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Our goal is to improve the outcomes of cancer immunotherapy by targeting FOXP3+ T-regulatory (Treg) cells with a next generation of antisense oligonucleotides (ASO), termed FOXP3 AUMsilence ASO. We performed in vitro experiments with human healthy donor PBMC and clinical samples from patients with lung cancer, mesothelioma and melanoma, and tested our approach in vivo using ASO FOXP3 in syngeneic murine cancer models and in humanized mice. ASO FOXP3 had no effects on cell viability or cell division, did not affect expression of other FOXP members, but decreased expression of FOXP3 mRNA in PBMC by 54.9% and in cancer samples by 64.7%, with corresponding 41.0% (PBMC) and 60.0% (cancer) decreases of Treg numbers (all p<0.0001). Hence, intratumoral Treg were more sensitive to the effects of ASO FOXP3 than peripheral blood Tregs. Isolated human Treg, incubated with ASO FOXP3 for 3.5 hours, had significantly impaired suppressive function (66.4%) versus Scramble control. In murine studies, we observed a significant inhibition of tumor growth, while 13.6% (MC38) to 22% (TC1) of tumors were completely resorbed, in conjunction with ~50% decrease of Foxp3 mRNA by qPCR and decreased numbers of intratumoral Tregs. In addition, there were no changes in FOXP3 mRNA expression or in the numbers of Tregs in draining lymph nodes and in spleens of tumor bearing mice, confirming that intratumoral Treg had enhanced sensitivity to ASO FOXP3 in vivo compared to other Treg populations. ASO FOXP3 Treg targeting in vivo and in vitro was accompanied by significant downregulation of multiple exhaustion markers, and by increased expression of perforin and granzyme-B by intratumoral T cells. To conclude, we report that targeting the key Treg transcription factor FOXP3, with ASO FOXP3, has a powerful anti-tumoral effect and enhances T cell response in vitro and in vivo.
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1 Introduction

Regulatory FOXP3+ T cells (Tregs) are key mediators of tolerance, mitigating excessive and harmful immune responses to maintain immune homeostasis (1, 2). However, Tregs can prevent effective anti-tumor immune responses (3–8) by suppressing T cells and antigen-presenting cells, releasing immunosuppressive molecules such as TGF-β, IL-10 and IL-35, activating apoptosis, promoting exhaustion of intratumoral T cells, and other actions (9). As a result, targeting of intratumoral Tregs is now seen as a critical aim of anti-cancer immunotherapy (7, 10, 11). To date, various methods of targeting Tregs have been tested, including use of anti-CD4, anti-CD25 or anti-CTLA-4 monoclonal antibodies (12–14), cyclophosphamide (15, 16), diphtheria toxin conjugated to IL-2 (17), and small molecule inhibitors to disrupt signals promoting Treg function (7, 18–20). Unfortunately, these approaches have demonstrated limited success due to co-targeting of CD4+ and/or CD25+ conventional T cells and other immune cells (21, 22), or rebound of Treg numbers (23–25). Another problem of systemic Treg depletion is uncontrolled activation of immune system with an onset of autoimmunity (26–29), since extratumoral Treg cells are central to immune homeostasis.

It is thus imperative to develop selective methods for targeting the function of Tregs in tumors while leaving systemic Tregs unaffected. This is a challenging task due to two problems: an absence of unique Treg cell surface markers to target them versus other T cells with antibodies, and an absence of any unique markers of intratumoral Tregs in comparison with conventional Treg cells (30). However, Tregs express a key transcription factor and master regulator, FOXP3, that controls the majority of Treg-specific genes required for their cellular identity, development and function (1, 2, 8), and whose sequence is 91% conserved between mice and humans (31). Therefore, targeting FOXP3 using RNA silencing could be a promising approach to downregulate FOXP3 to alleviate Treg-mediated immunosuppression. Our current study builds on our previous work showing remarkably high levels of FOXP3 protein and FOXP3 mRNA in intratumoral Tregs vs. conventional Tregs (30). We propose this difference leads to preferential sensitivity of intratumoral vs. other Tregs. To implement this approach, we utilized a new, highly improved type of antisense oligonucleotide (ASO) directed toward FOXP3 that uses a 2’-deoxy-2’-fluoro-beta-D-arabinose sugar modification (FANA) of single stranded ASO with a phosphothioate backbone, comprising a DNA segment flanked by FANA segments. FOXP3 AUMsilence ASO do not require delivery agents in vitro or in vivo and are appropriate for use in primary cells (32–38). This type of ASO belongs to the 3rd generation of ASOs with enhanced stability and potency (39–42). Unlike other 2’ modified ASO analogs, AUMsilence FANA ASO is considered a DNA mimic, it forms ASO: RNA hybrids that mimic the structure of the native DNA: RNA hybrid and supports RNase H activity (39, 43, 44).




2 Materials and methods



2.1 Donors

Healthy donor peripheral blood mononuclear cells (PBMCs) were obtained through the University of Pennsylvania Human Immunology Core. 26 donors were evaluated, mean age 33.9 ± 1.9 years (mean ± SEM), 38.5% males. We also studied three rejected lung transplant samples, the reasons for rejections were profound ischemia, inflammation or combination of both factors. All donors provided informed consent.




2.2 Cancer patients

We studied 17 patients with lung cancer, 1 patient with melanoma and 1 patient with mesothelioma, aged 63.1 ± 2.1 years old, 6 males, 7 females and 5 of unknown gender. Tumor samples and tumor-free distant lung samples were received from patients undergoing lung surgery including metastatic melanoma, adenocarcinoma tumors grade T1a, T1b and T2a, large cell neuroendocrine carcinoma T3, squamous cell carcinomas T1a and T2b, typical carcinoid tumor T2a and mesothelioma. None of these patients, except for the subject with melanoma, received previous chemotherapy treatment. Pleural effusion samples were received from 7 patients with stage IV lung adenocarcinoma, all of whom had received previous chemotherapy treatment with pemetrexed, carboplatin and pembrolizumab. The study was approved by local institutional review boards, IRB#813004 and #823659, UPenn.




2.3 Human cell isolation and culture

Surgically removed lung tumors from patients were processed within 30 minutes of resection and digested with an enzymatic cocktail for 45–95 minutes with shaking, as described (30) and detailed in Supplementary Materials. We isolated PBMCs from blood using standard Ficoll technique, and prepared single cell suspensions from LNs using mechanical dissection as described (45).




