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Abstract: (148 words) 60 

 61 

Diffuse intrinsic ponDne glioma (DIPG) is a fatal brainstem tumor desperately in need of beYer 62 

treatments. CAR T cell therapies for DIPG have demonstrated clinical tolerability and bioacDvity, 63 

but not universal benefit. A major obstacle is insufficient CAR T cell trafficking to the tumor. As 64 

our clinical trials have demonstrated locoregional elevaDon of CXCL10, a ligand of the chemokine 65 

receptor CXCR3, we aimed to leverage this CXCL10 to enhance cell trafficking by engineering our 66 

B7-H3-targeDng CAR T cells to overexpress CXCR3 variants. Here, we demonstrate that, compared 67 

to unmodified B7-H3 CAR T cells, CXCR3-A-modified CAR T cells migrate more efficiently toward 68 

CXCR3 ligands in vitro, and when delivered intracerebroventricularly in orthotopic DIPG mouse 69 

models, CXCR3-A-modified CAR T cells show enhanced trafficking into the tumor and improved 70 

therapeuDc efficacy. Overall, our data support the potenDal for engineering CXCR3-A expression 71 

to enhance CAR T cell trafficking and efficacy against DIPG. 72 

 73 

 74 

  75 



 3 

Introduc2on: 76 

 77 

Central nervous system (CNS) tumors have surpassed leukemia as the leading cause of fatality 78 

among children with cancer1. Among the pediatric CNS tumors, diffuse intrinsic ponDne glioma 79 

(DIPG) is parDcularly devastaDng, affecDng approximately 400 children per year in the US at a 80 

median age of 72,3. DIPG is an aggressive and universally fatal brainstem tumor, for which surgical 81 

excision is not feasible, and chemotherapy is largely ineffecDve. Focal radiaDon is the only 82 

standard treatment opDon, yet it solely provides a palliaDve benefit, as most paDents die within 83 

a year. Therefore, more effecDve treatments against DIPG are desperately needed. 84 

 85 

Chimeric anDgen receptor (CAR) T cell therapies targeDng various anDgens have been developed 86 

to treat pediatric CNS tumors including DIPG4. However, despite evidence of feasibility, tolerability, 87 

and some CAR T cell bioacDvity in phase 1 clinical trials, the overall efficacy remains limited. 88 

Among the challenges5,6, insufficient CAR T cell trafficking to the tumor has been a major obstacle 89 

to successful CAR T cell treatment against solid tumors such as DIPG. Therefore, to address this 90 

issue, we engineered our B7-H3-targeDng CAR T cells (B7-H3 CAR T cells), which have been 91 

clinically studied and well tolerated in our phase 1 trial (CT04185038)7,8, to overexpress the 92 

chemokine receptor CXCR3 to promote CAR T cell trafficking and improve their efficacy against 93 

DIPG. 94 

 95 

CXCR3 is a chemokine receptor that interacts with the chemokines CXCL10, CXCL9, and CXCL11 96 

and directs cell migraDon against the concentraDon gradient of these ligands9. Given that CXCL10 97 

is produced by acDvated T cells10 and that CXCL10 is upregulated in the cerebrospinal fluid (CSF) 98 

of pediatric CNS tumor paDents following intracranial CAR T cell treatment7,8, we hypothesized 99 

that the interacDon between CXCL10 and CXCR3 could be leveraged to enhance CAR T cell 100 

trafficking to the tumor by overexpressing CXCR3 in CAR T cells. In addiDon, with more CXCR3-101 

modified CAR T cell trafficking to the tumor, more CXCL10 would be produced, further amplifying 102 

CAR T cell recruitment through posiDve feedback. Therefore, this new iteraDon of CAR T cell 103 

technology could be more effecDve in treaDng children with DIPG. 104 

 105 

Many efforts to promote CAR T cell trafficking to solid tumors have been devoted to capitalizing 106 

on the chemokines upregulated by the tumor types of interest. For example, it was shown that 107 

glioblastoma cell lines express CXCL8 post-irradiaDon and CAR T cells engineered to express the 108 

receptors for CXCL8 can migrate more effecDvely to the irradiated tumor in the mouse brain by 109 

intravenous (IV) injecDon11. In contrast, our strategy aims to take advantage of the chemokines 110 

expressed by anDgen-sDmulated CAR T cells such as CXCL10, given the clinical evidence of CXCL10 111 

upregulaDon following CAR T cell doses7,8,12. While endogenous CXCR3 is expressed on acDvated 112 

T cells13, here we invesDgated whether overexpressing CXCR3 could further sensiDze CAR T cells 113 

to migrate toward CXCL10.  114 

 115 

In this study, we demonstrate that B7-H3 CAR T cells engineered to overexpress the CXCR3 116 

isoform CXCR3-A can migrate more efficiently toward the CXCR3 ligands such as CXCL10 in vitro, 117 

in comparison to the standard B7-H3 CAR T cells. In vivo, CXCR3-A-modified CAR T cells show 118 

enhanced trafficking to the tumor sites post intracerebroventricular (ICV) delivery and result in 119 



 4 

improved efficacy in treaDng orthotopic DIPG xenograo mouse models. Overall, our data support 120 

the potenDal for engineering CXCR3-A overexpression to enhance CAR T cell trafficking to the 121 

tumor and improve the efficacy of CAR T cell therapy for DIPG. To our knowledge, we are the first 122 

to invesDgate the trafficking of chemokine receptor-modified CAR T cells via ICV delivery, which 123 

is clinically significant for CNS tumors. 124 

 125 

 126 

  127 
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Results: 128 

 129 

B7-H3 CAR T cells are cytotoxic against pa9ent-derived DIPG cells and able to produce CXCL10 130 

 131 

Several CAR T cell therapies with various anDgen specificiDes have been developed7,8,12,14 and 132 

clinically invesDgated in a series of first-in-human phase 1 trials at SeaYle Children’s for pediatric 133 

CNS tumors using intracranial delivery15,16. We focused our study on the B7-H3 CAR T cells, which 134 

have demonstrated clinical tolerability aoer ICV delivery to children with DIPG7,8. B7-H3 (CD276) 135 

is a member of the B7 family of immunoregulatory proteins and is highly expressed on DIPG 136 

tumor cells17,18, including our treatment-naïve biopsy-derived DIPG cells19 (PBT-22FH, PBT-27FH, 137 

and PBT-29FH) and an autopsy-derived DIPG cell line (SU-DIPG-13) used in this study (Figure 1A). 138 

We validated that the B7-H3 CAR T cells could kill the primary DIPG cells when co-cultured in vitro 139 

(Figure 1B) and produce CXCL9 and CXCL10 post-sDmulaDon, although CXCL11 was not 140 

significantly released (Figure 1C).  141 

 142 

Manufactured CAR T cells heterogeneously express CXCR3 and can migrate toward CXCL10 143 

 144 

CXCR3 is upregulated by acDvated T cells13, and since T cell acDvaDon is the first step to generate 145 

