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SUMMARY

Advances in the understanding of the tumormicroenvironment have led to devel-
opment of immunotherapeutic strategies, such as chimeric antigen receptor
T cells (CAR-Ts). However, despite success in blood malignancies, CAR-T thera-
pies in solid tumors have been hampered by their restricted infiltration. Here,
we used our understanding of early cytotoxic lymphocyte infiltration of human
lymphocytes in solid tumors in vivo to investigate the receptors in normal, adja-
cent, and tumor tissues of primary non-small-cell lung cancer specimens. We
found that CX3CL1-CX3CR1 reduction restricts cytotoxic cells from the solid-tu-
mor bed, contributing to tumor escape. Based on this, we designed a CAR-T
construct using the well-established natural killer group 2, member D (NKG2D)
CAR-T expression together with overexpression of CX3CR1 to promote their
infiltration. These CAR-Ts infiltrate tumors at higher rates than control-activated
T cells or IL-15-overexpressing NKG2D CAR-Ts. This construct also had similar
functionality in a liver-cancer model, demonstrating potential efficacy in other
solid malignancies.

INTRODUCTION

Over the past decade, significant advances have been made in the immunotherapy of hematologic malig-

nancies, but the efficacy of immunotherapy in solid tumors remains limited.1 Through the advent of novel

immunotherapies, it is well established that deficiency of tumor-infiltrating lymphocytes (TILs), including

cytotoxic T cells and natural killer (NK) cells in solid tumors, is a factor in tumor progression and survival

as well as an obstacle to overcome for reducing tumor burden.1–3 In particular, accumulation of lympho-

cytes near or into the tumor bed has been strongly correlated with a favorable prognosis in several solid

malignancies.4 This suggests that circulation and infiltration of lymphocytes into the tumor are critical

for antitumor immunity and perhaps for developing immunotherapeutic strategies, although the exact

mechanisms involved remain to be elucidated. However, despite this, therapeutic targeting of solid

malignancies remains a key issue for the effectiveness of most immunotherapies because of decreased

lymphocyte infiltration into the tumor microenvironment (TME).5 Therefore, a better understanding of

TIL-restriction mechanisms in the solid TME could play a key role in developing novel immunotherapies

more efficient at overcoming this restriction.

Among the many chemokines relevant in tumor recruitment and infiltration is CX3CL1, whose receptor

CX3CR1 is expressed in many immune cells, including lymphocytes.6–10 In addition, CX3CL1 has been

previously shown to induce homing toward xenograft tumors when exogenously expressed in

T cells,11 although its expression inside the tumor bed remains unknown or its relevance in lymphocyte

restriction remains unknown. CX3CL1, or fractalkine, is a chemokine expressed in many tissues in

response to inflammation; fractalkine has both a membrane-bound and a released form.12 The released

form acts as a recruiting chemokine, forming a gradient between the releasing tissues and the periphery,

whereas the membrane-bound form mediates adhesion and retention of CX3CR1+ cells in the target
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tissues.13–15 Importantly, increased levels of CX3CL1, which captures CX3CR1+ cytotoxic T cells, NK cells,

and CD14+ monocytes in the tumor-bed cancers, such as colorectal, breast, gastric adenocarcinoma, and

the majority of lung cancer cases, are a favorable prognostic marker in cancer through enhancing anti-

tumor immunity.7,13,16,17 Importantly, other than for developing antibodies against this receptor-ligand

pair for autoimmune disorders, such as rheumatoid arthritis, its use in developing immunotherapeutic

strategies for cancer is rare. However, chimeric antigen receptor T (CAR-T) cells allow for retargeting

T cells toward the tumor on a major histocompatibility complex––independent activation of recogni-

tion18–20; this retargeting is an excellent way to test the role of CX3CR1-CX3CL1 in inducing infiltration

in solid malignancies. While CAR-Ts’ biggest success has been treating CD19+ B-cell lymphomas, the

first clinical trials for this type of immunotherapy were conducted on solid-tumor malignancies.21 Because

identifying targets for solid malignancies is rare, CAR-Ts have been developed to take advantage of the

overexpression of NK group 2, member D (NKG2D), shown as effective in many preclinical and clinical

studies.3,22–24 The rationale for using CAR-Ts is that engaging this receptor with upregulated NKG2D li-

gands in tumors triggers effector functions in cytotoxic cells, such as cellular proliferation, proinflamma-

tory cytokine production, and granzyme-mediated cytolysis of target cells.25–30 However, clinically,

NKG2D CAR-T alone has not been successful in solid tumors because of the lack of infiltration in the

tumor.31

In the current study, we analyzed infiltrating lymphocytes from lung cancer primary tissues isolated from 3

separate areas: normal (N), adjacent (A), and tumor (T) tissues. We discovered a significant deficiency of

CX3CR1+ TILs in the tumor bed and a reduced signal of lymphocytes from A compared to N tissues. A

concomitant reduction of CX3CL1 in primary tumor tissues suggested that this receptor may recruit

effector lymphocytes into the solid tumor. We took advantage of this discovery to include CX3CR1 receptor

expression into the well-known NKG2D–CAR-T construct and tested it in a lung in vivo model. This com-

bination reduced tumor burden in solid tumor-bearingmice and provides a unique alternative to overcome

the reduced infiltration of CAR-T into the tumor.

RESULTS

Early intratumoral restriction of cytotoxic cells in a lung-xenograft immunotherapy model

Our previous work focused on understanding the role of the TME in cytotoxic-cell suppression in lung can-

cer.32,33 Therefore, to understand how intratumoral lymphocyte restriction works, we tested whether

engraftment of A549 tumors, a human non-small-cell lung cancer (NSCLC), into NOD (non-obese dia-

betic)-scid IL2Rgnull (NSG) mice34 can support immunotherapy of human lung cancer after establishment

of the initial solid mass. Because NK cells are one of the early players for tumor immune surveillance and

naturally express NKG2D, we created lung-tumor models surveyed by primary NK cells at different time

points. As shown in Figure 1A, 3 3 105 luciferase-expressing human A549 cells could grow subcutaneously

as a small, localized tumor in NSG mice that received a delayed administration (day 7) of 3 3 106

interleukin-2 (IL-2)-activated human NK cells while parallel administration at day 0 reduced or even pre-

vented tumor growth (Figures 1A, 1B, and S1A), indicating that early activity of NK cells prevents the growth

and establishment of solid tumors.

To understand if the effect on the TME is restricted to the tumor or caused by a general reduction of

cell survival, we performed a delayed NK injection (2 weeks after tumor) to assess the infiltration of

human (h)CD45+ NK cells in blood, liver, spleen, or tumor after injection in mice, as schematized in

Figure 1C. As expected, we found no infiltration of primary activated NK cells into the tumor (Figure 1D)

compared to other tissues. This was not cell line-specific because similar results were obtained

with a different NSCLC model (Figure S1B). This suggests that the restriction of NK cells from the

tumor is linked to survival and migration of NK cells. IL-15, a survival cytokine critical for cytotoxic-cell

development, function, and proliferation,35 works like IL-2, albeit more effectively because its higher re-

ceptor affinity leads to cytotoxic-cell activation at lower doses.36 Because of its essential role in the sur-

vival and activation of cytotoxic cells,37–40 we tested whether increased NK-cell survival and activation

with IL-15 could increase tumor infiltration. We tested the infiltration of primary NK cells cultured with

the cytotoxic lymphocyte-activating cytokine IL-15 and supplemented with IL-15 during the intravenous

administration in the same tumor model. Stimulating with IL-15, which, as expected, increased

CD56bright NK population upon activation41 and improved survival of NK cells but not the amount of

tumor infiltration in vivo, suggesting that mechanisms other than lymphocyte activation are relevant to

infiltration (Figure 1E).
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Restricted infiltration of functional cytotoxic cells in lung cancer

