/ml) and anti-CD28 

(5 μg/ml). For TRP-1, gp100 or Sv40 specific generation of different Th or Tc subsets, total 
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splenocytes from either TRP-1, Pmel or TCR-I TCR transgenic mice were stimulated with 1 

μg/ml respective peptides in presence of above-mentioned polarizing conditions. T cells 

were differentiated for three days in IMDM media supplemented with 10% FCS, 4mM L-

glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 55 μM beta-mercaptoethanol under 

7% CO2, atmospheric oxygen at 37°C in a humidified incubator. For evaluation of 

intracellular cytokines by flow cytometry, T cells were re-stimulated with PMA (500ng/ml) 

and Ionomycin (500ng/ml) for 4 hr in presence of Glogi inhibitors. In some experiments, in 
vitro differentiated T cells were either treated with the vehicle control or inhibitor of AKT, 

AKTi (1 μM; added into the differentiation media from day 0) or activator of AKT, SC-79 

(0.5 μg/ml; added into the differentiation media for last 24hr) or FK866 (10nM; added into 

the differentiation media from day 0) or Ex527 (10 μM; added into the differentiation media 

from day 0) or 2DG (1mM; added into the differentiation media from day 0) or DON (3 μM; 

added into the differentiation media from day 0).

METHOD DETAILS

Retroviral Transduction—One day before transfection, 5 × 106 Platinum-E ecotropic 

packaging cells (Cell Biolabs) were seeded in 10 mL antibiotic-free medium in 100 mm 

dishes (Corning). Packaging cells were transfected with 18 μg retroviral plasmid DNA 

encoding either the TIL 1383I TCR or the MSGV-1 TRP-1 TCR and the helper plasmid 

pCL-Eco using 36 mL Lipofectamine 2000 in OptiMEM (Invitrogen). After 24hr, medium 

was replaced and the cells were incubated for additional 24hr, after which the retrovirus-

containing supernatant was collected and filtered. The viral supernatant was spun at 2,000g 
for 2 hr at 32°C onto non-tissue-culture-treated 24-well plates (USA Scientific) coated 

overnight with Retronectin (Takara Bio). Freshly isolated mouse CD4+ T cells were 

activated with CD3/CD28-coated beads (Dynabeads, Life Technologies) at a 1:1 bead:cell 

ratio along with either T cell differentiation media (as described above) or IL2 containing 

media (100 U/ml) the same day as packaging cell transfection. Beads were removed 48 hr 

post-activation, just prior to transduction, and re-suspended to a concentration of 2 × 106 

cells ml−1 in fresh medium. After removing the virus from the Retronectin-coated plate 

following the first spin, 1 mL of the activated T cells were then plated in the same wells and 

1 mL of fresh virus was added on top of the cells. The plate was spun for an additional 2 hr 

at 1100g, 32°C. Post-spin, 1 mL of media was removed and replaced with fresh media 

containing 200 IU IL-2 ml−1 before the cells were incubated overnight. The following day 

the cells were collected, washed and plated at 0.8–1 × 106 cells ml−1.

Adoptive T Cell Protocol—B16-F10 or B16-F10-A2+ mouse melanoma tumor cells (2.5 

× 106) were injected subcutaneously (s.c.) into left flank of 8–10 weeks old C57BL/6 or 

HLA-A2+ (or HLA-A2+-RAG−/−) mice respectively. After 9 days of tumor establishment, 

recipient mice were injected (i.p) with cyclophosphamide (4 mg/mice) before adoptively 

transferring (i.v) either h3T (CD4+Vβ12+) or TRP-1 (CD4+Vβ14+) Th1, Th17, Th1/17 cells 

on day 10. Similarly, Pmel (CD8+Vb13+) and TCR-I (CD8+Sv40 antigen specific) Tc1, 

Tc17 and Tc1/17 cells were adoptively transferred (i.v) into either 9 days established B16-

F10 tumor bearing mice or TRAMP (spontaneously develop prostate tumor) respectively. 

For in vivo neutralization of IFNγ and IL17, neutralizing antibody to IFNγ and IL17 or 

matched isotype antibody was injected (100 μg/mouse; i.p.) in tumor bearing mice following 
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adoptive transfer of T cells. In some experiments, tumor bearing mice received anti-CD38 

antibody (50 μg/mouse; i.p.) after adoptive TRP-1 Th0 cells transfer. Recipient mice were 

given IL2 (50,000 U/mouse; i.p) for 3 consecutive days after ACT.

Flow Cytometry—Staining for cell surface markers was performed by incubating cells 

with antibody at 1:200 dilutions in FACS buffer (0.1% BSA in PBS) for 30 min at 4°C. For 

intracellular cytokine staining of IFN0γ and IL17a, surface markers were stained before 

fixation/permeabilization (BD Cytofix/Cytoperm Kit, BD Biosciences, San Jose, CA). For 

staining of transcription factors (T-bet, RORγ, IRF-4) and PGC1a cells were stained with 

surface markers and fixed/permeabilized with FoxP3 staining buffer set (eBioscience, San 

Diego, CA). For pFoxo1 staining, cells were fixed/permeabilized using BD perm III buffer 

set (BD Bioscience, San Jose, CA) before staining with cell surface markers and pFoxo1 

primary antibody (Cell Signaling Technologies, Danvers, MA) followed by fluorochrome 

conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). 

Samples were acquired on LSRFortessa and analyzed with FlowJo software (Tree Star, OR).

Real-time Quantitative-PCR—Total RNA was extracted from pellets of the indicated T 

cell subsets (2 × 106 cells) using Trizol reagent (Life technologies, Grand Island, NY). 

cDNA was generated from 1 μg total RNA using iScript cDNA Synthesis Kit (BioRad, 

Hercules, CA). SYBR Green incorporation quantitative real-time PCR was performed using 

a SYBR Green mix (Biorad, Hercules, CA) in the CFX96 Detection System (BioRad, 

Hercules, CA). Expression of different genes was quantified relative to Actb.

Transmission Electron Microscopy (TEM)—The cells were pelletized and fixed in 2% 

Phosphate Buffered Glutaraldehyde for 1 hr. The pellets were rinsed in 0.1M Phosphate 

Buffered Rinse and then post fixed in 2% Aqueous Osmium Tetroxide for 1 hr. After rinsing 

in distilled water the pellets were dehydrated through a series of graded Ethyl Alcohol; 50% 

ETOH for 15 min, 70% ETOH for 15 min, 95% ETOH for 15 min and finally twice with 

100% ETOH for 15 min each. The dehydrant was removed using the intermediate fluid, 

Propylene Oxide, 1 changes of 10 min each. The pellets were infiltrated with a 1:1 solution 

of propylene oxide and Embed 812 (Electron Microscopy Sciences, Ft. Washington, PA) for 

1 hr. The infiltration was continued using a 1:2 solution of propylene oxide and Embed 812, 

overnight. The pellets were embedded in Embed812 the following day and polymerized in a 

60°C oven for 48 hr. Preliminary 1/2 micron sections were cut and stained with Toluidine 

Blue and examined using a light microscope. Then with the cell types identified the 70nm 

thin sections are cut and stained with uranyl acetate and led citrate, allowed to dry. The 

sections are view on the JEOL 1010 and images are taken with a Hamamatsu electron 

microscope camera.

Immunoblotting and Immunoprecipitation of Foxo1—For evaluation of global 

protein acetylation, cells were lysed using NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Fisher Scientific, Waltham, MA) and nuclear fraction was isolated 

according to the manufacturer’s protocol. Equal amounts of nuclear protein (20 μg) were 

separated by 4%–12% SDS-PAGE and then transferred to nitrocellulose membranes. The 

membranes were probed with anti-Acetyl-Lysine antibody (Cell Signaling Technologies, 
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Danvers, MA) followed by incubation with secondary antibody (HRP-conjugated goat anti-

rabbit IgG at 1:3000 dilutions) for overnight at 4°C. Pre-stained molecular weight and magic 

markers were run in parallel to identify the molecular weight of proteins. For 

chemiluminescent detection, the membranes were treated with enhanced chemiluminescent 

reagent, and the signal was monitored using a Biorad Versadoc imaging system (Biorad, 

Hercules, CA). Same membrane was stripped with stripping buffer (Bioland Scientific, 

Paramount, CA) according to manufacturer’s protocol and re-probed with antibody specific 

to histone H3 (Cell Signaling Technologies, Danvers, MA) as reference control.

