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Although CAR T cell therapies have proven to be effective in treating hematopoietic cancers, their abilities to regress solid tumors have been less encouraging. Mechanisms to explain these disparities have focused primarily on differences in cancer cell heterogeneity, barriers to CAR T cell penetration of solid tumors, and immunosuppressive microenvironments. To evaluate the contributions of immunosuppressive tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) on CAR T cell efficacies, we have exploited the ability of a folate-targeted Toll-like receptor 7 agonist (FA-TLR7-1A) to specifically reactivate TAMs and MDSCs from an immunosuppressive to pro-inflammatory phenotype without altering the properties of other immune cells. We report here that FA-TLR7-1A significantly augments standard CAR T cell therapies of 4T1 solid tumors in immune competent mice. We further show that co-administration of the FA-TLR7-1A with the CAR T cell therapy not only repolarizes TAMs and MDSCs from an M2-like anti-inflammatory to M1-like pro-inflammatory phenotype, but also enhances both CAR T cell and endogenous T cell accumulation in solid tumors while concurrently increasing their states of activation. Because analogous myeloid cells in healthy tissues ar not altered by administration of FA-TLR7-1A, no systemic activation of the immune system nor accompanying weight loss is observed. These data argue that immunosuppressive myeloid cells contribute prominently to the failure of CAR T cells to eradicate solid tumors and suggest that methods to reprogram tumor associated myeloid cells to a more inflammatory phenotype could significantly augment the potencies of CAR T cell therapies.
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Introduction

CAR T cell therapies have revolutionized the treatment of hematopoietic cancers by focusing the cytotoxic potential of a patient’s T cells on his/her cancer cells (1). CAR T cell therapies, however, have been less effective in treating solid tumors due in large part to a tumor microenvironment (TME) that can inhibit the tumoricidal properties of T cells (2). Although CAR T cell inactivation may stem from multiple immunosuppressive stimuli, tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) are thought to contribute prominently, since they i) secrete immunosuppressive cytokines (e.g. IL-10 and TGF-β) (3, 4), ii) nitrosylate and inactivate T cell receptors (5, 6), iii) express immune checkpoint receptors (7), iv) promote deposition of a dense extracellular matrix that can impede penetration of immune cells (8, 9), and v) produce immunosuppressive enzymes such as arginase 1, CD39 and 5’-nucleotidase (10–12). Based on these activities and data showing an inverse relationship between TAM/MDSC abundances and patient survival (13–15), it is not surprising that efforts to inhibit the immunosuppressive activities of TAMs/MDSCs are increasing (16).

One method for converting TAMs and MDSCs to a more tumor-suppressing (M1-like) phenotype has been to treat the myeloid cells with a TLR7 agonist (17). However, because TLR7 agonists have proven to be too toxic for systemic administration (18–20), they must be targeted specifically to TAMs and MDSCs to avoid unwanted activation of immune cells in healthy tissues. This selective targeting has been recently achieved by linking a TLR7 agonist (TLR7a) to folic acid, that in turn binds to a folate receptor (FRβ) that is almost exclusively expressed on activated myeloid cells (17, 21, 22). Upon endocytosis by TAMs and MDSCs, the folate-TLR7a conjugate (FA-TLR7a) is observed to engage an endosomal Toll-like receptor 7 and initiate signaling pathways that reprogram the TAM/MDSCs into pro-inflammatory M1-like myeloid cells (17, 22).

Based on these considerations, the question naturally arose whether TLR7a-mediated reprogramming of TAMs and MDSCs might create an immune microenvironment that would avoid the usual immunosuppression that plagues CAR T cells in solid tumors. To address this question, we prepared classical anti-CD19 CAR T cells and compared their abilities to eradicate CD19-expressing 4T1 tumors in immune competent mice in the presence and absence of FA-TLR7a. We report here that treatment of the tumor-bearing balb/c mice with FA-TLR7a significantly enhances the infiltration of both CAR T cells and endogenous T cells into 4T1 syngeneic tumors. We further show that the two T cell populations as well as the endogenous TAMs and MDSCs are significantly more activated in the FA-TLR7a treated than nontreated tumors. Based on additional data showing that co-administration of FA-TLR7a significantly augments the abilities of anti-CD19 CAR T cells to eradicate solid tumors in vivo without measurable toxicity, we conclude that the targeted reprogramming of TAMs and MDSCs by FA-TLR7-1A can enhance CAR T cell efficacies without activating immune cells in healthy tissues.