Based on the early xenograft model, as well as reports that lymphocytes are restricted from tumor tissues in

many malignancies,42–45 we analyzed 16 fresh primary NSCLC specimens through phenotypic mapping of

lymphocyte infiltration. This allowed systematic characterization of the lymphocytic presence and distribu-

tion in the solid mass and its surrounding tissues. Lymphocytes from primary lung-tissue specimens were

isolated from N, A, or T tissues (Figures S2A and S2B) similar to a previous description46 and analyzed indi-

vidually or by T-distributed stochastic neighbor embedding (tSNE) modeling for visualization of multidi-

mensional data47 (Figure S2C). A gradient-like decrease was observed in the percentage of NK cells but

with an increase of suppressive regulatory T cells (T regs), while the overall percentage of T cells (CD4

and CD8) was not significantly changed (Figures 2A and S3A). To determine if there were changes in sub-

populations of T cells, we analyzed the isolated cells for changes in different functional markers. We de-

tected that NK cells expressing the activation markers CD16, NKG2D, DNAM1, and Tbet were significantly

downregulated in both the A and T tissues (Figure S3B). However, markers that represent an increase of

exhaustion and immune suppression, NKp44, NKG2A, and Tim3,48 were increased. Similarly, CD8+

T cells had a decrease in DNAM1 and Tbet expression but not NKG2D, while only PD1 (but not Tim3,

Figure 1. Infiltration of NK cells is restricted by the growing tumor

(A) Representative images of early tumor-development model: NSGmice were inoculated s.c. with luciferase-expressing A549 tumor cells and administered

NK cells at day 0 or day 7 after tumor establishment. Tumors were detected by luminescence.

(B) Quantification of luminescence from the experiment shown in A (n = 10 mice per group, and NK cells from 5 human donors). Mice with no luciferase

tumors were measured to assess background. Groups were not normally distributed and analyzed with the Friedman test (p values shown in figure). Error

bars represent the standard error of the mean of n.

(C) Established tumor-model schematics: luciferase-expressing A549 cells were inoculated into mice, and 2 weeks after (when tumor was palpable), isolated

primary human NK cells were injected. Tumors were collected 5 days after injection, andmononuclear cells were analyzed by flow cytometry for the presence

of human Cluster of Differentiation (hCD)45+ cells.

(D) Flow cytometric quantification of the percentage of hCD45+ NK-cell infiltration in tissues of A549 tumor-bearing mice treated as described in C

(representative figure of n = 3). Inset shows the percentage of human CD45+ cells inside the gate shown.

(E) Flow cytometric quantification as in D of hCD45+ NK cells precultured in the absence (upper panel) or presence (lower panel) of 10 ng/mL IL-15 for 3 days

before injection and injected in 10 mg/13 106 cells IL-15-supplemented vehicle (representative figure of n = 3). Inset shows the percentage of human NK cells

in each tissue. Abbreviations: NK, Natural killer; NSG, NOD-scid gamma.
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TIGIT, or CTLA4) was significantly upregulated in the cytotoxic T cells infiltrating the tumor (Figure S3C). Inter-

estingly, we observed a decreased expression in the mobilization-linked cytokine receptor CX3CR1 in cyto-

toxic cells NK, NKT, and CD8+ (Figure 2B), which may help explain our earlier observations of TIL restriction

in the TME. CX3CR1 is established—along with its ligand CX3CL1 (fractalkine)—as driving migration,

increasing responsiveness to chemo-attractants, promoting interferon-gamma (IFNg) expression, and acti-

vating cytotoxic T cells.49–51 Moreover, while CX3CR1+CD4+ cells were also reduced in the tumor, this reduc-

tion was not as striking as CX3CR1-expressing CD8+ T cells or NK cells and likely explained by the increased

level of T regs present (Figures 2A and S3A). CX3CR1 levels also affect migration of myeloid-derived suppres-

sor cells (MDSCs), and a reduction of this receptor in TILs enhances the phagocytic ability of MDSCs.52,53

MDSCs are well established as a main immunosuppressive cell type, playing a critical role in tumor immune

escape by secreting suppressive cytokines, reducing antitumor adaptive responses, and increasing suppres-

sive cells, including T regs.54,55 For that reason, we investigated not only the overall phenotypic MDSC levels

but also the levels of the MDSC subsets: early stage (e)MDSC, defined as Lin�HLA-DRlo/�CD11b+CD33+;

monocytic MDSC (M-MDSC), defined as CD11b+CD14+HLA-DRlo/�CD15�; and granulocytic MDSC

Figure 2. Primary non-small-cell lung cancer reduces cytotoxic cells and CX3CR1 levels in the tumor microenvironment

(A) Percentage of total live CD45+ lymphocytes isolated from primary lung tissues (NK cells, Lin�CD56+CD16+; T cell subsets CD3+CD4+ T helper cells,

CD3+CD8+ cytotoxic cells, and CD3+CD25+Foxp3+ T regs). NK cells were not normally distributed and analyzed with the Friedman test, while the other

groups were normally distributed and analyzed by one-way ANOVA.

(B) Percentage of CX3CR1+ NK cells, T helper cells, and NKT cells (defined as in A). CX3CR1+NK cells were normally distributed and analyzed by one-way

ANOVA, while the other CX3CR1+ groups were not normally distributed and analyzed with the Friedman test.

(C) The percentage of total MDSC and MDSC subsets: eMDSC (Lin�HLA-DRlo/�CD11b+CD33+), M-MDSC (CD11b+CD14+HLA-DRlo/�CD15�), and PMN-

MDSC (CD14�CD11b+CD15+). Except for PMN-MDSC, all data in C were normally distributed and analyzed by one-way ANOVA.

(D) Immunohistochemistry staining of primary lung-tissue specimens’ normal, adjacent, and tumor sections (2 separate specimens shown) showing the

expression of CX3CR1 (magenta) and cytotoxic cells (CD8 T cells in green, CD56 NK in yellow). Zoomed-out high-resolution images of the same specimens

are shown in Figure S4.

(E) Immunohistochemical staining of primary lung-tissue specimens’ normal, adjacent, and tumor sections (2 separate specimens shown) showing the

expression of CX3CR1 (magenta) and CX3CL1 (yellow). Zoomed-out high-resolution images of the same specimens are shown in Figure S5. All these data

come from up to a total of n = 16 specimens (depending on availability for each study). Abbreviation: MDSC, myeloid-derived suppressor cells; NK, Natural

killer.

In all graphs error bars represent the standard error of the mean of n.
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(polymorphonuclear PMN-MDSC), defined as CD14�CD11b+CD15+.56 To confirm these are MDSCs, we per-

formed a functional suppression assay with enriched CD11b+ cells, isolated from either N, A, or T tissues, with

either autologous or allogeneic T cells (Figure S3D) confirming the suppressive nature of these cells. The total

population ofMDSCswas significantly upregulated in the tumor compared to eitherN or A tissues (Figure 2C).

The most significant was the percentage of early immature eMDSC in the tumor, compared to either N or A

tissues, whereasM-MDSCswere only significant compared toA tissues, and PMN-MDSCswere not significant,

albeit trending toward increases in the tumor. This suggests that the increase in suppression in the TME con-

tributes to the reduced immune infiltration and is associated with decreases of CX3CR1 in the tumor. To

corroborate the architecture of CX3CR1 lymphocytic restriction, we used the immunohistochemistry of the

same locations on the same primary lung cancer specimens. This confirmed the CX3CR1-gradient reduction

of cytotoxic lymphocyte infiltration into the tumor (Figure 2D and lower magnification of the same images in

Figure S4), which was paired with a similar gradient reduction of its ligand, CX3CL1 (Figure 2E and lower

magnification of the same images in Figure S5). Importantly, CX3CR1-CX3CL1 was significantly reduced yet

not abrogated because some expression in the tumor tissues remained.