CAR T cells among widely used protocols, we expected manufactured CAR T cells to display some 146 

endogenous expression of CXCR3. To confirm this, we isolated T cells from healthy donors’ 147 

peripheral blood mononuclear cells (PBMC), acDvated them with clinically used anD-CD3/CD28 148 

beads, and generated CAR T cells, which did result in a heterogeneous increase of CXCR3 surface 149 

expression (Figure 1D). To test CAR T cell migraDon efficiency in vitro for this study, we first used 150 

our standard B7-H3 CAR T cells to establish a trans-well chemotaxis assay. CAR T cells were seeded 151 

in the insert wells that allow them to migrate through a membrane with 5-µm pores into the 152 

boYom wells with chemoaYractant, and the number of CAR T cells in the boYom wells were 153 

counted and normalized to the seeded cell number. As the CAR T cells had endogenous CXCR3 154 

expression, they were able to migrate toward CXCL10 in a dose-dependent manner within 2 hours 155 

(Figure 1E). We further established a trans-well killing assay, in which CAR T cells were permiYed 156 

to migrate for 2 hours then co-cultured overnight with DIPG cells seeded in the boYom wells. As 157 

CXCL10 could induce CAR T cell migraDon, significantly more DIPG cells were killed when seeded 158 

with CXCL10 (Figure 1F). Given that CXCL10 neither directly inhibited DIPG tumor viability (Figure 159 

1G) nor affected CAR T cell cytotoxicity against DIPG cells (Figure 1H) in the control experiments, 160 

the reduced tumor viability in the cultures with CXCL10 in Figure 1F reflects CXCL10-induced CAR 161 

T cell migraDon.  162 

 163 
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Figure 1. B7-H3 CAR T cells are cytotoxic against pa9ent-derived DIPG cells and able to produce 168 

CXCL10, which can induce chemotac9c migra9on of CAR T cells that heterogeneously upregulate 169 

CXCR3. (A) B7-H3 expression on primary DIPG cells (blue) by flow cytometry with isotype controls 170 

(red). (B) RelaDve cell viability of PBT-22FH or PBT-29FH cells aoer co-cultured with non-171 

transduced (NTD) or CAR T cells at the indicated E:T raDos for 24 hours. (C) ConcentraDons of 172 

CXCL9, CXCL10, and CXCL11 by ELISA in co-cultures of NTD T or CAR T cells with PBT-22FH or PBT-173 

29FH target cells at E:T of 1:1 for 24 hours. (D) CXCR3 expression on quiescent T cells, anD-174 

CD3/CD28 beads-sDmulated T cells, and generated CAR T cells by flow cytometry. (E) Percentage 175 

of CAR T cells that migrated from insert wells through 5-µm pores to boYom wells with CXCL10 176 

at the indicated Dme points. (F) RelaDve cell viability of PBT-29FH cells aoer co-cultured with 177 

CXCL10-induced migrated CAR T cells for 24 hours. CAR T cells were seeded on insert wells to 178 

migrate through 5-µm pores to boYom wells with CXCL10 for 2 hours before removal of the insert 179 

wells. (G) RelaDve cell viability of PBT-29FH cells aoer cultured with CXCL10 for 24 hours. (H) 180 

RelaDve cell viability of PBT-29FH cells aoer directly co-cultured with CAR T cells at E:T of 1:1 in 181 

the presence of CXCL10 for 24 hours. Cell viability was normalized to the vehicle control without 182 

T cells in (B, F, G and H). p values were determined by two-way ANOVA with Sidak’s mulDple 183 

comparisons test (B) or one-way ANOVA with DunneY’s mulDple comparisons test (C, E, F, G and 184 

H) using data from three or more independent experiments. Significance was compared with NTD 185 

T cells at each E:T raDo in (B). Results are presented as means ± SD in (B, C, E, F, G and H). ns, not 186 

significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 187 

 188 

 189 

 190 

CXCR3-A-modified CAR T cells show enhanced migra9on toward CXCL10 191 

 192 

To test our hypothesis that engineering CAR T cells to overexpress CXCR3 can further sensiDze 193 

CAR T cells to migrate toward CXCL10, we developed geneDc constructs that allow co-expression 194 

of the B7-H3-specific CAR, a truncated epidermal growth factor receptor (EGFRt) transducDon 195 

marker, and a CXCR3 isoform (Figure 2A). CXCR3 has three different isoforms in human due to 196 

alternaDve splicing20, namely CXCR3-A, CXCR3-B, and CXCR3-alt, and we generated B7-H3 CAR T 197 

cells overexpressing each of these isoforms. While the CAR and EGFRt marker genes were 198 

consistently transduced and expressed on the surface across the CAR T cell groups (Figure 2B), 199 

the commercially available anDbodies for CXCR3 could only detect elevated CXCR3 expression on 200 

the CXCR3-A-modified CAR T cells (CAR-3A) (Figure 2C), but not on the CAR T cells engineered to 201 

overexpress CXCR3-B (CAR-3B) or CXCR3-alt (CAR-3alt) in comparison to the unmodified CAR T 202 

cells (CAR-only). Therefore, we performed RT-qPCR to evaluate the relaDve RNA expression of 203 

each CXCR3 isoform. Our data suggest that CXCR3-A was the dominant isoform in the CAR-only T 204 

cells (Figure 2D, leo panel), and CXCR3-A expression was exponenDally increased in the CAR-3A T 205 

cells, while CXCR3-B and CXCR3-alt were specifically overexpressed in the CAR-3B and CAR-3alt T 206 

cells respecDvely (Figure 2D, right panel). Of note, the primer pairs to detect CXCR3-A had 207 

unavoidable overlaps with the CXCR3-B and CXCR3-alt sequences, which accounted for the 208 

arDfacts of elevated CXCR3-A expression in the CAR-3B and CAR-3alt T cells.  209 

 210 



 9 

To compare the migraDon efficiency of all the CXCR3-modified CAR T cells, we first performed the 211 

trans-well chemotaxis assay with CXCL10. Compared to the CAR-only T cells, the CAR-3A T cells 212 

showed significantly enhanced migraDon toward CXCL10; however, this was not observed with 213 

the CAR-3B or CAR-3alt T cells (Figure 2E). Based on the literature, it is controversial whether 214 

CXCR3-B promotes cell migraDon, and CXCR3-alt has been described to primarily interact with 215 

CXCL11 among the CXCR3 ligands20,21. To test the acDvity of the overexpressed CXCR3-alt in the 216 

CAR-3alt T cells, we then compared the CAR T cell migraDon toward CXCL11, and we 217 

demonstrated that both the CAR-3A and CAR-3alt T cell groups migrated more efficiently when 218 

induced by CXCL11 (Figure 2F). Although the CAR-3alt T cells may warrant further invesDgaDon, 219 

given the lack of producDon of CXCL11 by the CAR T cells (Figure 1C), we focused our study on 220 

the CAR-3A T cells for further development. 221 

 222 
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Figure 2. CXCR3-A-modified CAR T cells show enhanced migra9on toward CXCL10. (A) IllustraDon 226 

of constructs to generate B7-H3 CAR T cells that overexpress various isoforms of CXCR3. (B and C) 227 

CAR, EGFRt transducDon marker, and CXCR3 expression on unmodified and CXCR3-modifed CAR 228 

T cells by flow cytometry. gMFI, geometric mean fluorescent intensity. (D) RelaDve expression of 229 

CXCR3 isoforms in unmodified or CXCR3-modifed CAR T cells by RT-qPCR. The data were 230 

normalized to β-acDn control then nominally mulDplied by 108 for data display. (E and F) 231 