For evaluation of the protein level of glutamine transporters and glutaminolytic enzymes, 

cell pellets were washed in PBS and lysed in 80 μl RIPA buffer containing protease inhibitor 

cocktail. After 30 min incubation on ice cell lysates were centrifuged at 12000 g for 15 min 

at 4°C. Protein concentration in lysates was determined by Bradford method. For 

immunoblot analyses, 40 μg of protein lysates per sample were denatured in 2 X SDS–

PAGE sample buffer and subjected to SDS–PAGE on 10% Tris–glycine gel. The separated 

proteins were transferred onto PVDF membrane followed by blocking with 5% BSA (w/v) 

in TBS (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 hr at room temperature. 

Membrane was probed with either anti-Slc1a5 antibody (Thermo Fisher Scientific, Waltham, 

MA) or x-CT (Abcam, Cambridge, MA) or Glud1 (Cell Signaling Technology, Danvers, 

MA) or Gls (Novus Biologicals, Littleton, CO) overnight at 4°C followed by 1 hr incubation 

with HRP-conjugated secondary antibody and using a chemiluminescence kit (SuperSignal 

West Dura Extended Duration Substrate, Thermo Fisher Scientific, Waltham, MA).

For immunoprecipitation of Foxo1, T cells were first washed with phosphate buffer saline 

(PBS) and lysed in 500 μL of RIPA buffer containing a protease inhibitor cocktail for 30 min 

on ice. Cell lysates were centrifuged at 6000 g for 10 min. Foxo1 was isolated by 

immunoprecipitation using the immunoprecipitation kit (Cat # K286, BioVision, Milpitas, 

CA). Briefly, 500 μL of supernatant (200 μg protein) was incubated with anti-Foxo1 
monoclonal antibodies (1:100 dilution) for 16 hr at 4°C followed by incubation with Protein 

A/G-Sepharose for 1 hr at 4°C. The immunoprecipitate was washed multiple times with 

wash buffer and extracted with Tris-Glycine HCl SDS (2×) buffer and heated at 95°C as per 

the manufacturer’s direction. The proteins were resolved on 10% SDS-PAGE and then 

transferred to nitrocellulose membranes. The membranes were probed with anti-Acetyl-

Lysine antibodies followed by incubation with secondary antibodies (HRP-conjugated goat 

anti-rabbit IgG at 1:3000 dilution) for 1 hr at 20°C. Pre-stained molecular weight and magic 

markers were run in parallel to identify the molecular weight of proteins of interest. For 

chemiluminescent detection, the membranes were treated with enhanced chemiluminescent 

reagent, and the signal was monitored using a Biorad Versadoc imaging system (Biorad, 

Hercules, CA).

Metabolism Assays—Glucose uptake by ex vivo differentiated T cells were determined 

by incubating cells with 100 μM 2NBDG (Cayman chemical, Ann Arbor, MI) for 30 min 

before measuring fluorescence by flow cytometry.

Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) was 

determined using Seahorse Xfe96 analyzer (Agilent Technologies, Santa Clara, CA). Briefly, 
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T cells (0.5×106/well) were plated on Cell-Tak coated Seahorse culture plate for 30 min. 

OCR, a measure of OXPHOS, was analyzed under basal condition or in response to 200 μM 

Etomoxir (Sigma-Aldrich, St. Louis, MO) followed by 1.0 μM oligomycin (Sigma-Aldrich, 

St. Louis, MO), 1.0 μM fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Sigma-Aldrich, 

St. Louis, MO) and 2 μM rotenone (Sigma-Aldrich, St. Louis, MO) plus 100 nM antimycin 

A (Sigma-Aldrich, St. Louis, MO). ECAR, a measure of glycolysis was measured under 

basal conditions and in response to glucose (5.5 mM), Oligomycin (1.0 μM), 2-

deoxyglucose (2-DG) (100 mM) (Sigma-Aldrich, St. Louis, MO).

Metabolomics—Intracellular level of different metabolites was determined by performing 

metabolomics analysis using UPHPLC/MS/MS and GC/MS platform (Metabolon Inc. 

Durham, NC). Data were then grouped by unsupervised clustering using MetaboAnalyst 

software. Samples were loaded in an equivalent manner across the platform and normalized 

to Bradford values prior to statistical analysis.

Glutamine Uptake Assay—Ex vivo programmed Th cell subsets (1 × 106 cells) were 

starved in glutamine free RPMI-1640 media (Thermo Fisher Scientific, Cat# 21870-076) for 

15 min before incubated with L-2,3,4-[3H] glutamine (0.5 mCi, PerkinElmer) for 10 min at 

room temperature. Cells were lysed in 500 μL of lysis buffer (Sigma-Aldrich, St. Louis, 

MO) and radioactivity was measured by liquid scintillation.

NAD+, Sirt1 Activity and Foxo1 Activity Assay—Intracellular NAD+ level in T cells 

were measured spectrophotometrically following the manufacturer’s protocol (Cayman 

chemical, Ann Arbor, MI). Using equal amounts of nuclear protein extracted by NE-PER 

Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Waltham, MA), 

Sirt1 activity (Universal Sirt1 Activity Assay Kit, Abcam, Cambridge, MA) and Foxo1 

activity (FKHR transcription Factor Assay Kit, Active Motif, Carlsbad, CA) were 

determined as per manufacturer’s protocol.

Isolation of Tumor Infiltrating T Cells—To obtain tumor infiltrating T cells (TILs) 

from subcutaneously established solid B16-F10 melanoma bearing mice, tumors were 

excised, chopped finely using tweezers and scissors and then digested with 2 mg/ml 

collagenase type IV (Stemcell technologies, Vancouver, BC) for 45 min. Following 

digestion, tumors were filtered through 70μM cells strainers (BD Biosciences, San Jose, CA) 

and layered over ficoll-paque (GE Healthcare). After centrifugation at 1200 rpm for 30 min, 

mononuclear cell layer containing TILs was isolated. For isolation of T cells from EL-4 

tumor site, tumor was established as ascites in the peritoneal cavity for 12 days in mice and 

abelle fluid was withdrawn to obtain TILs. To isolate TILs from prostate tumor sites, the 

resected prostate tumors were quickly minced with scalpels into small fragments (1–2 mm2) 

in cold RPMI media with 10% FBS, after trimming away the seminal vesicles, fat and 

connective tissue. The fragments were then placed on a 70 μm strainer and homogenized 

using plunger end of a syringe (one fragment at a time to ensure complete homogenization). 

This process rapidly produces a single cell suspension without the requirement of enzymatic 

digestion. The cell suspension was washed in culture medium twice by centrifugation at 

1500 rpm for 10 min at 4°C. After the second wash, the cells were re-suspended in 6 mL 

Chatterjee et al. Page 17

Cell Metab. Author manuscript; available in PMC 2018 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PBS and layered carefully over 3ml Ficoll-paque (GE healthcare) followed by centrifugation 

at 1500 rpm for 30 min at room temperature. The enriched TILs obtained at the interface as 

a thin buffy layer, were washed with PBS twice and finally re-suspended in FACS staining 

buffer for further staining procedures.

Activation Induced T Cell Death—Differentiated Th1, Th17 and Th1/17 cells were re-

stimulated overnight with plate bound anti-CD3 (2 μg/ml) plus anti-CD28 (1 μg/ml). 

Apoptosis was measured by Annexin V (BD Biosciences, San Jose, CA) versus 7AAD 

staining according to the manufacturer’s protocol, followed by analysis by flow cytometry. 