2.4 Treg isolation, culture and suppression assays

We isolated healthy donor CD4+CD25+Tregs by human Treg isolation kit (Miltenyi Biotec, 130–091-301). For gene expression assays, Treg were stimulated with CD3/28 microbeads, 1.3 beads per cell (Supplementary Table 1) and incubated overnight with 1.5 μM of Scramble or ASO FOXP3. For suppression assays, Tregs were incubated with 2.5 μM of ASO Scramble or ASO FOXP3 for 3.5 hours, washed twice and used as described (45). Briefly, we labeled healthy donor PBMC samples with CFSE (5 μM, Invitrogen), stimulated them with CD3 microbeads (1.3 beads/cell, Supplementary Table 1) and incubated the cells for 5–6 days with serially diluted pre-treated Tregs at ratios of 1:1 to 1:16 Treg: PBMC. Suppressive function was determined as the area under the curve, as described previously (45). To study the effects of ASO FOXP3 on Treg-depleted samples, we used cells that were depleted of CD4+CD25+ Tregs using Treg isolation kit (Miltenyi Biotec, 130–091-301).




2.5 Screening experiments with PBMC for evaluation of ASO FOXP3 toxicity

Healthy donors PBMC were labeled with CFSE and stimulated with CD3 microbeads, 1.3 beads/cell, for 5 days, then evaluated by flow cytometry. Data were calculated as percent of changes over control: 100*[(current ASO result – Scramble result)/Scramble result)].




2.6 Post-screening in vitro experiments with ASO

Cells were stimulated with CD3/28 microbeads, 0.3 beads/cell and treated with 1.5 μM of Scramble or ASO FOXP3 for 5 days. We used DMEM with 3% of FBS, and added NH4Cl and Arsenic, as described in Supplementary Materials. To study exTregs, we labeled healthy donors PBMC with APC-conjugated CD25 antibodies (Supplementary Table 1), washed and treated cells as described above. Small aliquots of pre-treated PBMC samples were used to evaluate quality of Treg labeling by co-staining with FOXP3. In the end of experiment, CD4+CD25+FOXP3+ cells represented Tregs (or “pre-existing Tregs”), CD4+CD25+FOXP3- cells represented exTregs, CD4+CD25-FOXP3+ cells represented “de novo” Tregs (or CD4+ conventional cells which upregulated FOXP3) and CD4+CD25-FOXP3- cells represented “conventional T cells”.




2.7 Mice

For tumor models, we used 6–8 weeks old C57BL/6 mice (both genders) from The Jackson Laboratory, Bar Harbor, ME, USA. TC1 adenocarcinoma cells were provided by Y. Paterson (U. Penn) and MC38 cells, derived from C57BL6 murine colon adenocarcinoma cells, were obtained from NCI/NIH. Cells were grown in RPMI, 10% fetal bovine serum (FBS), 2 mM glutamine, and 5 μg/ml of penicillin and streptomycin. Each mouse was injected subcutaneously on its right flank with 1.2 × 106 TC1 or MC38 cells. At day 7 after tumor inoculation, mice were randomly divided into groups to receive phosphate-buffered saline (PBS), Scramble control or ASO FOXP3 treatment; mice received daily i.p. injections of 50 mg/kg for 14–16 days, depending on tumor growth. Tumor volumes were measured every 2–3 days, and tumor volume was determined by the following formula: (3.14 × long axis × short axis × short axis)/6, as described (46). To combine data of tumor growth from different experiments, data were normalized within each experiment using 0–100 normalization, as to an average of the first day tumor sizes in Scramble group was set up as 0, and the average of the tumor sizes in Scramble group at the last day was set as 100. To study intratumoral events, another set of mice was sacrificed at day 14–15 after tumor inoculation, after a week of treatment. Murine tumors were processed similarly to their human counterparts, as described above. Single cell suspensions from lymph nodes and spleens were prepared as described (45). Mice were studied using the protocols approved by the Institutional Animal Care and Use Committee of the Children’s Hospital of Philadelphia (IAC 22–001047).

Humanized mice PBMC-Hu-NSG, strain #005557, transplanted with human PBMC, were obtained from The Jackson Laboratory and housed in a barrier room in aseptic conditions. Mice were treated with Scramble control or human ASO FOXP3 by i.p. injections 50 mg/kg daily for 4 days, followed by collection of blood, spleens and LNs for qPCR.

RAG1-/- mice, strain #034159, were obtained from The Jackson Laboratory and housed in a barrier room in aseptic conditions. Six mice were injected i.v. with 0.74x106 Thy1.1 CD4+CD25- T cells (strain # 000406, Jax) and with 0.74x106 Thy1.2 CD4+CD25+ Tregs (C57BL/6 mice, Jax), and treated with Scramble control or mouse ASO FOXP3 by i.p. injections 50 mg/kg daily for 7 days, followed by collection of spleens for flow cytometry. CD4+CD25+ Tregs and CD4+CD25- conventional T cells for injections were isolated by mouse Treg isolation kit (Miltenyi Biotec, 130–091-041). Thy1.1+ CD4+FOXP3+ cells represented “de novo Tregs”, Thy1.1+CD4+FOXP3- cells represented “conventional Thy1.1 CD4+ T cells”, Thy1.2+CD4+FOXP3+ cells represented “Tregs” and Thy1.2+CD4+FOXP3- cells represented “exTregs”.




2.8 Murine cell culture

To evaluate cytokine production, murine samples were stimulated for 4 hours with a cocktail of PMA (phorbol myristate acetate, 3 ng/ml) and ionomycin (1 µM) + Monensin (Biolegend) and evaluated by flow cytometry.




2.9 Histology

Lungs, livers, colon and skin samples from TC1 tumor bearing mice, treated with Scramble control or ASO FOXP3 50 mg/kg i.p. daily, were fixed in 10% formalin, and then routinely processed and embedded in paraffin. Histological sections were stained with hematoxylin and eosin (H&E) and were reviewed by a pathologist (W.W.H.).




2.10 Flow cytometry

Was performed as following: live/dead fixable reagent, Fc block and monocytes block, superficial staining, then fixation and permeabilization and then staining with antibodies for intranuclear (FOXP3) or intracellular (cytokines, CTLA-4) targets. Details and reagents are described in Supplementary Materials and in Supplementary Table 1.




2.11 RT-qPCR

We isolated RNA with the RNeasy kit (Qiagen), RNAqueous kit or Trizol (both Invitrogen) synthesized cDNA (N8080234, ThermoFisher Scientific), and ran TaqMan gene expression assays with primers from ThermoFisher Scientific, as detailed in Supplementary methods and in the Supplementary Table 1. We used delta-delta Ct method for calculating relative gene expression. To compare gene expression between two groups of samples (murine experiments), we applied delta-delta Ct method variation as described in (47).




2.12 Statistics

All data were tested for normal distribution of variables, and then corresponding parametric or nonparametric tests were used, as indicated in Figure legends. P values of less than 0.05 were considered significant. Figures show mean ± SE. For flow cytometry data statistics and for PCA analysis (detailed in Supplementary methods), data were transformed by Z-scoring to make data from different experiments in two tumor models comparable.