Percentage of CAR T cells that migrated from insert wells to boYom wells with CXCL10 or CXCL11 232 

aoer 2 hours. p values were determined by two-way ANOVA with DunneY’s mulDple comparisons 233 

test (E and F) using data from three or more independent experiments. Results are presented as 234 

means ± SD in (E and F). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 235 

 236 

 237 

 238 

CXCR3-A-modified CAR T cells show enhanced migra9on and efficacy against DIPG across mul9ple 239 

T cell donors in response to CXCR3 ligands 240 

 241 

To validate our study results across mulDple T cell donors, we generated the CXCR3-A-modified 242 

and unmodified B7-H3 CAR T cells with isolated T cells from three different PBMC donors. Despite 243 

donor variability, there was no significant difference between the CAR-3A and CAR-only T cells in 244 

terms of the fold expansion during producDon (Extended Data Fig. 1A), the CAR transducDon rate 245 

(Extended Data Fig. 1B), the proporDon of CD4 and CD8 T cells (Extended Data Fig. 1D), the 246 

distribuDon of T cell phenotypes (Extended Data Fig. 1E), as well as the expression of T cell 247 

exhausDon markers including PD1, TIM3, and LAG3 (Extended Data Fig. 1F), while the CXCR3 248 

expression was elevated on the CAR-3A T cells (Extended Data Fig. 1C) across the three donors. 249 

Furthermore, we demonstrated that the CAR-3A and CAR-only T cells had similar cytotoxicity and 250 

cytokine producDon when they were directly co-cultured with the paDent-derived DIPG cells in 251 

vitro (Figure 3A and 3B).  252 

 253 

Next, we compared the migraDon efficiency of the CAR-3A and CAR-only T cells from the three T 254 

cell donors toward CXCR3 ligands including CXCL9, CXCL10, and CXCL11. In trans-well chemotaxis 255 

assays, the CAR-3A T cells showed enhanced migraDon toward all three ligands of CXCR3 (Figure 256 

3C). We then performed the trans-well killing assay using DIPG cells cultured with CXCL9, CXCL10, 257 

or CXCL11. As shown in Figure 3D, despite some variaDons among the donors, when the migraDon 258 

was induced by CXCL9, CXCL10, or CXCL11, the CAR-3A T cells consistently resulted in more DIPG 259 

tumor death, when compared to the CAR-only T cells. This enhanced efficacy was corroborated 260 

by the increased cytokines produced by the migrated CAR-3A T cells (Figure 3E). As our data 261 

showed that the presence of CXCL9, CXCL10, or CXCL11 would not specifically enhance the 262 

cytotoxicity or cytokine producDon of the CAR-3A T cells when they were directly co-cultured with 263 

the DIPG cells in the control experiments (Figure 3F and 3G), we confirmed that the enhanced 264 

efficacy by the CAR-3A T cells in the trans-well killing assays (Figure 3D and 3E) should be 265 

aYributed to their more efficient migraDon toward the CXCR3 ligands. 266 

 267 
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Figure 3. CXCR3-A-modified CAR T cells show enhanced migra9on and efficacy against DIPG across 272 

mul9ple T cell donors in response to CXCR3 ligands (A) RelaDve cell viability of PBT-22FH or PBT-273 

29FH cells aoer co-cultured with CAR T cells at the indicated E:T raDos for 24 hours. (B) 274 

ConcentraDons of IL-2, IFN-γ, and TNF by ELISA in co-cultures of CAR T cells with PBT-22FH or PBT-275 

29FH target cells at E:T of 10:1 for 24 hours. (C) Percentage of CAR T cells that migrated from 276 

insert wells to boYom wells with vehicle, 300 ng/mL CXCL9, 100 ng/mL CXCL10, or 300 ng/mL 277 

CXCL11 aoer 2 hours (D) RelaDve cell viability of PBT-29FH cells aoer co-cultured with migrated 278 

CAR T cells for 24 hours. CAR T cells were seeded on insert wells to migrate to boYom wells with 279 

vehicle, 300 ng/mL CXCL9, 100 ng/mL CXCL10, or 300 ng/mL CXCL11 for 2 hours before removal 280 

of the insert wells. (E) ConcentraDons of IL-2, IFN-γ, and TNF by ELISA in cultures from (D) aoer 281 

24 hours. (F) RelaDve cell viability of PBT-29FH cells aoer directly co-cultured with CAR T cells at 282 

E:T of 1:1 in the presence of vehicle, 300 ng/mL CXCL9, 100 ng/mL CXCL10, or 300 ng/mL CXCL11 283 

for 24 hours. (G) ConcentraDons of IL-2, IFN-γ, and TNF by ELISA in cultures from (F) aoer 24 hours. 284 

Cell viability was normalized to the vehicle control without T cells in (A, D, and F). p values were 285 

determined by randomized block (matching the data for each donor) two-way ANOVA with 286 

Tukey’s mulDple comparisons test (A), randomized block one-way ANOVA with DunneY’s mulDple 287 

comparisons test (B), or randomized block two-way ANOVA with Sidak’s mulDple comparisons 288 

test (C, D, E, F and G) using data from three different T cell donors. Results are presented as means 289 

± SD. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 290 

 291 

 292 

 293 

Paracrine chemokines can lead to enhanced efficacy by CXCR3-A-modified CAR T cells against DIPG 294 

 295 

As anDgen-sDmulated CAR T cells would produce CXCL9 and CXCL10 (Figure 1C), we invesDgated 296 

if the chemokines produced by CAR T cells from co-culturing with DIPG cells would be sufficient 297 

to induce CAR T cell migraDon in trans-well killing assays. We first prepared CAR T cell-condiDoned 298 

medium by sDmulaDng the B7-H3 CAR T cells with DIPG cells and harvesDng the supernatant aoer 299 

24 hours, then we applied the condiDoned medium in a trans-well killing assay. As shown in Figure 300 

4A, while the CAR T cell condiDoned medium had some direct inhibitory effect on the DIPG cells, 301 

it induced the CAR-3A T cells to migrate and kill DIPG cells, as evidenced by the significantly more 302 

reduced tumor viability, which was also substanDally lower (though not staDsDcally significant) in 303 

comparison to the CAR-only T cell group. 304 

 305 

Next, we tested whether the CAR-3A T cells would demonstrate enhanced efficacy in a long-term 306 

trans-well killing assay without exogenously added chemoaYractant, in which seeded CAR T cells 307 

were given 24 hours to conDnuously migrate from the insert wells to the boYom wells with only 308 

DIPG cells (Figure 4B). Since some CAR T cells would pass through the insert pores in the absence 309 

of exogenous chemoaYractant (Figure 1E), they would be sDmulated by the DIPG cells and release 310 

chemokines including CXCL9 and CXCL10 in the boYom wells, which should aYract more CAR T 311 

cells to acDvely migrate and in turn lead to more chemokine producDon as posiDve feedback in 312 

the following hours. Given that the CAR-3A T cells were more efficient migraDng toward CXCL9 313 

and CXCL10 than the CAR-only T cells, we hypothesized that more DIPG cells would be killed by 314 

the migrated CAR-3A T cells via the amplified posiDve feedback loop. Indeed, the CAR-3A T cells 315 
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consistently outperformed the CAR-only T cells in this assay, either in repeated experiments using 316 