Data were analyzed with FlowJo software (Tree Star, OR).

DNA Microarray Experiments—Biotinylated cRNA was prepared using the Illumina 

RNA Amplification Kit, Catalog #1L1791 (Ambion, Inc., Austin, TX) according to the 

manufacturer’s specifications starting with ~250 ng total RNA. For microarray analysis, the 

MouseWG-6 v2.0 Expression BeadChip Kit was used (Illumina, San Diego). Hybridization 

of abelled cRNA to the BeadChip, washing and scanning were performed according to the 

Illumina BeadStation 500× manual. Essentially the amplified, biotin-labeled mouse cRNA 

samples were re-suspended in a solution of Hyb E1 buffer (Illumina) and 25% (v/v) 

formamide at a final concentration of 25ng/μL. 1.5 μg of each cRNA were hybridized. 

Hybridization was allowed to proceed at 55°C, for 18 hr after which the bead array matrix 

was washed for 10 min with 1X High temperature buffer (Illumina), followed by a 

subsequent 10 min wash in Wash E1BC buffer. The arrays were then washed with 100% 

ethanol for 10 min to strip off any remaining adhesive on the chip. A 2 min E1BC wash was 

performed to remove residual ethanol. The arrays were blocked for 5 min with 1% (w/v) 

casein-PBS (Pierce). The array signal was developed via 10 min incubation with 

Streptavidin-Cy3 at a final concentration of 1μg/mL solution of (GE Healthcare) in 1% 

casein-PBS blocking solution. The Expression BeadChip was washed a final time in Wash 

E1BC buffer for 5 min and subsequently dried via centrifugation for 4 min at a setting of 

275 rcf.

The arrays were scanned on the Illumina BeadArray Reader, a confocal-type imaging system 

with 532 (cye3) nm laser illuminations. Image analysis and data extraction was carried out 

as in accordance with Illumina specifications. Preliminary data analysis and QC was carried 

out using the GenomeStudio software (Illumina). All array data has been deposited in the 

EBI ArrayExpress Database. The ArrayExpress accession E-MTAB-5237.

Analysis of microarray data

2) Normalization of microarray data

Expression level data from the Illumina Bead Studio software were normalized 

using quantile normalization as implemented in the PIMENTo package (Sásik et 

al., 2004). Probes whose expression level exceeds a threshold value in at least 

one sample are called detected. The threshold value is found by inspection from 

the distribution plots of (log) expression levels.

2) Sorting the probes according to significance
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Detected probes are sorted according to their q-value, which is the smallest false 

discovery rate (FDR) at which the gene is called significant. FDR is the expected 

fraction of false positive tests among significant tests (Benjamini and Hochberg, 

1995). We evaluate FDR using Significance Analysis of Microarrays (SAM) and 

its implementation in the official statistical package samr (Tusher et al., 2001).

3) Statistical analysis of pathways and gene ontology terms.

Each gene ontology term or a pathway is treated simply as a set of genes. The 

probe list, sorted by q-value in ascending order, is translated into Entrez gene 

ID’s and parsed so that whenever several different probes represent the same 

gene, only the highest-ranking probe is kept for further analysis.

The sorted list of genes is subjected to analysis using the ToppGene Suite (https://

toppgene.cchmc.org/), a one-stop portal for (i) gene list functional enrichment, (ii) candidate 

gene prioritization using either functional annotations or network analysis and (iii) 

identification and prioritization of novel disease candidate genes in the interactome. 

Functional annotation-based disease candidate gene prioritization uses a fuzzy-based 

similarity measure to compute the similarity between any two genes based on semantic 

annotations. The similarity scores from individual features are combined into an overall 

score using statistical meta-analysis. A P-value of each annotation of a test gene is derived 

by random sampling of the whole genome (Chen et al., 2009). Area-proportional Venn 

diagrams were created using Venny.

Heatmaps of expression levels were created using the heatmap.2 hierarchical clustering 

software. The colors qualitatively correspond to fold changes with respect to a reference 

which is calculated as the mid-point between compared groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—All data reported are the arithmetic mean from 3 or 5 independent 

experiments performed in triplicate ± SD unless stated otherwise. The unpaired Student t 

test was used to evaluate the significance of differences observed between groups, accepting 

p < 0.05 as a threshold of significance. Data analyses were performed using the Prism 

software (GraphPad, San Diego, CA). Tumor size data was modeled using longitudinal 

linear regression with exchangeable correlation. Comparisons across groups at individual 

time points were made across groups using Wald tests based on linear combinations of 

coefficients.

DATA AND SOFTWARE AVAILABILITY

All array data has been deposited in the EBI ArrayExpress Database. The ArrayExpress 

accession number is E-MTAB-5237.

Supplementary Material

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

• Th1/17 cells with effector and stemness features exhibit durable tumor control

• High glutaminolysis of Th1/17 cell regulates its viability and anti-tumor 

response

• NAD+-Sirt1-Foxo1 axis is central to the anti-tumor phenotype of Th1/17 cells

• Targeting NADase CD38 on T cells increases NAD+ levels and controls 

tumor growth
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Figure 1. Hybrid Th1/17 Cells Possess Traits of Both Th1 and Th17 Cells
(A–D) The in vitro differentiated Th1, Th17, and hybrid Th1/17 cells were characterized for 

(A–C) flow cytometry analysis of (A) intracellular cytokine secretion, (B) Th subset 

signature transcription factors, (C) Th subset signature chemokine receptor, and (D) qPCR-

based mRNA levels for key effector (upper panel) and stemness associated genes (lower 

panel).

(E) Activation induced cell death of different Th subsets after overnight restimulation with 

anti-CD3 and anti-CD28 antibody.
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(F) Venn diagram representing the transcripts (obtained after Illumina bead-array) from Th1, 

Th17, and Th1/17 comparison. *p < 0.05, **p < 0.01, and ***p < 0.005. Also see Figure S1.
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Figure 2. Hybrid Th1/17 Cells Exhibit Superior Anti-Tumor Response
(A) Schematic presentation of the experimental strategy (left panel) and the differences 

observed in tumor growth (right panel) when subcutaneously established B16-A2 tumor in 

HLA-A+ mice (n = 8 mice/group) were treated by adoptively transferring tyrosinase reactive 

TIL1383I TCR transgenic T cells differentiated to Th1, Th17, and hybrid Th1/17 cells. Data 

demonstrate mean tumor size at each time point in one of the three experiments with similar 

results.

(B) C57BL/6 mice with 10 day subcutaneously established B16-F10 melanoma tumor were 

either kept untreated or treated by transferring 0.5 × 106 TRP-1 Th1/17 cells. The treated 

group was subdivided to administer 100 μg neutralizing antibody against IFNγ, IL17, or 

isotype control Ab intraperitoneally every alternate day. Tumor growth curve for various 

groups with n = 4 is shown.

(C) C57BL/6 Ly5.1+ recipients were injected (i.v.) with 0.5 × 106 luciferase-transduced 

B16-F10 (B16-Fluc) and following lympho-depletion (sub-lethally irradiation with 500 cGy) 
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on day 6. Groups of mice were adoptively transferred with either 0.25 × 106 TRP-1 Th1, 

Th17, or Th1/17 cells on day 7. Survival and tumor growth (left panel) were followed with 

bioluminescent imaging. On day 80, recipient mice were re-challenged by injecting 0.5 × 

106 B16-Fluc tumors. Survival and tumor growth were followed until day 150 by 

bioluminescent imaging (upper right). Lower right panel shows that mice receiving hybrid 

Th1/17 developed a strong vitiligo on the skin.