High CX3CR1 expression is linked to higher survival in lung cancer and other solid

malignancies

Considering the data on CX3CR1-mediated restriction of cytotoxic lymphocytes in NSCLC tumors, the

main question remains, what is the clinical impact of CX3CR1+ cells in the outcomes of patients with solid

malignancies? Using gene-expression analysis from The Cancer Genome Atlas (TCGA) database, we

confirmed reduced CX3CR1 and CX3CL1 gene expression in different lung cancers (Figures 3A and 3B,

respectively), as well as in different lung cancer cell lines by flow cytometric analysis (Figure S6A). Using

OncoLnc (oncolnc.org), which extracts gene-expression and survival data from TCGA, we performed a sur-

vival analysis using killer-cell lectin receptor subfamily Kmember 1 (KLRK1, the gene encoding NKG2D)57,58

and CX3CR1 expression in lung adenocarcinoma and liver hepatocellular carcinoma, as well as 2 other solid

malignancies: bladder urothelial carcinoma and head-and-neck squamous-cell carcinoma. Because

NKG2D is expressed in cytotoxic lymphocytes,59 this search checks the survival of patients based on

CX3CR1 expression in TILs. Samples were categorized as high expressers if they had above-median expres-

sion for both genes and low expressers if they had below-median expression for both genes (Figure 3C). In

these solid malignancies, the higher expression of KLRK1-CX3CR1 was linked with better survival, support-

ing the hypothesis that higher CX3CR1-expressing cytotoxic lymphocytes reduce tumors in solid malig-

nancies and are associated with patient prognosis. Moreover, this suggests that reducing both CX3CR1

and CX3CL1 in the TME also reduces the infiltration of antitumor cytotoxic cells.

To further establish the role of the CX3CR1-CX3CL1 axis in TIL restriction in solid malignancies, we

repeated the A549 xenograft experiment as in Figure 1C with the addition of overexpressing CX3CL1 in

the tumor cells and measured infiltration through quantification of human CD45 cells in the tumor bed.

While A549, as well as 2 other lung cell lines (H1299 and H1355), had low endogenous CX3CL1 expression

measured by flow cytometry (Figure S6A), overexpression of CX3CL1 in A549 cells increased cellular

expression and secretion of CX3CL1 (Figures S6B and S6C). Compared to control-transfected A549,

CX3CL1-overexpressing A549 cells, xenografted onto NSG mice, had an increased infiltration of hCD45+

NK cells measured by tissue immunostaining (Figures 3D and 3E) and validated by isolating and quantifying

hCD45+–circulating cells in the peripheral blood of these mice by flow cytometry (Figure 3F). The CX3CR1-

CX3CL1 axis has also been reported to be important in the cytotoxic activity of lymphocytes.60–63 Hence,

we tested the ability of healthy donor NK cells to kill A459 cells overexpressing CX3CL1. We found that

CX3CL1 overexpression resulted in superior killing, compared to control-transfected A549 cells, proving

that the CX3CR1-CX3CL1 axis not only aids in infiltration of cytotoxic cells into solid malignancies but

also increases the cytolytic activity of the recruited cells (Figure 3G). This novel finding points toward

exploiting this axis for the therapeutic efficacy of immunotherapies using cytotoxic cells.

Novel design of NKG2D-CAR-T overexpressing CX3CR1

While we have demonstrated that overexpression-induced secretion of CX3CL1 by the tumor can restore

infiltration and increase functionality of cytotoxic cells, modifying the tumor is a challenging approach to

induce infiltration clinically. Moreover, previous work by Siddiqui et al. has shown that overexpression of

CX3CR1 in T cells can aid TIL migration toward tumors in vivo: although their work demonstrates recruit-

ment of TILs toward the tumor, it did not look for intratumoral infiltration.11 For this reason, we built

upon the effectiveness of NKG2D CAR-T through the co-expression of CX3CR1 in the design as
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schematized in Figure S7A. Our CAR-T design, a second-generation CAR-T, focuses on using the extracel-

lular domain of NKG2D, followed by a hinge and transmembrane region that leads to the signaling do-

mains 4-1BB and CD3z to achieve a strong expansion and persistence of CAR-Ts.64,65 Because we have

shown that IL-15 does not induce infiltration, our control co-expresses IL-15 to test the concept that

CX3CR1 receptor co-expression on these cells can induce infiltration. Lastly, our design includes using

epidermal growth factor receptor (EGFR) as a target for cell depletion to induce rapid T cell elimination

after treatment to reduce adverse events.66 Empty vector (pCDCAR) T cells did not survive and proliferate

in culture, but NKG2DCAR-Ts did. Overexpression of CX3CR1 enhanced the numbers of the CAR-Ts in cul-

ture (Figure 4A), although both CAR-T constructs (CX3CR1 or IL-15) had strong in vitro killing activity

against either A549 or HepG2 cells (Figures 4B and S7B), likely because of saturation. However, the

NKG2D-CX3CR1 cells retained higher levels of CFSE (CFDA-SE: carboxyfluorescein diacetate succinimidyl

ester) compared to the IL-15 control cell, suggesting that they cycle slower and thus limits the rate at which

they reach exhaustion (Figure S7C). Interestingly, CX3CR1 overexpression did allow for a stronger activa-

tion state than IL-15 overexpression, as indicated by the higher level of IFNg activation (Figure 4C) and

significantly increased mobilization (Figure S7D) when in co-culture with tumor cells.

Figure 3. CX3CR1 and CX3CL1 correlate with improved survival in solid malignancies

Gene expression of A) CX3CR1 and B) CX3CL1 in lung cancer (lung squamous-cell carcinoma and adenocarcinoma) and normal tissues denoted as FPKM.

(C) Survival analysis of KLRK1 and CX3CR1 expression in lung adenocarcinoma, liver hepatocellular carcinoma, bladder urothelial carcinoma, and head-and-

neck squamous-cell carcinoma from The Cancer Genome Atlas database.

(D) Infiltration of primary human CD45+ NK cells into A549 tumors stably overexpressing either CX3CL1 or a scrambled control grafted onto NSG mice. The

image represents paraffin-tissue slides immune stained with human CD45 (NK cells, blue cells) and counterstained pink. Spleens serve as positive infiltration

control (representative figure).

(E) Quantification of hCD45+ NK cells of experiment as in C. Significance was estimated by the Wilcoxon rank-sum test. Error bar represent the standrd error

of the mean of n.

(F) Flow cytometric analysis of circulating humanNK cells in the peripheral blood of tumor-bearingmice as in C (representative figure). Isolated NK cells serve

as positive control.

(G) Cytotoxicity assay of primary human NK cells against A549 cells with or without CX3CL1 overexpression. Unpaired t-test was used to compare the area

under the curve of each group. Abbreviations: FPKM, fragments per kilobase million, NK, Natural killer.
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It is well accepted that CAR-T activation leads to increased parallel-checkpoint receptor expression. Co-

expression of these receptors has been associated with prominent T cell activation (CD69/CD137), effector

function (Granzyme-B), and proliferation (Ki-67) in NSCLC.67 Because of this, we tested the expression of

PD1, Tim 3, and LAG3 on the NKG2D-IL-15 and NKG2D-CX3CR1 CAR-T cells and their distribution in a

tSNE analysis before and after co-culture with tumor cells (Figures S8 and 4D, respectively). In both figures,

the first column shows the distribution of cells in pseudocoloring, followed by the cells expressing CD4 (or-

ange), with the green cells being CD8 T cells and where EGFR expression (CAR-T transduction) is present.

We saw increased co-expression of PD-1, Tim-3, and LAG-3 receptors in both CAR-T-transduced T cells,

after encounter with tumor cells (Figure 4D), consistent with the activation observed earlier but not before

stimulation (Figure S8). These data suggest that CX3CR1 overexpression may have an advantage not only

for inducing mobilization but also for enhancing the activation of these cells.