3 Results



3.1 Development and initial screening of 19 human ASO FOXP3 candidates

We designed 19 FOXP3 AUMsilence ASOs directed against different regions of FOXP3 (Figure 1A) (48) with a main focus on its 3’ untranslated region, and performed a series of screening tests using healthy donor PBMC, stimulated with CD3 microbeads in the presence of 1.5 μM of each ASO FOXP3 or Scramble for 4–5 days. The following criteria were applied: a) decrease in the number of FOXP3+ cells greater than or equal to 15% compared to Scramble; b) no more than 10% decrease in cell viability; and c) negligible (20% or less) inhibition of cellular division by CD4+ and CD8+ T cells. 11 out of 19 ASO FOXP3 candidates passed these criteria (Figures 1B–E). Next, we confirmed that downregulation of FOXP3 protein was accompanied by downregulation of FOXP3 mRNA expression (Figure 1F). Importantly, ASO FOXP3 did not significantly downregulate gene expression of any other members of the FOXP family, confirming that ASO targeting of FOXP3 is highly specific (Figure 1G).




Figure 1 | Initial screening of 19 ASO FOXP3 with healthy donors PBMC. (A) an alignment of 19 ASO FOXP3 with published human FOXP3 sequence. “RE” – repressor domain, “ZnF” - C2H2 zinc finger region, “LZ” - leucine zipper domain, “Runx” - runt-related transcription factor 1 at CNS2 region, “FKH” - forkhead domain. (B-E) PBMC from 7 different donors in 5 experiments were labeled with CFSE and stimulated for 4–5 days with CD3 microbeads 1.3 beads/cell in presence of 1.5 μM Scramble controls of ASOs, and then evaluated by flow cytometry. Flow cytometry data counted as percent of changes over control: 100*((current ASO result – Scramble result)/Scramble result). (B) evaluation of FOXP3 expression, cut-off was set up at 15% decrease of FOXP3 vs. Scramble, blue dotted line. The representative staining (on the left) and all data (on the right) are shown. ASOs which passed this screening, are blue. (C) evaluation of cellular toxicity by cell viability. Cells were stained for Ghost live/dead fixable reagent. Cut-off was set up at 10%, blue dotted line. The representative staining (on the left) and all data (on the right) are shown. ASOs which passed this screening, are blue. (D, E) evaluation of toxicity by inhibition of CD4+ (D) and CD8+ (E) T cell divisions rates. Cut-off was set up at 20%, blue dotted line. The representative staining with CFSE plots (on the left) and all data (on the right) are shown. ASOs which passed this screening, are blue. ASO 11, 15, 16, 17, 18, 21, 22, 23, 24, 26 and 29 passed all three screening tests. (F, G) PBMC from 11 donors in 9 experiments were stimulated with CD3/28 microbeads, 0.3 beads/cell and treated with 1.5μM of Scramble or ASOs for 5 days, then evaluated by qPCR for FOXP3 mRNA expression (F) and for mRNA expression of FOXP family genes (G). FOXP2 expression was below the detection limit for the majority of PBMC samples from healthy donors. (F, G) one sample T-tests with mean =1, only results with p<0.05 are shown.






3.2 Effects of ASOs FOXP3 on human Tregs

Six out of eleven ASOs significantly downregulated FOXP3 mRNA expression in CD4+CD25+ isolated healthy donor Tregs during overnight incubation, with an average 0.66 of residual FOXP3 mRNA expression (Figure 2A, Supplementary Figure 1A). FOXP3 downregulation was accompanied by significantly increased gene expression of IL-17 (Figure 2B). We also observed trends for decrease of TGFβ, CTLA-4 and IL-10 expression, and trends for increased expression of IL-1β and IL-2, although those changes were not significant (Figure 2B).




Figure 2 | ASO FOXP3 effects on healthy donors Tregs and in cancer samples. (A) healthy donor Tregs, isolated from 9 donors in 9 experiments were stimulated with CD3/28 microbeads, 1.3 beads/cell, in presence of 1.5 μM of Scramble or ASOs FOXP3 for overnight, then evaluated by qPCR. More data are shown in Supplementary Figure 1A. (B) same Tregs as in (A) were evaluated for mRNA expression of corresponding genes. (C, D). healthy donor Tregs, isolated from 13 donors in 13 experiments were incubated with 2.5 μM of Scramble of ASO FOXP3 for 3.5 hours, then washed twice and used in 5–6 days suppression assay with autologous or allogeneic responders from 10 donors. (C) statistics of suppression assays with the best ASO candidates are shown. (D) representative CFSE plots are shown. More data are shown in Supplementary Figure 1B. (E, F) 3 lung cancer and 1 melanoma tumor samples, 6 pleural effusion samples, 4 lung cancer distant lung and 2 lymph nodes from 11 patients with lung cancer in 7 experiments, were stimulated with CD3/28 microbeads, 0.3 beads/cell and treated with 1.5μM of Scramble or ASOs for 5 days, then evaluated by qPCR. More data are shown in Supplementary Figure 1C. (F) same samples as in (E) were evaluated for mRNA expression of FOXP1, FOXP2 and FOXP4. (G-I) multiple cancer, non-cancer and healthy donors PBMC samples were evaluated in five flow cytometry experiments with 2–3 different panels for each experiment. Cells were stimulated with CD3/28 microbeads, 0.3 beads/cell and treated with 1.5μM of Scramble or ASO 16 for 5 days. Samples consisted of: 5 healthy donors PBMC, 3 lung cancer tumor samples and 1 mesothelioma tumor sample, 4 tumor-free lung cancer samples received during a surgery, 3 lung cancer pleural effusion samples, 3 lung draining lymph nodes cancer samples and 4 lung cancer PBMC samples from 10 lung cancer and 1 mesothelioma patients. (G, I) statistics of FOXP3 expression in viable CD45+ (G) and in CD4+ (I) cells. Relative % change calculated as 100*((ASO 16 result – Scramble result)/Scramble result). For this calculation, we used the averaged values for a single sample evaluated in different flow cytometry panels, and comparison was calculated versus two (more often) or one independent Scramble controls. (H) Representative flow cytometry plots of FOXP3+ expression in CD4+ cells. (A-C, E, F) one sample T-tests with mean =1, only results with p<0.05 are shown. (G-I) for PBMC donors and PBMC cancer - one sample T-tests with mean = 0; cancer – one sample Wilcoxon rank test with median =0, only results with p<0.05 are shown using asterisks above samples. (G, I) one-way ANOVA with Tukey’s multiple comparison tests, results are shown by horizontal lines with asterisks below samples. For (G, I), * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.



Very short 3.5 hours incubation of Tregs with 2.5 μM of ASOs FOXP3 resulted in substantially impaired Treg suppressive function, reaching significance for 5 of 6 ASOs: 15, 16, 21, 23 and 29 (Figures 2C, D, Supplementary Figure 1B). All ASOs that passed screening experiments and demonstrated significant effects on human Tregs during brief incubation targeted the 3’ untranslated region of FOXP3 mRNA (Figure 1A).




