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Abstract

:

Simple Summary


Cell based immunotherapy is rapidly emerging as a promising cancer treatment. Salt (sodium chloride) treatment to immune cell cultures is known to induce inflammatory activation. In our current study, we analyzed the anti-cancer ability of salt treatment on immune cells outside the host followed by reinfusion into the host. Using a pre-clinical breast cancer model, we demonstrated that external salt treatment on T-cell subset of immune cells produced a viable anti-cancer response, which may have future human clinical application.




Abstract


Cell based immunotherapy is rapidly emerging as a promising cancer treatment. A modest increase in salt (sodium chloride) concentration in immune cell cultures is known to induce inflammatory phenotypic differentiation. In our current study, we analyzed the ability of salt treatment to induce ex vivo expansion of tumor-primed CD4 (cluster of differentiation 4)+T cells to an effector phenotype. CD4+T cells were isolated using immunomagnetic beads from draining lymph nodes and spleens from tumor bearing C57Bl/6 mice, 28 days post-injection of Py230 syngeneic breast cancer cells. CD4+T cells from non-tumor bearing mice were isolated from splenocytes of 12-week-old C57Bl/6 mice. These CD4+T cells were expanded ex vivo with five stimulation cycles, and each cycle comprised of treatment with high salt (Δ0.035 M NaCl) or equimolar mannitol controls along with anti-CD3/CD28 monoclonal antibodies for the first 3 days, followed by the addition of interleukin (IL)-2/IL-7 cytokines and heat killed Py230 for 4 days. Ex vivo high salt treatment induced a two-fold higher Th1 (T helper type 1) expansion and four-fold higher Th17 expansion compared to equimolar mannitol treatment. Importantly, the high salt expanded CD4+T cells retained tumor-specificity, as demonstrated by higher in vitro cytotoxicity against Py230 breast cancer cells and reduced in vivo syngeneic tumor growth. Metabolic studies revealed that high salt treatment enhanced the glycolytic reserve and basal mitochondrial oxidation of CD4+T cells, suggesting a role of high salt in enhanced pro-growth anabolic metabolism needed for inflammatory differentiation. Mechanistic studies demonstrated that the high salt induced switch to the effector phenotype was mediated by tonicity-dependent transcription factor, TonEBP/NFAT5. Using a transgenic murine model, we demonstrated that CD4 specific TonEBP/NFAT5 knock out (CD4cre/creNFAT5flox/flox) abrogated the induction of the effector phenotype and anti-tumor efficiency of CD4+T cells following high salt treatment. Taken together, our data suggest that high salt-mediated ex vivo expansion of tumor-primed CD4+T cells could induce effective tumor specific anti-cancer responses, which may have a novel cell-based cancer immunotherapeutic application.
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1. Introduction


Adoptive T cell transfer (ATCT) with the reinfusion of isolated and ex vivo activated T lymphocytes is emerging as a novel cell-based cancer immunotherapeutic strategy [1]. Tumor-specific T cells are highly enriched within tumors and in the draining lymph nodes [2]. De novo expansion of naïve T cells might limit antigen specificity and anti-tumor efficiency [3]. However, tumor-primed T-cells retain their T-cell receptor (TCR) specificity in progeny cells, making it a feasible therapeutic option [4]. ATCT has a unique advantage over other active immunization strategies in that it does not require in vivo activation and expansion of antigen specific T cell responses by a cancer patient with an otherwise weak immune system. Specific in vitro immune depletion strategies prior to infusion have met with limited success due to CD4 (cluster of differentiation)+T cell plasticity [5,6,7,8]. The optimal protocols for ex vivo T cell activation to evoke a favorable effector anti-tumor response for clinical application are still unclear.



Previous adoptive immunotherapy studies have been based on the co-application of systemic interleukin (IL)-2 administration along with T-cell transfer to enhance in vivo T cell effector functionality [9,10,11]. However, this approach has shown a restricted infiltration of transferred T cells to metastatic sites and the proliferation of immunosuppressive regulatory CD4+T cell (Treg) phonotype, along with a lack of general agreement on IL-2 dosing [12]. Similar challenges have been noted on the application of other cytokines such as IL-15 [13]. Moreover, these cytokines were needed in high concentrations and that too only transiently in the local microenvironment during antigen presentation, T-cell activation and clonal proliferation, thus rendering the continuous systemic administration of cytokines amenable to unnecessary off-target side-effects such as capillary leak syndrome and cytokine storm [14,15]. Significant scientific work over the recent years has focused on evaluating the anti-cancer ability of adoptively transferred T cells. Preliminary studies using ex vivo IL-2 expansion of tumor infiltrating lymphocytes (TILs) and peripheral blood immune cells followed by autologous transfer into the cancer patients demonstrated the expansion of these cells with weak antigen specificity and poor anti-tumor effect [16,17]. Further, adverse immunosuppressive tumor microenvironment limits the activation of these transferred TILs. Studies with systemic lymphodepletion prior to ATCT have resulted in mixed outcomes with enhanced systemic inflammatory side-effects. A lack of in vivo activation and the weak tumor-specificity of adoptively transferred CD4+T cells remain a major challenge in the long term success of ATCT.



Salt (sodium chloride) has been shown to activate CD4+T cells and induce effector phenotypic differentiation. In various hypertensive models, a 35–40 mM higher circulating sodium concentration induced by dietary high salt was shown to induce inflammatory T helper (Th)17 activation of T-cells, resulting in end-organ damage [18]. Similarly, in autoimmune models such as experimental autoimmune encephalitis (EAE) and graft-versus host disease (GvHD) murine models, a high salt diet induced inflammatory activation and effector CD4+T cell responses to self-antigens, and at the same time decreased immunosuppressive Treg responses [19,20,21,22]. Further, tonicity-sensitive transcription factor (NFAT5, nuclear factor of activated T cells, also called TonEBP) is known to play a significant role in the salt-mediated exaggeration of inflammatory immune responses [23]. The activation of effector CD4+T cells along with the suppression of Treg responses would be central to the long-term success of cancer immunotherapy. However, a generalized recommendation of a high salt diet to induce anti-cancer inflammatory CD4+T cell responses in cancer patients would be a non-viable option. In view of this limitation, using a murine breast tumor model, we tested a hypothesis that ex vivo high salt activation of CD4+T cells from tumor bearing mice followed by the adoptive transfer of these T cells would exert effective anti-tumor responses.