Testing of CX3CR1-overexpressing CAR-T in preclinical models of solid cancer

To validate the ability of CX3CR1 overexpression to enhance the infiltration of CAR-T into solid malig-

nancies, we tested the ability of CX3CR1-overexpressing CAR-Ts to infiltrate a solid tumor in the A549

lung cancer model (schematic representation in Figure S9A). The tumors were established 2 weeks prior,

as shown in Figures 1 and 3, to demonstrate a break in tumor-bed restriction with CX3CR1 overexpression

in CAR-T. Testing CAR-Ts in NSG mice bearing human-tumor xenografts is the standard for testing the ef-

ficacy of CAR-T in vivo, including the support for clinical development of other CAR-Ts.68 While NKG2D-IL-

15 CAR-Ts slowed the growth rate of A549 tumors, the presence of CX3CR1 in NKG2DCAR-T had the high-

est impact on tumor growthmeasured by luciferase expression (Figures 5A and 5B). In the NKG2D-CX3CR1

CAR-T mice, the tumors were barely palpable after 4 weeks, suggesting that the presence of CX3CR1 al-

lowed these cells to effectively target a remote solid malignancy after intravenous injection. To understand

Figure 4. NKG2D-CAR-T co-expressing CX3CR1 has higher activation in vitro

(A) Representative flow cytometric analysis of CAR-T proportions (NKG2D+EGFR+) and sustainability after CAR-T viral transduction of primary isolated

human T cells (n = 6). pCDCAR is the control vector, while NKG2D-IL-15 overexpresses IL-15 and NKG2D-CX3CR1 CAR-T overexpresses CX3CR1.

(B) CAR-T cytotoxic assay of A549 target cells. One-way ANOVA was used to compare the area under the curve of each group, and p values are shown in the

graphs.

(C) IFNg ELISA of supernatants from primary CAR-T cells co-cultured with target A549 cells at the ratio shown. D) tSNE analysis of expression of CD4, EGFR,

PD1, Tim3, and LAG3 in CAR-T cells after co-incubation with target cells.
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the role of CX3CL1 ligation to CX3CR1+ CAR-T, we repeated the experiment using A549-CX3CL1-overex-

pression cells. Similar to our observations of increased TIL infiltration, there was a significantly reduced tu-

mor burden when CX3CL1 was overexpressed in A549 cells, regardless of the CAR-T construct used,

although CX3CL1-overexpressing tumors, treated with the CX3CR1-overexpressing CAR-Ts, completely

reduced tumor luminescence by 3 weeks (Figure 5B). The highest level of circulating CAR-Ts was observed

in the NKG2D-CX3CR1-treated cohort of mice (Figures 5C and 5D; Figure S9B), and this correlated with

increased levels of IFNg in the peripheral blood (Figure 5E). We confirmed that this increased activation

is caused by higher intratumoral mobilization rather than from increased proliferation, by observing the

infiltration of CAR-T injected peritumorally 72 h after injection (Figures S11A and S11C) with increased infil-

tration of pCDCAR in CX3CL1-overexpressing tumors (Figure S11D). The CAR-T phenotype was also

analyzed from the blood collected at the end of the experiment, including memory/effector state and

exhaustion profile. NKG2D-CX3CR1 CAR-T had a robust naive/central memory population (CD62L+

CD127+) increase (Figures S12A and S12B) with the PD1 expression comparably lower to NKG2D-IL-15

CAR-T (Figure S12C). This experiment would indicate whether CX3CR1-overexpressing CAR-T cells may

be better equipped to persist and have an effect in an intact TME with active suppression.

Figure 5. NKG2D-CAR-T co-expressing CX3CR1 reduces tumor burden in solid tumor murine models

(A) Luminescence image of NSG mice carrying A549-luciferase tumors and treated with primary human CAR-T as shown (day 28).

(B) Luminoscore (pixels/second) of NSGmice carrying A549 tumors, stably transfected with either scrambled or CX3CL1 overexpression vectors and treated

with primary human CAR-T cells (n = 5 per group). One-way ANOVA was used to compare the AUC of each group, and p values are shown in the figure

graphs. StoS compares indicated A549 scramble tumor group to scramble group while StoOE denotes scramble group compared to CX3CL1-

overexpression tumor group.

(C) Age of circulating human CD45+ CAR-T cells isolated after euthanasia in mice as in A (n = 10 per group). One-way ANOVA was used to compare the AUC

of each group.

(D) Percentage of human CD45+EGFR+CX3CR1+ CAR-T cells in the blood of mice as in A. Statistical analysis used was Kruskal-Wallis test with multiple

comparison analysis.

(E) IFNg ELISA of peripheral blood plasma of mice as in A. Statistical analysis used was the Kruskal-Wallis test with multiple comparison analysis.

(F) Luminosity image of NSG mice carrying HepG2-luciferase tumors and treated with primary human CAR-T (day 28).

(G) Luminoscore (pixels per second) of NSG mice carrying HepG2-luciferase treated with primary human CAR-T cells (n = 6 mice per group). One-way

ANOVA was used to compare the area under the curve (AUC) of each group). H) Kaplan-Meyer survival plot of HepG2 tumor mice as in E. In all graphs, error

bars denote the SEM of the number of animals in the experiment (n = 6 mice per group). Abbreviation: AUC, area under the curve.

In all figures error bars denote the standard error of the mean of n.
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To confirm the impact of CX3CR1 overexpression with CAR-T on solid malignancies beyond lung cancers, we

repeated the experiment withHepG2 hepatocellular carcinoma cells and observed a similar decrease in tumor

burden (Figures 5F and 5G). Interestingly, while the tumor cell lines used did not have, or induce, extra CX3CL1

production while on in vitro cytotoxic assays with naive CAR-T (Figures S11A and S11B), the level of CX3CL1

produced in co-cultures of T cells isolated from the blood of tumor-bearing mice showed a higher level of

CX3CL1 secretion independent of the CAR-T used (Figures S11C–S11E). This suggests that NKG2D-CX3CR1

CAR-Ts are not exclusively activated through tonic signaling of the added chemokine receptor. Importantly,

treatment with NKG2D-CX3CR1 CAR-T led to increased survival (Figure 5H) of the mice. These data confirm

that this receptor enhances the activity of cytotoxic cells in solid malignancies by enhancing recruitment and

providing preclinical rationale for using this CAR-T enhancement in the future for solid malignancies.

DISCUSSION

While a myriad of dysfunctions have been linked to the failure of antitumor immunotherapies in solid

malignancies, one of the critical challenges to overcome has been trafficking cytotoxic cells toward and

into the tumor.3 This problem is best exemplified by reduced level of cytotoxic cells in the tumor bed as an

independent predictor of progression-free survival,1,2 likely due to either reduced chemokine secretion by tu-

mor cells and/or reduced receptors in cytotoxic cells.69 In the current study, to overcome cytotoxic-cell restric-

tion in a murine xenograft model of lung cancer, we studied the immune cell receptor architecture in primary

NSCLC, a solid tumor with a decreasing survival rate with increasing stage and low response to adjuvant

chemotherapy.70,71 Our murine model demonstrates an early cytotoxic-cell restriction induced by the devel-

oping tumor that is not linked to the cell’s survival or activation as IL-15 did not restore their infiltration. Consid-

ering this restriction has been established in many solid malignancies,1–3 we investigated the proportion of

immune cells and key receptor expression on those cells in 3 different zones: in the tumor, surrounding the

tumor, and away from the tumor (healthy tissues). We observed that cytotoxic cells restricted from the tumor

were linked to a reduction to their expression of CX3CR1 along with its ligand CX3CL1 in the tumor, and

enhancement of either receptor or ligand was sufficient to restore migration of TILs into tumors. This is incon-

sistent with a recent study on a melanomamodel that CX3CR1 expression can define subsets in the tumor: (a)

CX3CR1– subset that represents less-differentiated CD8+ T cells with severely impaired effector function; (b)

CX3CR1int subset that also expresses high levels of coinhibitory receptors but has relatively preserved cytokine

production capacity in the tumor; and (c) the terminally differentiated CX3CR1hi subset that exhibits robust

cytotoxicity.63 We showed that this chemokine and its receptor play a key role in survival of mice in preclinical

models of several different solidmalignancies. These results are in accordance with others demonstrating that

cytotoxic lymphocytes are localized mainly in the neighboring tissues and surrounding the tumor in NSCLC72

and strongly reduced inside the tumor. Particularly, CX3CR1 expression in TILs (KLRK1+) was linked to survival

in solid malignancies, indicating that trafficking of lymphocytes and CX3CR1-CX3CL1 is a major roadblock in

CAR-T therapeutics in solid tumors. This is proven as CX3CR1-CX3CL1 can serve as prognostic biomarkers in

several malignancies with higher levels linked with a good prognosis,4,16,73 including our own observations.