3.3 Effects of ASOs FOXP3 on human cancer samples

To study effects of Treg targeting for primary tumors, we studied 6 tumor samples, 7 malignant pleural effusion samples, 4 tumor-free distant lung samples, 4 lymph nodes and 5 PBMC samples from patients with lung cancer (12 out of 18 patients had adenocarcinoma), melanoma and mesothelioma. All 5 ASOs significantly downregulated FOXP3 mRNA expression in primary cancer samples (Figure 2E, Supplementary Figure 1C). As for healthy donors PBMC, targeting of FOXP3 was very specific and did not decrease the expression of other members of the FOXP family (Figure 2F). Using flow cytometry, we confirmed that ASO FOXP3 treatment resulted in decreased numbers of all cancer Tregs (Figures 2G–I, Supplementary Figures 2A, B) including intratumoral Tregs, analyzed separately (Supplementary Figures 2A, B). Leftover Tregs, which were still FOXP3+ after 5 days of treatment, decreased the amount of FOXP3 protein per cell and downregulated expression of the Treg associated marker, CD39 (Figures 3A–C, Supplementary Figure 2C). As a control, we studied 3 lung transplant samples, rejected for transplantation. Notably that those samples, although downregulated their Treg numbers, appeared to be less sensitive to the effect of ASO FOXP3 in comparison with distant tumor-free lung cancer samples and in comparison with other cancer samples (Supplementary Figure 2). At protein level, all cancer samples, were more sensitive to ASO FOXP3 than PBMC cancer samples (Figures 2G, I, Supplementary Figures 2A, B). At mRNA level, cancer samples were much more sensitive with their FOXP3 mRNA downregulation than healthy donors PBMC samples, independently of the candidate ASOs used (Figure 3D).




Figure 3 | ASO FOXP3 effects on phenotype of Tregs and exhaustion of non-Treg cells. (A-C) same samples as in Figures 2G–I, were evaluated for FOXP3 median of fluorescence (MOF) and for CD39 expression in leftover Tregs, which preserved their FOXP3+ phenotype after 5 days of treatment. (A) representative histograms of FOXP3 expression in CD4+FOXP3+ Tregs, corresponding FOXP3 MOF values are shown in the left corners. (B) representative plots of CD39+ expression in CD4+FOXP3+ Tregs. (C) corresponding statistics for (A, B), data calculated as in Figures 2G, I. (D) downregulation of FOXP3 mRNA by ASO16 (left) and by ASO 15, 21 and 29 (right) was compared for all healthy donors PBMC (from the experiments in Figure 1F) vs. all cancer samples (from the experiments in Figure 2E). (E) cells from the experiments in Figure 2E were evaluated for mRNA expression of exhaustion markers. (F) same samples as in Figures 2G–I were supplemented by additional samples, consisting of 3 transplant lungs and 6 Treg-depleted samples, and evaluated for the expression of 7 exhaustion markers. Data calculated as percentage points, i.e. “expression in ASO16 treated sample – expression in Scramble”. For this calculation, we used the averaged values for each sample evaluated in different flow cytometry panels, and comparison was calculated versus two (more often) or one independent Scramble controls. More data for each type of sample are shown in Supplementary S2, and more data with representative flow cytometry plots and with statistics for co-expression of exhaustion markers are shown in Supplementary S3. C, and F for PD-1, one sample Wilcoxon rank tests with median =0, only results with p<0.05 are shown using asterisks above samples. C, and F for PD-1, Kruskal-Wallis test with Dunn’s multiple comparison tests, results are shown by horizontal lines with asterisks below samples. (D) T-tests, two-tailed. (E) - one sample T-tests with mean = 1, only results with p<0.05 are shown. (F) all graphs except for PD-1, one sample T-tests with mean = 0, only results with p<0.05 are shown using asterisks above samples. (F) all graphs except for PD-1, one-way ANOVA with Tukey’s multiple comparison tests, results are shown by horizontal lines with asterisks below samples. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.



Additionally, the amount of FOXP3 protein per cell in leftover Tregs in cancer samples decreased more significantly than in PBMC samples (Figure 3C, Supplementary Figure 2C) and in transplant lungs (Supplementary Figure 2C). Therefore, human cancer Treg (intratumoral, pleural effusion, lymph nodes and even distal tumor-free cancer lungs) were more sensitive to ASO FOXP3, in comparison with peripheral Tregs, at both FOXP3 mRNA and protein levels.

Downregulation of FOXP3 in cancer Tregs was accompanied by significantly decreased mRNA expression of five out of nine tested exhaustion markers: CTLA-4, Tim-3, PD-1, LAG-3 and TIGIT (Figure 3E) in the endogenous T cells. At the protein level, expression of exhaustion markers on T cells varied for different markers in different samples (Figure 3F, Supplementary Figure 3A). Analysis of co-expression of two and more exhaustion markers shows that combination of BTLA and CD160 with or without LAG-3, conversely to other markers, show the maximum of downregulation in cancer samples (Supplementary Figure 3B). We also tested the effects of ASO FOXP3 on six Treg depleted samples, two of which were healthy donors PBMC and four were cancer tumors, lymph nodes and pleural effusion. Notably that those “no Treg” samples demonstrated almost no changes in their expression of exhaustion markers and even slightly increased expression for some of them (Figure 3F, Supplementary Figure 3B). This observation suggests that downregulation of exhaustion markers is related with an effects of ASO FOXP3 on Tregs rather than with a direct effects of ASO FOXP3 on other cells.

In order to compare behavior of all exhaustion markers between samples, we calculated quantitative changes in each marker within each sample and within 3 cellular subsets (CD4+ T cells, CD8+ T cells or CD4-CD8- non-T cells), such a decrease of expression for 3% and less vs. Scramble counted as one event in “decrease” category, changes within -3% to +3% were counted as events in “no changes” category, and an increase of expression for 3% and more was counted as one event in “increase” category (Figure 4A). As expected, Treg depleted samples and healthy donors PBMC were the least sensitive with their changes in exhaustion markers due to targeting of Tregs. Cancer samples, and, surprisingly, transplant lungs samples, were in the group with more often “decreases” than “no changes” observed. PBMC lung cancer samples and tumor free distal lung samples had moderately prevalent “no changes” reaction followed by “decrease” reaction (Figure 4A). We also compared the behavior of different exhaustion markers across all (except for “no Tregs”) samples, using the same approach in calculation as above. CD160 and Tigit, followed by Tim-3, demonstrated the maximum rates of decrease, while LAG-3, BTLA and PD-1 had the prevalent reaction “no change” (Figure 4B).




