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Summary

Adoptive therapy using chimeric antigen receptor-modified T cells (CAR-T cells) is effective in
hematologic but not epithelial malignancies, which cause the greatest mortality. In breast and lung
cancer patients, CAR-T cells targeting the tumor-associated antigen receptor tyrosine kinase-like
orphan receptor 1 (ROR1) infiltrate tumors poorly and become dysfunctional. To test strategies for
enhancing efficacy, we adapted the KrastSL-G12D/*: 537 autochthonous model of lung
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adenocarcinoma to express the CAR target ROR1. Murine ROR1 CAR-T cells transferred after
lymphodepletion with cyclophosphamide (Cy) transiently control tumor growth but infiltrate
tumors poorly and lose function, similar to patients. Adding oxaliplatin (Ox) to the
lymphodepletion regimen activates tumor macrophages to express T cell-recruiting chemokines,
resulting in improved CAR-T cell infiltration, remodeling of the tumor microenvironment, and
increased tumor sensitivity to anti-PD-L1. Combination therapy with Ox/Cy and anti-PD-L1
synergistically improves CAR-T mediated tumor control and survival, providing a strategy to
improve CAR-T cell efficacy in the clinic.
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Srivastava et al. demonstrate that adding oxaliplatin to the lymphodepletion regimen given before
CAR-T cell infusion activates lung tumor macrophages to produce T cell-recruiting chemokines.
This results in improved CAR-T cell infiltration, tumor remodeling, and response to checkpoint
blockade, providing a strategy to improve CAR-T cell efficacy in the clinic.
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Introduction

Adoptive cell therapy with tumor-reactive T cells (ACT) can be effective for some cancers
(Guedan et al., 2019, Rosenberg and Restifo, 2015). ACT using autologous T cells modified
by gene transfer to express a chimeric antigen receptor (CAR) specific for the CD19
molecule present on both normal B cells and B cell malignancies has shown remarkable
success in leukemia and lymphoma (Kochenderfer and Rosenberg, 2013). However,
achieving efficacy with T cells engineered with receptors specific for antigens on epithelial
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cancers, which account for 80 to 90 percent of all cancers, has proven challenging
(Srivastava and Riddell, 2018).

There are several barriers that may underlie the relative lack of efficacy of ACT in solid
tumors compared with hematological cancers (Srivastava and Riddell, 2018). Solid tumors
typically reside in non-lymphoid tissues where T cells may not traffic efficiently without
appropriate inflammatory signals to recruit them. Moreover, solid tumors can recruit
immunosuppressive cells, release immunosuppressive molecules, and inhibit T cells directly
through expression of ligands for inhibitory receptors like PD-1. Understanding which
barriers interfere most with T cell efficacy /n vivo and developing strategies to overcome
these obstacles is necessary to achieve reproducible antitumor activity with CAR-T cells.

We sought to develop a model that faithfully mimics tumor development and the tumor
microenvironment (TME) found in human malignancies to guide clinical strategies for
improving the efficacy of T cells in solid tumors. Studies evaluating antitumor activity of
CAR-T cells in vivo have relied heavily on rapidly progressive transplantable human tumor
xenografts in immunodeficient NOD/scid/yc™~ (NSG) mice that lack T cells, NK cells, and
B cells and do not emulate the initiation, progression, and complex TME of human cancer
(DuPage and Jacks, 2013). Likewise, most immune-competent transplantable mouse models
implant tumor cells in foreign anatomical sites. Transplanted tumors grow rapidly, do not co-
evolve naturally with host immunity, and can be artificially immunogenic due to the
implantation process (DuPage et al., 2011, Garbe et al., 2006, DuPage and Jacks, 2013).

An alternative to transplantable models is to induce malignant transformation in normal cells
/n situ by introducing defined genetic events. Genetically-engineered mouse (GEM) models
recapitulate tumor initiation, progression, and the genetic and histopathological
characteristics of human cancers (DuPage and Jacks, 2013). Krast-SL-G12D/% p5317F (KP)
mice are a model of lung adenocarcinoma, in which intratracheal injection of a Cre-
expressing lentivirus initiates p53 deletion and Kras®12P activation in lung airway cells,
resulting in growth of tumors that histopathologically resemble human lung cancer (DuPage
etal., 2011, DuPage et al., 2009).