(D) Representative flow panel showed tumor-infiltrating lymphocytes (TILs) recovered from 

lung on day 150 from Ly5.1+ recipient mice and re-stimulated with PMA and Ionomycin for 

4 hr in vitro to measure IFNγ and IL17 secretion. ****p < 0.0001. Also see Figures S2 and 

S3.
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Figure 3. Hybrid Th1/17 Cells Are Metabolically Distinct from Th1 and Th17 Cells and Depend 
upon Glutaminolysis
(A) The ex vivo programmed Th1, Th17, and Th1/17 cells were used to determine glucose 

uptake using 2NBDG. Adjacent bar diagram represents the cumulative data of mean 

fluorescence intensity (MFI) from three independent experiments.

(B) ECAR time course in response to glucose, oligomycin, and 2DG (left panel). Adjacent 

bar shows ECAR levels after glucose addition.

(C) Intracellular expression of GAPDH by FACS. Adjacent bar represents cumulative data 

from three experiments.
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(D) Glycolysis associated genes using qPCR.

(E–G) Oxygen consumption rate (OCR) under basal condition and in response to indicated 

mitochondrial inhibitors. Graphs representing time course (E), basal OCR (F), and OCR/

ECAR ratio (G).

(H) Expression of CTP1a using qPCR.

(I–K) OCR in presence or absence of etomoxir (200 μM) followed by the addition of various 

mitochondrial inhibitors as indicated in Th17 (I), Th1 (J), and Th1/17 (K).

(L) Expression of various glutaminolysis associated genes using qPCR.

(M) Uptake of radiolabelled glutamine that was measured in count per minute (CPM). Data 

are mean of four replicate samples from the three repeat experiments.

(N) FoxP3 expression in FoxP3-GFP knockin CD4+ T cells differentiated to Th1, Th17, and 

Th1/17 phenotype.

(O) Uptake of radiolabelled glutamine in Th1/17 cells cultured in presence of different conc. 

of DON. Representative data from one of three independent experiments are shown.

(P) TRP-1 Th1/17 cells differentiated in the presence of either vehicle control (DMSO) or 

DON (3 μM) were adoptively transferred (0.5 × 106) in 9 days s.c. established B16-F10 

melanoma tumor-bearing mice, and tumor growth was measured. Results for tumor area are 

the mean of measurements ± SD, from at least four mice per group. *p < 0.05, **p < 0.01, 

and ***p < 0.005. Also see Figure S4.
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Figure 4. Metabolite NAD+ Regulates Hybrid Th1/17 Cell Function
Purified CD4+ T cells differentiated to Th1, Th17, and Th1/17 were used for quantifying 

intracellular metabolite levels using mass spectrometry. The principle component analysis 

(PCA) is shown in (A), and (B) shows relative levels of metabolite. Th1, Th17, and Th1/17 

cells differentiated in presence of either vehicle control (DMSO) or FK866 (10 nM) were 

used for determining (C) intracellular cytokine secretion by FACS, (D) expression of 

stemness-associated genes, and (E) ability to control growth of tumor s.c. established B16-

F10-HLA-A2+ murine melanoma cells upon adoptive transfer. Tumor growth was measured 
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using digital calipers every fourth day. Data demonstrate mean tumor size at each time point 

in one of the two experiments, with similar results. *p < 0.05, **p < 0.01, ***p < 0.005, and 

****p < 0.0001. Also see Figure S4.
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Figure 5. NAD-SIRT1 Axis Is Central to Th1/17 Anti-Tumor Response
Purified CD4+ T cells differentiated to Th1, Th17, and Th1/17 were used for determining 

(A) Sirt1 activity using equal amount of nuclear protein (10 μg). Data are presented as 

activity/mg of protein. (B and C) Flow cytometry analysis (B) and frequency (C) of 

intracellular cytokines secretion after WT and Sirt1KO T cells were differentiated to Th1/17 

cells. Th1/17 cells obtained from WT, Sirt1KO, or WT differentiated in presence of Ex527 

were used for (D and E) determining expression of stemness associated genes, (F) B16-F10-

HLA-A2+ murine melanoma-established s.c. for 9 days were treated by adoptively 
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transferring 0.5 × 106 TIL1383I TCR transduced T cells differentiated to Th1/17 with or 

without Ex527, and (G) B16-F10 murine melanoma established s.c. in C57BL/6 mice (n = 

5/group) for 9 days were treated by adoptively transferring 0.5 × 106 TRP-1 TCR transduced 

Th1/17 cells generated either from WT or Sirt-1fl/flCD4Cre mice. Tumor growth was 

measured using digital calipers every fourth day. Data in figure demonstrate mean tumor 

size at each time point. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.0001. Also see 

Figure S5.
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Figure 6. High Foxo1 Activity in Th1/17 Cell Contributes to Enhanced Tumor Control
(A) Determination of global acetylation of nuclear protein in Th0, Th1/17, and 

Th1/17+FK866 cells using western blot. Membrane was blotted for Histone H3 (bottom 

panel) for loading correction.

(B) Flow cytometry analysis of phosphorylated Foxo1 (S256) in Th1, Th17, and Th1/17 

cells. Data are representative of three independent experiments.
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(C) Confocal images of the indicated cell stained with Foxo1 (in green). Nuclei were stained 

with DAPI (in blue). Lower panels show the magnified images of the cells in the red box 

drawn in the upper panels. Scale bar, 10 μm.

(D) ELISA-based determination of Foxo1 activity in Th1, Th17, and Th1/17 cells. Data are 

means ± SD of two samples from one representative experiment out of three.

(E) qPCR analysis of the expression of Klf2 and Ccr7 in differentiated Th1, Th17, and 

Th1/17 cells.

(F and G) Flow cytometric analysis (F) and frequency (G) of donor cells (Ly5.1+) retrieved 

from the lung, liver, spleen, and lymph nodes 24 hr after adoptive transfer of Th1, Th17, and 

Th1/17 cells into wild-type mice (Ly5.2+).

(H–J) WT or Foxo1fl/flLckcre CD4+T cells differentiated to Th1, Th17, and Th1/17 cells 

were used to determine (H) intracellular cytokine secretion, (I) frequency of cells secreting 

cytokines, and (J) stemness-associated genes using qPCR.

(K) C57BL/6 mice (n = 4 mice/group) with subcutaneously established B16-F10 melanoma 

for 9 days were either kept untreated or adoptively transferred with 0.5 × 106 TRP-1 TCR 

transduced Th1/17 cells from either WT or Foxo1fl/flLckcre mice. The tumor growth curve 

from various groups of recipient mice is shown. Data are representative of three independent 

experiment in (H)–(J) and from two independent experiments, with similar result in (I). *p < 

0.05, **p < 0.01, ***p < 0.005, and ****p < 0.0001. Also see Figure S6.
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Figure 7. Inverse Correlation between CD38 and NAD+ Regulates Anti-Tumor Property of T 
Cells
(A) Purified CD4+ T cells differentiated to Th1, Th17, and Th1/17 were used for 

determining the relative expression of cell surface molecules involved in canonical and non-

canonical adenosinergic pathways. Splenic CD4+ T cells from C57BL/6 WT and CD38KO 

mice after 3 days of TCR activation were used to determine (B) intracellular NAD+ levels 

and (C) nuclear Sirt1 activity. TCR activated WT and CD38KO CD4+ T cells were used for 

determining (D) time course of OCR (left panel) and SRC (right panel), and (E) basal OCR/

ECAR ratio. (F) Glucose uptake by using fluorescent-labeled glucose analog 2-NBDG. 
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Adjacent bar diagram represents the cumulative data of mean fluorescence intensity (MFI) 

from three independent experiments. (G–J) qPCR analysis of the expression of (G) various 

stemness-associated genes, (H) glutaminolysis-associated genes, (I) PGC1α expression, and 

(J) Cpt1a expression. (K) Transmission electron microscopy of activated WT and CD38KO 