Moreover, Siddiqui et al. previously demonstrated that overexpression of CX3CR1 in T cells allows homing

of T cells toward the tumor in vivo, although it did not strongly reduce tumor burden.11 However, because

they examined aggregated tumors, it was not clear if the receptor allowed infiltration into the tumor bed.

This increased migration is likely caused by the consequences of the change in expression of CX3CR1 in cyto-

toxic cells because they represent a differentiatedmigrating effector-cell population.74 Moreover, the expres-

sion level of CX3CL1 also correlates with the recruitment of TILs.16,17,75

The CX3CR1-CX3CL1 axis can also drive the infiltration of myeloid cells, including MDSCs, which comprise a

significant subset of theCX3CR1populationof infiltrating cells andmigrate faster towardCX3CL1 thanNKcells

and CD8+ cells.74–79 This was confirmed in our work through the increased levels of MDSCs in the TME that

correlated with the decreased levels of cytotoxic-cell populations. Importantly, MDSC can contribute to the

modulation of other CX3CR1+ cells function, modulate the release of CX3CL1, and induce the accumulation

of Tregs.46,80 Active expression of CX3CR1 in our CAR-T design can overcome the effects of MDSC by

enhancing antitumor responses in the TME, even if surfaceCX3CL1 expression is reduced in tumor cells.More-

over, the naive/centralmemory population of NKG2D-CX3CR1CAR-T cells had lower levels of PD1 expression

in the circulation, suggesting a less-exhausted phenotype that can aid in longer lasting responses.

Our way to therapeutically achieve the goal of increasing antitumor responses, while evading the intratu-

mor TIL restriction and increased immune suppressiveness of MDSC, is by increasing the expression of

CX3CR1 in CAR-Ts. We selected the use of NKG2D CAR-Ts because it has been shown preclinically and
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clinically against several types of solid malignancies and since its ligands are increased in these tumors

compared to surrounding healthy cells.24,81–85 Moreover, studies have shown that NKG2D CAR-Ts can

survive longer than other CAR-Ts, offering an advantage that may allow extra time for the cells to migrate

toward tumors, although the cells are still limited in infiltrating into the solid tumor.23,24,69,86,87 NKG2D

CAR-Ts also have the advantage that they can reduce immunosuppressive cells through NKG2D-mediated

activation, including MDSCs and T regs, leading to the resumption of effective antitumor immune re-

sponses.24,88 Our data demonstrate that the introduction of CX3CR1 overexpression improved trafficking

of CAR-Ts into the tumor, consistent with previous reports that induction of chemokine receptors, such as

CXCR2 or CXCR3, in engineered T cells can be beneficial.89–92 CX3CR1 has advantages compared to other

chemokine receptors because it can send pro-survival signals after ligation, inhibit Fas-mediated

apoptosis, increase responsiveness to other chemokines, promote activation through IFNg production

and cytotoxicity, and have CX3CL1-independent effects on tumor cells.50,51,93–96 Therefore, adding the

CX3CR1 receptor can increase the infiltration of these cytotoxic cells into the tumor while simultaneously

taking advantage of other nonchemotactic functions to enhance the activation of NKG2D CAR-Ts.

CAR-Ts can have several pitfalls that leave them clinically ineffective and affect our construct. Among themost

common is how to further reduce the tumor-induced immune-suppressive microenvironment, apart from the

effects met by CX3CR1 in our construct. To overcome that, future studies on therapeutic combinations of our

novel CAR-T construct with other reagents that can help counteract some of those effects will be warranted,

including combination with MDSC-depleting agents,97 TGFb inhibition with antagonists,98–100 enhancing

the activation of NKG2D with IL-15,1,38,57,101-103 or checkpoint inhibitors (anti-PD1/PD-L1 antibodies).18 Most

of these approacheswork by reducing the suppressiveness of the TME. This combinedwith theoverexpression

of CX3CR1 in the CAR-T (i) should enhance both the function of the CAR-T and the accumulation of antitumor

TILs; (ii) increase production of IFNg and prevent downregulation of NKG2D in these cells; and (iii) enhance

NKG2D-ligand expression. In summary, based on our study in human primary NSCLC, we discovered that

reducing expression of CX3CR1 in cytotoxic lymphocytes is a key mechanism that prevents lymphocyte traf-

ficking into theTME.Co-expressionofCX3CR1withNKG2D inCAR-T cells can significantly increase themigra-

tion of cytotoxic lymphocytes into the tumor site. TheseCAR-T cells have increased cytotoxicity of target tumor

cells and high levels of activation with increased levels of cytokine and activation marker expression. Our work

further demonstrates that the combination with CX3CR1 could significantly reduce the tumor burden and pro-

long survival of tumor-bearingmice. The clinical efficacy will need to be tested in the future phase I and II trials.

Limitations of the study

In the present study, we took advantage of the isolation tumor, adjacent, and away tissues from 16 primary

NSCLC specimens. The opportunity to observe TILs in this specific architecture showcased the restriction

of CX3CR1+ cytotoxic cells from the tumor bed. Apart from the limited number of samples (16) for this

assessment, another potential limitation is the impossibility to demonstrate whether the presence of the

CX3CR1 receptor in cytotoxic cells is reduced in the cells or the proportion of CX3CR1+ cells is reduced

rather than a change in receptor expression. Another limitation is the use of the NSG A549 murine model.

This model uses human T cells injected after a short time which makes it difficult to assess the full changes

induced by the TME on endogenous TILs. Moreover, this system is also devoid of other immune cells, such

as myeloid cells, that are known to also play a critical role in immunosuppression.
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Tbet PE CF594 BD Biosciences catalog number 562467, RRID:AB_2737621