We modified the KP model by introducing a receptor tyrosine kinase-like orphan receptor 1
(ROR1) transgene into the Cre lentivirus used to induce tumors (hereafter termed KPRORL
mice). RORL1 is being investigated in a clinical trial as a target for CAR-T cells due to its
high expression in a subset of non-small cell lung cancer (NSCLC) and triple-negative breast
cancer (TNBC). Similar to what we observed in patients, murine ROR1 CAR-T cells
infiltrate KPRORL tumors poorly and have only transient antitumor activity. Here, we use the
KPRORL model to identify and evaluate strategies to enhance CAR-T cell trafficking to
tumors to improve treatment efficacy.
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Results

ROR1 CAR-T cells infiltrate tumors poorly and become dysfunctional in patients with
ROR1* TNBC and NSCLC

We previously developed CARs that redirect T cell specificity to ROR1* human tumor cells
in vitro and were effective in human tumor xenograft models (Hudecek et al., 2013,
Hudecek et al., 2010). Though ROR1 is also expressed in some normal tissues, it remains
absent from vital adult human tissues (Balakrishnan et al., 2017, Hudecek et al., 2010), and
ROR1 CAR-T cells were safe and functional in non-human primates (NHP) (Berger et al.,
2015). Based on these data, a clinical trial (NCT02706392) in patients with ROR1* TNBC
and NSCLC is being conducted at our center. Patients are treated with cyclophosphamide
(Cy) and fludarabine (Flu) for lymphodepletion prior to infusion with autologous CD8* and
CD4* T cells engineered to co-express a ROR1 CAR carrying 4-1BB and CD3( signaling
domains and truncated EGFR (tEGFR) as a transduction marker (Table S1, Fig. 1A). We
observed robust CAR-T cell expansion in the peripheral blood of three treated patients
without toxicity to normal tissues (Fig. 1B). At the peak of expansion in peripheral blood,
ROR1 CAR-T cells upregulated multiple inhibitory receptors and lost the ability to produce
IFNy, TNFa, and GM-CSF upon restimulation ex vivo compared with CAR-T cells in the
infusion product (Fig. 1C, 1D). A tumor biopsy obtained post-treatment from one patient
showed few infiltrating ROR1 CAR-T cells by flow cytometry, indicating that CAR-T cells
failed to accumulate or persist in ROR1* tumors (Fig. 1E). Consistent with poor infiltration,
tumor regression was not observed in these patients. These data suggest that lack of
sustained CAR-T cell infiltration at tumor sites and rapid dysfunction are barriers to efficacy
in solid tumors.

Development of a GEM model of ROR1* lung cancer for CAR-T cell therapy

We sought to develop animal models to evaluate strategies to overcome the barriers to CAR-
T cells in solid tumors. We found that ROR1 CAR-T cells easily infiltrated lung tumors
established by transplanting ROR1* tumor cell lines derived from KP GEM mice, which was
distinct from what we observed in patients (Fig. S1A,B). To more closely mimic human lung
cancer, we engineered a lentivirus to induce ROR1" tumors in KP mice by co-expressing
Cre recombinase, firefly luciferase (ffluc) and human ROR1 (hROR1) and validated their
expression /n vitro using Cre-reporter cell lines (Sanchez-Rivera et al., 2014) (Fig. S2A-C).
Including ffluc allowed us to validate expression of the Cre-ffluc-hROR1 transgene in lung
cells after intratracheal delivery using non-invasive bioluminescent imaging (BLI). We chose
to use hROR1 (97% identity with mROR1) because murine ROR1 (mROR1) is expressed in
bone marrow stromal cells and leads to toxicity when mROR1-targeted CAR-T cells are
administered after intensive lymphodepletion (Srivastava et al., 2019). To target hROR1, we
used a ROR1 CAR derived from the murine 2A2 single chain variable fragment (scFv) that
recognizes a similar epitope on hROR1 as the R12 CAR used in the clinical trial and does
not cross-react with mROR1 (Hudecek et al., 2013, Yang et al., 2011).