2. Materials and Methods


2.1. Animals and Cell Lines


Female C57Bl/6 mice were purchased from the Jackson Laboratories (Maine, ME, USA). Mice were housed in specific pathogen-free facilities in ventilated cages with at most 5 animals per cage, provided ad libitum food and water, and used at 8–12 weeks of age. All protocols followed the guidelines approved by the Vanderbilt Institutional Animal Studies Committee (Protocol#M1600078-00-AN2). Transgenic mice with CD4-specific knock-out of TonEBP (CD4cre/creTonEBPflox/floxC57Bl/6) were generated in Titze laboratory and kindly provided to us. Tail-snip genotyping was performed by PCR to test for the transgenic knock-out. The Py230 syngeneic murine breast cancer cells were trypsinized and washed with PBS (phosphate-buffered saline) before intra-mammary injection (0.75 × 105 cells/mice) into the flank of the mice. The tumor volume was calculated using the formula V = (W^(2) × L)/2 from caliper measurements, where V is tumor volume, W is tumor width and L is tumor length [24,25]. Single-cell suspensions were prepared from explanted murine breast tumors by digestion with a mixture of 0.1% collagenase type IV, 0.01% DNase I, and 2.5 U/mL hyaluronidase type V in HBSS (Hank’s balanced salt solution) for 2 h at room temperature. These cells were filtered through a 100 μm nylon mesh, washed, and resuspended in HBSS for further studies. The Py230 murine cancer cells were obtained from ATCC (Manassas, VA, USA). Appropriate mycoplasma free testing was performed on cell cultures to prevent contamination. The cells were cultured in RPMI1640 media in 5% CO2 incubator along with the media supplements such as fetal bovine serum, penicillin/streptomycin, fungizone, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) and glutamine, as recommended by the manufacturer and as previously described. All chemicals unless mentioned were obtained either from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA).




2.2. Isolation and Ex Vivo Activation of CD4+ T-cell


The breast tumor bearing C57Bl/6 mice were sacrificed on day 28 post-injection of breast cancer cells to obtain draining lymph nodes (DLNs) and spleens. DLNs were physically teased from the surrounding supportive tissue with a 20-guage needle. Similarly, spleens were also harvested from non-tumor bearing mice. Single cell preparation was prepared from these harvested tissues. CD4+T cells were isolated using immunomagnetic beads (MACS beads, Miltenyi Biotec, Sunnyvale, CA, USA), first by depletion of CD8+T cells and then with positive selection with CD4+T cells. The purified CD4+T cells were suspended in complete medium (CM). These isolated cells (initial cell count of 0.3 million CD4+T cells) were expanded ex vivo for five stimulation cycles. Each stimulation cycle lasted for 7 days, consisting of treatment with 35 mM NaCl, anti-CD3 monoclonal antibody (mAb, 2 μg/mL) CD28 mAb (2 μg/mL) for 3 days, followed by addition of IL-7 (10 ng/mL), IL-2 (20 ng/mL) and heat killed Py230 cells for the next 4 days. An equimolar (35 mM) mannitol was used instead of NaCl as osmotic control in our experiments. Heat killed Py230 cells (at 95 °C for 15 min) were added to the cultures to obtain a final CD4+T cell to (heat killed) cancer cell ratio of 1:10. Following each stimulation, activated cells were washed and resuspended at 0.5 × 105/mL in complete media to repeat the next stimulation cycle.




2.3. FACS Analysis and Intracellular Staining


Fluorophore-conjugated antibodies for CD4, Tbet, RORγT, FoxP3, IFNγ, IL-17 and isotype-matched rat Ig, with appropriate fluorophore choices based on specific channel needs (FL1: FITC, Alexa 488; FL2: PE, FL3: PerCP, and FL4: APC, Cy5), were purchased from BD Biosciences (San Diego, CA, USA). The CD4+T cells were appropriately purified, washed and resuspended in the flow buffer and pretreated with FcR block, followed by staining for 30 min with a mixture of conjugated-primary antibodies. The stained cells were fixed with 2% paraformaldehyde for 20 min before flow analysis. For intracellular staining, appropriate permeabilization buffers were used as per manufacturer’s recommendation. For in vivo trafficking studies, CD4+T cells were labeled with Cell TraceTM Violet (CTV, Fisher Scientific, Hampton, NH, USA) as per manufacturer’s recommendation. For tumor localization, CD4+T cells were isolated and purified from tumors in single cell suspension as mentioned above. The frequency of CD4+T cell phenotypes was analyzed by flow using appropriate conjugated antibodies (noted above). For flow cytometer-based cytotoxicity assay, target cells (cancer cells) were labelled with cell membrane fluorophore PHK26 and cell death was analyzed by double positive staining for PHK26 and 7-AAD. Cells were analyzed using a FACS CaliburTM/LSRII flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA), and cell sorting was performed using a Vantage cell sorter (Becton-Dickinson). Data were analyzed using BD FACSDiva software (BD Biosciences, San Jose, CA, USA). Gates were set according to isotype controls.




2.4. Adoptive Immunotherapy


Therapeutic efficacy of activated T cells was assessed in Py230 murine breast tumor models in C57Bl/6 mice. We administered 5 × 106 CD4+ T-cells positively selected and activated from three stimulation cycles (mentioned above) for injection into 21 day tumor bearing mice. The animals were followed up for 45 days to perform tumor volume studies.




2.5. Quantitative Real Time Polymerase Chain Reaction


Expression profiles of genes at mRNA (messenger ribonucleic acid) level in the murine breast tumors were analyzed using the TaqMan FAM-labeled RT-PCR primers for NFAT5 (Mm00467257_m1), GADPH (Mm00467257_m1), and Actin (Mm02619580_g1), obtained from Applied Biosystems/Thermo Fisher Scientific (Grand Island, NY, USA) as per the manufacturer’s recommendation [26]. Briefly, total RNA was extracted from 106 cells using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA) and analyzed as mentioned previously. RNA samples were quantified by absorbance at 260 nm. The RNA was reverse-transcribed and RT-PCR (real time PCR) was performed in a final reaction volume of 20 μL using BioRad CFX96 (Hercules, CA, USA). Each sample was analyzed in triplicate. Cycling conditions consisted of an initial denaturation of 95 °C for 15 min, followed by 40 cycles of 95 °C for 30 s, followed by 61 °C for 1 min.




2.6. Western Blot


Total proteins were extracted from cells with lysis buffer. The supernatant was collected from cell lysate after running on a centrifuge at 13,500× g rpm for 20 min at 4 °C, and as previously described [27]. Protein concentration was determined with a Bradford assay kit from Bio-Rad (Philadelphia, PA, USA). Total proteins were separated on a 4–12% sodium dodecyl sulfate-polyacrylamide gradient gel and electrophoretically transferred onto a nitrocellulose membrane. The membranes were blocked overnight at 4 °C in Tris-buffered saline with 0.05% Tween 20 (5% nonfat milk in 10 mM Tris-HCl 100 mM NaCl 0.1% Tween 20, pH 7.4). The membranes were incubated first with antibodies (Abs) specific for total and phosphorylated forms at room temperature with primary Abs diluted 1 in 1000 in blocking buffer for 2 h, and then with a horseradish peroxide-conjugated secondary IgG mAb diluted 1 in 5000 for 1 h. All primary and secondary Abs were obtained from Santa Cruz Biotech (Dallas, TX, USA) unless indicated otherwise. The following specific primary antibodies to NFAT-5 (sc-398171) and GADPH (sc-32233) were utilized. The membrane was developed using the chemiluminescence kit (Millipore) and analyzed using Bio-Rad Universal Hood II (Hercules, CA, USA). Morphometric analysis was performed using the software provided by the company.