NKG2D PE-Cy7 BD Biosciences catalog number 562365, RRID:AB_11153309

NKp46 APC BD Biosciences catalog number 558051, RRID:AB_398653

LAG3 APC-R700 BD Biosciences catalog number 565774, RRID:AB_2744329

CX3CR1 BV510 BD Biosciences catalog number 744487, RRID:AB_2742267

NKp30 BV605 BD Biosciences catalog number 563384, RRID:AB_2738170

DNAM1 BV650 BD Biosciences catalog number 742496, RRID:AB_2740829

CD3 BV711 BD Biosciences catalog number 563724, RRID:AB_2744392

IL-10 BV786 BD Biosciences catalog number 564049, RRID:AB_2738563

NKp44 BUV395 BD Biosciences catalog number 744305, RRID:AB_2742135

CD56 BUV737 BD Biosciences catalog number 744305, RRID:AB_2742135

CD8 BUV496 BD Biosciences catalog number 564804, RRID:AB_2744460

CD45 BUV805 BD Biosciences catalog number 564914, RRID:AB_2744401

CD11b AF488 BD Biosciences catalog number 557701, RRID:AB_2129268

CD68 PE-CF594 BD Biosciences catalog number 564944, RRID:AB_2739021

CD195 PE-Cy7 BD Biosciences catalog number 557752, RRID:AB_396858

HLA-DR APC-H7 BD Biosciences catalog number 641393, RRID:AB_1645739

CD33 BV650 BD Biosciences catalog number 744352, RRID:AB_2742171

CD3 BV650 BD Biosciences catalog number 563851, RRID:AB_2744391

CD15 BV786 BD Biosciences catalog number 563851, RRID:AB_2744391

CD14 BUV395 BD Biosciences catalog number 563561, RRID:AB_2744288

CD56 BUV737 BD Biosciences catalog number 564447, RRID:AB_2744432

CD19 BUV496 BD Biosciences catalog number 564655, RRID:AB_2744311

CD45 BUV805 BD Biosciences catalog number 564914, RRID:AB_2744401

EGFR AF488 R&D Systems catalog number FAB9577G

CD4 PerCP-Cy5.5 BD Biosciences catalog number 560650, RRID:AB_1727476

CX3CR1 APC Thermo Fisher Scientific catalog number 17-6099-42, RRID:AB_11149136

CD28 APC-H7 BD Biosciences catalog number 561368, RRID:AB_11154032

PD1 BV421 BD Biosciences catalog number 562516, RRID:AB_11153482

CD127 BV605 BD Biosciences catalog number 562662, RRID:AB_2737706

CD62L BV711 BD Biosciences catalog number 565040, RRID:AB_2869642

Tim3 BV786 BD Biosciences catalog number 742857, RRID:AB_2741100

CCR7 BUV395 Thermo Fisher Scientific catalog number 17-6099-42, RRID:AB_11149136

TIGIT APC-Fire750 BioLegend catalog number 372708, RRID:AB_2632755

CTLA-4 PE-CF594 BD Biosciences catalog number 562742, RRID:AB_2737761

CD8 BUV496 BD Biosciences catalog number 564804, RRID:AB_2744460

CD27 BUV 737 BD Biosciences catalog number 564301, RRID:AB_2744350

CD3 BUV605 BD Biosciences catalog number 564712, RRID:AB_2738908

LAG3 APC-R700 BD Biosciences catalog number 565774, RRID:AB_2744329
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Continued

REAGENTS or RESOURCE SOURCE IDENTIFIER

CD95 PE-CF594 BD Biosciences catalog number 562395, RRID:AB_11153666

CD45RA PE-Cy7 BD Biosciences catalog number 560675, RRID:AB_1727498

EGFR AF488 R&D systems catalog number FAB9577G

CX3CR1 APC Thermo Fisher Scientific catalog number 17-6099-42, RRID:AB_11149136

CD45 BUV805 BD Biosciences catalog number 612891, RRID:AB_2870179

NKG2D PE-Cy7 BD Biosciences catalog number 562365, RRID:AB_11153309

CD56 antibody (clone: 123C3.D5) Cell Marque catalog number 156M-84, RRID:AB_1158181

CX3CR1 antibody Abcam catalog number ab8021, RRID:AB_306203

CX3CL1 antibody Abcam catalog number ab9819, RRID:AB_2292428

CD8 antibody (clone:C8/144B) Abcam catalog number ab17147, RRID:AB_443686

Mouse anti-Human CD45 Antibody (Leukocyte marker) Raybiotech catalog number 188-10998-1

Chemicals peptides and recombinant proteins

DMEM media GIBCO catalog number: 11995-065

FBS GemCell catalog numbers: 100-500

Opti-MEM medium GIBCO catalog number 11058021

Tet-System Approved FBS Thermo Fisher Scientific catalog number A4736401

X-VIVO 15 T-cell media Lonza Catalog number BE02-060Q

Recombinant Human IL-2 Peprotech Catalog Number

200-02

Ficoll-Paque PLUS density gradient media Cytiva catalog number 17144003

Critical Commercial Assays

Human CX3CL1/Fractalkine DuoSet ELISA R&D Systems Catalog number: DY365

Human IFNg DuoSet ELISA R&D Systems Catalog number: DY285

Lipofectamine 3000 Thermo Fisher Scientific Catalog number L3000001

Lenti-X Concentrator Takara Bio catalog number 631232

Pan T Cell Isolation Kit Miltenyi Biotec catalog number 130-096-535

Dynabeads� Human T-Activator CD3/CD28 for T Cell

Expansion and Activation

GIBCO Catalog number: 11131D

Opal-IHC system Akoya/PerkinElmer catalog Nos. FP1487001KT, FP1488001KT,

and FP1497001KT

antifade with DAPI Perkin Elmer catalog number FP1490

LIVE/DEAD� Fixable Aqua Dead Cell Stain Kit, for 405 nm

excitation

Thermo Fisher Scientific Catalog number: L34957

Experimental Models: Cell lines

A549 cells ATCC catalog number CCL-185, RRID:CVCL_0023

A549-luc ATCC RRID: CVCL_J242

Lenti-X 293T cells Takara Bio catalog number 632180, RRID:CVCL_4401

HepG2 cells ATCC RRID:CVCL_JG47

Experimental Models: Organisms strains

NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice Jackson Laboratory catalog number 005557

Recombinant DNA

Lentiviral (accession number: BC001163) overexpression

vectors (pLenti-GIII-CMV-GFP-2A-Puro)

ABM catalog number LV130375

CAR constructs (designed by us) CreativeBioLabs N/A

pRV-Rev Addgene N/A
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RESOURCE AVAILABILITY

Lead contact

Further information on resources and reagents should be directed to the lead contact, Dr. Erika A. Eksioglu

(Erika.eksioglu@moffitt.org).

Materials availability

Materials generated in this study are available from the lead contact, Dr. Erika A. Eksioglu (Erika.eksioglu@

moffitt.org).

Data and code availability

d All data presented in this study will be shared upon reasonable request by the lead contact, Dr. Erika A.

Eksioglu (Erika.eksioglu@moffitt.org).

d This paper does not report any original code.

d Additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient specimens

Patients provided informed consent, and tissue specimens were collected through Moffitt Cancer Center’s

(MCC) Total Cancer Care Protocol (PMID:22157297). De-identified tissues were released for this study ac-

cording to stage and grade (when available at time of collection) under the protocol MCC17350 in 2017.

Age and sex of the patients from where the tissue was obtained was not provided to us. Staff pathologists

in MCC’s Tissue Core (RRID:SCR_012364), provided separated sections of normal away, normal adjacent,

Continued

REAGENTS or RESOURCE SOURCE IDENTIFIER

pMDLg/pRRE Addgene Plasmid# 12251

pMD2.G Addgene Plasmid# 12259

Software and Algorithms

FlowJo software FlowJo RRID:SCR_008520

InForm Perkin Elmer N/A, Microscopy Core Equipment

HALO Image Analysis Platform Indica Labs RRID:SCR_018350

NIH GDC Data Portal GDC Data Portal RRID:SCR_014514; portal.gdc.cancer.gov

GraphPad Prism Software Version 8 GraphPad Prism RRID:SCR_002798

Other

Consumables

96-well RTCA E-Plate Agilent Biosciences catalog number 300601010

Nunc-Immuno plate Millipore-Sigma Catalog number: M9410-1CS

Equipment

BD FACSymphony BD N/A Custom

IVIS Lumina Series II Perkin Elmer N/A, SAIL Core Equipment

Bruker Biospec 7T MRI Perkin Elmer N/A, SAIL Core Equipment

Vectra 3 Automated Quantitative Pathology Imaging

System

Akoya Biosciences N/A, Microscopy Core Equipment

Core Facilities

Moffitt Tissue Core Moffitt Cancer Center RRID:SCR_012364

Moffitt Cancer Center Small Animal Imaging Laboratory Moffitt Cancer Center RRID:SCR_012401

Moffitt Flow Cytometry Core Moffitt Cancer Center N/A

Moffitt Analytical Microscopy Core Moffitt Cancer Center N/A
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and tumor resected from consented patients and de-identified the information save for tumor stage and

grade. Of the 8 adenocarcinoma specimens, 3 were provided without stage information, 4 were stage IA

and one IB. Of the 5 squamous carcinoma specimens, for one no stage was given, 2 were stage IA, and

one each was stage IIA or IIB. There were also 2 neuroendocrine tumors stage IA and one metastatic to

lung fibrosarcoma. The tissues were divided for flow cytometric analysis while part of the tissue was

embedded, paraffinized, and put on slides for immunohistochemical staining.