Materials and Methods


Identification of Syngeneic Murine Tumors That Express Neither a Folate Receptor nor a TLR7 Receptor

To assure that any FA-TLR7a conjugate administered to our tumor-bearing mice could not directly activate any cancer cells, it was important to identify a cancer cell type that expressed neither a folate receptor nor TLR7. For this purpose, several syngeneic cancer cells lines known to grow in immune competent mice were examined for both receptor types. First, 4T1, CT26, and EMT6 cells were cultured in folate-free RPMI 1640 medium (Gibco, Ireland) containing 10% heat-inactivated fetal calf serum and 1% penicillin-streptomycin in 5% CO2 at 37°C for one week [since folate-deficient diets can increase expression of folate receptors (23, 24)]. After detaching the cells and incubating them for 1 hour at room temperature in phosphate buffered saline (PBS) containing 10 nM folate-fluorescein, the cells were washed 3x with PBS and analyzed by flow cytometry for folate-fluorescein binding. L1210A cells were treated similarly and used as a folate receptor positive control for these assays.

To test for TLR7 expression, separate flasks of the same 4T1, CT26, and EMT6 cells were detached using 0.25% trypsin and then washed once with PBS. The cells were fixed and permeabilized with Cyto-Fast™ Fix/Perm Buffer Set (BioLegend Cat# 426803) and incubated with anti-mouse CD16/CD32 (BioLegend Cat# 101320) for 15 minutes at room temperature. The cell lines were then incubated with anti-mouse TLR7-PE antibody (BD Biosciences Cat# 565557) for 20 minutes at room temperature prior to washing 2x in 1 ml PBS and analyzing by flow cytometry. 24JK cells were treated similarly and used as a TLR7 positive control for these assays.



Transduction of Syngeneic Cancer Cell Lines

A lentiviral vector encoding mouse CD19 linked in frame to the green fluorescent protein (GFP) (Sino Biological Cat# MG50510-ACGLN) was assembled in a HEK-293T cell line and employed in combination with polybrene (8µg/mL) to transduce CT26, 4T1, and EMT6 cells. The transduced cells were then sorted by flow cytometry to cells that expressed high levels of both GFP and murine CD19 for further expansion.

When desired, single cell clones were further isolated and proliferated by cloning out single cells from the above CD19high fractions by diluting these fractions to 1 cell/100μl RPMI 1640 media and seeding the single cells into 96 well plates. After growing the cells for ~1 week, the wells with only a single colony were detached with 0.25% trypsin and screened using Opera Phenix™ High Content Screening System to select for clones with high GFP expression. The selected single cell clones were then expanded and stained with anti-mouse CD19-PE antibody (BioLegend Cat# 152407) to identify the single cell clones with the highest CD19-PE fluorescence. The chosen clones were then stored in liquid nitrogen for later studies. Expression levels of CD19 by all three cell lines were periodically confirmed by flow cytometry to assure they retained their high levels of CD19 expression.



Production of Murine CAR T Cells

Murine anti-CD19 CAR T cells were generated from T cells collected from the spleens of balb/c mice by transducing the T cells with a retroviral vector (MSGV1-1D3-28Z.1-3 mut) kindly provided by James Kochenderfer & Steven Rosenberg (Addgene plasmid # 107227; http://n2t.net/addgene:107227; RRID : Addgene_107227) (25). Splenic T cells were then isolated by negative selection (EasySep™ Cat# 19851) and activated with anti-CD3/CD28-conjugated Dynabeads (Gibco™ Cat# 11453D) for 24 hours prior to their transfer to RetroNectin-coated plates for transduction with the above vector. To boost transfection efficiency, second transduction was performed one day after the first, and the cells were cultured for an additional 3 days. Transduction efficiency was quantitated using an anti-rat IgG F(ab’)2 fragment conjugated to Alexa Fluor 594 (Jackson ImmunoResearch Laboratories Cat# 212-586-168).



Analysis of In Vitro Cytotoxicity of Anti-Mouse CD19 CAR T Cells

Evaluation of the ability of anti-mouse CD19 CAR T cells to kill CD19+ cancer cells in vitro was performed by co-culturing 4T1-mCD19 cancer cells with the above anti-CD19 CAR T cells for 16 hours at 1:1, 2:1, and 5:1 effector to cancer cell ratios. After gently washing the culture wells with PBS to remove unattached cells, 0.25% trypsin was added to each well, and the incubation was continued for 20 min at 37°C before collecting the cells from each well, washing them twice with RPMI 1640 media containing 10% FBS, and incubating them for 15 min with 7-aminoactinomycin D (7-AAD) to distinguish live from dead cells. Cell suspensions from each well were then analyzed by flow cytometry for 7-AAD staining, size, and GFP expression (4T1 cancer cells) to distinguish live from dead cancer cells and CAR T cells.