CD4+ T cells. Lower panels show the magnified images of the cells in the red box drawn in 

the upper panels. Scale bar, 1 μM (upper panel) and 200 nM (lower panel). (L) Uptake of 

radiolabelled glutamine measured in count per minute (CPM) is presented from one of two 

independent experiments. (M) Anti-tumor ability upon adoptive transfer of 0.5 × 106 

tyrosinase reactive TIL1383I TCR transduced CD4+ T cells from either C57BL/6 

IFNγThy1.1 or CD38KO-IFNγThy1.1 mice to HLA-A+ mice (N = 8/group) with s.c. 

established B16-F10-HLA-A2+ murine melanoma cells. Data from one of the two 

experiments with similar results is shown. (N) Tumor infiltrating lymphocytes from the 

treated mice (as in M) were retrieved, and expression of Thy1.1 (≈IFN-γ) was evaluated in 

CD4+ Vb12+ cells using flow cytometry. (O) Flow cytometry analysis for intranuclear 

expression of PGC1α was performed using the WT or CD38KO CD4+ T cell retrieved 24 hr 

after injection to the ascites of EL-4 ascites tumor-bearing mice (n = 2). PGC1α expression 

pre- and post-injection is shown. (P) C57BL/6 mice (n = 4–5 mice/group) with 9 days 

subcutaneously established B16-F10 melanoma tumor were either kept untreated or 

adoptively transferred with 1 × 106 TRP-1 CD4+ T cells (Th0). Group of mice that received 

T cells were either kept untreated or injected with anti-CD38 Ab (50 μg/mouse; i.p.) three 

times in a week up to day 20. Shown is the tumor growth curve of various groups of 

recipient mice. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.0001. Also see Figure 

S7.

Chatterjee et al. Page 38

Cell Metab. Author manuscript; available in PMC 2018 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chatterjee et al. Page 39

K
E

Y
 R

E
S

O
U

R
C

E
S

 T
A

B
L

E

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

A
nt

ib
od

ie
s

A
nt

i-
m

ou
se

 C
D

3
B

io
X

C
el

l
C

lo
ne

: 1
45

-2
C

11
; C

at
# 

B
E

00
01

-1
; R

R
ID

: A
B

_1
10

76
34

A
nt

i-
m

ou
se

 C
D

28
B

io
X

C
el

l
C

lo
ne

: 3
7.

51
; C

at
# 

B
E

00
15

-1
; R

R
ID

: A
B

_1
10

76
24

A
nt

i-
m

ou
se

 I
L

4
B

io
X

C
el

l
C

lo
ne

: 1
1B

11
; C

at
# 

B
E

00
45

; R
R

ID
: A

B
_1

10
77

07

A
nt

i-
m

ou
se

 I
FN

γ
B

io
X

C
el

l
C

lo
ne

: X
M

G
1.

2;
 C

at
# 

B
E

00
55

; R
R

ID
: A

B
_1

10
76

94

C
D

4-
PE

eB
io

sc
ie

nc
e

C
lo

ne
: G

K
5.

1;
 C

at
# 

12
-0

04
1-

83
; R

R
ID

: A
B

_4
65

50
6

T-
be

t-
Pe

rc
p/

C
y5

.5
eB

io
sc

ie
nc

e
C

lo
ne

: 4
B

10
; C

at
# 

45
-5

82
5-

80
; R

R
ID

: A
B

_9
53

65
7

R
O

R
γ-

A
PC

eB
io

sc
ie

nc
e

C
lo

ne
: A

FK
JS

-9
; C

at
# 

17
-6

98
8-

80
; R

R
ID

: A
B

_1
06

09
20

7

IR
F-

4-
eF

lu
or

 6
60

eB
io

sc
ie

nc
e

C
lo

ne
: 3

E
4;

 C
at

# 
50

-9
85

8-
80

; R
R

ID
: A

B
_2

57
43

93

C
X

C
R

3-
PE

eB
io

sc
ie

nc
e

C
lo

ne
: C

X
C

R
3-

17
3;

 C
at

# 
12

-1
83

1-
80

; R
R

ID
: A

B
_1

21
07

34

C
D

45
.2

-P
E

eB
io

sc
ie

nc
e

C
lo

ne
: 1

04
; C

at
# 

12
-0

45
4-

81
; R

R
ID

: A
B

_4
65

67
8

C
D

39
-P

E
/C

y7
eB

io
sc

ie
nc

e
C

lo
ne

: e
B

io
A

1 
(A

1)
; C

at
# 

25
-0

39
1-

80
; R

R
ID

: A
B

_1
58

22
80

C
D

90
.1

-A
PC

eB
io

sc
ie

nc
e

C
lo

ne
: H

IS
51

; C
at

# 
17

-0
90

0-
82

; R
R

ID
: A

B
_1

27
22

52

C
D

90
.1

-P
ac

if
ic

 B
lu

e
eB

io
sc

ie
nc

e
C

lo
ne

: H
IS

51
; C

at
# 

48
-0

90
0-

80
; R

R
ID

: A
B

_1
27

22
54

E
O

M
E

S-
PE

eB
io

sc
ie

nc
e

C
lo

ne
: D

an
11

m
ag

; C
at

# 
12

-4
87

5-
80

; R
R

ID
: A

B
_1

60
32

75

C
D

4-
PE

/C
y7

B
io

le
ge

nd
C

lo
ne

: G
K

5.
1;

 C
at

# 
10

04
22

; R
R

ID
: A

B
_3

12
70

7

C
D

4-
A

PC
B

io
le

ge
nd

C
lo

ne
: G

K
5.

1;
 C

at
# 

10
04

12
; R

R
ID

: A
B

_3
12

69
7

C
D

4-
A

PC
/C

y7
B

io
le

ge
nd

C
lo

ne
: G

K
5.

1;
 C

at
# 

10
04

14
; R

R
ID

: A
B

_3
12

69
9

C
D

8-
PE

/C
y7

B
io

le
ge

nd
C

lo
ne

: 5
3-

6.
7;

 C
at

# 
10

07
22

; R
R

ID
: A

B
_3

12
76

1

C
D

8-
A

PC
B

io
le

ge
nd

C
lo

ne
: 5

3-
6.

7;
 C

at
# 

10
07

12
; R

R
ID

: A
B

_3
12

75
1

C
D

8-
FI

T
C

B
io

le
ge

nd
C

lo
ne

: 5
3-

6.
7;

 C
at

# 
10

07
06

; R
R

ID
: A

B
_3

12
74

5

IL
17

-P
E

B
io

le
ge

nd
C

lo
ne

: T
C

11
-1

8H
10

.1
; C

at
# 

50
69

04
; R

R
ID

: A
B

_3
15

46
4

IL
17

-P
ac

if
ic

 B
lu

e
B

io
le

ge
nd

C
lo

ne
: T

C
11

-1
8H

10
.1

; C
at

# 
50

69
18

; R
R

ID
: A

B
_8

93
54

4

IF
N
γ-

PE
B

io
le

ge
nd

C
lo

ne
: X

M
G

1.
2;

 C
at

# 
50

58
08

; R
R

ID
: A

B
_3

15
40

2

IF
N
γ-

A
le

xa
64

7
B

io
le

ge
nd

C
lo

ne
: X

M
G

1.
2;

 C
at

# 
50

58
14

; R
R

ID
: A

B
_4

93
31

4

T-
be

t-
PE

B
io

le
ge

nd
C

lo
ne

: 4
B

10
; C

at
# 

64
48

09
; R

R
ID

: A
B

_2
02

85
83

C
C

R
5-

PE
B

io
le

ge
nd

C
lo

ne
: H

M
-C

C
R

5;
 C

at
# 

10
70

05
; R

R
ID

: A
B

_3
13

30
0

C
C

R
6-

PE
B

io
le

ge
nd

C
lo

ne
: 2

9-
2L

17
; C

at
# 

12
98

03
; R

R
ID

: A
B

_1
27

91
39

Cell Metab. Author manuscript; available in PMC 2018 March 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chatterjee et al. Page 40