KP mice infected intratracheally with Cre-ffluc (KP mice) or Cre-ffluc-hROR1 lentiviruses
(KPRORL mice) developed lung tumors visible by magnetic resonance imaging (MRI) and
BLI at 9-12 weeks post-infection (Fig. S2D-E). Tumors in KPRORL byt not KP, mice
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expressed high levels of ROR1 comparable to endogenous RORL1 in a human breast cancer
cell line (Fig. S2F-G). The frequency and phenotype of tumor-infiltrating lymphocytes and
myeloid cells did not differ in KP or KPRORL tumors (Fig. S3A-D), suggesting immunity
was not enhanced by the few disparate sequences in hROR1.

ROR1 CAR-T cells modestly control tumor growth in KPRORL mice

The function and specificity of a 2A2 ROR1 CAR was previously described and comparable
in vitroto the R12 CAR used in the clinic (Hudecek et al., 2013). To adapt the 2A2 CAR for
use in mouse T cells, we replaced human 4-1BB and CD3( with murine sequences and co-
expressed a truncated murine CD19 fused to GFP (tCD19-GFP) transduction marker
downstream of a P2A ribosomal skip element to allow /n vivo tracking of CAR-T cells.
Control T cells were engineered to express the tCD19-GFP transduction marker alone.

To evaluate antitumor effects of ROR1 CAR-T cells in KPRORL mice, we treated tumor-
bearing KPROR! mijce with cyclophosphamide (Cy) for lymphodepletion and infused ROR1
CAR-T cells or control T cells every three weeks (Fig. 2A). ROR1 CAR-T cells significantly
reduced tumor growth compared to control T cells for the first 6 weeks of treatment (Fig.
2B). All tumors, however, eventually progressed and survival was not significantly improved
by this treatment regimen (Fig. 2C).

To assess the phenotype of CAR-T cells /n situ, we analyzed lungs from wild-type (WT) and
tumor-bearing KPRORL mice 10 days after the second infusion of T cells, when CAR-T cells
peaked in expansion in the blood (Fig. 2D), and used a PE-antibody labeling method to
exclude contaminating cells from the lung vasculature (Pereira et al., 2009, Anderson et al.,
2014). ROR1 CAR-T cells were enriched ~2-fold compared to control T cells among PE-
negative non-vascular CD8* T cells in KPROR Jungs but not in WT lungs (Fig. 2E). CAR-T
cells from tumor-bearing lungs upregulated inhibitory receptors like PD-1, LAG-3, and
TIM-3 and produced lower levels of IFNy and TNFa upon re-stimulation ex vivo compared
to both control T cells and CAR-T cells in non-tumor bearing lungs (Fig. 2E, 2F). Consistent
with the rapid acquisition of CAR-T cell dysfunction, tumors that progressed in CAR-T cell-
treated mice maintained similar levels of ROR1 expression as in control T cell-treated mice,
indicating that antigen loss was not the mechanism of tumor escape (Fig. 2G, 2H). ROR1
CAR-T cells, thus, mediate modest but incomplete control of tumor growth in KPRORL mice.

ROR1 CAR-T cell do not efficiently infiltrate all ROR1* tumors

All tumor nodules progressed in control T cell-treated KPRORL mice, whereas tumors in
ROR1 CAR-T cell-treated mice showed mixed responses, with a fraction of nodules
regressing, remaining stable, or progressing in the same mouse (Fig. 3A). Incomplete
response to immunotherapy is common in patients and in animal models and can correlate
with the degree of T cell infiltration (Jiang et al., 2018, Topalian et al., 2012, Li et al., 2018).
To determine whether differences in T cell infiltration underlay the heterogeneity in tumor
nodule growth, we treated tumor-bearing KPRORL mice with Cy and control or CAR-T cells
every 3 weeks and analyzed lungs by immunohistochemistry (IHC) 10 days after the second
infusion of T cells. Tumors from each lung were scored for absence of T cells (<5% CD3™*
cells), peripheral/stromal, or intratumoral localization of CD3* T cells. Most tumors in
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control T cell-treated mice were devoid of T cells or localized to the periphery/stroma, with
< 5% of tumors having intratumoral T cells (Fig. 3B). Although a larger fraction of tumors
nodules showed intratumoral infiltration after CAR-T cell treatment, more than half of tumor
nodules in CAR-T cell-treated mice were devoid of T cells (Fig. 3B).