CAR T cells of the same donor (Extended Data Fig. 2) or across all three T cell donors (Figure 4B), 317 

supporDng our hypothesis. 318 

 319 

Moreover, we invesDgated whether DIPG tumors would contribute to the paracrine CXCL10, as 320 

CXCL10 is inducible by IFN-γ22, a major cytokine produced by sDmulated CAR T cells (Figure 3B). 321 

As demonstrated in Figure 4C, while our primary DIPG cells would not make CXCL10 in the 322 

absence of IFN-γ, substanDal amount of CXCL10 was produced by the DIPG cells when cultured 323 

with IFN-γ. Therefore, the producDon of CXCL10 can be reinforced by DIPG tumors in response to 324 

IFN-γ when treated by CAR T cells. 325 

 326 

 327 
 328 

Figure 4. Paracrine chemokines can lead to enhanced efficacy by CXCR3-A-modified CAR T cells 329 

against DIPG. (A) RelaDve cell viability of PBT-29FH cells aoer co-cultured with migrated CAR T 330 

cells for 24 hours. CAR T cells were seeded on insert wells to migrate for 2 hours to boYom wells 331 

with condiDoned medium (CM) from anDgen-sDmulated CAR T cell culture, before removal of the 332 

insert wells. (B) RelaDve cell viability of PBT-29FH cells aoer co-cultured with conDnuously 333 

migraDng CAR T cells for 24 hours. CAR T cells were seeded on insert wells and allowed to migrate 334 

for 24 hours to boYom wells without chemoaYractant. (C) ConcentraDons of CXCL10 by ELISA at 335 

the indicated Dme points in cultures of DIPG cells with added IFN-γ at the indicated doses. p 336 
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values were determined by randomized block (matching the data for each donor) one-way 337 

ANOVA with DunneY’s mulDple comparisons test (A) or paired t test (B) using data from three 338 

different T cell donors. Results are presented as means ± SD in (A and B). *p < 0.05. 339 

 340 

 341 

 342 

CXCR3-A-modified CAR T cells show enhanced trafficking and therapeu9c efficacy when delivered 343 

intracerebroventricularly in orthotopic DIPG models  344 

 345 

Based on our encouraging in vitro data, we invesDgated the effect of engineering CXCR3-A in CAR 346 

T cells against orthotopic DIPG mouse models. We first intracranially implanted luciferase-labeled 347 

SU-DIPG-13 cells into NSG mice, which is an aggressive and well-studied DIPG in vivo model23. As 348 

illustrated in Figure 5A, aoer 7 days, the mice were treated with the CAR-3A, CAR-only, or non-349 

transduced (NTD) T cells of the same donor via either IV or ICV injecDon, as both routes have 350 

been used in clinical studies for pediatric CNS tumor paDents. To compare CAR T cell trafficking 351 

from the periphery via IV or from the CSF via ICV to the tumor, we sacrificed mice from each 352 

treatment group at 24-hour and 48-hour Dme points to harvest the mouse brains. The IHC 353 

staining for human CD3, CD4, and CD8 indicated increased presence of the CAR-3A T cells around 354 

the tumor sites, compared with the CAR-only or NTD T cells, at both Dme points post-delivery to 355 

the mouse CSF through ICV injecDon (representaDve images shown in Figure 5B; addiDonal 356 

images shown in Extended Data Fig. 3). In contrast, there was lack of T cell trafficking to the brain 357 

through IV administraDon during the first 48 hours (Extended Data Fig. 4). The tumor areas were 358 

defined based on H&E staining (Figure 5B and Extended Data Fig. 3 and 4) and confirmed by IHC 359 

staining for human Ki67 and B7-H3 (Extended Data Fig. 5).  360 

 361 
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 362 
 363 

Figure 5. CXCR3-A-modified CAR T cells show enhanced trafficking to the tumor site post ICV 364 

delivery in an orthotopic DIPG model. (A) IllustraDon of the experimental plan (details described 365 

in the Methods secDon). (B) RepresentaDve images of H&E staining for the tumors and IHC 366 

staining for human CD3 around the corresponding tumor areas from the mouse brains collected 367 

on day 1 and day 2 (addiDonal images shown in Extended Data Fig. 3). 368 

 369 
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To compare the therapeuDc efficacy of the CAR-3A and CAR-only T cells, bioluminescent imaging 372 

(BLI) was performed weekly for the remaining mice to measure the signals from the DIPG tumors. 373 

As SU-DIPG-13 cells could metastasize to the spinal cord (Figure 6A), we quanDfied the BLI signals 374 

from the whole body of the mice in this experiment. When the CAR T cells were locoregionally 375 

delivered via ICV injecDon, the CAR-3A T cells reduced the tumor signals to the background level 376 

within 7 days (Figure 6C) and maintained complete tumor regression in this study (Figure 6D). In 377 

contrast, although the ICV administered CAR-only T cells significantly inhibited the tumor growth 378 

compared to the NTD T cells (Figure 6C), rapid rebound of tumor signals from either the brain or 379 

the spinal cord was observed in 4 out of 5 mice from this group (Figure 6A and 6D), which led to 380 

their fatality based on protocol-defined euthanasia criteria (Figure 6E).  381 

 382 

To be noted, prior to the end of this study, one mouse treated with ICV injected CAR-3A T cells 383 

met the euthanasia criteria without apparent tumor signal from previous BLI images (Figure 6A). 384 

H&E and IHC staining for the mouse brain showed presence of xenograo tumor (human Ki67+) 385 

yet with low expression of human B7-H3 (Extended Data Fig. 6), suggesDng tumor anDgen escape 386 

as a resistance mechanism under the selecDve pressure by the CAR-3A T cells. The fact that this 387 

coincided with loss of luciferase expression indicated that the tumor relapse was derived from a 388 

limited number of double-negaDve tumor cells, which could be addressed by CAR T cells with 389 

mulDple specificiDes such as SeaYle Children’s ongoing trial (NCT05768880). 390 

 391 

On the other hand, neither CAR T cell groups demonstrated efficacy when delivered systemically 392 

through IV injecDon (Figure 6A, 6B, 6D, and 6E), which was most likely due to the insufficient 393 

trafficking of CAR T cells from the periphery to the brain (Extended Data Fig. 4).  394 

 395 

Mouse weight loss and neurologic symptoms were correlated with tumor progression (Figure 6F), 396 

and there was no evident toxicity by the CAR-3A T cells in comparison with the CAR-only T cells. 397 

 398 
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Figure 6. CXCR3-A-modified CAR T cells show enhanced therapeu9c efficacy when ICV delivered in 401 

an orthotopic DIPG model. (A) BLI images of mice at the indicated imaging Dme points. (B and C) 402 

Log10 of bioluminescent total flux from SU-DIPG-13 tumor cells in each mouse on day 7. (D) 403 

Bioluminescent total flux from SU-DIPG-13 tumor cells at the indicated Dme points. (E) Kaplan-404 

Meier plot for mouse survival. (F) Mouse weight at the indicated Dme points. Results are 405 

presented as means ± SD in (B and C). p values were determined by one-way ANOVA with Tukey’s 406 

mulDple comparisons test (B and C) or log-rank (Mantel–Cox) test (E). ns, not significant; *p < 407 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 408 