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

C
C

R
7-

PE
B

io
le

ge
nd

C
lo

ne
: 4

B
12

; C
at

# 
12

01
05

; R
R

ID
: A

B
_3

89
35

7

C
D

73
-P

ac
if

ic
 B

lu
e

B
io

le
ge

nd
C

lo
ne

: T
y/

11
.8

; C
at

# 
12

72
12

; R
R

ID
: A

B
_1

12
19

19
0

C
D

38
-P

E
B

io
le

ge
nd

C
lo

ne
: 9

0;
 C

at
# 

10
27

07
; R

R
ID

: A
B

_3
12

92
8

C
D

38
-A

PC
B

io
le

ge
nd

C
lo

ne
: 9

0;
 C

at
# 

10
27

11
; R

R
ID

: A
B

_3
12

93
2

C
D

71
-P

E
/C

y7
B

io
le

ge
nd

C
lo

ne
: R

I7
21

7;
 C

at
# 

11
38

11
; R

R
ID

: A
B

_2
20

33
83

PD
1-

PE
B

io
le

ge
nd

C
lo

ne
: R

M
P1

-3
0;

 C
at

# 
10

91
03

; R
R

ID
: A

B
_3

13
42

0

PD
1-

PE
/C

y7
B

io
le

ge
nd

C
lo

ne
: R

M
P1

-3
0;

 C
at

# 
10

91
09

; R
R

ID
: A

B
_5

72
01

6

C
D

98
-P

E
B

io
le

ge
nd

C
lo

ne
: R

L
38

8;
 C

at
# 

12
82

07
; R

R
ID

: A
B

_1
18

61
07

A
nn

ex
in

 V
 F

IT
C

B
D

 B
io

sc
ie

nc
es

C
lo

ne
: N

/A
; C

at
# 

51
-6

58
74

X
; R

R
ID

: N
/A

C
D

45
.1

-A
PC

B
D

 B
io

sc
ie

nc
es

C
lo

ne
: A

20
; C

at
# 

55
87

01
; R

R
ID

: A
B

_1
64

52
14

V
β1

3-
FI

T
C

B
D

 B
io

sc
ie

nc
es

C
lo

ne
: M

R
1 

2-
3;

 C
at

# 
55

32
04

; R
R

ID
: A

B
_3

94
70

6

V
β1

4-
FI

T
C

B
D

 B
io

sc
ie

nc
es

C
lo

ne
: 1

4-
2;

 C
at

# 
55

32
58

; R
R

ID
: A

B
_3

94
73

8

V
β1

2-
FI

T
C

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
lo

ne
: S

51
1;

 C
at

# 
T

C
R

26
54

; R
R

ID
: A

B
_4

17
09

2

Sl
c1

a5
T

he
rm

o 
Fi

sh
er

 S
ci

en
tif

ic
C

lo
ne

: N
/A

; C
at

# 
PA

5-
50

52
7;

 R
R

ID
: A

B
_2

63
59

80

A
nt

i-
G

oa
t A

le
xa

64
7

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
lo

ne
: N

/A
; C

at
# 

A
21

44
7;

 R
R

ID
: A

B
_1

41
84

4

pF
ox

o1
 (

S2
56

)
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: N
/A

; C
at

# 
94

61
; R

R
ID

: A
B

_3
29

83
1

Ph
os

ph
o-

S6
 R

ib
os

om
al

 P
ro

te
in

 (
Se

r2
35

/2
36

)-
A

le
xa

64
7

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: D

57
.2

.2
E

; C
at

# 
48

51
; R

R
ID

: A
B

_9
16

16
0

H
ex

ok
in

as
e 

I 
(H

K
 I

)
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: C
35

C
4;

 C
at

# 
20

24
S;

 R
R

ID
: A

B
_2

11
69

96

H
ex

ok
in

as
e 

II
 (

H
K

 I
I)

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: C

64
G

5;
 C

at
# 

28
67

S;
 R

R
ID

: A
B

_2
23

29
46

Pl
at

el
et

-t
yp

e 
ph

os
ph

of
ru

ct
ok

in
as

e 
(P

FK
P)

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: D

4B
2;

 C
at

# 
81

64
S;

 R
R

ID
: N

/A

G
ly

ce
ra

ld
eh

yd
e-

3-
ph

os
ph

at
e 

de
hy

dr
og

en
as

e 
(G

A
PD

H
)

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: D

16
H

11
; C

at
# 

51
74

S;
 R

R
ID

: A
B

_1
06

22
02

5

L
ac

ta
te

 d
eh

yd
ro

ge
na

se
 (

L
D

H
)

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: C

4B
5;

 C
at

# 
35

82
S;

 R
R

ID
: A

B
_2

06
68

87

Py
ru

va
te

 k
in

as
e 

M
 1

/2
 (

PK
M

1/
2)

C
el

l S
ig

na
lin

g 
Te

ch
no

lo
gy

C
lo

ne
: C

10
3A

3;
 C

at
# 

31
90

S;
 R

R
ID

: A
B

_2
16

36
95

Py
ru

va
te

 D
eh

yd
ro

ge
na

se
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: C
54

G
1;

 C
at

# 
32

05
S;

 R
R

ID
: A

B
_2

16
29

26

G
lu

ta
m

at
e 

D
eh

yd
ro

ge
na

se
 1

/2
 (

G
lu

d1
/1

2)
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: D
9F

7P
; C

at
# 

12
79

3S
; R

R
ID

: N
/A

Fo
xo

1
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: C
29

H
4;

 C
at

# 
28

80
S;

 R
R

ID
: A

B
_2

10
64

95

A
ce

ty
la

te
d-

Ly
si

ne
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: N
/A

; C
at

# 
94

41
S;

 R
R

ID
: N

/A

A
nt

i-
R

ab
bi

t H
R

P
C

el
l S

ig
na

lin
g 

Te
ch

no
lo

gy
C

lo
ne

: N
/A

; C
at

# 
70

74
S;

 R
R

ID
: N

/A

PG
C

1 
α

-A
le

xa
64

7
N

ov
us

 B
io

lo
gi

ca
ls

C
lo

ne
: N

/A
; C

at
# 

N
B

P1
-0

46
76

A
F6

47
; R

R
ID

: N
/A

Cell Metab. Author manuscript; available in PMC 2018 March 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chatterjee et al. Page 41

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

G
lu

ta
m

in
as

e 
(G

ls
)

N
ov

us
 B

io
lo

gi
ca

ls
C

lo
ne

: N
/A

; C
at

# 
N

B
P2

-2
99

40
; R

R
ID

: N
/A

A
nt

i-
R

ab
bi

t P
E

Ja
ck

so
n 

Im
m

un
oR

es
ea

rc
h 

L
ab

or
at

or
ie

s
C

lo
ne

: N
/A

; C
at

# 
11

1-
11

6-
14

4;
 R

R
ID

: A
B

_2
33

79
85

A
nt

i-
R

ab
bi

t A
le

xa
64

7
Ja

ck
so

n 
Im

m
un

oR
es

ea
rc

h 
L

ab
or

at
or

ie
s

C
lo

ne
: N

/A
; C

at
# 

11
1-

60
7-

00
3;

 R
R

ID
: A

B
_2

33
80

84

xC
T

Sa
nt

a 
C

ru
z 

B
io

te
ch

no
lo

gy
C

lo
ne

: Q
-1

8;
 C

at
# 

Sc
79

36
0;

 R
R

ID
: A

B
_2

19
08

56

In
V

iv
oM

ab
 a

nt
i-

m
ou

se
 I

L
-1

7A
B

io
X

C
el

l
C

lo
ne

: 1
7F

3;
 C

at
# 

B
E

01
73

; R
R

ID
: A

B
_1

09
50

10
2

In
V

iv
oM

A
b 

an
ti-

m
ou

se
 I

FN
γ

B
io

X
C

el
l

C
lo

ne
: X

M
G

1.
2;