2.7. Cytokine Assay


The secretory extracellular cytokines (IL-10, interferon [IFN]γ, tumor necrosis factor [TNF]α, IL-17) in the supernatant from cells treated under various assay conditions were quantitated by ELISA as per the manufacturer’s protocol (Life Technologies, Grand Island, NY, USA) [28]. The protein supernatant was diluted 1:500 and quantified with a standard curve using the manufacturer provided standards. Detection at 450 nm was performed using an EMax Plus spectrophotometer and data analysis was carried out using software provided by the manufacturer (Molecular Devices, Sunnyvale, CA, USA).




2.8. Cytotoxicity Assay


The cytotoxic efficiency of CD4+T cells was investigated by their ability to lyse the target breast cancer cells by non-irradiative LDH (lactate dehydrogenase) release assay (Promega, Madison, WI, USA) [29]. The Py230 murine breast cancer cells (1 × 104 cells, referred to as target cells) incubated at 37 °C in 200 µL of complete medium were plated in quadruplicate cultures in round bottom 96-well plates in the presence of varying numbers of activated CD4+T cells (referred to as effector cells), with an effector to target (E:T) ratio maintained at 20:1. The percentage specific lysis was calculated as follows: [(experimental LDH release − spontaneous LDH release)/(maximum LDH release − spontaneous LDH release)] × 100.




2.9. Cell Proliferation Assay


The viability of ex vivo expanded lymphocytes was first verified by trypan blue dye exclusion (Sigma Aldrich, St. Louis, MO, USA), followed by propidium iodide and annexin V staining (Sigma Aldrich). The quantitative cell proliferation was performed and reported based on BrdU cell proliferation assay (Cell Signaling Technology, Danvers, MA, USA) as per manufacturer’s protocol.




2.10. Metabolic Assays


The metabolic activity of CD4+T cells was studied by analyzing the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) using the Seahorse XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA) [30]. Glycolytic capacity was defined as the difference between ECAR following the injection of oligomycin (1 μM) and the baseline ECAR reading (CD4+T cells cultured in basal DMEM (Dulbecco’s modified Eagle medium) with no added glucose or glutamine). Apparent glycolytic reserve was defined as the difference in ECAR between the glucose and oligomycin injections. Apparent respiratory reserve capacity was defined as the percentage increase in OCR between the initial baseline measurement (CD4+T cells cultured in basal DMEM with 25 mM glucose added) and the injection of 500 nM of the ionophore FCCP (Carbonylcyanide-p-trifluoromethoxyphenylhydrazone, Seahorse Bioscience, North Billerica, MA, USA), an uncoupler of oxidative phosphorylation and electron transport. The 2DG (2-deoxy D-glucose, 250 μM) was used for inhibition of glycolysis, and rotenone (5 nM)/antimycin A (10 nM) was used for inhibition of mitochondrial complexes I and III. OCR and ECAR values were normalized to cell number in each well.




2.11. Statistical Analysis


Data were expressed as the mean ± SEM (standard error of mean). Significant differences between groups were assessed using Tukey HSD pair-wise comparisons for two groups and one-way ANOVA for multiple comparisons. A p-value of <0.05 was considered significant. All data analysis was obtained using Origin 6 software (Origin Labs, Northampton, MA, USA) or SPSS software, version 21 (IBM corporation, Armonk, NY, USA).





3. Results


3.1. Ex Vivo High Salt Treatment Induces CD4+T cell Expansion and Effector Differentiation


To determine the impact of high salt treatment on CD4+T cells, we first studied their proliferation and phenotype switch capabilities under ex vivo cell culture conditions. Studies by Wu et al. [19] demonstrated that treatment of CD4+T cells isolated from splenocytes of wild-type mice when cultured for 3 days at 40 mM excess NaCl induced inflammatory phenotype switch. Similarly, previous dose–response studies reported from our laboratory using cancer cells demonstrated that a treatment with 35–50 mM excess NaCl (final NaCl concentration of 135 to 150 mM) induced inflammatory activation, while concentrations at or above 100 mM excess NaCl were cytotoxic [26,27,31,32]. It is important to note that the basal culture media (e.g., RPMI1640) have 100 mM NaCl, and reducing the NaCl concentration by even 10 mM (final NaCl concentration of 90 mM) is cytotoxic to cells. Therefore, performing low sodium studies is a non-viable option. Therefore, in view of the sustained high salt concentration for long-term treatment used in our current study, we maintained the NaCl treatment conditions at ∆35 mM (or ∆0.035 M NaCl, with a final NaCl concentration of 135 Mm, referred to as “high salt” in this communication). Tumor-primed CD4+T cells were obtained from the draining lymph nodes from tumor bearing mice. Draining lymph nodes (DLNs) and spleens were harvested on day 28 post-injection from tumor bearing C56Bl/6 mice injected in the flank with 0.75 × 105 Py230 syngeneic murine breast tumor cells. The CD4+T cells from a single cell suspension of DLN and spleen were isolated at greater than 95% purity. These isolated cells (initial cell count of 0.3 million CD4+T cells) were expanded ex vivo for five stimulation cycles (Figure 1). Each stimulation cycle lasted for 7 days, consisting of 3 days treatment with anti-CD3/CD28 mAb and ∆35 mM NaCl followed by culture in the presence of an IL-7/IL-23 cocktail along with heat killed Py230 cells for 4 days. An equimolar (35 mM) mannitol was used as the osmotic control in our experiments. Heat killed Py230 cells were added to the cultures to obtain a final CD4+T cell to (heat killed) cancer cell ratio of 1:10. Following five stimulation cycles (day 35), CD4+T cells isolated from DLNs and spleens from tumor bearing mice and spleens from non-tumor bearing mice demonstrated a 1010 fold expansion in the presence of high salt, while there was only 108 fold expansion (p < 0.05) following equimolar mannitol treatment. This suggested that high salt induced significantly higher cell proliferation. However, there was no significant difference in the cell proliferation based on the site of CD4+T cell procurement (DLNs vs. tumor splenocytes, p > 0.8; DLNs vs. non-tumor splenocytes, p > 0.8). As shown in Figure 1D, tumor infiltrating lymphocytes (CD4+TILs) demonstrated slower expansion, and there was no difference between high salt treatment and equimolar mannitol treatment. Further, it is important to note that (Figure 1E,F) our lymphocyte culture has consistently resulted in a cell viability of greater than 95% through all five stimulation cycles for CD4+T cells obtained from DLNs, tumor splenocytes, non-tumor splenocytes and TILs. These data suggest that the slower expansion of TILs is not due to cell cytotoxicity but rather the possible terminal differentiation and lack of plasticity of CD4+TIL, which will be further confirmed by CD4 subset analysis.