 409 

 410 

 411 

To validate these findings, we also evaluated the safety and efficacy of the CAR-3A T cells in a 412 

second DIPG in vivo model and used T cells from another donor. In brief, luciferase-labeled PBT-413 

27FH cells were intracranially engraoed in NSG mice for 35 days before T cell administraDon 414 

through ICV injecDon (Extended Data Fig. 7A). The BLI signals from the mouse brain suggested 415 

substanDal decrease in tumor burden by the CAR-3A T cells within 7 days of treatment (Extended 416 

Data Fig. 7B), indicaDng efficient tumor engagement by the CAR-3A T cells. while the tumor signals 417 

remained above baseline in most mice treated with the CAR-only T cells. Despite the extended 418 

Dme for the tumor to progress in this model (Extended Data Fig. 7C and 8), the mice treated with 419 

the CAR-3A T cells had survival advantage compared to the mice in the NTD or CAR-only T cell 420 

groups (Extended Data Fig. 7D), though the comparison to the laYer did not reach staDsDcal 421 

significance. To be noted, the staDsDcal power of this study was unexpectedly reduced, because 422 

two mice in the CAR-3A T cell group without tumor BLI signal (Extended Data Fig. 8) were 423 

euthanized per requests by the veterinary staff due to non-tumor related causes (vaginal prolapse, 424 

day 182; bacterial infecDon, day 193). IHC staining for human Ki67 and B7-H3 confirmed absence 425 

of tumor in these brains (Extended Data Fig. 9). There was no weight loss (Extended Data Fig. 7E) 426 

or sign of illness such as lethargy, hunching posture at rest, or hair loss exhibited by the mice in 427 

relaDon to the treatment of the CAR-3A T cells, supporDng the safety of this CAR T cell engineering 428 

approach. 429 

 430 
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 431 
 432 

Figure 7. Schema9c of the proposed working model. (1 and 2) Some of the ICV delivered CAR T 433 

cells encounter tumor and get sDmulated by the tumor anDgen, leading to some tumor cell death. 434 

(3 and 4) The sDmulated CAR T cells produce chemokines such as CXCL10, which can recruit 435 

addiDonal CAR T cells that endogenously express CXCR3. DIPG tumor cells also express CXCL10 in 436 

response to IFN-γ released by sDmulated CAR T cells. (5) By engineering the CAR T cells to 437 

overexpress CXCR3-A, more CAR T cells respond and migrate to the tumor site. (6) This effect in 438 
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turn results in more CXCL10 producDon, followed by more CAR T cell recruitment through posiDve 439 

feedback, which lead to more tumor cell death, thus improving the trafficking and efficacy of CAR 440 

T cell therapies for DIPG. 441 

 442 

 443 

  444 



 23 

Discussion: 445 

 446 

As DIPG is universally fatal and responsible for nearly 25,000 years of lost potenDal life each year 447 

in the US alone2,3, more effecDve treatments are desperately needed. Here, we developed a new 448 

iteraDon of CAR T cell therapy by engineering B7-H3 CAR T cells to overexpress CXCR3-A, in order 449 

to improve CAR T cell trafficking to the tumor. We demonstrate that, compared to the standard 450 

B7-H3 CAR T cell therapy, our CXCR3-A-modified CAR T cells migrate more efficiently toward the 451 

CXCR3 ligands (e.g. CXCL10) in vitro and show enhanced trafficking and therapeuDc efficacy when 452 

delivered intracerebroventricularly in our orthotopic DIPG mouse models. Because CXCL10 is 453 

produced by acDvated CAR T cells as well as by DIPG cells in response to IFN-γ from acDvated CAR 454 

T cells, this CXCL10 could aYract more CXCR3-A-modified CAR T cells to migrate to the tumor, 455 

which would result in a posiDve feedback loop by amplifying the CXCL10 producDon and further 456 

recruitment of CAR T cells, thus leading to improved therapeuDc efficacy against DIPG (Figure 7). 457 

 458 

It is worth noDng that while the tumor microenvironment (TME) of DIPG has been described as 459 

immunologically inert24,25, other immune cells in the CNS such as microglia could be aYracted and 460 

in turn contribute to the chemokine and cytokine producDon in the TME following CAR T cell 461 

administraDon, which may reinforce a pro-inflammatory environment and further recruit other 462 

anD-tumor immune cells. However, the interacDons between CAR T cells and other immune cell 463 

types need to be studied in immuno-competent syngeneic DIPG mouse models with murine CAR 464 

T cells, which has its own limitaDons and is out of the scope of this manuscript. 465 

 466 

Our clinical data with the standard B7-H3 CAR T cells indicated some CAR T cell acDvity and 467 

elevated CXCL10 in the CSF of paDents with DIPG7,8, which may be sufficient to iniDate the posiDve 468 

feedback loop for recruiDng the CXCR3-A-modified CAR T cells. Nevertheless, our approach could 469 

further synergize with strategies that promote the producDon of CXCR3 ligands from the tumor 470 

cells prior to CAR T cell administraDon, to increase the iniDal tumor engagement by the CXCR3-A-471 

modified CAR T cells. For example, oncolyDc virus encoding a CXCL11 gene has been preclinically 472 

developed26, which could target tumor cells to express CXCL11 and aYract more CXCR3-A-473 

modified CAR T cells immediately aoer the injecDon. In addiDon, since DIPG cells would make 474 

CXCL10 in response to IFN-γ, oncolyDc virus encoding an IFN-γ gene may provide a similar effect 475 

for enhancing the trafficking of the CXCR3-A-modified CAR T cells as a combinaDon therapy for 476 

DIPG.  477 

 478 

Preclinical evidence, including results in this study, has suggested the superiority of locoregional 479 

CAR T cell delivery to the CNS over systemic dosing in treaDng CNS tumor models27-29, and CAR T 480 

cell clinical trials for CNS tumors have demonstrated feasibility and tolerability of injecDng CAR T 481 

cells to the CNS of paDents4,15. As such, it is important to study CAR T cell trafficking by 482 

administering CAR T cells to the CNS space in preclinical in vivo models. To our knowledge, we are 483 

the first to demonstrate that CAR T cell trafficking to the CNS tumor can be enhanced by 484 

engineering chemokine receptor expression in the CAR T cells when they are ICV delivered. 485 

 486 

While our study focused on enhancing the B7-H3 CAR T cell therapy for DIPG, this concept of 487 

CXCR3-A-modified CAR T cells is readily applicable to CAR T cell therapies targeDng other types of 488 
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solid tumor, provided with modificaDons of the CAR specificiDes for suitable tumor anDgens. In 489 

addiDon, we focused on the CXCR3 isoform CXCR3-A for CAR T cell engineering based on our 490 

preliminary data and due to the lack of clinical data regarding the CXCL11 levels in the CAR T cell-491 

treated DIPG paDents. Nonetheless, the CXCR3-alt-modified CAR T cells could be beneficial in 492 

tumor context where CXCL11 producDon is relevant. 493 

 494 

Of note, the role of CXCR3-B in cell migraDon has been conflicDng based on the current 495 

literature20,21. As CXCR3 only has one isoform in mouse, which is the counterpart for CXCR3-A in 496 

human, CXCR3-B as well as CXCR3-alt have not been well studied. Here, our data suggested that 497 

CXCR3-B overexpression did not significantly increase T cell migraDon toward CXCL10 or CXCL11 498 