Evaluation of the Impact of FA-TLR7-1A on the Efficacy of Ant-CD19 CAR T Cell Therapies in Treating Solid 4T1 Tumors in balb/c Mice

FA-TLR7-1A was prepared by conjugating folic acid to the TLR7 agonist via a noncleavable linker using chemistry related to that described elsewhere (22, 26). Six- to eight-week-old female balb/c mice were purchased from Envigo, housed and treated under the Purdue University Animal Care and Use Committee-approved protocols. 4T1-mCD19 cells (5×104) were injected subcutaneously into balb/c mice and allowed to grow to 50 mm3 size and randomized into groups prior to initiation of therapy. To prepare a niche for implantation of CAR T cells, the mice were then lymphodepleted by exposure to 4 Gy total body irradiation on Day 0. Treatment with FA-TLR7-1A was also initiated on Day 0 and continued 5 times/week via tail vein injection unless indicated otherwise (the dosing frequency was optimized based on data shown in Figure S1, panel A, B). Approximately 1 million anti-CD19 CAR T cells were infused intravenously through the lateral tail vein on Day 1, and each 4T1 tumor’s growth was determined every other day using the formula, tumor volume= length x width2/2. Cohorts included mice treated with PBS, CAR T cells only, or mice treated with both CAR T cells and FA-TLR7-1A (Figure S1, panel C). To determine whether any of the treatments might have caused significant systemic toxicity, the weights of all mice were recorded every other day for the duration of the study. For evaluation of the effect of tumor size on the ability of FA-TLR7-1A to enhance anti-CD19 CAR T cell therapy, single cell clones of 4T1-mCD19 cells (5×104) were injected subcutaneously into balb/c mice and allowed to grow to 50, 90, or 130 mm3 tumors prior to initiation of therapy as described above.



Evaluation of the Impact of FA-TLR7-1A Mediated Reprogramming of Tumor Myeloid Cells on the Properties of Tumor-Infiltrating Immune Cells

Upon completion of the above experiments, tumor-bearing mice were euthanized, and associated tumors were digested to afford an unsorted tumor cell suspension. Suspension cells were initially stained with Zombie Violet (BioLegend Cat# 423114) to quantitate cell survival, and after washing, incubated with anti-mouse CD16/CD32 for 20 minutes on ice to block unoccupied Fc receptors. For quantitation of tumor-infiltrating leukocytes, cells were then stained with anti-mouse CD45-FITC antibody (BioLegend Cat# 103108). For quantitation of macrophages and MDSCs, cells were stained with anti-mouse F4/80-APC (BioLegend Cat# 123116), anti-mouse CD11b-Alexa Fluor 700 (BioLegend Cat# 101222), and anti-mouse Gr-1-Alexa Fluor 594 (BioLegend Cat# 108448) antibodies. For the assessment of the iNOS+ and Arginase 1+ population and their iNOS+/Arg 1+ ratios, suspension cells were fixed and permeabilized with Cyto-Fast™ Fix/Perm Buffer Set (BioLegend Cat# 426803) prior to staining with anti-mouse arginase-1-PE antibody (eBioscience Cat# 12-3697-82) and anti-mouse iNOS-APC-eFluor 780 antibody (eBioscience Cat# 47-5920-80). To determine the percentages of MDSCs inside the tumors, digested cells were stained with anti-mouse CD11b-APC-eFluor 780 (eBioscience Cat# 47011282) and anti-Gr-1-Alexa-594 (BioLegend Cat# 108448). For quantitation of tumor-infiltrating T cells and CAR T cells, cell suspensions were stained with anti-mouse CD3-APC (eBioscience Cat# 17-0031-83) or anti-rat IgG F(ab’)2-Alexa Fluor 594. Finally, to analyze the number of activated T cells and CAR T cells inside the tumors, anti-mouse CD25- PerCP/Cyanine5.5 (BioLegend Cat# 101911) or anti-mouse CD69-PE (BioLegend Cat# 104507) were similarly used. All samples were washed 2x with PBS prior to analysis by flow cytometry.



Evaluation of the Fraction of Monocytes that Express a Functional FRβ+ in Fresh Human Blood

To quantitate the percentages of monocytes that express either a functional or nonfunctional FRβ+ in fresh human blood, fresh PBMCs were isolated from five healthy donors following informed consent using Ficoll density gradient centrifugation. After removing erythrocytes with RBC lysis buffer, the PBMCs were stained at 4°C for 1 hour with anti-human PE-CD14 (BioLegend Cat# 301805), fluorescein-labeled anti-human FRβ+ (FITC-m909, 10µg/ml), and folate-fluorescein conjugate (EC17, 100nM) in the presence or absence of 100X folate-glucosamine (competitor). All samples were then washed 3x with PBS and analyzed by flow cytometry.