We next studied the phenotype ratios of these extensively proliferated CD4+T cells. As shown in Figure 2A–E, freshly isolated CD4+T cells from DLNs showed a 14.3 ± 2.9% Th1 frequency as studied by Tbet expression. Following high salt treatment, by the end of the third stimulation (S3) there was an increase in Th1 frequency to 51.6 ± 7.2% (p < 0.05), while equimolar mannitol control cultures demonstrated a slightly higher 24.9 ± 5.1% (p < 0.05) Th1 frequency. Splenocytes from tumor bearing mice under similar treatment conditions also showed an increase from 11.6 ± 3.2% to 48.2 ± 6.4% (p < 0.05) under high salt conditions versus 21.8 ± 5.9% (p < 0.05) under mannitol treatment conditions by the end of the third stimulation. Similarly, splenocytes from non-tumor bearing mice under similar treatment conditions also showed an increase from 4.7 ± 2.4% to 41.4 ± 7.2% (p < 0.05) under high salt conditions versus 8.9 ± 3.4% (p = n/s) under mannitol treatment conditions by the end of the third stimulation. Our studies demonstrated that there was a decrease in the Th1 frequency with the fourth and fifth stimulation, as compared to the end of the third stimulation cycle. However, similar high salt treatment on tumor infiltrating lymphocytes (TILs) did not demonstrate any significant increase in Tbet/Th1 expression following high salt treatment, which was from 9.2 ± 4.5% to 12.6 ± 6.3% (p = n/s) versus 10.7 ± 5.4% (p = n/s) under equimolar mannitol treatment.



To check for the frequency of Th17 effector phenotype, we measured the expression of RORγT transcription factor in CD4+T cells. By end of three stimulation cycles (Figure 2F–J), high salt treatment enhanced the Th17 frequency from 4.2 ± 2.3% (S0) to 22.4 ± 5.2% (S3), while the equimolar mannitol control did not induce a significantly higher Th17 differentiation (6.3 ± 2.4%, p > 0.05). Splenocytes from tumor bearing mice under similar treatment conditions also showed an increase from 2.7 ± 1.2% to 20.8 ± 4.9% (p < 0.05, high salt), while it was just a marginal increase 6.7 ± 3.7% (p > 0.05) under mannitol treatment conditions. Similarly, splenocytes from non-tumor bearing mice under similar treatment conditions also showed an increase from 2.9 ± 1.4% to 23.6 ± 4.8% (p < 0.05) under high salt conditions versus 5.9 ± 2.3% (p > 0.05) under mannitol treatment conditions by the end of the third stimulation. The CD4+T cells from TILs under similar treatment conditions did not demonstrate any significant change in RORγT expression, which was from 5.9 ± 2.7% to 4.4 ± 1.9% (p = n/s) under high salt conditions versus 4.1 ± 1.8% (p = n/s) under mannitol treatment conditions by the end of the third stimulation. To determine the role of high salt on immunosuppressive regulatory CD4+Tcell (Treg) differentiation, we studied the expression of FoxP3. As shown in Figure 2K–O, high salt treatment decreased the Treg frequency from 19.4 ± 5.8% (S0) to 5.7 ± 2.1% (S3), while the equimolar mannitol control did not induce a significant change in Treg frequency (16.1 ± 3.9%, p > 0.05). Splenocytes from tumor bearing mice have also shown decreased Treg frequency from 23.8 ± 6.1% to 4.9 ± 1.9% (p < 0.05) following high salt conditions, while equimolar mannitol did not induce any significant change (22.9 ± 5.7%, p > 0.05). Similarly, splenocytes from non-tumor bearing mice under similar treatment conditions also showed a decrease from 12.7 ± 3.3% to 4.9 ± 1.8% (p < 0.05) under high salt conditions versus 16.3 ± 4.1% (p > 0.05) under mannitol treatment conditions by the end of the third stimulation. However, high salt treatment on CD4+TILs, by the end of the third stimulation, did not show any difference in the Treg frequency (53.8 ± 11.7%) as compared to equimolar mannitol treatment (47.9 ± 10.3%, p = n/s). Taken together, these data suggest that salt mediated an enhanced effector Th1 and Th17 phenotypic switch in CD4+T cells. Further, high salt treatment did not have any significant impact on TILs towards inflammatory activation. This could be because CD4+TILs were already in a hostile immunosuppressive tumor microenvironment and attained terminal differentiation, limiting their ex vivo plasticity.



We next determined if the inflammatory transcription factor expression correlated with the intracellular inflammatory cytokine profile of these ex vivo differentiated CD4+T cells. As shown in Figure 3A–G, intracellular staining of CD4+T cells at the end of the S3-treatment cycle with high salt obtained from DLNs demonstrated that up to 53% of Tbet+ CD4+T cells expressed Th1 inflammatory cytokine IFNγ. Similarly, 40% of RORγT+CD4+T cells expressed Th17-specific inflammatory cytokine IL-17. Interestingly, only 4.3% of CD4+T cells were double positive for IFNγ and IL-17. These data suggest that high salt-mediated enhanced expression of Th1 and Th17 specific transcription factors, Tbet and RORγT, respectively, correlated with the expression of subset specific cytokines, namely IFNγ and IL-17, respectively. Further, we verified if the high salt-mediated phenotype switch of CD4+T cells was retained following reversal to regular (non-high salt) culture conditions. As shown in Figure 3H–J, following the end of the third stimulation with high salt, these activated CD4+T cells, when cultured in regular basal conditions, retained their phenotype switch. These data suggest that ex vivo high salt treatment induced a potent effector activation which was maintained even after switch to regular culture conditions.



To determine if the intracellular cytokine expression correlated with the secretion of inflammatory cytokines, we tested the secretory ability of cytokines from these high salt activated CD4+T cells by ELISA. As shown in Figure 4, high salt treatment enhanced the secretion of inflammatory cytokines (IFNγ, TNFα and IL-17) from DLNs, tumor splenocytes and non-tumor splenocytes, as compared to respective equimolar mannitol treatment. Conversely, high salt treatment decreased the expression of anti-inflammatory IL-10 cytokine from DLNs, tumor splenocytes and non-tumor splenocytes, as compared to respective equimolar mannitol treatment. However, high salt had no significant impact of the pro- or anti-inflammatory cytokines on CD4+T cells from TILs. These data suggest that high salt induced effector pro-inflammatory differentiation of tumor-primed and non-tumor primed CD4+T cells, while the TILs, due to lack of plasticity and exposure to a hostile tumor microenvironment, could not undergo inflammatory differentiation.