Figure 4 | Overview of exhaustion in vitro, effects of human and murine ASO FOXP3 in vivo. (A) same samples as in Figure 3F, were used for quantitative evaluation of in each exhaustion marker within each sample and within cellular subsets, comprising of CD4+ T cells, CD8+ T cells or CD4-CD8- non-T cells. A decrease of expression for 3% and less vs. Scramble counted as one event in “decrease” category, changes within -3% to +3% were counted as events in “no changes” category, and an increase of expression for 3% and more was counted as one event in “increase” category. Then number of events were summarized within each type of samples (A) or within each type of exhaustion marker (B) except for “no Treg” samples. To visualize groups for a direct comparison, corresponding fraction of events within each group is shown in (A, B), such as % of “decrease” + % of “increase” + % of “no change” events within “no Treg” group is equal 100%. Similarly, % of “decrease” + % of “increase” + % of “no change” events within “BTLA” group is equal 100%. (C) cells from the experiments in Figure 2E were evaluated for mRNA expression of cytokines. (D) humanized mice hu-PBMC-NSG, 5 mice per group in 2 experiments (20 mice total) were treated with Scramble controls or human ASO FOXP3 by i.p. injections 50 mg/kg daily x4 times. Then mouse blood, spleens and LNs were collected and evaluated by qPCR. FOXP3 mRNA expression are shown. (E) 165 mice in 7 experiments were treated with PBS, Scramble or ASO 6B 50 mg/kg daily since day 7th after tumor inoculation. Left, data of tumors growth were 0–100 normalized (detailed in Methods) within each experiment, then combined. Right, area under curves of normalized tumor growths were calculated and compared. (F) 65 mice in 3 experiments were treated as in (E) Left, data of tumor growth were 0–100 normalized (detailed in Methods) within each experiment, then combined. Right, area under curves of normalized tumor growths were calculated and compared. Non-normalized data of tumor growths from 1 TC1 and 1 MC38 experiment are shown in Supplementary Figures 4A, B. (A, B). Chi-square tests (both are p<0.0001), followed by with Pairwise Z-Tests with Bonferroni corrections, only results with p<0.05 for paired comparisons are shown as horizontal lines with asterisks, lines are colored according to the corresponding changes in expression. SPSS did not provide with exact p values for those tests. (C, D) - one sample T-tests with mean =1, only results with p<0.05 are shown. (E, F) – Kruskal-Wallis test with Dunn’s multiple comparison test. *p<0.05, **p<0.01, NS - not significant.



Overall, expression of exhaustion markers mostly decreased at mRNA and protein levels in cancer samples, but not in Treg depleted samples and not in PBMC from healthy donors.

Expression of exhaustion markers per se does not mean an exhausted status of corresponding T cells, since those markers can be upregulated in activated cells (49–53). To clarify this point, we evaluated expression of inflammatory cytokines in cancer samples, and found that mRNA expression of most of them were upregulated as a result of ASO FOXP3 targeting of Tregs. Differences were significant for 7 of 11 cytokines: IL-2, IL-6, IL-7, IL-10, IL-18, TNF-α and Perforin-1 (Figure 4C). Therefore, downregulation of exhaustion markers was accompanied by enhanced expression of inflammatory cytokines, indicating that ASO FOXP3 targeting of Tregs at least partially reversed the exhausted phenotype of intratumoral T cells. To conclude, ASO FOXP3 targeting of Tregs in cancer samples was accompanied by decreased number of Tregs, reduced mRNA FOXP3 expression, lower amounts of FOXP3 in Tregs that still expressed FOXP3, decreased CD39 expression in those Tregs, and downregulation of exhaustion markers on non-Treg cells, along with their enhanced expression of inflammatory cytokines.




3.4 Effects of human ASO FOXP3 in vivo

We injected ASO21 and ASO29 into humanized mice hu-PBMC-NSG, and found that 4 daily injections of ASO FOXP3 at the dose 50 mg/kg, efficiently downregulated human FOXP3 mRNA expression in the blood, LNs and spleens (Figure 4D) of those mice, confirming that human ASOs were efficient in vivo.




3.5 Effects of murine ASO FOXP3 on tumors

To study effects of ASO FOXP3 on tumors in vivo, we treated mice with a murine analogues of ASO FOXP3, called ASO 6B. Mice in two tumor models, TC1 and MC38, received PBS, Scramble control or ASO 6B 50 mg/kg i.p. daily for 14 days. We observed significant inhibition of tumor growth in both models (Figures 4E, F, Supplementary Figures 4A, B for two individual experiments). Moreover, 22% of TC1 tumors and 13.6% of MC38 tumors were completely resorbed. At the end of experiments, many TC1 tumors and most MC38 tumors treated with ASO 6B were small, comprised of necrotic and connective tissues and had few viable infiltrating cells.

To overcome this problem and to study intratumoral Tregs and immune response in situ, we harvested tumors midway through our experiments, after 1 week of treatment. We observed significant decrease of FOXP3 mRNA expression within tumors and, correspondingly, significantly less intratumoral Tregs using flow cytometry (Figures 5A, C, Supplementary Figures 6A, C). The remaining FOXP3+ intratumoral murine Treg that still expressed FOXP3 after treatment, had no significant differences in their amount of FOXP3 protein per cell, in contrast to the in vitro human data (Supplementary Figure 6B). Overall, immune infiltration (CD45 mRNA) decreased, with no clear trends for CD4+ and CD8+ T cells (Figures 5A, C, Supplementary Figure 6C). Targeting of intratumoral Treg in vivo was associated with significantly downregulated expression of exhaustion markers, 7 out of 9 for mRNA expression and 4 out of 6 for protein expression (Figures 5D–G, Supplementary Figures 6C, 7A, B). As an indirect confirmation of alleviated exhaustion along with decreased Treg suppression, we observed trends for increased expression of mRNA for most inflammatory cytokines (Figure 6A). Moreover, intratumoral T cells in ASO FOXP3 treated mice produced more Perforin and Granzyme B, while CD4-CD8- non T cells had increased IL-2 and IFN-γ production (Figures 6B–F, Supplementary Figures 6D, 7C, D), which confirms our suggestion that targeting of intratumoral Tregs with ASO FOXP3 can at least partially reverse an exhausted phenotype of intratumoral T cells.




Figure 5 | Expression of exhaustion markers in TC1 and MC38 tumors. Mice in two tumor models, TC1 and MC38 were treated as in Figures 4E, F. (A, D) 18 TC1 tumors and 16 MC38 tumors were harvested at day 14th after tumor inoculation. MC38 tumors, due to the small size, especially in ASO treated groups, were combined together as 2–3 tumors per one RNA sample. Heatmaps of qPCR data, representing an average values, with corresponding statistics shown for (A) FOXP3 and T cells; (D) for expression of exhaustion markers. Color keys for heatmaps shown on the right of each heatmap. Detailed qPCR data are shown in Supplementary Figure 6C. (B, C, E-G). 26 TC1 tumors and 35 MC38 tumors were harvested at day 14th after tumor inoculation. MC38 tumors, due to the small size, especially in ASO treated groups, were combined together as 2–3 tumors per one flow cytometry sample. (B) representative plots of T cells (left) and Treg (right) staining in TC1 tumors and (C) corresponding statistics with Z-scored flow cytometry data. More flow cytometry data are shown in Supplementary Figures 6A, B. (E, F) representative flow cytometry plots of (E) CTLA-4 expression and (F) Tim-3, Lag-3 and CD160 expression. (G) corresponding statistics with Z-scored flow cytometry data. More representative plots are shown on Supplementary Figures 7A, B. Non-normalized flow cytometry data with Tregs and with expression of all evaluated exhaustion markers for one TC1 and one MC38 experiment are shown on Supplementary Figures 4C, 5. (A, C, D, G) - multiple T-tests FDR Benjamini, Krieger and Yekutieli, with Q = 5%. Only differences with p<0.05 are shown *p<0.05, **p <0.01, ***p<0.001, ****p<0.0001.