 C
at

# 
B

E
00

55
; R

R
ID

: A
B

_1
10

76
94

A
nt

i C
D

38
 V

H
H

 S
in

gl
e 

D
om

ai
n 

A
nt

ib
od

y
C

re
at

iv
e 

B
io

la
bs

C
lo

ne
: N

/A
; C

at
# 

N
A

B
L

-0
79

; R
R

ID
: N

/A

C
he

m
ic

al
s,

 P
ep

tid
es

, a
nd

 R
ec

om
bi

na
nt

 P
ro

te
in

s

FK
86

6
C

ay
m

an
 C

he
m

ic
al

C
at

# 
13

28
7

E
x5

27
C

ay
m

an
 C

he
m

ic
al

C
at

# 
10

00
97

98

E
to

m
ox

ir
C

ay
m

an
 C

he
m

ic
al

C
at

# 
11

96
9

A
K

T
i

C
ay

m
an

 C
he

m
ic

al
C

at
# 

14
87

0

SC
-7

9
Si

gm
a 

A
ld

ri
ch

C
at

# 
SM

L
07

49

6-
D

ia
zo

-5
-o

xo
-L

-n
or

le
uc

in
e 

(D
O

N
)

Si
gm

a 
A

ld
ri

ch
C

at
# 

D
21

41

2-
D

eo
xy

-D
-g

lu
co

se
 (

2D
G

)
Si

gm
a 

A
ld

ri
ch

C
at

# 
D

61
34

A
nt

im
yc

in
 A

Si
gm

a 
A

ld
ri

ch
C

at
# 

A
86

74

R
ot

en
on

e
Si

gm
a 

A
ld

ri
ch

C
at

# 
R

88
75

O
lig

om
yc

in
Si

gm
a 

A
ld

ri
ch

C
at

# 
O

48
76

FC
C

P
Si

gm
a 

A
ld

ri
ch

C
at

# 
C

29
20

IM
D

M
G

E
 H

ea
lth

ca
re

, H
yC

lo
ne

C
at

# 
SH

30
22

8.
01

R
PM

I-
16

40
 (

G
lu

co
se

 f
re

e)
T

he
rm

o 
Fi

sh
er

 S
ci

en
tif

ic
C

at
# 

11
87

9-
02

0

R
PM

I-
16

40
 (

gl
ut

am
in

e 
fr

ee
)

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
at

# 
21

87
0-

07
6

Pe
ni

ci
lli

n-
St

re
pt

om
yc

in
C

or
ni

ng
C

at
# 

30
-0

01
-C

I

Fe
ta

l B
ov

in
e 

Se
ru

m
 (

FB
S)

A
tla

nt
a 

B
io

lo
gi

ca
ls

C
at

# 
S1

11
50

rI
L

12
B

io
le

ge
nd

C
at

# 
57

70
04

rI
L

6
B

io
le

ge
nd

C
at

# 
57

57
04

rI
L

1β
B

io
le

ge
nd

C
at

# 
57

51
04

rI
L

23
B

io
le

ge
nd

C
at

# 
58

90
02

rT
G

Fβ
B

io
le

ge
nd

C
at

# 
58

07
02

Cell Metab. Author manuscript; available in PMC 2018 March 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chatterjee et al. Page 42

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

rh
IL

2
N

C
I,

 B
io

lo
gi

ca
l R

es
ou

rc
es

 B
ra

nc
h

ht
tp

s:
//n

ci
fr

ed
er

ic
k.

ca
nc

er
.g

ov
/r

es
ea

rc
h/

br
b/

pr
od

uc
tD

at
aS

he
et

s/
cy

to
ki

ne
H

um
an

In
te

rl
eu

ki
ns

/I
L

-2
B

ul
k.

as
px

Fo
xp

3 
/ T

ra
ns

cr
ip

tio
n 

Fa
ct

or
 S

ta
in

in
g 

B
uf

fe
r 

Se
t

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
at

# 
00

-5
52

3

Fi
xa

tio
n/

Pe
rm

ea
bi

liz
at

io
n 

So
lu

tio
n 

K
it

B
D

 B
io

sc
ie

nc
es

C
at

# 
55

47
14

M
ou

se
 C

D
4+

 T
 c

el
l i

so
la

tio
n 

ki
t

M
ilt

en
yi

 B
io

te
c

C
at

# 
13

0-
10

4-
45

4

hg
p1

00
25

–3
3 

pe
pt

id
e 

(K
V

PR
N

Q
D

W
)

G
en

sc
ri

pt
C

at
# 

R
P2

03
44

T
R

P-
1 1

06
–1

30
 p

ep
tid

e 
(S

G
H

N
C

G
T

C
R

 
PG

W
R

G
A

A
C

N
Q

K
IL

T
V

R
)

N
eo

M
PS

C
us

to
m

 s
yn

th
es

iz
ed

T
C

R
-I

 p
ep

tid
e 

(S
A

IN
N

Y
A

Q
K

L
)

Sy
dl

ab
s

C
at

# 
07

54
72

R
IP

A
 L

ys
is

 B
uf

fe
r

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
at

# 
89

90
0

N
E

-P
E

R
 N

uc
le

ar
 a

nd
 C

yt
op

la
sm

ic
 E

xt
ra

ct
io

n 
R

ea
ge

nt
s

T
he

rm
o 

Fi
sh

er
 S

ci
en

tif
ic

C
at

# 
78

83
3

C
ri

tic
al

 C
om

m
er

ci
al

 A
ss

ay
s

C
el

lT
ra

ce
 C

FS
E

 C
el

l P
ro

lif
er

at
io

n 
K

it
T

he
rm

o 
Fi

sh
er

 S
ci

en
tif

ic
C

at
# 

C
34

55
4

C
el

lT
ra

ce
 V

io
le

t C
el

l P
ro

lif
er

at
io

n 
K

it
T

he
rm

o 
Fi

sh
er

 S
ci

en
tif

ic
C

at
# 

C
34

55
7

N
A

D
/N

A
D

H
 C

el
l-

B
as

ed
 A

ss
ay

 K
it

C
ay

m
an

 C
he

m
ic

al
C

at
# 

60
04

80

U
ni

ve
rs

al
 S

IR
T

 A
ct

iv
ity

 A
ss

ay
 K

it
ab

ca
m

C
at

# 
ab

15
69

15

T
ra

ns
A

M
 F

K
H

R
 (

FO
X

O
1)

 T
ra

ns
cr

ip
tio

n 
Fa

ct
or

 
E

L
IS

A
 K

its
A

ct
iv

e 
M

ot
if

C
at

# 
46

39
6

A
kt

 k
in

as
e 

ac
tiv

ity
 k

it
E

nz
o 

L
if

e 
Sc

ie
nc

es
C

at
# 

A
D

I-
E

K
S-

40
0A

Im
m

un
op

re
ci

pi
ta

tio
n 

(I
P)

 K
it

B
io

vi
si

on
C

at
# 

K
28

6-
25

iS
cr

ip
t c

D
N

A
 S

yn
th

es
is

 K
it

B
io

ra
d

C
at

# 
17

08
89

1

Ss
oA

dv
an

ce
d 

U
ni

ve
rs

al
 S

Y
B

R
 G

re
en

 S
up

er
m

ix
B

io
ra

d
C

at
# 

17
25

27
4

D
ep

os
ite

d 
D

at
a

G
en

e 
m

ic
ro

ar
ra

y 
da

ta
se

t
T

hi
s 

pa
pe

r
A

rr
ay

E
xp

re
ss

 a
cc

es
si

on
 #

 E
-M

TA
B

-5
23

7

E
xp

er
im

en
ta

l M
od

el
s:

 C
el

l L
in

es

B
16

-F
10

A
T

C
C

C
R

L
-6

47
5

B
16

-F
10

-A
2+

R
ol

f 
K

ie
ss

lin
g,

 K
ar

ol
in

sk
a 

In
st

itu
te

, 
St

oc
kh

ol
m

, S
w

ed
en

. M
yc

op
la

sm
a 

te
st

in
g 

w
as

 d
on

e 
in

 M
eh

ro
tr

a 
la

b.