3.2. High Salt Activated CD4+T Cells Induce Tumor Regression


As high salt induced differentiation to effector CD4+T cell phenotype, we next determined the anti-cancer efficiency of these activated CD4+T cells. As shown in Figure 5A–D, the DLN derived CD4+T cells from day 21 post-stimulation (S3) demonstrated 67 ± 9% cytotoxicity as analyzed by LDH release assay (E:T ratio 20:1), as compared to 21 ± 5% (p < 0.05) cytotoxicity by equimolar mannitol stimulated CD4+T cells under similar cell culture conditions. The CD4+T cells (S3) obtained from splenocytes from tumor-bearing mice following high salt treatment demonstrated a 65 ± 11% cytotoxicity, compared to 26 ± 7% (p < 0.05) cytotoxicity with equimolar mannitol activation. However, splenocytes obtained from non-tumor bearing mice following high salt treatment demonstrated a significantly lower cytotoxicity (39 ± 9%, p < 0.05 for both DLN and tumor-splenocyte comparator cohorts). Importantly, CD4+T cells obtained from TILs did not demonstrate significant cytotoxicity following high salt treatment (6 ± 2%,) as compared to equimolar mannitol treatment (5 ± 3%, p = n/s). To further validate our LDH release assay data, and to determine if the cytotoxicity resulted from target cell (cancer cell) death and not effector cell (CD4+T cell) death, we labeled the cancer cells with PHK26 and performed flow cytometry-based cytotoxicity studies. As shown in Figure 5E,F, up to 98% of the observed cell death is from target cells (cancer cells). These data demonstrated that CD4+T cells from DLNs and splenocytes from tumor-bearing mice were primed for tumor-recognition and were hence able to mount an efficient anti-cancer response.



To further determine the in vivo anti-tumor efficiency of ex vivo activated CD4+T cells, we have utilized a Py230 breast cancer cell based orthotopic syngeneic murine model. The CD4+T cells following three ex vivo stimulations were intraperitoneally injected into 21 day old tumor bearing mice and followed up until day 45. As shown in Figure 5G–J, high salt treated CD4+T cells obtained from all three sources (DLNs, tumor-splenocytes and non-tumor splenocytes) demonstrated significant anti-tumor efficiency compared with the respective mannitol treated CD4+T cells. Among the high salt activated CD4+T cell treated cohorts, CD4+T cells obtained from DLNs demonstrated significantly reduced tumor growth (day 45, high salt: 97 ± 24 mm3 vs. mannitol: 292 ± 46 mm3, p < 0.05). These in vivo data along with the in vitro cytotoxicity studies demonstrated that tumor-primed CD4+T cells from DLNs exerted the highest anti-cancer response.




3.3. High Salt Activated CD4+T Cells Utilize Glycolytic Metabolic Pathway


The above mentioned experimental evidence strongly suggested that high salt treatment induces effector activation of CD4+T cells, and we next determined the metabolic changes in the CD4+T cells mediated by high salt treatment. Studies from other laboratories have shown that the effector phenotypic switch of CD4+T cells is associated with higher glycolytic oxidation rates, while Tregs are associated with high mitochondrial oxidation. As effector phenotypes of CD4+T cells express high quantities of inflammatory proteins and thus have predominant anabolic metabolism (over catabolic metabolism), glycolytic oxidation will produce the required metabolites for anabolic macromolecule building cellular processes. To determine the high salt induced metabolic changes following three stimulation cycles (day 21) noted above, the lactate production and oxygen consumption were measured using an extracellular metabolic flux analyzer. For measuring the extracellular acidification rate (ECAR), cells were cultured in the absence of glucose, and lactate production was measured following sequential addition of: 25 mM glucose; oligomycin, to block mitochondrial ATP production and promote maximal rates of glycolysis; and finally 2-DG to inhibit glycolysis. As shown in Figure 6A–D, high salt treatment increased ECAR following glucose addition, along with a robust increase in ECAR following treatment with oligomycin, indicating that high salt treatment could enhance lactate production and therefore have higher glycolytic reserve. Taken together, these data indicate that high salt activated CD4+T cells, as compared to mannitol treatment, have an increased glycolytic capacity to generate ATP as needed to build pro-growth metabolites required for inflammatory effector pathways.



To determine mitochondrial oxidative metabolism, the oxygen consumption rate (OCR) was measured. As shown in Figure 6E–H, prior to treatment with metabolic inhibitors, high salt treated CD4+T cells demonstrated higher mitochondrial oxygen consumption. Mitochondrial oxidation is important for CD4+T cell activation and proliferation. The suppression of mitochondrial ATP production by oligomycin reduced oxygen consumption in all groups (high salt and mannitol treated) to equivalent levels, suggesting oxygen consumption is directly proportional to mitochondrial ATP production. Following treatment with FCCP, an uncoupler of oxidative phosphorylation with electron transport, to induce maximal mitochondrial respiration, high salt treatment showed slightly higher (p = n/s) OCR. However, when compared to basal oxygen consumption, the apparent reserve respiratory capacity was higher in the control group. Thus, high salt treatment induced pro-inflammatory CD4+T cell differentiation which has high glycolytic capacity (Figure 6I) and high basal mitochondrial oxygen consumption (Figure 6J), indicating that high salt treatment promotes CD4+T cell activation and metabolic capacity to enhance anabolic macromolecules needed for inflammatory response.




3.4. NFAT5 Mediates High Salt Mediated Effector CD4+T Cell Differentiation


As the high salt-mediated inflammatory phenotype switch of CD4+T cells suggested a tonicity-mediated change, we tested if the tonicity specific transcription factor TonEBP/NFAT-5, a known transcription factor to induce cellular changes following osmotonic stress [23,33,34,35], played a role in this CD4+T cell differentiation. As shown in Figure 7A,B, there was the highest increase in NFAT5 expression by day 21 following the third high salt stimulation cycle. To determine if TonEBP/NFAT5 directly played a role in the inflammatory phenotypic differentiation of CD4+T cells following high salt ex vivo treatment, we have utilized a murine model with CD4-specific knock out of TonEBP/NFAT5 (CD4cre/creTonEBPflox/floxC57Bl/6 murine model, will be referred to as CD4+NFAT5-KO). As expected there was no expression of NFAT5 at the end of three high salt stimulation cycles in the CD4+T cells obtained from day 21 DLNs of tumor bearing CD4+NFAT5-KO mice (Figure 7C). The CD4+T cells obtained from DLNs of tumor bearing CD4+NFAT5-KO mice following three stimulations with high salt did demonstrate a cytotoxicity (Figure 7D) of just 11 ± 4% (wild-type: 67 ± 9%; p < 0.05) on py230 breast cancer cells (E:T ratio 20:1). Importantly, there was no significant difference in the cytotoxic ability between high salt treatment and equimolar mannitol treatment (high salt: 11 ± 4% vs. mannitol: 9 ± 5%, p = n/s) on DLN CD4+T cells from CD4+NFAT5-KO. Phenotype and cytokine analysis (Figure 7E–H) of these CD4+T cells (S3) from transgenic mice demonstrated a lowered effector (Th1, Th17) phenotype switch and enhanced immunosuppressive (Treg) phenotype following both high salt and equimolar mannitol treatment. Further metabolic analysis demonstrated that NFAT5-KO in CD4+T cells decreased the glycolytic reserve capacity. In vivo intraperitoneal injection of CD4+T cells from DLNs of CD4+NFAT5-KO (following three high salt stimulations) into day 21 orthotopic syngeneic tumors in wild type mice demonstrated a lack of anti-tumor response (Figure 7I). Importantly, we noted no difference (Figure 7J) in the tumor localization of injected CD4+T cells (and also localization to other secondary lymphoid organs and solid organs) between lymphocytes obtained from wild-type versus NFAT5-KO mice. This suggested that the anti-cancer impact of high salt activated wild-type CD4+T cells is not due to enhanced tumor localization. Taken together, these data strongly indicate that NFAT5 plays a critical role in the inflammatory effector phenotypic differentiation of CD4+T cells following high salt activation.