(Figure 2E and 2F). However, the overexpression of CXCR3-B was only confirmed by RT-qPCR 499 

(Figure 2D), and we were not able to validate the surface expression of the transduced CXCR3-B 500 

due to the absence of commercially available anDbody.  501 

 502 

We showed enhanced trafficking and efficacy by the CXCR3-A-modified CAR T cells despite the 503 

fact that the unmodified CAR T cells upregulate CXCR3 expression due to the acDvaDon step in 504 

the commonly adopted producDon process (Figure 1D). However, as new CAR T cell producDon 505 

protocols are developed, some of which either omit the acDvaDon step to preserve the stemness 506 

of the CAR T cells30 or generate CAR T cells through inducible pluripotent stem cells (iPSCs) for 507 

potenDal off-the-shelf applicaDons31, in these cases, engineering the CAR T cells to overexpress 508 

CXCR3 may be even more essenDal to promote CAR T cell trafficking and efficacy, as CAR T cells 509 

generated by these methods would have less endogenous CXCR3 expression. 510 

 511 

Although the ability to assess the toxicity of a new CAR T cell therapy is limited in xenograo mouse 512 

models, we did not observe any safety concern derived from the engineering of CXCR3-A in the 513 

B7-H3 CAR T cells. Given the significantly enhanced therapeuDc efficacy demonstrated in our 514 

study, CXCR3-A-modified CAR T cells deserve further preclinical and clinical invesDgaDons against 515 

DIPG and other solid tumors. 516 

 517 

 518 

  519 
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Materials and Methods:  520 

 521 

Primary human DIPG cell culture 522 

Human cell cultures were generated with informed consent in compliance with insDtuDonal 523 

review board approval at SeaYle Children’s Hospital (#14449). PBT-22FH, PBT-27FH, and PBT-29FH 524 

were biopsy-derived at diagnosis. For PBT-22FH, PBT-27FH, and PBT-29FH, tumor Dssue was 525 

obtained at SeaYle Children’s Hospital, and cell cultures were created at Fred Hutchinson Cancer 526 

Center as previously described19. SU-DIPG-13 was autopsy-derived and generously donated by Dr. 527 

Michael Monje (Stanford University). Cells were modified by lenDviral transducDon followed by 528 

blasDcidin selecDon (Fisher ScienDfic, #A1113903) to steadily express firefly luciferase. Cells were 529 

maintained in NeuroCult NS-A Basal Medium with NS-A ProliferaDon Supplement (Stemcell 530 

Technologies, #5751), 1x AnDbioDc/AnDmycoDc (ThermoFisher ScienDfic, #15-240-062), 40 531 

ng/mL epidermal growth factor (PeproTech, #AF-100-15), and 40 ng/mL fibroblast growth factor 532 

(PeproTech, #AF-100-18B). All cell culture models were validated by DNA fingerprinDng and 533 

rouDnely tested to be mycoplasma negaDve. 534 

 535 

CAR constructs 536 

The medium-spacer human B7-H3-specific CAR construct has previously been described7. In brief, 537 

the CAR is comprised of a scFv derived from the MGA 271 monoclonal anDbody, a medium-length 538 

spacer of IgG4-hinge-CH3, a CD28 transmembrane domain, a 4-1BB co-sDmulatory domain, and 539 

a CD3ζ signaling domain, and the CAR sequence was appended to a T2A ribosomal skip sequence 540 

followed by a truncated EGFR (EGFRt) marker gene, which was appended to a second T2A 541 

sequence followed by the methotrexate-resistant human DHFR mutein gene, the last of which 542 

was not uDlized in this paper. For the CAR constructs co-expressing a CXCR3 isoform, the human 543 

DHFR mutein gene was replaced with the open reading frame sequence of CXCR3-A, CXCR3-B, or 544 

CXCR3-alt (synthesized by Genewiz). 545 

 546 

Len9viral vector prepara9on 547 

LenDviral vectors were produced by transfecDng LenD-X 293-T cells (Takara, #632180), kindly 548 

provided by Dr. Bernasconi (University of Bern). In brief, 293-T cells were seeded in T150 flasks 549 

that were pre-coated with collagen (Millipore Sigma, #C3867-1VL) and cultured in DMEM 550 

medium (Gibco, #11960044) supplemented 10% fetal bovine serum (Gibco, #A5256701), 10 mM 551 

HEPES (Gibco, #15630080), 100 U/mL penicillin/streptomycin (Gibco, #15140122), and 1x 552 

GlutaMax (Gibco, #35050061) to grow to 80% confluence, aoer which the cells were incubated 553 

briefly with a cocktail of 3 mL of OpD-MEM (Gibco, #31985070) with 90 μL Lipofectamine 3000 554 

transfecDon reagent (Invitrogen, # L3000015) that was gently mixed with 15 μg of the vector 555 

plasmid of interest and the packaging plasmids of 18 μg of psPAX2 (Addgene, #12260) and 7 μg 556 

of pCMV-VSV-G (Addgene, #8454). AddiDonal culture medium was added thereaoer. Aoer 557 

culturing the transfected 293-T cells for 24 h and 48 h, supernatants that contained lenDviral 558 

vectors were collected and filtered through 0.45-mm syringe filters (Millipore Sigma, 559 

#SLHP033RS), then centrifuged at 18,000 x g for 20 h at 4 °C. The pellets of lenDviral vectors were 560 

resuspended in 2 mL of culture medium, aliquoted, and stored at -80 °C. 561 

 562 

 563 
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Genera9on of human CAR T cells 564 

Bulk human T cells were isolated from peripheral blood mononuclear cells of healthy donors 565 

(Bloodworks Northwest) by negaDve selecDon using EasySep Human T Cell IsolaDon Kit (StemCell, 566 

#17951) and maintained in RPMI 1640 medium (Gibco, #21870076) supplemented 10% fetal 567 

bovine serum (Gibco, #A5256701), 10 mM HEPES (Gibco, #15630080), 100 U/mL 568 

penicillin/streptomycin (Gibco, #15140122), GlutaMax (Gibco, #35050061), 5 ng/mL recombinant 569 

human IL-7 (Biolegend, # 581904), and 0.5 ng/mL recombinant human IL15 (Biolegend, # 570304). 570 

Following isolaDon, T cells were sDmulated with anD-CD3/CD28 Dynabeads (Gibco, #40203D) in 571 

the medium at 1 x 106 cells/mL for 24 h and transduced at a mulDplicity of infecDon of 3, aoer 572 

which the transduced T cells were enumerated by a Vi-CELL BLU counter (Beckman Coulter) every 573 

other day and fed with the medium to 0.8 x 106 cells/mL density. Aoer the expansion, the cells 574 

were cryopreserved in CryoStor CS10 (StemCell, #07930) unDl further use. To resuscitate 575 

cryopreserved cells, the cells were quickly thawed with pre-warmed medium and pelleted by 576 

centrifugaDon, then cultured in the medium overnight to recover, and the viable cell number was 577 

decided by a Vi-CELL BLU counter (Beckman Coulter) before being used for funcDonal assays. 578 