Flow Cytometry Analysis

Flow cytometry was performed using an Attune™ NxT Acoustic Focusing Cytometer (Invitrogen) and assessed with Attune™ NxT and FlowJo Software.



Immunohistochemistry of Tumor Sections

Formalin-fixed, 4T1-mCD19 tumors were embedded in paraffin, sectioned, and stained with anti-mouse CD3 antibody in a blinded manner by a histology technologist. Images were obtained using a Leica Versa 8 whole-slide scanner.



Ethics Approval

All animal care and use were followed by NIH guidelines, and all experimental protocols were approved by the Purdue Animal Care and Use Committee.



Statistical Analyses

GraphPad Prism version 8 software (Graphpad; San Diego, CA) was used for statistical analyses. All figures report mean ± s.e.m values unless otherwise noted. For comparison of two groups, a 2-tailed t-test was utilized while for comparison of multiple groups a 1-way ANOVA followed by a Tukey post hoc analysis was employed where appropriate. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).




Results


Selection of a Tumor Model in Immune Competent Mice

For evaluation of the impact of TLR7 agonist-mediated repolarization of TAMs and MDSCs on the efficacy of CAR T cell therapies in solid tumors, we required a cancer cell line that would be devoid of both folate receptors and TLR7, so that our FA-TLR7-1A conjugate could neither bind nor directly stimulate the implanted cancer cells. To identify such a cancer cell line, we first screened several syngeneic tumor cell lines for folate receptor expression (FR). As seen in the flow histograms of Figure 1A, CT26, 4T1, and EMT6 cells all failed to bind a folate-fluorescein conjugate (compare with folate receptor positive control, L1210A cells), even after culturing in folate deficient medium to try to induce FR upregulation (24, 27), i.e. demonstrating that these cell lines do not express a functional folate receptor (28, 29). Next, to determine whether any of the same cell lines express a Toll-like receptor 7, we fixed, permeabilized, and stained the cells with an antibody to murine TLR7. As seen in the flow cytometry histograms of panel B (Figure 1B), none of the cells were observed to express TLR7 (compare with positive control in 24JK cells). Based on these data, we conclude that neither free TLR7-1A nor the FA-TLR7-1A conjugate should be capable of directly activating any of the above cancer cell lines.




Figure 1 | Selection of a CD19+ cancer cell line that expresses no folate nor TLR7 receptor and will grow in immune competent mice. Cancer cells lines (4T1, CT26, EMT6) that were known to grow in immune competent mice were cultured for 1 week in folate deficient medium to upregulate inducible folate receptors (if any) and then screened by flow cytometry to assure that the cells still expressed neither a folate receptor (A) nor a Toll-like receptor 7 (B). Known folate receptor positive (L1210A cells) and TLR7 positive (24JK cells) were used as positive controls. FR and TLR7 negative cell lines were then stably transduced with murine CD19 (mCD19) to create a cancer cell line that would respond to an anti-CD19 CAR T cell therapy. Successful expression of CD19 was confirmed after one-month of culturing by flow cytometry (C). Each flow cytometry analysis was performed at least three times, with representative histograms shown above.



Next, to create a tumor model that would be relevant to the commonly used anti-CD19 CAR T cell therapies today, we transduced each of the above cell lines with murine CD19 (mCD19). As described in Methods, lentiviral vector transduction of the cells with mCD19 followed by sorting for high mCD19 expressors (Figure 1C) yielded the desired CD19+ cancer cell lines. Then, to identify the cancer cell lines with the strongest tumor-forming potential in vivo, each of the transduced cell lines was implanted subcutaneously in balb/c mice and allowed to proliferate. Although all cell lines formed stable murine CD19 (mCD19) positive tumors, because 4T1 cells produced the most aggressive tumors with the highest percentage of FRβ+ myeloid cells (17, 30), we elected to conduct all further studies using the murine CD19-expressing 4T1 cell clone, hereafter termed 4T1-mCD19.



Analysis of the Ability of Anti-CD19 CAR T Cells to Kill 4T1-mCD19 Cells In Vitro and In Vivo

To determine whether anti-CD19 CAR T cells could kill 4T1-mCD19 cells in vitro, we generated anti-CD19 CAR T cells by transducing murine T cells collected from the spleens of balb/c mice (i.e. the mouse strain from which 4T1 cells are derived) with a retroviral vector containing the anti-CD19 CAR (see Materials and Methods). As shown in Figure 2A, these anti-CD19 CAR T cells were routinely generated with ~20% efficiency. Moreover, their abilities to kill 4T1-mCD19 cells reached 100% efficiency at an effector to tumor cell ratio of 5:1 (Figure 2B), even though nontransduced T cells lacking the anti-CD19 CAR displayed insignificant cytotoxicity against the same CD19+ tumor cell clones (panel B).