We hypothesized that poor T cell infiltration in KPRORL tumors may be due to insufficient
local production of T cell-recruiting chemokines. Although CAR-T cells in the circulation
highly expressed CXCR3 and to a lesser degree CXCR6 and CCRS5 (Fig. 3C), tumor nodules
excised from untreated KPRORL mice showed low transcript levels of the CXCR3 ligands
Cxcl9, Cxcl10, and Cxc/11, the CCR5 ligand Cc/5, or the CXCR6 ligand Cxc/16 (Fig. 3D).
By contrast, Cxc/5, which is involved in recruitment of CXCR2* neutrophils, and Cxc/12,
which mediates cross-talk between tumor and CXCR4* stroma (Guo et al., 2016), were the
most highly expressed chemokines detected in KPROR! tumors. ROR1 CAR-T cells, thus,
failed to traffic appreciably to most KPRORL Jung tumors likely due to insufficient local
production of T cell-recruiting chemokines, and limited infiltration may in part underlie the
susceptibility of CAR-T cells to exhaustion and eventual outgrowth of tumors.

Ox/Cy enhances chemokine expression and accumulation of CAR-T cells in KPROR! |ung

tumors

Because of the lack of signals for recruiting T cells into KPRORL tymors, we asked whether
activation of immunogenic cell death (ICD) in lung tumors might induce expression of
molecules that promote CAR-T cell infiltration into tumors. Administration of oxaliplatin
and cyclophosphamide (Ox/Cy) together has been shown to induce ICD, resulting in release
of pro-inflammatory mediators from dying cells, innate immune cell activation, T cell
priming and migration to tumors, and improved tumor responses to checkpoint blockade
(Pfirschke et al., 2016). Although CAR-T cells do not require interactions with antigen-
presenting cells for activation, we hypothesized that alterations induced in the TME by ICD,
such as production of CXCR3 ligands and activation of the endothelium, might lead to
enhanced CAR-T cell infiltration.

We treated KPRORI tumor bearing mice with three weekly injections of Ox/Cy or vehicle, at
a dose and frequency previously shown to induce ICD (Pfirschke et al., 2016). Six hours
after the last Ox/Cy dose, individual lung tumors were excised, pooled, and gene signatures
analyzed by RNA sequencing (RNA-seq) (Data S1). Ox/Cy treatment resulted in differential
expression of 418 genes, 287 of which were upregulated and 131 downregulated (Fig. 4A).
Genes involved in inflammation of the endothelium (Sele, Selp), activation of innate
immune cells (7nfsf4, Ca40, Tnfsf11, Ca80), and interferon signaling (/rf7, /sg15) were
significantly upregulated, suggesting an overall shift in the TME towards a pro-
inflammatory state. Gene-set enrichment analysis demonstrated that, among genes
upregulated by Ox/Cy, cytokine-cytokine receptor interaction, chemokine signaling, and
JAK/STAT signaling genesets were significantly enriched (Fig. 4B). Genes involved in T cell
chemotaxis were among the leading-edge genes that contributed most to enrichment of the
cytokine signaling pathway (Fig. 4C). Although all Ox/Cy-treated tumors upregulated genes
involved in cytokine and chemokine signaling, stronger upregulation of these genes occurred
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in smaller tumors (<5 mm in diameter) compared to larger tumors (>5 mm in diameter),
indicating heterogeneity in the response to Ox/Cy.

To examine whether the changes to the TME induced by Ox/Cy were sufficient to improve
CAR-T infiltration into KPRORL tumors, we pre-treated tumor-bearing KPRORL mice with
Ox/Cy or vehicle as before (Fig. 4D). Both Ox/Cy- and vehicle-treated mice received a
lymphodepleting dose of Cy 6 hours prior to infusion with control or ROR1 CAR-T cells.
Ox/Cy significantly enhanced CAR-T cell accumulation in tumors, but not spleens,
compared to vehicle by 10 days post-transfer (Fig. 4E). Notably, the level of
lymphodepletion induced prior to T cell transfer was not altered by adding Ox/Cy to the
treatment regimen (Fig. 4F), indicating that greater lymphopenia was not the reason for
enhanced CAR-T cell accumulation in Ox/Cy-treated tumors.