 579 

RT-qPCR 580 

The RNA was extracted from cells using RNeasy Plus Mini Kit (QIAGEN, #74134) and converted to 581 

cDNA with High-Capacity RNA-to-cDNA kit (AppliedBiosystems, #4387406). The cDNA was then 582 

set up with TB Green (Takara, #RR42LR) and a primer pair (Integrated DNA Technologies) in four 583 

replicate wells for qPCR with Light Cycler 480 II (Roche). The expression of the gene of interest 584 

was normalized to the expression of acDn, then mulDplied by a nominal factor for data display.  585 

 586 

Flow cytometry 587 

For flow cytometry, the anDbodies used included mouse-anD-human B7-H3-PE (BioLegend, clone 588 

MIH42, #351004), mouse-anD-human CXCR3-FITC (BioLegend, clone G025H7, #353704), mouse-589 

anD-human EGFR-PE (BioLegend, clone AY13, #352904), mouse-anD-human CD4-PE (BioLegend, 590 

clone OKT4, #317410), mouse-anD-human CD8-APC (BioLegend, clone RPA-T8, #301049), mouse-591 

anD-human CD45RA-PE (BioLegend, clone HI100, #304108), mouse-anD-human CD62L-BV421 592 

(BioLegend, clone DREG-56, #304828), mouse-anD-human PD1-APC (BioLegend, clone A17188B, 593 

#621610), mouse-anD-human TIM3-APC (BioLegend, clone A18087E, #364804), mouse-anD-594 

human LAG3-APC (BioLegend, clone 7H2C65, #369212), and bioDnylated Protein L (GenScript, 595 

#M00097) followed by streptavidin-PE (BioLegend, #405204) secondary staining to detect the B7-596 

H3-specific CAR expression. For flow cytometry analysis, cells were sampled and washed with PBS 597 

(Gibco, #10010023), incubated with anDbodies in PBS on ice in darkness for 30 min, washed again 598 

with PBS twice, followed by secondary staining with addiDonal wash steps when necessary, then 599 

evaluated on a LSR Fortessa (BD Biosciences) or Novocyte 3000 (Agilent) flow cytometer. The cell-600 

surface expression of the proteins of interest was analyzed by FlowJo (Tree Star). 601 

 602 

Luciferase assay 603 

The primary DIPG cell lines used for luciferase assays were modified to express firefly luciferase. 604 

D-Luciferin (Revvity, #122799-5) substrate soluDon was added to the cell culture at the indicated 605 

Dme points for each assay and incubated at room temperature for 15 min before quanDfying the 606 

bioluminescent signal from each well with a SpectraMax iD5 (Molecular Devices). All the in vitro 607 
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viability assays were performed three Dmes or with T cells from three different donors, and the 608 

bioluminescent signals were normalized to the vehicle-treated control wells as 100% viability. 609 

 610 

ELISA 611 

ELISA assays were performed with DuoSet ELISA kits (R&D Systems) to detect CXCL9 (#DY392), 612 

CXCL10 (#DY266), CXCL11 (#DY672), IL-2 (#DY202), TNF (#DY210), and IFN-γ (#DY285B) 613 

concentraDons in the collected supernatants per the manufacturer’s instrucDons. 614 

 615 

Trans-well chemotaxis assay 616 

Trans-well chemotaxis assays were performed with Transwell 24-well Plate with 5.0 µm Pore 617 

Polycarbonate Membrane Insert (Corning, #3421) to assess the migraDon efficiency of CAR T cells 618 

toward chemoaYractant. In brief, blank medium (vehicle) or medium with chemoaYractant was 619 

added to the boYom wells, then the same number of CAR T cells was seeded on the insert wells, 620 

which allow acDve T cell migraDon through the pores to the boYom wells. Aoer the indicated 621 

length of incubaDon, the number of migrated CAR T cells in each boYom well was counted in 622 

duplicates with Vi-CELL BLU counter (Beckman Coulter). All the trans-well chemotaxis assays were 623 

performed at least three Dmes or with T cells from three different donors, and percent migraDon 624 

was calculated as the migrated cell number over the seeded cell number. 625 

 626 

Trans-well killing assay 627 

Trans-well killing assays were performed with Transwell 24-well Plate with 5.0 µm Pore 628 

Polycarbonate Membrane Insert (Corning, #3421). In brief, luciferase-labeled DIPG tumor cells 629 

were seeded in the boYom wells, then blank medium (vehicle) or medium with chemoaYractant 630 

was added to the boYom wells. The same number of CAR T cells was seeded on the insert wells, 631 

which allow acDve T cell migraDon through the pores to the boYom wells. Aoer 2-hour incubaDon, 632 

the insert wells were removed, and the plate was further incubated overnight to allow the 633 

migrated CAR T cells to kill the seeded DIPG tumor cells. At 24-hour Dme point, luciferase assay 634 

was performed as described above to quanDfy the viability of the seeded DIPG tumor cells. All 635 

the trans-well killings assays were performed three Dmes or with T cells from three donors, and 636 

the bioluminescent signals were normalized to the vehicle-treated control wells as 100% viability. 637 

The chemoaYractants used in this study include recombinant human CXCL9 (#ab283902), CXCL10 638 

(#ab280332), and CXCL11 (#ab283901) from Abcam, as well as condiDoned media harvested from 639 

co-cultures of CAR T cells and DIPG tumor cells. 640 

 641 

Mouse experiments 642 

All mouse experiments were conducted in accordance with the IACUC-approved protocol 643 

ACUC00669 at SeaYle Children’s Research InsDtute. For the orthotopic xenograo model with SU-644 

DIPG-13, eight-week-old male NSG mice (Jackson Laboratories) were intracranially injected with 645 

50,000 SU-DIPG-13 cells in 2 µL PBS (CyDva, #SH30256.LS) using a stereotacDc surgical setup with 646 

the coordinates of 0.8 mm lateral and 1.5 mm posterior from lambda, and 2.5 mm deep. Seven 647 

days aoer tumor implantaDon, 2 x 106 CAR T cells in 5 µL PBS were injected into the lateral 648 

ventricle of brain with the coordinates of 1.2 mm lateral and 0.6 mm posterior from bregma, and 649 

2.0mm deep, or intravenously in 200 µL PBS. Mice were anestheDzed by intraperitoneal injected 650 

cocktail of Ketamine (PaYerson Veterinary Supply, #07-894-8462; 100 mg/kg animal) and Xylazine 651 
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(PaYerson Veterinary Supply, #07-808-1947; 8 mg/kg animal) for the surgeries and given the 652 

painkiller of buprenorphine (Wedgewood Connect, #BUPREN-INJ010VC; 1 mg/kg animal, 653 

extended release) by the veterinary staff before the surgeries. Mice from each treatment group 654 

were euthanized at 24-hour and 48-hour post-treatment Dme points to collect their brains, which 655 

were used for immunohistochemistry (IHC) analysis to evaluate the migraDon of T cells toward 656 

the tumor site as describe below. For the rest of the mice in each treatment group, 657 

bioluminescent imaging (BLI) was performed weekly to measure the tumor signals, for which 658 

mice were anestheDzed with isoflurane (PaYerson Veterinary Supply, #07-890-8115), 659 

subcutaneously injected with D-luciferin (Revvity, #122799-5) substrate soluDon and imaged with 660 