Figure 2 | Production of murine CAR T cells that recognize murine CD19 and analysis of their ability to kill 4T1-mCD19 cells in vitro. (A) Spleen derived T cells were transduced to express an anti-CD19 CAR and then examined for transduction efficiency by flow cytometry using an anti-rat IgG labeled with AlexaFluor 594, as described in Methods. Data shown are representative of three separate transduction procedures. (B) Analysis of the ability of the aforementioned anti-mouse CD19 CAR T cells to kill 4T1-mCD19 cancer cells in vitro. (Effector:target cell ratio = 5:1). Bar graphs display mean ± S.D. n=3.



To evaluate the ability of anti-CD19 CAR T cells to kill CD19+ tumor cells in vivo, we next implanted balb/c mice with the same preparation of 4T1-mCD19 breast cancer cells and allowed the tumors to reach ~50 mm3 in size before infusing the mice intravenously with either saline or anti-CD19 CAR T cells. After segregating the CAR T cell-infused mice into two identical cohorts, we treated one cohort 5 days/week with a folic acid-targeted TLR7 agonist (FA-TLR7-1A) and the other cohort with saline. This folate receptor-targeted TLR7 agonist was chosen for reprogramming of the tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) because a related FA-TLR7 agonist conjugate had been previously shown to convert M2-like immunosuppressive myeloid cells into M1-like inflammatory myeloid cells in solid tumors (17) without directly affecting any other immune cells in the body. As shown in Figure 3A (upper panel), although treatment of the tumor-bearing mice solely with murine anti-CD19 CAR T cells suppressed tumor growth, cotreatment with the same CAR T cells plus FA-TLR7-1A improved this therapeutic potency. Moreover, because this co-administration of FA-TLR7-1A caused no further weight loss, the augmented potency was likely achieved without significant added toxicity.




Figure 3 | Analysis of the ability of anti-CD19 CAR T cells to kill 4T1-mCD19 cells in vivo. (A) A “heterogeneous” preparation (not a single cell clone) of 4T1-mCD19” tumor cells was implanted into balb/c mice and allowed to form 50 mm3 tumors prior to initiation of therapy either with saline (black line), anti-mCD19 CAR T cells alone (blue line), or anti-mCD19 CAR T cells plus FA-TLR7-1A (red line). Tumor size (upper panel) and total body weight (lower panel) were then monitored as a function of time. (B) The studies described in part A were repeated following isolation and expansion of a single cell clone of 4T1-mCD19 cells. (C) Mice from panel B that showed no sign of any residual cancer for 30 days after termination of the therapy were rechallenged with fresh 4T1-mCD19 cells and the growth of the resulting tumors was monitored (red line). Tumor naïve mice were similarly injected with the same number of 4T1-mCD19 cells and used as a control (black line). The above studies were conducted at least twice using cohorts of 5 to 9 mice per group each time. More specifically, for the above studies involving heterogeneous 4T1-mCD19 tumors, the data derive from cohorts of 5 mice/group. For the above studies involving homogeneous 4T1-mCD19 tumors, the “No treatment”, “CAR T+PBS”, and “CAR T+3n mol FA-TLR7-1A, 5W” treatment groups contained 5, 6 and 9 mice/group, respectively. For rechallenge with 4T1-mCD19, n=4 for all the groups. Mean ± SEM. Statistical significance between multiple groups was determined using a 1-way ANOVA followed by a Tukey post hoc analysis. Statistical significance between two groups was determined using an unpaired two‐tailed t‐test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).



An important TME variable not yet examined in the above studies was tumor size. Thus, research by other laboratories has demonstrated that the immunosuppressive properties of solid tumors change with tumor size, where infiltrating TAMs and MDSCs become both more abundant and more suppressive as tumor size enlarges (31–34). To determine whether the ability of FA-TLR7-1A to augment CAR T cell therapies might also change with tumor size, therapeutic responses were compared among tumors in which initiation of therapy was delayed until their sizes had reached 50 mm3, 90 mm3, or 130 mm3. As shown in Figure 4, the contribution of FA-TLR7-1A to inhibition of tumor growth was similar if not greater as tumor size increased; however, the impact of CAR T cell therapy on tumor expansion declined as the tumors enlarged. These data suggest that reprogramming of myeloid cells in the TME may become more important as tumor burden increases. The data may also suggest that CAR T cell therapies, in general, can be improved if solid tumors were maximally debulked before initiation of therapy (35, 36).