Ox/Cy activates expression of T cell-recruiting chemokines by tumor macrophages

To resolve how Ox/Cy altered the phenotype of the TME to permit greater CAR-T cell entry,
we treated tumor-bearing KPRORL mice with Ox/Cy or vehicle, administered a
lymphodepleting dose of Cy to all mice, and transferred ROR1 CAR-T cells as before (Fig.
4D). We excised lung tumors for single cell RNA sequencing (scRNA-seq) at two time
points: 6 hours after injection of Ox/Cy (DO, pre-CAR-T cell infusion) or 10 days after
CAR-T cell infusion (D10). We analyzed the scRNA-seq profiles of cells from tumors at
each time point and of the CD8" CAR-T cell infusion product (Data S2). Unsupervised
clustering analysis revealed populations that we identified based on lineage and phenotypic
marker expression as tumor/epithelial cells (Epcam), endothelial cells (Pecami), B cells
(Cd19), NK cells (Kirbic), T cells (Cd3d), the CAR-T cell infusion product (CAR
transgene), neutrophils (Cxcr2, S100a9), red blood cells (Hba-al), plasmacytoid dendritic
cells (DCs) (Siglech), plasma B cells ( 7nfrsf17), and mononuclear phagocytes (MNP) that
shared variable expression of macrophage, DC, and monocyte markers (e.g. Cd68, Itgax,
Itgam, Adgrel) (Fig. 5A, Fig. S4A).

The T cell cluster was comprised primarily of cells from mice treated with Ox/Cy, both pre-
and post-CAR-T cell infusion (Fig. 5B, 5C). CAR expression was limited to T cells from the
infusion product and to cells from tumors at D10 after Ox/Cy (Fig. 5D), consistent with our
data showing enhanced CAR-T cell infiltration into Ox/Cy-treated tumors (Fig. 4E). Ox/Cy
also increased the frequency of endogenous T cells in tumors on DO (Fig. 5B, 5C), but these
T cells did not express activation-associated transcripts, suggesting they were not tumor-
specific (Fig. 5D, Fig. S4B). Activation-associated transcripts were expressed in the cluster
associated with CAR-T cells at D10 after Ox/Cy and were not present in the infusion
product (Fig. 5D, Fig. S4B), suggesting that cells were activated /n vivo. Likewise, the NK
cell cluster was preferentially comprised of cells from mice treated with Ox/Cy and
expressed transcripts associated with effector function (/fng, Gzmb) (Fig. 5C, Fig. S4B).

Ox/Cy also induced major changes in the cluster associated with MNP. We were able to
divide the MNP cluster into three broad cell types clearly identified as macrophages, DCs,
and monocytes and validated these annotations using a neural network trained on published
scCRNA-seq data (Fig. S4A, S5A, S5B) (Zilionis et al., 2019). Within this embedding, the
macrophages, in particular, self-aggregated into four separate sub-clusters (Fig. 6A-C),
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which showed a striking enrichment in cells from different treatment groups (Fig. 6D). We
hypothesized that this transcriptional patterning was reflective of the various states of
macrophage activation induced by treatment with Ox/Cy and/or CAR-T cells. The four sub-
clusters could be distinguished by expression of the alveolar macrophage (AM) marker
Siglecft, the “M2”-like tissue macrophage marker Mrc1, and the pro-inflammatory “M1”-
state marker NosZ2 (Fig. 6E) (MacMicking et al., 1997, Mantovani et al., 2002). Clusters 3
and 4 represented AM in untreated tumors at DO, as these clusters were enriched for AM
genesets and were identified as AMs by the neural network described above (Fig. 6E, 6F;
Fig S6B) (Zilionis et al., 2019). Cluster 2, which consisted exclusively of cells derived from
tumors excised from mice 6 hr after Ox/Cy, showed enrichment of macrophage activation,
cytokine and chemokine expression, and TLR signaling genesets compared to the “AM”
clusters (Fig. 6F, 6G), suggesting tumor macrophages were activated early after Ox/Cy.