IVIS Spectrum Imaging System (Perkin Elmer) aoer 15 min. Mouse weight was recorded on a 661 

weekly basis with rouDne health checks to monitor any sign of illness such as weight loss, hair 662 

loss, cranial distension, lethargy, and hunching posture at rest. Mice with severe symptoms were 663 

euthanized based on protocol-defined criteria, followed by collecDon of brains, livers, and spleens 664 

for IHC analysis. 665 

 666 

For the experiment with PBT-27FH, gender-balanced NSG mice were intracranially injected with 667 

350,000 PBT-27FH cells in 2 µL PBS using a stereotacDc surgical setup with the same coordinates 668 

as described above. 35 days aoer tumor implantaDon, 1 x 105 CAR T cells in 3 µL PBS were injected 669 

into the lateral ventricle of the brain with the coordinates as described above. BLI was performed 670 

to measure the tumor signals. Mouse weight was recorded with rouDne health checks to monitor 671 

any sign of illness, and mice with severe symptoms were euthanized based on protocol-defined 672 

criteria, followed by collecDon of brains, livers, and spleens for IHC analysis if needed. 673 

 674 

Tissue processing, IHC, and histopathologic analysis 675 

Mouse brains were fixed in 10% neutral buffered formalin (Fisher ScienDfic, #57-35) for 24-72 676 

hours, then transferred into 70% ethanol for long-term storage. Wet Dssues were submiYed to 677 

the Microscopy and Histopathology CoLab at SeaYle Children’s Research InsDtute for paraffin 678 

embedding. Formalin-fixed paraffin-embedded blocks were then submiYed to the Experimental 679 

Histopathology lab at Fred Hutchinson Cancer Research Center for further processing. Tissue 680 

secDons were cut 4-5 µm thick for Hematoxylin-Eosin (H&E) stains and IHC. IHC stains included 681 

human CD3 (Fisher ScienDfic, #RM9107S, 1:300), human CD4 (Millipore Sigma, #104R-26, 1:100), 682 

human CD8 (Agilent, #M7103, 1:200), human B7H3 (Abcam, #ab219648, 1:5000), human Ki67 683 

(Cell Signaling, #12202, 1:1000), and Albumin (Genetex; #GTX102419, 1:2000) with a hematoxylin 684 

counterstain. H&E and IHC images were produced with an Aperio AT slide scanner. 685 

 686 

Sta9s9cal analysis 687 

The staDsDcal analyses were performed as noted in the figure legends using Prism 10 (GraphPad) 688 

to determine the p values. Significance is reported if p < 0.05 (marked by an asterisk). 689 

 690 

Illustra9ons 691 

The illustraDons and schemaDcs in this manuscript were created in hYps://BioRender.com 692 

 693 

Data availability 694 

The data generated in this study are available upon request from the corresponding author. 695 
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Extended Data: 696 

 697 

 698 
 699 

Extended Data Figure 1. CXCR3-A-modified CAR T cells show similar phenotypes as unmodified 700 

CAR T cells across three T cell donors. (A) Fold expansion by CAR T cells during producDon. (B) 701 

Percentage of CAR expression on unmodified and CXCR3-A-modifed CAR T cells by flow cytometry. 702 

(C) Geometric mean fluorescent intensity of (gMFI) of CXCR3 on unmodified and CXCR3-A-703 

modifed CAR T cells by flow cytometry. (D) Percentage of CD4 and CD8 T cell subset of generated 704 

CAR T cells. (E) Percentage of naïve-like (CD62L+/CD45RA+), central memory (CD62L+/CD45RA-), 705 
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effector memory (CD62L-/CD45RA-), and effector (CD62L-/CD45RA+) subset of generated CAR T 706 

cells. (F) Percentage of the exhausDon markers PD1, TIM3, and LAG3 expression on generated 707 

CAR T cells. p values were determined by randomized block (matching the data for each donor) 708 

one-way ANOVA with Tukey’s mulDple comparisons test (A, D, E, and F) or paired t test (B and C) 709 

using data from three different T cell donors. Results are presented as means ± SD. ns, not 710 

significant, *p < 0.05. 711 

 712 

 713 

 714 

 715 
 716 

Extended Data Figure 2. Paracrine chemokines can lead to enhanced efficacy by CXCR3-A-717 

modified CAR T cells against DIPG. RelaDve cell viability of PBT-29FH cells aoer co-cultured with 718 

conDnuously migraDng CAR T cells for 24 hours. CAR T cells were seeded on insert wells to migrate 719 

for 24 hours to boYom wells without chemoaYractant. p values were determined by unpaired t 720 

test using data from three independent experiments. Results are presented as means ± SD. ***p 721 

< 0.001. 722 
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Extended Data Figure 3. CXCR3-A-modified CAR T cells show enhanced trafficking to the tumor 728 

site post ICV delivery in an orthotopic DIPG (SU-DIPG-13) model. RepresentaDve images of H&E 729 

staining for the tumors and IHC staining for human CD3, CD4, and CD8 around the corresponding 730 

tumor areas from the mouse brains collected on day 1 and day 2, as illustrated in Figure 5A. 731 
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Extended Data Figure 4. CAR T cells show lack of trafficking to the mouse brain post intravenous 737 

delivery in an orthotopic DIPG (SU-DIPG-13) model. RepresentaDve images of H&E staining for the 738 

tumors and IHC staining for human CD3, CD4, and CD8 around the corresponding tumor areas 739 

from the mouse brains collected on day 1 and day 2, as illustrated in Figure 5A. 740 
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 751 

 752 
 753 

Extended Data Figure 6. H&E and IHC staining for human Ki67 and B7-H3 suggests tumor an9gen 754 

escape. RepresentaDve images of H&E and IHC staining for human Ki67 and B7-H3 from the 755 

mouse brain aoer relapse post ICV CAR-3A T cell treatment in Figure 6. 756 
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 759 
 760 

Extended Data Figure 7. CXCR3-A-modified CAR T cells of another T cell donor show enhanced 761 

therapeu9c efficacy when ICV delivered in a second orthotopic DIPG model. (A) IllustraDon of the 762 

experimental plan (details described in the Methods secDon). (B) Log10 of bioluminescent total 763 

flux from PBT-27FH tumor cells in each mouse on day 7. (C) Bioluminescent total flux from PBT-764 

27FH tumor cells at the indicated Dme points. (D) Kaplan-Meier plot for mouse overall survival 765 

that includes non-tumor related causes of death. (E) Mouse weight at the indicated Dme points. 766 

Results are presented as means ± SD in (B). p values were determined by one-way ANOVA with 767 

Tukey’s mulDple comparisons test (B) or log-rank (Mantel–Cox) test (D). ns, not significant; **p < 768 

0.01. 769 
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 771 
 772 

Extended Data Figure 8. CXCR3-A-modified CAR T cells of another T cell donor show enhanced 773 

therapeu9c efficacy when ICV delivered in the second orthotopic DIPG (PBT-27FH) model. BLI 774 

images of mice at the indicated imaging Dme points from the study shown in Extended Data 775 

Figure 7. †Non-tumor related causes of death and dates as noted in the results secDon. 776 
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Extended Data Figure 9. H&E and IHC staining for human Ki67 and B7-H3 confirms absence of 780 

tumor. RepresentaDve images of H&E and IHC staining for human Ki67 and B7-H3 from the brains 781 

of the two mice in the CAR-3A T cell group of Extended Data Figure 7, who were euthanized due 782 

to non-tumor related causes in the absence of tumor BLI signal. 783 
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