Figure 4 | The effect of tumor size on the ability of FA-TLR7-1A to enhance anti-CD19 CAR T cell therapy of solid 4T1-mCD19 tumors. Analysis of tumor size and body weight change of mice in which treatments started when the average tumor sizes reached (A) 50 mm3, (B) 90 mm3, and (C) 130 mm3. (D) Comparison of the relative tumor sizes on day 26 after initiation of therapy. The number of mice per treatment group were as follows: for mice with 50mm3 tumors: “No treatment”, n=5; “3 nmol FA-TLR7-1A, 5W”, n=6; “CAR T+PBS”, n=6; “CAR T+3n mol FA-TLR7-1A, 5W”, n=9. For mice with either 90mm3 or 130mm3, n=5 for all the groups. Mean ± SEM. Statistical significance between multiple groups was determined using a 1-way ANOVA followed by a Tukey post hoc analysis. Statistical significance between two groups was determined using an unpaired two‐tailed t‐test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant P ≥ 0.05).





Evaluation of the Mechanism Underpinning Augmentation of CAR T Cell Efficacy With FA-TLR7-1A

Analysis of the residual tumor masses in the above study revealed that the surviving cancer cells were all CD19 negative, suggesting that the absence of completes responses was largely due to loss or downregulation of the mCD19 “tumor antigen” (Figure S2). In an effort to prevent such selection for antigen negative cells, we cloned out single 4T1-mCD19 cells and implanted a clone that exhibited high mCD19 expression into balb/c mice to enable their development of homogeneous tumors. As shown in Figure 3B, infusion of these mice with the same anti-CD19 CAR T cells promoted a somewhat improved suppression of tumor growth, but again yielded no complete responses. In contrast, co-administration of FA-TLR7-1A to an identical cohort of mice yielded 4 out of 9 complete responses, with all responders remaining tumor-free for at least the 30 subsequent days of monitoring. In fact, rechallenge of the complete responders at the end of the 30-day monitoring period with additional 4T1-mCD19 cells still yielded no detectable tumors despite the absence of any further therapy (Figure 3C). These data suggest that the complete responders had developed a sustained immunity to the 4T1-mCD19 cancer cells and that this immune memory required co-administration of FA-TLR7-1A.

Since the hypothesis underpinning this study was that TLR7-1A-mediated stimulation of TAMs and MDSCs might enhance CAR T cell efficacy by shifting the TME towards a more inflammatory state, we next examined whether the immune cells in the TME might have acquired a more inflammatory phenotype upon FA-TLR7-1A administration. To test this hypothesis, tumor tissue resected upon the termination of the above therapies was subjected to gentle digestion to dissociate cells and analyzed by flow cytometry for immune cell markers (Figure S3). As shown in Figure 5A, treatment with FA-TLR7-1A nearly doubled the ratio of M1:M2 macrophages (as measured by the iNOS:arginase 1 ratio) and halved the percentage of MDSCs in the live CD45+ tumor cell population (Figure 5C). There was, however, no significant difference in the percentage of tumor-associated macrophages (Figure 5B) or the various subpopulations of live MDSCs (Figures 5B–F). Because TAMs and MDSCs constitute the only folate receptor-expressing cells in these solid tumors (17, 37), the results suggest that folate receptor-mediated uptake of FA-TLR7-1A can shift the properties of TAMs and MDSCs to a more tumoricidal phenotype.




Figure 5 | Impact of CAR T cells and FA-TLR7-1A on the properties of tumor infiltrating TAMs and MDSCs. (A) Estimation of the M1:M2 ratios of F4/80 positive macrophages within the solid 4T1-mCD19 tumors following treatment with the indicated therapies. The ratio of inducible nitric oxide synthase (iNOS) to arginase 1 (Arg 1) was used as an estimate of M1-like to M2-like macrophages. (B) Percentage of live CD45+ cells in the solid tumors that were F4/80 positive macrophages. (C) Percentage of MDSCs in live CD45+ cells in the solid tumors. (D) Ratio of the iNOS+ to Arg 1+ population among live MDSCs. (E) Percentage of the iNOS+ population in live MDSCs. (F) Percentage of Arg 1+ population in live MDSCs. This study was performed three times with similar results each time. The number of mice/group is the same as reported in the legend to Figure 3, except in the CAR-T + 3 nmol FA-TLR7-1A, 5/W group only 5 of 9 tumors could be analyzed because 4 of 9 mice experienced complete cures. Mean ± SEM. Statistical significance was determined using an unpaired two‐tailed t‐test (*P < 0.05, ***P < 0.001, ns, not significant P ≥ 0.05).