Figure 6 | Cytokines production in TC1 and MC38 tumors. (A) 18 TC1 tumors and 16 MC38 tumors as in Figures 5A, D, we evaluated by qPCR for cytokines expression. Heatmaps of qPCR data, representing an average values, with corresponding statistics shown. Color keys for heatmaps shown on the right of heatmap. Detailed qPCR data are shown in Supplementary Figure 6D. (B-F) 19 TC1 and 12 MC38 tumors as in Figures 5B, C, E–G, were stimulated for 4 h with PMA/ionomycin with Monensin, then evaluated for cytokines expression. Flow cytometry plots show representative data with staining for (B) IL-2 and IFNγ; (D) Granzyme B and Perforin. (C, E, F). same tumors, statistics for Z-scored flow cytometry data. More flow cytometry plots and statistics are shown in Supplementary Figures 7C. (D) Non-normalized flow cytometry data with expression of evaluated cytokines for one TC1 and one MC38 experiment are shown on Supplementary Figure 5. (G) PCA analysis was performed with Z-scored flow cytometry data from the same tumors as (C-F) and as in Figures 5C, G. Variables include Treg numbers in CD4+ subset, expression of exhaustion markers in different subsets of cells, and production of inflammatory cytokines by those cells. Two components were extracted, based on the eigenvalues over 1 criterion and the scree plot. Direct Oblimin rotation was applied. More details are reported in Supplementary Table 2. Scores plot of PC1 vs. PC2 is shown. (A, C, E, F). multiple T-tests FDR Benjamini, Krieger and Yekutieli, with Q = 5%. Only differences with p<0.05 are shown.



Finally, we performed PCA analysis of flow cytometry data for tumor infiltration leukocytes to assess how the number of intratumoral Tregs, expression of exhaustion molecules, and cytokine production variables clustered. Two components were extracted, the first component accounted for 52.5% of the variance and the second component accounted for 16.5% of the variance. The Supplementary Table 2 displays the items and component loading for the rotated components. PCA plot reveals two clearly separated groups, according to ASO FOXP3 treatment (Figure 6G). Expression of exhaustion markers (LAG-3 and Tim-3, PD-1), followed by number of Tregs, loaded into component 1, all with positive values. The most influential variables in component 2 were IFN-γ expression, loaded with positive value, and PD-1 expression on CD4+ with a negative value (Supplementary Table 2).

Overall, treatment of ASO FOXP3 in vivo resulted in significantly decreased Treg numbers and FOXP3 mRNA expression, along with decreased expression of exhaustion markers on infiltrating intratumoral T cells, which corresponded with increased production of Granzyme and Perforin.




3.6 Systemic and local effects of murine ASO FOXP3 in tumor bearing mice

In tumor draining LNs, expression of FOXP3 mRNA and numbers of Tregs were similar between Scramble and ASO 6B treated mice (Figures 7A–C, Supplementary Figures 8A, B). Expression of CD45, CD4 and CD8 mRNA increased in ASO FOXP3 treated group, but percent of T cell subsets in CD45+ gate did not change (Figures 7A–C, Supplementary Figure 8B). Most of the exhaustion markers were upregulated in ASO 6B treated group when compared with Scramble (Figures 7D, F, Supplementary Figures 8C, D, F, G, 9A–D). Levels of most inflammatory cytokines in draining LNs were also increased or demonstrated trends to be increased (Figures 7E, G Supplementary Figures 8E, 9E–I).




Figure 7 | Analysis of draining lymph nodes of ASO FOXP3 treated TC1 and MC38 tumor bearing mice. (A, D, E) 19 LNs from TC1 tumors mice and 10 LNs from MC38 mice as in Figures 5A, D, were evaluated by qPCR. Heatmaps of qPCR data, representing an average values, with corresponding statistics shown for (A) FOXP3 and T cells; (D) for the expression of exhaustion markers and (E) for the expression of cytokines mRNAs. Color keys for heatmaps shown on the right of each heatmap. Detailed qPCR data are shown in Supplementary Figures 8B–E. (B, C, F, G) 28 LNs from TC1 tumors mice and 28 LNs from MC38 mice as in Figures 5B, C, were evaluated by flow cytometry. (B) representative plots of T cells (left) and Treg (right) staining in TC1 LNs and (C) corresponding statistics with Z-scored flow cytometry data. (F) expression of exhaustion markers in TC1 and MC38 LNs, statistics for Z-scored flow cytometry data. (G) LNs cells were stimulated for 4 h with PMA/ionomycin with Monensin. Statistics for cytokines production in LNs, Z-scored flow cytometry data. Detailed flow cytometry data are shown in Supplementary Figures 8A, F, G, 9A–I. (A, C-G), multiple T-tests FDR Benjamini, Krieger and Yekutieli, with Q = 5% * - p value <0.05, **p <0.01, ***p<0.001.



To analyze systemic effects of ASO FOXP3 targeting of Tregs in tumor bearing mice, we performed immune profiling of the spleens. Numbers of Tregs were increased in the spleens of ASO FOXP3 treated mice without the changes in FOXP3 mRNA expression (Figures 8A–C, Supplementary Figures 10A, B). While draining LNs showed an apparent increase of mRNA expression of exhaustion molecules, spleens showed no changes in their mRNAs but, as in LNs, spleens had significantly increased expression of some exhaustion markers by flow cytometry (Figures 8D–F, Supplementary Figures 10C, D, F, G, 11A–D). Those effects were accompanied by upregulated mRNA expression and by increased production of the most inflammatory cytokines, especially by CD8+ T cells (Figures 8E, G, Supplementary Figures 10E, 11E–I).




Figure 8 | Analysis of spleens of ASO FOXP3 treated TC1 and MC38 tumor bearing mice. (A, D, E) 19 spleens from TC1 tumors mice and 10 spleens from MC38 mice as in Figure 5A, were evaluated by qPCR. Heatmaps of qPCR data, representing an average values, with corresponding statistics shown for (A) FOXP3 and T cells; (D) for the expression of exhaustion markers and (E) for the expression of cytokines mRNAs. Color keys for heatmaps shown on the right of each heatmap. Detailed qPCR data are shown in Supplementary Figures 10B–E. (B, C, F, G) 28 spleens from TC1 tumors mice and 28 spleens from MC38 mice as in Figures 5B, C, were evaluated by flow cytometry. (B) representative plots of T cells (left) and Treg (right) staining in TC1 spleens and (C) corresponding statistics with Z-scored flow cytometry data. (F) expression of exhaustion markers in TC1 and MC38 spleens, statistics for Z-scored flow cytometry data. (G) splenocytes were stimulated for 4 h with PMA/ionomycin with Monensin. Statistics for cytokines production in the spleens, Z-scored flow cytometry data. Detailed flow cytometry data are shown in Supplementary Figures 10A, F, G, 11A–I. (A, C-G), multiple T-tests FDR Benjamini, Krieger and Yekutieli, with Q = 5% * - p value <0.05, **p <0.01.