N
/A

E
xp

er
im

en
ta

l M
od

el
s:

 O
rg

an
is

m
s/

St
ra

in
s

C
57

B
L

/6
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
00

66
4

Cell Metab. Author manuscript; available in PMC 2018 March 05.

https://ncifrederick.cancer.gov/research/brb/productDataSheets/cytokineHumanInterleukins/IL-2Bulk.aspx


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chatterjee et al. Page 43

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

C
57

B
L

/6
-T

g(
H

L
A

-A
2.

1)
1E

ng
e/

J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
03

47
5

B
6.

12
9S

7-
R

ag
1tm

1M
om

/J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
02

21
6

B
6.

12
9P

2-
C

d3
8tm

1L
nd

/J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
03

72
7

B
6;

12
9-

Si
rt

1tm
1Y

gu
/J

Ja
ck

so
n 

L
ab

or
at

or
y

St
oc

k#
 0

08
04

1

T
g(

C
d4

-c
re

)1
C

w
i/B

fl
uJ

Ja
ck

so
n 

L
ab

or
at

or
y

St
oc

k#
 0

17
33

6

B
6.

SJ
L

-P
tp

rc
a  P

ep
cb /

B
oy

J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
02

01
4

B
6.

12
9S

7-
If

ng
tm

1T
s /

J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
02

28
7

B
6.

C
g-

R
ag

1tm
1M

om
 T

yr
p1

B
-w

 T
g(

T
cr

a,
T

cr
b)

9R
es

t/J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
08

68
4

B
6.

C
g-

T
hy

1a /
C

y 
T

g(
T

cr
aT

cr
b)

8R
es

t/J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
05

02
3

C
57

B
L

/6
-T

g(
T

R
A

M
P)

82
47

N
g/

J
Ja

ck
so

n 
L

ab
or

at
or

y
St

oc
k#

 0
03

13
5

IF
N
γT

hy
1.

1  
kn

oc
ki

n
C

as
ey

 T
. W

ea
ve

r, 
U

ni
ve

rs
ity

 o
f 

A
la

ba
m

a 
at

 B
ir

m
in

gh
am

 (
U

A
B

)
(H

ar
ri

ng
to

n 
et

 a
l.,

 2
00

8)

Fo
xo

1fl
/f

l L
ck

cr
e

M
el

an
ie

 G
ub

be
ls

 B
up

p,
 R

an
do

lp
h-

M
ac

on
 C

ol
le

ge
, V

A
(G

ub
be

ls
 B

up
p 

et
 a

l.,
 2

00
9)

T
C

R
-I

Je
nn

if
er

 W
u,

 M
U

SC
(S

ta
ve

le
y-

O
’C

ar
ro

ll 
et

 a
l.,

 2
00

3)

O
lig

on
uc

le
ot

id
es

Pr
im

er
s 

fo
r 

qP
C

R
, s

ee
 T

ab
le

 S
4

R
ec

om
bi

na
nt

 D
N

A

M
SG

V
1-

T
R

P-
1 

ve
ct

or
(K

er
ka

r 
et

 a
l.,

 2
01

1)
N

/A

LV
-T

C
R

/s
r3

9T
K

-G
FP

 v
ec

to
r

(K
oy

a 
et

 a
l.,

 2
01

0)
N

/A

So
ft

w
ar

e 
an

d 
A

lg
or

ith
m

s

Fl
ow

Jo
 1

0.
2

T
re

eS
ta

r, 
O

R
ht

tp
s:

//w
w

w
.f

lo
w

jo
.c

om
/s

ol
ut

io
ns

/f
lo

w
jo

/d
ow

nl
oa

ds
/

Pr
is

m
 5

G
ra

ph
Pa

d
ht

tp
s:

//w
w

w
.g

ra
ph

pa
d.

co
m

/s
ci

en
tif

lc
-s

of
tw

ar
e/

pr
is

m
/

A
gi

le
nt

 S
ea

ho
rs

e 
W

av
e 

2.
4

A
gi

le
nt

ht
tp

://
w

w
w

.a
gi

le
nt

.c
om

/e
n-

us
/p

ro
du

ct
s/

ce
ll-

an
al

ys
is

-(
se

ah
or

se
)/

se
ah

or
se

-w
av

e-
so

ft
w

ar
e

C
FX

 M
an

ag
er

 3
.1

B
io

ra
d

ht
tp

://
w

w
w

.b
io

-r
ad

.c
om

/e
n-

us
/s

ku
/s

of
t-

cf
x-

31
-p

at
ch

-c
fx

-m
an

ag
er

-s
of

tw
ar

e-
v3

-1
-u

pg
ra

de

G
en

om
eS

tu
di

o 
so

ft
w

ar
e

Il
lu

m
in

a
ht

tp
s:

//w
w

w
.il

lu
m

in
a.

co
m

/te
ch

ni
qu

es
/m

ic
ro

ar
ra

ys
/a

rr
ay

-d
at

a-
an

al
ys

is
-e

xp
er

im
en

ta
l-

de
si

gn
/g

en
om

es
tu

di
o.

ht
m

l

PI
M

E
N

To
(S

ás
ik

 e
t a

l.,
 2

00
4)

ht
tp

s:
//g

ith
ub

.c
om

/M
U

SC
-C

G
M

/P
IM

E
N

To

To
pp

G
en

e 
Su

ite
(C

he
n 

et
 a

l.,
 2

00
9)

ht
tp

s:
//t

op
pg

en
e.

cc
hm

c.
or

g/

V
en

ny
T

hi
s 

pa
pe

r
ht

tp
://

bi
oi

nf
og

p.
cn

b.
cs

ic
.e

s/
to

ol
s/

ve
nn

y/
in

de
x.

ht
m

l

Cell Metab. Author manuscript; available in PMC 2018 March 05.

https://www.flowjo.com/solutions/flowjo/downloads/
https://www.graphpad.com/scientiflc-software/prism/
http://www.agilent.com/en-us/products/cell-analysis-(seahorse
http://www.bio-rad.com/en-us/sku/soft-cfx-31-patch-cfx-manager-software-v3-1-upgrade
https://www.illumina.com/techniques/microarrays/array-data-analysis-experimental-design/genomestudio.html
https://github.com/MUSC-CGM/PIMENTo
https://toppgene.cchmc.org/
http://bioinfogp.cnb.csic.es/tools/venny/index.html

	SUMMARY
	Graphical abstract
	INTRODUCTION
	RESULTS
	Combined Culture Conditions of Th1 and Th17 Cells Generate Hybrid Th1/17 Cells
	Hybrid Th1/17 Cells Exhibit Enhanced Anti-Tumor Potential
	Metabolically Unique Th1/17 Cells Depend upon Glutaminolysis
	Increased Levels of Metabolite Nicotinamide Adenine Dinucleotide in Th1/17 Cells
	NAD+-Sirt1 Axis Is Required to Exert Anti-Tumor Response by Th1/17 Cells
	NAD+-Mediated Sirt1 Deacetylase Regulates Foxo1 Activity, a Key Determinant of Anti-Tumor Response of Th1/17 Cells
	Inverse Correlation between CD38 and NAD+ Controls Long-Term Anti-Tumor Response by T Cells

	DISCUSSION
	STAR★METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Cell Lines
	T Cell Differentiation

	METHOD DETAILS
	Retroviral Transduction
	Adoptive T Cell Protocol
	Flow Cytometry
	Real-time Quantitative-PCR
	Transmission Electron Microscopy (TEM)
	Immunoblotting and Immunoprecipitation of Foxo1
	Metabolism Assays
	Metabolomics
	Glutamine Uptake Assay
	NAD+, Sirt1 Activity and Foxo1 Activity Assay
	Isolation of Tumor Infiltrating T Cells
	Activation Induced T Cell Death
	DNA Microarray Experiments

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Statistical Analysis

	DATA AND SOFTWARE AVAILABILITY

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	KEY RESOURCES TABLE