Next, to investigate whether treatment with FA-TLR7-1A might have also changed the properties of endogenous T cells and/or CAR T cells in the same tumor masses, we also examined the surface markers of these cells by flow cytometry (Figure S4). As shown in panels A of Figure 6, co-administration with FA-TLR7-1A more than doubled the total number of murine T cells accumulating in the tumors, and many of these T cells, including CAR-T cells, became better effector cells, as evidenced by their enhanced expression of activation markers, CD25 and CD69 (Figure 6, panel B-F). Improved T cell infiltration was also observed in FA-TLR7-1A treated tumors using immunohistochemistry (Figure S5). Because FA-TLR7-1A is only capable of entering folate receptor-expressing cells (i.e. TAMs and MDSCs), this concomitant activation of both unmodified and genetically engineered T cells suggests that repolarization of the MDSCs and TAMs can promote their release of chemokines and cytokines (38, 39) that in turn can induce a more activated phenotype in the tumor-infiltrating T cells and CAR T cells.




Figure 6 | Impact of CAR T cell therapy in the presence and absence of FA-TLR7-1A on the number and activation states of tumor-infiltrating T cells and CAR T cells. (A–C) The number of total T cells, CD25+ T cells, and CD69+ T cells per 100,000 live CD45+ cells in the tumors following the indicated treatments. (D–F) The number of total anti-CD19 CAR T cells, CD25+ anti-CD19 CAR T cells, and CD69+ anti-CD19 CAR T cells per 100,000 live CD45+ cells in the tumors following the indicated treatments. This study was performed three times with similar results each time. The number of mice/group is the same as reported in the legend to Figure 3, except in the CAR-T + 3 nmol FA-TLR7-1A, 5/W group only 5 of 9 tumors could be analyzed because 4 of 9 mice experienced complete cures. Mean ± SEM. Statistical significance was determined using an unpaired two‐tailed t‐test (**P < 0.01, ***P < 0.001).





Assessment of the Specificity of FA-TLR7-1A for TAMs and MDSCs

As noted above, nontargeted TLR7 agonists have proven to be too toxic for systemic administration because they activate most immune cells in the body (18–20). Since none of the FA-TLR7-1A-treated animals in Figures 3, 4 showed any weight loss beyond that caused by the CAR T cell therapy, the question next arose whether FA-TLR7-1A might have avoided systemic activation of the immune cells in healthy tissues. To address this question, we collected myeloid cells from the spleens of the same tumor-bearing mice used in Figure 4 and examined their activation markers by flow cytometry. As shown in Figure S6, systemic treatment with FA-TLR7-1A exerted no effect on either the percentage of macrophages in the spleen or their M1/M2 ratios. These results confirm that FA-TLR7-1A is specific for FR-expressing myeloid cells in the tumor microenvironment and that systemic administration of FA-TLR7-1A should have little or no effect on macrophages in healthy tissues.



Evaluation of FRβ Expression on Peripheral Blood Monocytes From Healthy Human Donors

Because expression of a functional folate receptor is required for binding and internalization of FA-TLR7-1A, it was important to determine whether healthy human donors might express any circulating blood cells with a functional folate receptor (Figure 7). Although 73% of circulating CD14+ monocytes were found to stain positive for human folate receptor beta (determined by m909 staining), almost none of the cells were found to bind folate-linked fluorescein (EC17), suggesting the folate receptors were nonfunctional. Importantly, these data support previous speculations that a nonfunctional folate receptor might be present on some human myeloid cells but remain nonfunctional until activated by a proinflammatory or anti-inflammatory stimulus (28). This requirement for activation is obviously critical, since the myeloid cells in a solid tumor mass are activated whereas those in healthy tissues are not, i.e. allowing FA-TLR7-1A to only activate the TAMs and MDSCs in the tumor.




Figure 7 | Evaluation of functional and nonfunctional FRβ expression in monocytes from fresh human PBMCs. Fresh PBMCs isolated from healthy donors were stained with anti-human PE-CD14, fluorescein-labeled antibody to human FRβ or folate-fluorescein conjugate (EC17) in the absence or presence of 100X folate-glucosamine (competition) and then subjected to FACS analysis. (A) Representative gating strategy for isolating monocytes (CD14+%/total PBMCs), total FRβ+ monocytes (FRβ+%/CD14+) and functional FRβ (EC17+%/CD14+). (B) Percentage of monocytes and their functional and nonfunctional FRβ expression (n=5 human donors).