3.7 Effects of ASO FOXP3 targeting on T cell exhaustion in vivo

We observed that in draining LNs (local immune response) and in the spleens (systemic immune response) of tumor bearing mice the expression of exhaustion markers in vivo had the same trend as expression of inflammatory cytokines, i.e. both were increased by ASO FOXP3 targeting of Tregs (Figures 7, 8). Those data are in contrast to tumor data, where intratumoral expression of exhaustion markers decreased along with targeting of Treg, but expression of inflammatory cytokines increased (Figures 5, 6). This discrepancy might be explained by significantly different initial levels of expression of exhaustion molecules in tumors vs. LNs and spleens (Supplementary Figures 12A–F). Therefore, since levels of all exhaustion markers in tumors were high, we suggest that only intratumoral T cells, but not T cells in LNs and spleens, had the “true” exhausted phenotype, which was partially reversed when suppressive intratumoral environment was disrupted by ASO FOXP3 targeting of Tregs.




3.8 Phenotype of Treg after FOXP3 downregulation

To study if Treg with downregulated FOXP3 convert into conventional T cells or rather keep their “Treg-like” phenotype, we performed two experiments: in vitro with pre-labeled human Treg (Figure 9A) and in vivo with RAG1-/- mice, injected with a mix of Thy1.2 Tregs and Thy1.1 CD4+CD25- conventional T cells (Supplementary Figures 13A–D). Both strategies allowed us to track changes in phenotype of affected Tregs, although only for few days. In both models, we observed two processes of opposite directions, occurring independently of ASO treatment: a) some conventional T cells upregulated their FOXP3 expression, and we called them “de novo” Tregs; b) some Treg lose their FOXP3 expression, so we called them “ex Treg”. Therefore, we compared phenotype of “pre-existed Tregs”, “de novo Tregs” and “ex Tregs”, but each time those populations comprised a mixture of cells naturally undergoing with corresponding changes in their FOXP3 levels and with the cells with forcefully downregulated FOXP3 by ASO.




Figure 9 | Analysis of phenotype of Tregs with downregulated FOXP3 expression. (A-E) PBMC from 5 different donors in 4 experiments were incubated with CD25 APC antibodies for 40 min, then washed and treated with 1.5 μM of Scramble or ASO FOXP3 15, 21, 23 or 29 in experimental conditions as in Figures 1B–E, for 5 days. After treatment, cells were evaluated by flow cytometry. (A) co-expression of CD25 APC vs. FOXP3 allowed us to distinguish 4 different populations of cells: APC-FOXP3+ “de novo” Tregs, APC+FOXP3+ “pre-existed” Tregs, APC+FOXP3- exTregs and CD4+APC-FOXP3- conventional CD4+ T cells. (B) Median of fluorescence (MOF) for FOXP3 protein expression in all “pre-existed” vs. all “de novo” Tregs. Each PBMC sample was tested with 1–3 ASOs and 1–2 Scrambles. (C) expression of CD39, CTLA-4, GARP and Helios in corresponding subsets of cells. Data for ASO FOXP3 treated cells shown, data for Scramble treated cells had the same trends. (D) changes in FOXP3+ expression (left) and in FOXP3 MOF expression (right) in “pre-existed” and in “de novo” ASO FOXP3 treated Tregs in comparison with Scramble treated Tregs. Data calculated as percent of changes over control: 100*((current ASO result – Scramble result)/Scramble result). (E) changes in expression of CD39, CTLA-4, GARP and Helios in ASO FOXP3 treated cells in comparison with Scramble treated cells, calculated as in D. (B), Mann-Whitney test. (C) one-way ANOVA with Tukey’s multiple comparison tests, results are shown by horizontal lines with asterisks above samples. (D, E) except for GAPR, one sample T-tests with mean =0. (E) GARP - one sample Wilcoxon rank test with median =0. (D, E). only results with p<0.05 are shown using asterisks above samples. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.



In humans, “de novo” Treg, in comparison with “pre-existed” labeled Treg, had lower levels of FOXP3 protein per cell (Figure 9B), but their overall phenotype was similar to Treg with lower expression of CD39, GARP and Helios and with a trend to lower expression of CTLA-4 (Figure 9C). Similarly, ex Treg gradually lose their expression of Treg associated markers, but with a different rate. Thus, CD39 and GARP expression was downregulated moderately, while CTLA-4 and Helios expression almost reached the levels of their expression in conventional T cells (Figure 9C). Next, we compared phenotype of Treg-related groups in ASO FOXP3 treated vs. Scramble samples to see an additional effect of forcefully downregulated FOXP3 on Treg phenotype. ASO FOXP3 downregulated FOXP3 expression in both types of FOXP3+ cells almost equally, resulting with decreased % of Tregs in both, “pre-existed” Treg subset as well as in “de novo” Treg subset (Figure 9D). Another effect was a decrease of FOXP3 protein per cell in Tregs that were still FOXP3-positive, the same effect that we observed with all human samples in the previous experiments. Both, “de novo” Tregs and “pre-existed” Tregs, had similarly less FOXP3 protein levels in ASO FOXP3 treated samples in comparison with Scramble treated samples (Figure 9D). ASO FOXP3 treatment had no apparent effect in expression of all tested markers in exTreg subset (Figure 9E), but slightly decreased expression of CTLA-4 and Helios in “de novo” Tregs and in “pre-existed” Tregs (Figure 9E).

In mice, ex Tregs appeared to have less CD39 and CTLA4 expression in comparison with stable Tregs, as in humans, but we have not seen any clear additional effects of ASO FOXP3 on the expression of those markers (Supplementary Figure 13E). Additionally, ex Tregs had lower rate of divisions in vivo in comparison with stable Tregs.

Overall, our data show that ex Tregs have an intermediate phenotype, more or less resembling stable Tregs with lower expression of Treg associated markers, but we have not observed any apparent signs of their conversion into conventional T cells, and ASO FOXP3 have relatively weak effect in promoting further downregulation of Treg associated markers. To further evaluate risks of autoimmunity and inflammation, we evaluated the rate of divisions of conventional CD4+ T cells and RAG1-/- cells in vivo, and found no increase in ASO FOXP3 treated group (Supplementary Figure 13D). Similarly, ASO FOXP3 treated mice in TC1 model had no apparent histologic evidences of autoimmunity or inflammation in their tissues (Supplementary Figure 14A), which was supported by an absence of CD25 upregulation in non-Treg subsets (Supplementary Figure 14B). We observed a moderate increase of CD69 expression in CD4+ and CD8+ cells in ASO FOXP3 treated TC1, but not in MC38 mice (Supplementary Figure 14B). That increase had no corresponded clonal activation, evaluated as a rate of cellular divisions in vivo (Supplementary Figure 14C). To conclude, we have not observed any signs of apparent autoimmunity or inflammation, either from ex Treg subsets or from the non-Treg cells, in vivo and in vitro, in tumor bearing mice or in RAG1-/- mice.