To determine the tumor localization of injected CD4+T cells (following high salt stimulation), we performed in vivo cell tracking. As shown in Figure 8, the day 45 explanted tumors had a 39.1 ± 5.7% localization of Th1 phenotype and 14.3 ± 3.1% localization of Th17 phenotype from ex vivo activated CD4+T cells. Further, our data suggested the CD4+T cells have undergone approximately five cell divisions, indicating that the ex vivo injected CD4+T cells were able to exert a viable robust anti-tumor response. As expected, NFAT5-KO in CD4+T cells had significantly lower tumor localization with effector phenotype. Taken together, our data indicate that ex vivo activation of tumor-primed CD4+T cells with high salt resulted in a strong anti-cancer response with a strong futuristic possibility to adopt similar human cell-based immunotherapeutic approaches.





4. Discussion


Several adoptive T cell-based immunotherapeutic approaches have recently emerged in cancer treatment strategies [36]. The central purpose of all these strategies is to stimulate a potent, viable, tumor-specific, T-cell response with a retained in vivo expansion capability [37]. While therapeutic approaches using engineered T-cells with chimeric tumor associated antigens (CAR-T cells) are growing in popularity [38], several other bulk expansion strategies such as using tumor infiltrating lymphocytes (TILs) ex vivo expanded with IL-2 [39], or lymphodepletion [40] followed by autologous transfer of activated T cells were also extensively tested in clinical trials. A major challenge with the bulk expansion strategies includes the lack of tumor antigen specificity [41]. Further, CAR-T cells are developed with generic specificity to cancer neo-antigens (off-the-shelf), but this approach would be difficult to generate specific T-cells for personalized use [42]. For bulk expansion, cytokines such as IL-2 have been shown to expand the immunosuppressive Treg phenotype of T-cells, thus limiting the long-term success of this strategy [43]. In this communication, we utilized a novel approach to expand the effector phenotype of CD4+T cells which retained their in vivo anti-cancer efficiency (Figure 9). Conceptually, salt is a well-known inflammatory agent with a potential to activate Th17/CD4+T cell responses in autoimmune EAE [19], graft-versus host disease (GvHD) [20], gut commensal expansion of Th17 [44], and heart ailment-based preclinical models [45]. Interestingly, Willebrand et al. have reported that a high salt diet in murine tumor models has shown enhanced inflammatory T-cell activation, along with the depletion of anti-inflammatory and pro-tumor myeloid derived suppressor cells [46]. In line with this evidence, He et al. have recently shown that a high salt diet induced anti-cancer effect through NFAT5-mediated inflammatory activation of immune cells [47]. While in vivo activation by a high salt diet could theoretically activate CD4+T cells in cancer patients, a potential recommendation of a high salt diet as a practical application is impossible.



To specifically induce the expansion of the effector phenotype of CD4+T cells, we have utilized NaCl (salt), a known inflammatory molecule, for ex vivo treatment. As noted above, a major challenge with ex vivo expansion is tumor-specificity. We have observed that CD4+T cells obtained from DLNs and splenocytes demonstrated the highest anti-cancer response. However, CD4+T cells from non-tumor-primed spleens produced a diminished anti-cancer cell cytotoxicity. To maintain the tumor specificity, we have added heat killed syngeneic cancer cells in our culture during ex vivo expansion. Previous studies by Gerriets et al. [30,48] have demonstrated that the effector phenotypic switch of CD4+T cells is associated with a higher rate of glycolytic activity with relatively higher levels of basal mitochondrial activity. Our current studies are in agreement with these findings, in that tumor-primed CD4+T cells following high salt activation demonstrated a three times higher level of glycolytic reserve and 1.8 times higher basal mitochondrial oxidation, as compared to equimolar mannitol control stimulation. However, the apparent reserve mitochondrial respiratory capacity was higher in mannitol control treated CD4+T cells, thus suggesting that high salt treatment makes CD4+T cells utilize a higher basal mitochondrial oxidation. These data suggest that these specific changes in glycolytic and mitochondrial metabolic functionality following high salt treatment allow CD4+T cells to produce anabolic macromolecules such as inflammatory cytokines and cytotoxic granular needed for anti-cancer effector activity. Studies from various laboratories have confirmed the upregulation of AMPK and mTOR mediated metabolic signaling pathways during the effector activation of CD4+T cells [49,50,51]. Further, our studies showed that excessive stimulation (fourth and fifth cycle) with high salt caused immune-exhaustion, suggesting that uncontrolled prolonged high salt stimulation on clinical samples might not result in effective anti-cancer response. Future studies to specifically probe the signaling pathways and transcription factor changes will be helpful to further delineate the molecular mechanism.



A high salt associated tonicity stress mediating upregulation of the transcription factor NFAT5 (nuclear factor of activated T cells, also known as tonicity-responsive enhancer-binding protein, TonEBP) resulting in inflammatory responses is well-documented in cardiac and renal diseases [52,53,54]. NFAT5 is known to play a critical role in the high salt-mediated exacerbation of autoimmune diseases along with the induction of inflammatory Th17 CD4+T cell phenotype [53]. Studies by Kleinewietfeld et al. demonstrated that a high salt diet induced NFAT5 dependent Th17 polarization and upregulation of the pro-inflammatory cytokines IL-2, granulocyte monocyte-colony stimulating factor (GM-CSF) and TNF-α through the P38/MAPKinase signaling pathway [53]. Tellechea et al., using lung and ovarian cancer models, have shown that NFAT5 overexpression in macrophages induced an IFNγ/Th1 polarization of CD4+T cells, while NFAT5 knock down in macrophages showed a reduced tumor infiltration of cytotoxic CD8+T cells to the tumor site [55]. Interestingly, studies by Alberdi et al. demonstrated that NFAT5 exerted a context-specific activation of CD4+T cells depending upon ex vivo versus in vivo hyperosmotic activating conditions, with NFAT5 exerting a higher inflammatory phenotype switch in CD4+T cells when activated under ex vivo conditions [52]. Further, multiple research groups have demonstrated that NFAT5 knock down in CD4+T cells abolished the expression of Th17-specific transcription factor RORγT and Th17-specific cytokine, IL-17 [56]. In line with these findings, we have shown that CD4-specific knock out of NFAT5 abrogated an effector phenotypic switch of tumor-primed CD4+T cells, leading to lowered anti-cancer cytotoxicity. These data point out the critical role of NFAT5 upregulation in high salt-mediated CD4+T cell based immunotherapy. In the future, it would be interesting to test if direct engineering of the NFAT5 gene into T-cells will further enhance the functionality of other adoptive T cell therapies such as CAR-T cells. A nagging problem with adoptive T cell transfer approaches is the viability and tumor localization of adoptively transferred immune cells. Our studies have demonstrated that ex vivo high salt expanded CD4+T cells retained cell viability and have undergone five cell cycle divisions. Thus, supporting the notion that our approach resulted in viable effector phenotype to exert a long-term anti-tumor response. It would be very important to test the potential translatable capability of our current approach in a human clinical setting. However, it is important to note that just like the concern with CAR-T cells, there is a challenge with the tumor localization of the injected ex vivo activated CD4+T cells. Theoretically, obtaining a 50–70% tumor localization would have been ideal, but more molecular and cell modification strategies would be needed to attain this higher level of tumor localization. In our hands, we found that only 12–15% of tumor infiltrating lymphocytes were from ex vivo activated CD4+T cells. Novel strategies, such as the transfection of tumor migratory chemokines and their receptors, CXCL11 [57] and CCR2 [58], have been utilized to enhance the tumor localization of CAR-T cells with significant success. A similar approach could be utilized in our ex vivo expanded CD4+T cells.