Cell lines

Lentiviral Scrambled (Scr, sequence randomized by vendor) and CX3CL1 (accession number: BC001163)

overexpression vectors were obtained from ABM (pLenti-GIII-CMV-GFP-2A-Puro, catalog number

LV130375; Applied Biological Materials Inc. Richmond, BC, Canada) and the viral particles were transduced

into A549 (RRID: CVCL_ZX73) and A549-luc (RRID: CVCL_J242) cells resulting in A549-CX3CL1OE, A549-

luc-CX3CL1OE, A549-Scr, and A549-Luc-Scr. All cell lines were maintained in DMEM media (GIBCO cata-

log number: 11995-065) with 10% FBS (GemCell, catalog numbers: 100–500), 1% PSG, 1% sodium pyruvate,

1% nonessential amino acids, and 0.2% mycozap.

Murine lung and liver tumor models

NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG, The Jackson Laboratory catalog number 005557) mice were used for

the xenograft experiments. Due to availability, all themice used in this studyweremale between 6 and 8weeks

of age. The 105 A549-luc (RRID: CVCL_J242) or HepG2 cells expressing luciferase (RRID:CVCL_JG47) were

transplanted subcutaneously at the back of each mouse. When tumors grow up at measurable size, normally

after 3 weeks, mice were injected intravenously with 3 3 106 of either CAR-T control T cells. The mice were

injected a total of 2 times with the CAR-T cells, 2 months apart. Each mouse also got 2 3 105 U of human

IL-2 (PeproTech, Cranbury, NJ, USA) injected intraperitoneally biweekly (a standard procedure to maintain

the viability of human T cells in NSG mice and similar to the protocol used in patients undergoing adoptive

T cell therapy reviewed in.104 Tumor growth was measured weekly using an IVIS Lumina Series II and later a

Bruker Biospec 7TMRI when the tumor size became too large to be imaged by luciferase at theMoffitt Cancer

Center Small Animal Imaging Laboratory (RRID:SCR_012401). Once endpoint was reached, the liver, lungs,

spleen, and tumor were harvested and fixed to be stained for human CD45 (hCD45).

METHOD DETAILS

Cytotoxicity assay

Cytotoxicity assay to test the efficiency of NK cells or CAR-T cells against either Scrambled (same nucleo-

tides in random order, does not produce protein) or CX3CL1 overexpressing A549 target cells was

measured using the xCelligence Real-Time Cell Analysis (RTCA) instrument (ACEA Biosciences, San Diego,

CA, USA) according to the manufacturer’s instructions as done before by others.105 One day prior, target

cells were added to each of a 96-well E-Plate (ACEA Biosciences, San Diego, CA, USA) at a concentration of

104 cells/well. Target cells were allowed to settle, and measurements of target cell growth (impedance)

were collected for 24 h at 37�C, 5% CO2. Primary isolated NK or CAR-T cells were added after 48 h onto

target cells at 100 000 cells per well at an E:T ratio of 10:1. Cell growth was monitored for 10 days.

Enzyme-linked immunosorbent assay (ELISAs)

Following the manufacturer’s recommendation for the DuoSet kits, 96-well plates (Nunc-Immuno Plate,

Millipore-SIGMA, Darmstadt, Germany) were coated with purified monoclonal antibody against either human

CX3CL1 or IFNg (Duo set, R&D systems,Minesota, USA) in 1X PBS, pH 7.4 at room temperature overnight. The

plates were then incubated in blocking buffer (Pierce-Endogen, Rockford, IL, USA) for 2 h at room temperature

andwashed in 0.05%Tween20.Wellswere seededwith serially diluted recombinant human (rh) cytokines (stan-

dard, in blocking buffer in duplicates, provided in kits) or with 50 mL of supernatants in triplicate followed by

addition 1 h later of biotin-labelled anti-cytokine antibody. After incubation wells were washed 5 times and

coated with strepavidin-horseradish peroxidase for 20 min, washed again 5 times and developed by adding

TMB substrate (Pierce-Endogen, Rockford, IL, USA). The reaction was stopped by the addition of an equal vol-

ume of 0.18 M H2SO4. The absorbance was read at 450 nm with deletion of background at 650 nm.

CAR constructs

The CAR constructs were designed and purchased from CreativeBioLabs (creativebiolabs.net). The

NKG2D extracellular domain, IL15, CX3CR1 were singly or co-integrated in a pCDCAR backbone plasmid.
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The cell surface truncated the form of human epidermal growth factor receptor (EGFRt), expressed

separately on CAR constructs, was used as a tracking marker for CAR-expressing cells as well as a safety

mechanism to facilitate elimination of transferred cells in the event of adverse effects.

CAR-T virus production/transfection

Lenti-X 293T cells (RRID:CVCL_4401) were seeded in DMEMmedium with 10% TET FBSmedium in 100-mm

Petri dishes. The cells were cultured in 37 �C, 5% CO2, until 60%–70% confluency. Two hours before

transfection, medium was replaced with fresh DMEM supplied with 10% TET FBS. In one tube, Lipofect-

amine 3000 was diluted in Opti-MEM medium at a 1:37 dilution and mixed well (41 mL of Lipofectamine

3000 diluted in 1.5 mL medium). In a separate tube, 20 mg expression plasmid, 5 mg pRV-Rev,

10 mg pMDLg/pRRE, and 6 mg pMD2.G were mixed in 1.5 mL Opti-MEM media. Thirty-five mL of P3000

enhancer reagent was added to the plasmid mix followed by addition of Lipofectamine 3000 following

the manufacturer’s recommendations. Three mLs of the DNA-lipid complex were added dropwise to the

293 T cells and incubated for 72 h. At that time, the supernatant was collected and spun at 3000 3 g for

15 min at 4 C. The conditioned medium was filtered using a 0.45 mM PES unit filter. Lenti-X Concentrator

was added at a 1:3 dilution and then ultracentrifuged using an SW-32Ti swinging-bucket rotor at 21 000

RPM. The supernatant was discarded and the pellet was resuspended in IL X-VIVO 15 T cell media with

5% human AB serum, 1% PSG, and 300 Iu/mL of IL2 (Peprotech) at 4 C overnight. Solutions were stored

in aliquots at �80 C and thawed before using.

CAR-T transduction

CAR T-cells were generated by lentiviral transduction. Human peripheral bloodmononuclear cells (PBMCs)

were isolated by Ficoll-Hypaque centrifugation. T cells were isolated using Pan T Cell Isolation Kit (Miltenyi

Biotec, Bergisch Gladbach, Germany). T cells were activated with magnetic CD3�CD28 Dynabeads at a 1:1

ratio for 48 h and later transduced with PCDCAR, NKG2D-IL15, and NKG2D-CX3CR1. The lentiviral stock

solution was added to a fibronectin-coated plate and spun at 2000 3 g for 2 h at 32 �C. 0.5 3 106 of the

activated T cells were added to the virus-bound well and spun at 1000 3 g for 1 h at 32�C. The plate

was then incubated at 37 �C, 5% CO2 incubator for 2 to 3 days. The cells were collected, centrifuged,

and resuspended in T cell media.