4 Discussion

Regulatory T cells play an important role in suppressing anti-tumor immune responses, and hence, their targeting is an important part of strategies to enhance anti-tumor immunity and increase the effectiveness of immunotherapy (8, 54–56). One of the major limitations of current Treg-targeted therapies is the lack of selectivity, resulting in concurrent depletion of systemic Tregs and anti-tumoral effector T cells (54). Use of antisense oligonucleotides targeting FOXP3 is a novel technology that overcomes the problem of the absence of a unique superficial Treg marker to target. As FOXP3 is a master regulator of Treg development and function, its downregulation by ASO is reasonably assumed to disrupt Treg mediated suppression in tumors. Recently, AstraZeneca and Ionis Pharmaceuticals have used an older generation of ASO technology to target FOXP3 for cancer models and shown limited efficacy in their preclinical studies. The sole publication describing ASO studies with the IONIS reagent (57) studied effects on human and murine ex vivo expanded Tregs of unknown purity, in vitro converted iTregs, and activated Helios+CD4+ cells, but critically, no data were provided concerning ASO effects on primary Treg cells, except for qPCR analysis of FOXP3 in humanized mice. Modest in vivo anti-tumor effects were shown in some Treg dependent models but not in others, e.g., no effects were seen in MC38 colon cancer tumor model, while in our study, ASO treatment in the MC38 tumor model was as efficient as in TC1 tumors. AstraZeneca began a Phase 1a/b clinical trial (NCT04504669) with that older generation of ASO to target FOXP3.

In the current study, we used a new, highly improved type of ASO. In contrast to previous ASO, FOXP3 AUMsilence ASO do not require delivery agents, and are capable of highly specific RNA silencing of previously “undruggable” targets (32–38). ASO first binds to the RNA target using highly specific Watson-Crick base pairing (58) and recruits endogenous RNase H that recognizes the mRNA/ASO hybrid and cleaves RNA within the hybrid (59, 60). After cleavage, fragmented RNA is degraded by nucleases and ASOs are recycled, increasing efficiency and lowering the dose required by allowing one ASO to degrade many copies of mRNA (61, 62). Also, unlike siRNAs that are only processed in the cytoplasm, AUMsilence ASOs can shuttle into the nucleus and silence nuclear RNA (63). Compared to non-modified previous generation ASO, AUMsilence ASO modification has an enhanced stability inside cells, due to resistance to nucleases (59, 60, 64) and in the bloodstream (40), and do not activate Toll-like receptor signaling (39). AUMsilence ASOs have been used to target T cells, neurons, and stem cells in vitro and in vivo, without triggering toxicity or immune responses (32–38, 65). Therefore, this 3rd generation of ASO FOXP3 overcomes many challenges in RNA silencing, which justified our choice to use them for targeting FOXP3 and hence Tregs.

We reported effects of ASO FOXP3 on primary human Tregs, and it is important to stress that those Tregs were not expanded ex vivo and were not converted in vitro from CD4+ T cells. Very short (3.5 hours) incubation of human Tregs with ASO FOXP3 was sufficient to decrease Treg suppressive function almost twice (66.4%) that seen in Scramble control, and overnight (16–18 hours) treatment was enough to downregulate FOXP3 mRNA expression to 0.66 of Scramble. To our knowledge, we are the first to report the effects of FOXP3 targeting on intratumoral Treg in clinical samples from patients with adenocarcinoma, melanoma, mesothelioma and squamous cell carcinoma, and we showed a 65% decrease on average of Treg mRNA and a 60% decrease of Treg numbers in the CD45+ subset.

Successful Treg targeting, as a part of anti-tumor therapy, raises legitimate concerns of safety, as Tregs are critical regulators of immune homeostasis, preventing autoimmunity and an excess of inflammation (8, 54–56). In the current study, we showed that in vitro peripheral blood Tregs are much less sensitive to the effects of human ASO FOXP3 in comparison with intratumoral Tregs. Moreover, we confirmed those observations in vivo; thus, only intratumoral Tregs but not draining LN and spleen Tregs were affected by murine ASO FOXP3 treatment. While the mechanism of that enhanced sensitivity of intratumoral Treg to ASO FOXP3 is the subject of ongoing investigation, we hypothesize that it may be related to the relatively high turnover of FOXP3 in intratumoral Treg. We have previously reported that intratumoral Tregs from lung cancer patients had significantly enhanced suppressive function and ongoing high turnover of FOXP3. They had almost twice as much FOXP3 protein/cell and about 2.5 times more FOXP3 mRNA in comparison with extratumoral Tregs (30). We also found upregulation of FOXP3 protein reflected heightened production of fresh FOXP3 protein from FOXP3 mRNA, but not enhanced stability of pre-existed FOXP3 (30). Therefore, the high sensitivity of intratumoral, but not conventional Treg to ASO FOXP3 is most probably the result of ongoing and high level of production of FOXP3, and is analogous to the higher sensitivity of cancer cells to chemotherapy in comparison with normal cells, due to their excessive rate of divisions. Since data of intratumoral Treg biology are relatively scarce, it is currently unknown what factors are responsible for such high FOXP3 turnover.

Exhaustion of intratumoral T cells (66, 67) is one of the main obstacles of anti-cancer therapy, and the most promising approach is the use of checkpoint inhibitors. However, the efficiency of checkpoint inhibitors in solid tumors is relatively low, which may be related with innate and acquired resistance (67–69). In our current study, we showed that targeting of intratumoral Tregs with ASO FOXP3 was accompanied by significant reduction in expression of exhaustion molecules on the tumor T cells, in vivo in tumor models and in vitro in human primary tumor samples. This reduction was associated with increased expression of inflammatory cytokines, especially granzyme B and perforin, both of which are known to be important for anti-tumor immune responses. Moreover, we showed that in the absence of Treg, ASO FOXP3 did not change expression of exhaustion molecules by intratumoral T cells. These observations suggest that intratumoral Tregs are important to the initiation and maintenance of the exhausted phenotype of tumor-associated T cells, and therefore Treg targeting with ASO FOXP3 may overcome resistance to checkpoint inhibitors therapies, leading to enhanced anti-tumor responses (70, 71). It will be important to study the conditions and mechanisms responsible for Treg-induced T cell exhaustion in future studies.

To conclude, we show that targeting of intratumoral Tregs using ASO FOXP3 monotherapy results in enhanced immune responses to solid tumors without inducing systemic hyperinflammation, and we propose may have benefits when used in combination with checkpoint inhibitors or with CAR-T cell therapy.
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