An important side-effect of adoptive transfer-based cancer therapeutic approaches is the cytokine storm phenomenon [59], which results from excessive release of inflammatory molecules by ex vivo activated immune cells. Our current studies have not directly addressed this side-effect; however, within the 45 day follow up of our murine breast tumor models, we have not noticed enhanced mortality, suggesting a life-threatening cytokine storm release might not have occurred under the experimental conditions followed in this report. However, future studies with a detailed analysis of peripheral blood and post-mortem organs for inflammatory damage are warranted to determine the absence of the cytokine storm in our ex vivo expansion approach. It would be of importance to perform future studies to determine the role of the infiltration of these ex vivo activated CD4+T cells on other solid organs. Our preclinical model demonstrated that CD4+T cells from DLNs exerted higher anti-tumor efficiency following high salt treatment. It would be more interesting if high salt treatment on circulating CD4+T lymphocytes of human cancer patients could be similarly activated to exert anti-cancer effect. A human-based study with peripheral circulating CD4+T cells adopting the protocol reported in this communication will provide better clinical translational impact of our current study. Additionally, in our current study we did not directly address the role of naïve CD4+T cell (CD45RA) activation versus memory CD4+T cell (CD45RO) expansion following high salt treatment. Future studies will be targeted at delineating the impact of high salt on central memory T cell expansion. Further, although our current studies were limited to a preclinical breast cancer model, we could easily envision the application of this strategy in other solid organ and hematological cancers, which would require further testing in other cancer models.