Discussion

TAMs and MDSCs are thought to be major orchestrators of the immunological properties of solid tumors because they i) secrete immunosuppressive cytokines such as TGF-β and IL-10 (3), ii) express checkpoint receptors (e.g. PD-L1) that inhibit effector functions (40), iii) release growth factor such as VEGF, PDGF, and FGF that promote cancer cell and neovasculature proliferation (41, 42), and iv) discharge chemokines (e.g. CCL18) and cytokines (e.g. TGFβ) that recruit fibroblasts and enhance tumor proliferation (4, 43). Not surprisingly, the abundance of TAMs/MDSCs generally correlates with poor patient survival (13–15), leading many to hypothesize that eliminating or reprogramming TAMs and MDSCs should augment immunotherapies (16, 37, 39).

We have undertaken to test this hypothesis by reprogramming tumor-infiltrating myeloid cells to a more inflammatory M1-like phenotype and examining the impact of such reprogramming on the ability of CAR T cells to eradicate solid tumors. We chose FA-TLR7-1A for repolarizing the TAMs and MDSCs because only activated TAMs and MDSCs express functional FRβ, i.e., allowing the membrane impermeable FA-TLR7-1A conjugate to be internalized primarily by these FRβ+ tumor-infiltrating cells (17). Thus, the only major cell types besides activated macrophages to express a functional folate receptor in healthy adults are the proximal tubule cells of the kidney (44) and epithelial cells of the choroid plexus (45). Since these two cell types lack TLR7, the only cell lineage with the capacity to both internalize and respond to FA-TLR7-1A should be the FRβ+TLR7+ myeloid cells. Not surprisingly, the absence of these cells from healthy tissues (17, 46, 47) assures that unwanted systemic activation of the immune system and the accompanying toxicity will be minimal. Moreover, the fact that only FRβ-expressing TAMs/MDSCs are immunosuppressive (17) assures that repolarization of this specific cell population should prove most effective in augmenting a co-administered cancer immunotherapy. Recently, Alba Rodriguez-Garcia et al. reported that anti-FRβ CAR T cells could promote enhanced inhibition of tumor growth by eliminating FRβ expressing TAMs and MDSCs (37). However, the fact that such anti-FRβ CAR T cells should also recognize and destroy most of the circulating monocytes raises a concern that anti-FRβ CAR T cells might cause unwanted systemic immunosuppression. The inability of FA-TLR7-1A to bind nonfunctional FRβ on healthy peripheral blood monocytes while efficiently targeting functional FRβ on TAMs and MDSCs obviously avoids this toxicity.

It was interesting to note that the FA-TLR7-1A-stimulated reprogramming of TAMs/MDSCs also changed the properties of tumor-infiltrating T cells and CAR T cells. Not only did more T cells infiltrate the affected tumors, but the phenotypes of the T cells also became more activated. Because FA-TLR7-1A stimulation is limited to FRβ-expressing tumor myeloid cells, these data argue that repolarization of TAMs/MDSCs to an inflammatory phenotype leads to increased recruitment and activation of infiltrating lymphocytes. A possible decrease in TAM/MDSC expression of checkpoint receptors (e.g. PD-L1) and/or immunosuppressive cytokines (e.g. IL-10, TGFβ) or an increase in expression of pro-inflammatory cytokines (e.g. TNFα, IFNγ) could conceivably account for these changes.

Consistent with observations of others (48), our CAR T cell therapy became less effective as tumor size increased, with the CAR T cell monotherapy reducing tumor growth by approximately 85%, 55%, and 50% in tumors of ~50, 90, and 130 mm3 sizes, respectively (Figure 4). Surprisingly, treatment with FA-TLR7-1A alone appeared to show the opposite trend, with the targeted conjugate suppressing tumor grow by only ~40% in the 50 mm3 tumor cohort, but improving to ~50% in both the 90 and 130 mm3 tumor cohorts. While part of this size correlation may derive from an increased probability of encountering a cancer cell with a resistance mutation as tumor size increases, a second component may stem from the fact that the TME becomes increasingly immunosuppressive as tumors enlarge (31–34). Thus, as tumor size increases, the percentage of infiltrating T cells declines (49), the proportion of tumor-promoting cancer-associated fibroblasts increases (50), the polarization of macrophages shifts towards a more anti-inflammatory state (31), and the number of suppressive myeloid cells also rises (34). Although these correlations clearly portend a more refractory tumor as its size increases, they also suggest that myeloid cell repolarization could make an increasingly greater contribution to tumor immunotherapies as malignant lesions enlarge. The fact that most cancers are first diagnosed when tumors already exceed 130 mm3 suggests that TME reprogramming may become a critical element in regressing solid tumors in the future.
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