Flow cytometry

Mononuclear cells isolated from human lung tissues were analyzed with the following antibodies: CD16

PerCP C5.5 (BD Biosciences catalog number 560717, RRID:AB_1727434), Tbet PE CF594 (BD Biosciences

catalog number 562467, RRID:AB_2737621), NKG2D PE-Cy7 (BD Biosciences catalog number 562365, RRI-

D:AB_11153309), NKp46 APC (BD Biosciences catalog number 558051, RRID:AB_398653), LAG3 APC-R700

(BD Biosciences catalog number 565774, RRID:AB_2744329), CX3CR1 BV510 (BD Biosciences catalog num-

ber 744487, RRID:AB_2742267), NKp30 BV605 (BD Biosciences catalog number 563384, RRID:AB_2738170),

DNAM1 BV650 (BD Biosciences catalog number 742496, RRID:AB_2740829), CD3 BV711 (BD Biosciences

catalog number 563724, RRID:AB_2744392), IL-10 BV786 (BD Biosciences catalog number 564049, RRI-

D:AB_2738563), NKp44 BUV395 (BD Biosciences catalog number 744305, RRID:AB_2742135), CD56

BUV737 (BD Biosciences catalog number 744305, RRID:AB_2742135), CD8 BUV496 (BD Biosciences

catalog number 564804, RRID:AB_2744460), CD45 BUV805 (BD Biosciences catalog number 564914,

RRID:AB_2744401), CD11b AF488 (BD Biosciences catalog number 557701, RRID:AB_2129268), CD68

PE-CF594 (BD Biosciences catalog number 564944, RRID:AB_2739021), CD195 PE-Cy7 (BD Biosciences cat-

alog number 557752, RRID:AB_396858), HLA-DR APC-H7 (BD Biosciences catalog number 641393, RRI-

D:AB_1645739), CD33 BV650 (BD Biosciences catalog number 744352, RRID:AB_2742171), CD3 BV650

(BD Biosciences catalog number 563851, RRID:AB_2744391), CD15 BV786 (BD Biosciences catalog number

563851, RRID:AB_2744391), CD14 BUV395 (BD Biosciences catalog number 563561, RRID:AB_2744288),

CD56 BUV737 (BD Biosciences catalog number 564447, RRID:AB_2744432), CD19 BUV496 (BD Biosciences

catalog number 564655, RRID:AB_2744311), CD45 BUV805 (BD Biosciences catalog number 564914,

RRID:AB_2744401).

CAR-T were characterized in a panel containing: EGFR AF488 (R&D Systems catalog number FAB9577G),

CD4 PerCP-Cy5.5 (BD Biosciences catalog number 560650, RRID:AB_1727476), CX3CR1 APC

(Thermo Fisher Scientific catalog number 17-6099-42, RRID:AB_11149136), CD28 APC-H7 (BD Biosciences

catalog number 561368, RRID:AB_11154032), PD1 BV421 (BD Biosciences catalog number 562516,

RRID:AB_11153482), CD127 BV605 (BD Biosciences catalog number 562662, RRID:AB_2737706), CD62L
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BV711 (BD Biosciences catalog number 565040, RRID:AB_2869642), Tim3 BV786 (BD Biosciences catalog

number 742857, RRID:AB_2741100), CCR7 BUV395 (Thermo Fisher Scientific catalog number 17-6099-42,

RRID:AB_11149136), TIGIT APC-Fire750 (BioLegend catalog number 372708, RRID:AB_2632755), CTLA-4

PE-CF594 (BD Biosciences catalog number 562742, RRID:AB_2737761), CD8 BUV496 (BD Biosciences

catalog number 564804, RRID:AB_2744460), CD27 BUV 737 (BD Biosciences catalog number 564301,

RRID:AB_2744350), CD3 BUV605 (BD Biosciences catalog number 564712, RRID:AB_2738908), LAG3

APC-R700 (BD Biosciences catalog number 565774, RRID:AB_2744329), CD95 PE-CF594 (BD Biosciences

catalog number 562395, RRID:AB_11153666), and CD45RA PE-Cy7 (BD Biosciences catalog number

560675, RRID:AB_1727498).

Mouse blood samples were collected weekly and stained with the following anti-human antibodies: EGFR

AF488 (R&D systems catalog number FAB9577G), CX3CR1 APC (Thermo Fisher Scientific catalog number

17-6099-42, RRID:AB_11149136), CD45 BUV805 (BD Biosciences catalog number 612891, RRID:AB_

2870179), Live/Dead Fixable Aqua, and NKG2D PE-Cy7 (BD Biosciences catalog number 562365,

RRID:AB_11153309).

Flow cytometry was performed on a BD FACSymphony at the MCC Flow Cytometry Core Facility and

analyzed with FlowJo software (FlowJo, RRID:SCR_008520). tSNE plots were made with FlowJo by first

normalizing down each sample to create each sample with the same number of events and then creating

a concatenated group specimen. The concatenated files containing the average of all the specimens in

each group were then compared analytically by running tSNE analysis in FlowJo. The expression character-

istic of each marker in these files was then analyzed for the specific expression of markers.

Immunohistochemical staining

Formalin-fixed paraffin-embedded baked tissue sections (N, A, and T) were manually stained using an Opal-

IHC system (Akoya/PerkinElmer catalog Nos. FP1487001KT, FP1488001KT, and FP1497001KT) following the

manufacturer’s instructions. Briefly, slides were treated with the PerkinElmer blocking buffer for 10 min and

incubated with the specific primary antibodies: CD56 (clone: 123C3.D5, Cell Marque catalog number

156M�84, RRID:AB_1158181), CX3CR1 (Abcam catalog number ab8021, RRID:AB_306203), CX3CL1 (Abcam

catalog number ab9819, RRID:AB_2292428), CD8 (clone:C8/144B, Abcam catalog number ab17147, RRI-

D:AB_443686) followed by Opal-HRP polymer and one Opal fluorophore contained in the kits named above.

Individual antibody complexes were stripped after each round of detection and antifade with DAPI (Perkin El-

mer catalog number FP1490) applied before the addition of a coverslip. Autofluorescence slides (negative

control) included primary and secondary antibodies, omitting the Opal fluorophores. All multiplex slides

were imaged with the Vectra 3 Automated Quantitative Pathology Imaging System (Akoya Biosciences, Marl-

borough, MA, USA). The 203 ROI were tiled across the tissue and sequentially scanned. InForm (PerkinElmer)

was used to unmix and export the scanned images. The 203multilayer TIFF images from each slide were im-

ported into HALO Image Analysis Plat-form (Indica Labs, Albuquerque, NM, USA) to fuse the images into a

WTS digital image. All the analysis was performed at MCC’s Microscopy Core facilities.

Survival analysis

Survival analysis of KLRK1 and CX3CR1 expression in lung adenocarcinoma, lung squamous cell carcinoma,

and liver hepatocellular carcinoma after categorization of samples as high expressers (above median

expression) and low expressers (below median expression). Data was used from Oncolnc, which pulls

gene expression and survival data from TCGA.

Gene expression of CX3CR1 and CX3CL1 in lung cancer and normal tissues

We obtained RNA-seq data from TCGA-LUAD and TCGA-LUSC projects from the NIH GDC Data Portal

(GDC Data Portal, RRID:SCR_014514; https://portal.gdc.cancer.gov). Fragment per kilobase per million

mapped reads (FPKM) values from HTSeq-FPKM workflow were used to evaluate gene expression level

for CX3CR1 and CX3CL1. Normal tissue and lung cancer cases were determined by based on GDC down-

loaded sample sheet. Analysis was performed at Moffitt’s Bioinformatics Core.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism Software Version 8 (GraphPad Prism,

RRID:SCR_002798). Statistical significance to assess 2 treatment groups only were determined by Student
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t tests. In Figure 2, patient specimens were first tested for normal distribution and those found to not be

normally distributed were analyzed with Friedman test, since samples are matched. Figure 3E samples

were also not normally distributed, and we used Wilcoxon Rank-Sum Test. All other analyses of 2 variables

or more that were normally distributed were analyzed using Ordinary one-way ANOVA with multiple com-

parison analysis. All analysis and graphics show standard error of the mean bars (SEM) and p values <0.05

were considered to be statistically significant.
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