In conclusion, we report a novel ex vivo strategy for the expansion of CD4+T cells with efficient effector activation using high salt-based culture conditions. Importantly, our approach has enabled the retention of tumor-specificity along with producing effector CD4+T cells which retained long-term in vitro viability. This could have a strong potential for futuristic clinical application towards a combinatorial approach in cancer therapy.
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Figure 1. Ex vivo expansion of CD4+T cells. (A) The CD4+T cells obtained from draining lymph nodes (DLNs) of day 28 Py230-othrotopic syngeneic breast tumor bearing mice were expanded in the presence of high salt culture treatment (∆0.035 M NaCl, filled boxes) or with control equimolar mannitol (0.035 M mannitol, open boxes). CD4+T cells were subjected to five stimulation cycles (S1–S5), with each cycle lasting for 7 days and a total of 35 days. Stimulation cycle details including other chemicals used in the cell culture are provided in the “Materials and Methods” and “Results” sections. (B) The CD4+T cells obtained from the spleens of day 28 tumor bearing mice were expanded in the presence of high salt culture treatment (filled circles) or with control equimolar mannitol (open circles). (C) The CD4+T cells obtained from the spleens of 12-week-old non-tumor bearing mice were expanded in the presence of high salt culture treatment (filled triangles) or with control equimolar mannitol (open triangles). (D) CD4+Tumor infiltrating lymphocytes (TILs) were isolated by magnetic bead separation and stimulated for 5 cycles with either high salt (filled grey diamond) or mannitol (open diamond). (E) Cell viability test for staining with propidium iodide and annexin V staining. (F) Cell viability reported at the end of each 7 day stimulation cycle on CD4+T cells obtained from DLNs. A similar >95% viability was noted on CD4+T cells obtained from tumor splenocytes, non-tumor splenocytes and TILs. Further, no difference in viability was noted between salt treatment and mannitol treatment in any of the four cohorts mentioned above. Data presented as mean ± standard error of mean (SEM) from 5 independent CD4+T-cell expansions. 
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Figure 2. Changes in the effector and suppressive phenotype following ex vivo expansion of CD4+T cells. (A–E) Flow cytometry analysis of Tbet (Th1) expression of CD4+T cells on day 7, 14, 21, 28 and 35 to study the impact of stimulation cycles (S1–S5, respectively). Isotype is used as negative control and day 0 is used to obtain the baseline phenotype frequencies. CD4+T cells were obtained from DLNs (A); Quantitative temporal changes in Tbet (Th1) expression in DLNs (B), tumor-splenocytes (C), non-tumor splenocytes (D) and TILs (E) which were subjected to high salt (∆0.035 M NaCl, filled symbols) or equimolar mannitol (0.035 M mannitol, treatment control, open symbols); (F–J) flow cytometry (F) and temporal changes in RORγT (Th17) expression (G–J) following treatment with high salt and mannitol treatment on CD4+T cells obtained from DLNs (G), tumor-splenocytes (H), non-tumor splenocytes (I) and TILs (J); flow cytometry (K) and temporal changes (L–O) of FoxP3 (Treg) expression following treatment with high salt and mannitol treatment on CD4+T cells obtained from DLNs (L), tumor-splenocytes (M), non-tumor splenocytes (N) and TILs (O). Data obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. 
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Figure 3. Intracellular cytokine expression in ex vivo expanded CD4+T cells at the end of third high salt stimulation. The ex vivo expanded CD4+T cells were stained for Tbet, IFNγ, RORγT and IL-17A. (A–E) CD4+T cells obtained from DLNs were stained at the end of third stimulation and following plots were reported: (A) Cells stained for Tbet and IFNγ; (B) Cells stained for Tbet and IL-17A; (C) Cells stained for RORγT and IL-17A; (D) Cells stained for RORγT and IFNγ; (E) Cells stained for IFNγ and IL-17A. (F) Changes in the CD4+Tbet+ IFNγ+ cells at the end of third stimulation cycle among the cells obtained from DLNs, tumor-splenocytes, non-tumor splenocytes, and TILs. (G) Changes in the CD4+RORγT+IL17A+ cells at the end of third stimulation cycle among the cells obtained from DLNs, tumor-splenocytes, non-tumor splenocytes, and TILs. (H–J) Changes in the Th1 (H), Th17 (I) and Treg (J) frequency in the DLN-obtained CD4+T cells at the end of third stimulation cycle under high salt conditions followed by cell culture in the regular basal media for 21 days. Data obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. 
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Figure 4. Cytokine expression from ex vivo expanded CD4+T cells. Inflammatory cytokines—IFNγ (A–D), TNFα (E–H) and IL-17 (I–L); and immunosuppressive cytokine, IL-10 (M–P) were analyzed in CD4+T cells obtained from DLNs (A,E,I,M), tumor splenocytes (B,F,J,N), non-tumor splenocytes (C,G,K,O) and TILs (D,H,L,P) following treatment with high salt (filled symbols) and equimolar mannitol (open symbols). Data obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. 
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Figure 5. Anti-cancer efficacy of ex vivo expanded CD4+T cells. (A–C) Cytotoxic efficiency of CD4+T cells obtained from DLNs (A), tumor splenocytes (B), non-tumor splenocytes (C) and TILs (D) following high salt (filled symbols) and equimolar mannitol (open symbols) treatment for five stimulation cycles (up to day 35) tested on Py230 breast cancer cells at effector-to-target (E:T) ratio of 20:1 analyzed by LDH release assay. It is to be noted that DLNs, tumor splenocytes and TILs were obtained from tumor-bearing mice day 28 post-injection of Py230 breast cancer cells into C57Bl/6 mice. (E,F) Cytotoxicity of target cells was confirmed by staining of target cells with PKH26 and double positive events (PHK26 and 7-AAD) were determined. (E) Flow cytometry plot with CD4+T cells obtained from DLNs at the end of third stimulation cycle on Py230 breast cancer cells at E:T ratio of 20:1. (F) Changes in the cytotoxic efficiency of CD4+T cells at the end of third stimulation cycle obtained from DLNs, tumor-splenocytes, non-tumor splenocytes and TILs. Data obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. (G–J) In vivo anti-tumor efficacy of ex vivo expanded CD4+T cells obtained from DLNs (G), tumor splenocytes (H), non-tumor splenocytes (I) and TILs (J) following high salt (filled symbols) and equimolar mannitol (open symbols); grey line and symbol represent Py230 tumors in C57Bl/6 mice without any treatment. Data represented as mean ± SEM with n = 6 mice in each cohort, p < 0.05. 
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Figure 6. High salt induces metabolism with unique oxidative fuel capacity. CD4+T cells obtained from DLNs (A,E), tumor splenocytes (B,F), non-tumor splenocytes (C,G) and TILs (D,H) at the end of third stimulation cycle (day 21) were cultured in base DMEM media without glucose and glutamine. Extracellular acidification rate (ECAR) (A–D) was assessed by time-course changes in lactate production after the addition of 25 mM glucose (gluc) and in response to the metabolic inhibitors oligomycin (oligo) and 2DG. For oxygen consumption rate (OCR) (E–H), cells at the same stimulation cycle mentioned above were cultured in base DMEM media with 25 mM glucose for basal OCR response, followed by time-course response changes with addition of mitochondrial inhibitors oligomycin, FCCP, and rotenone and antimycin A (Rot/AntiA). Apparent glycolytic reserve (I) calculated from ECAR analysis and apparent reserve respiratory capacity (J) calculated from OCR are shown. Data obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. 
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Figure 7. Critical role of NFAT5 in high salt-mediated effector responses. (A,B) NFAT5 expression analysis in CD4+T cells obtained from DLNs following high salt and equimolar mannitol treatment by Western blot (A) and qRT-PCR (B). NFAT5 expression analysis in CD4-specific NFAT5 knock out mice. CD4+T cells were obtained from the day 21 DLNs of the tumor bearing CD4+NFAT5-KO mice post-injection of Py230 breast cancer cells followed by three high salt stimulation cycles mentioned above (ex vivo day 21). (C) NFAT5 expression at the end of three ex vivo high salt stimulation cycles in day 21 DLN CD4+T cells obtained from wildtype (Wt) and CD4+NFAT5-KO (NFAT-5 KO) mice. (D) Cytotoxicity of CD4+T cells obtained from DLNs of CD4+NFAT5-KO tumor model following high salt treatment (purple square), DLNs of CD4+NFAT5-KO tumor model following equimolar mannitol treatment (grey square) and DLNs from wild-type following similar high salt treatment (magenta squares) tested on Py230 breast cancer cells at effector-to-target (E:T) ratio of 20:1. (E–H) Th-phenotypic frequencies (E), apparent glycolytic reserve (F), apparent reserve respiratory capacity (G) and cytokine expression (H) on the ex vivo high salt expanded CD4+T cells obtained from CD4+NFAT5-KO mice (purple square). The mannitol expanded CD4+T cells obtained from CD4+NFAT5-KO mice (grey squares) and high salt expanded CD4+T cells obtained from wild-type (magenta squares) were also shown. All cellular data were obtained from 5 independent measurements and presented as mean ± SEM; (*) p < 0.05. (I) Changes in tumor volume following injection on day 21 into Py230 orthotopic syngeneic tumors in wild type with CD4+T cells obtained from DLNs of CD4+NFAT5-KO tumor model following high salt treatment (purple square), DLNs of CD4+NFAT5-KO tumor model following equimolar mannitol treatment (grey square) or from wild-type following similar high salt treatment (magenta squares). (J) Tumor and organ localization of injected CTV labelled CD4+T cells (ex vivo expanded) obtained from DLNs of CD4+NFAT5-KO tumor model following high salt treatment (purple), DLNs of CD4+NFAT5-KO tumor model following equimolar mannitol treatment (grey) or from wild-type following similar high salt treatment (magenta). Data presented and percentage of CD4+T cells in the tumor, DLNs, spleen lung and colon to the total number of resident CD4+T cells in that respective tumor or organ. Data represented as mean ± SEM with n = 6 mice in each cohort, p < 0.05. 
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Figure 8. In vivo tracking and localization of ex vivo expanded CD4+T cells. Analysis of Tbet (A,B), RORγT (C,D) and FoxP3 (E,F) in CTV stained CD4+T cells injected on day of tumor-bearing wild-type mice. High salt expanded CD4+T cells for three stimulation cycles obtained from DLNs of wild type (A,C,E) and CD4+NFAT5-KO (B,D,F) were analyzed for tumor localization. (G,H) Th-phenotypic frequencies (G) and cytokine expression (H) of the tumor localized ex vivo expanded CD4+T cells obtained from high salt treated wild-type mice (magenta), high salt treated (purple), and equimolar mannitol treated CD4+NFAT5-KO mice (grey). Data obtained from n = 3 in each cohort and presented as mean ± SEM; (*) p < 0.05. 
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Figure 9. Schematic of the ex vivo high salt expansion of CD4+T cells. 
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