Cluster 1, by contrast, uniquely expressed Nos2and exhibited a strong IFNy response
signature (Fig. 6E, 6F), with enrichment of antigen presentation, cytokine expression, and
chemokine signaling genesets relative to clusters 2 and 3 (Fig. 6G). We confirmed an
increase in iINOS* tumor macrophages 10 days after treatment with Ox/Cy and CAR-T cells,
and this accumulation depended on IFN+y production by CAR-T cells (Fig. 6H-1).
Interestingly, although WT and IFNy™~ CAR-T cells accumulated at similar levels in
spleens of Ox/Cy-treated KPRORL mice, recruitment of IFNy™~ CAR-T cells to tumors was
significantly reduced and correlated with a decrease in iNOS* macrophages. As Nos2-
expressing Cluster 1 macrophages were the major source of multiple T cell-recruiting
chemokines, including Cxc/9, Cxcl10, Ccl5, and Cxcl/16 (Fig. 6J), these data suggest that
IFNy produced by CAR-T cells activates iNOS* macrophages, which provide a source of
chemokines that facilitate further recruitment of CAR-T cells to tumors.

We hypothesized that Ox/Cy-induced chemokine expression in tumor macrophages may
facilitate CAR-T cell recruitment. Clusters 3 and 4 did not express substantial levels of Cc/5,
Cxcl16, Cxcl9, or Cxcl10 (Fig. 6J). However, cluster 2, representing cells from tumors 6 hr
after Ox/Cy treatment, selectively upregulated the CXCR6-ligand Cxc/16 (Fig. 6J), for
which macrophages and DCs were the dominant source by sScRNA-seq (Fig. S6). In contrast,
the “M1”-like macrophage cluster 1 upregulated CXCR3-ligands Cxc/9and Cxc/10, the
CCR5-ligand Cc/5, and the CXCR6-ligand Cxc/I6 relative to the other macrophage clusters.
Cluster 1 macrophages were the dominant source of Cxc/9and Cxc/10relative to all other
cell populations (Fig. S6).

Based on our single cell RNA-seq data showing sequential upregulation of Cxc/16and then
Cxcl9/Cxcl10 after Ox/Cy, we hypothesized that different chemokines may mediate early
versus late recruitment of CAR-T cells into tumors. To test this, we generated ROR1 CAR-T
cells from wild-type (WT), Cxcr3™, Cxcr6™~, or Ccr57~ mice. We pre-treated tumor-
bearing KPROR! mice with Ox/Cy as before, with the final dose incorporating a
lymphodepleting dose of Cy and given 6 hours before CAR-T cell infusion. As a control,
KPRORI mice were treated with Cy alone 6 hours before T cell transfer. We then infused
KPRORI mice with a 1:1 mix of WT and chemokine receptor-deficient (“KO”, Cxcr3™”~,
Cxcr6™~, or Cer577) ROR1 CAR-T cells. WT and KO CAR-T cells were present at similar
frequencies in spleens, indicating that deficiency in each receptor did not impact
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homeostatic proliferation or ability of the CAR-T cells to engraft (Fig. 6J). At day 2 post-
transfer, Ox/Cy enhanced accumulation of CAR-T cells in tumors excised from KPRORL
mice, and this accumulation was partially CXCR6- and CCR5-dependent, as Cxcr6~ and
Ccr5™~ CAR-T cells showed poorer tumor infiltration compared to their WT counterparts
(Fig. 6K). Consistent with low expression of CXCR3 ligands in tumor macrophages early
after Ox/Cy;, infiltration of CAR-T cells into tumors on day 2 was completely CXCR3-
independent. By contrast, accumulation of WT CAR-T cells by day 10 after Ox/Cy
depended completely on CXCR3 but not CCR5 or CXCR6 (Fig. 6K), likely facilitated by
the high expression of the CXCR3 ligands Cxc/9and Cxc/10by cluster 1 macrophages at
this time point. Ox/Cy, thus, initially activates expression of multiple T cell-recruiting
chemokines that facilitate early entry of CAR-T cells into tumors, a process which is
partially dependent on CXCR6 and CCRS. Infiltration of CAR-T cells into tumors leads to
further activation of “M1”-like iINOS* tumor macrophages to produce Cxc/9and Cxc/10,
resulting in CXCR3-dependent recruitment of CAR-T cells.

Ox/Cy-enhanced CAR-T cell infiltration sensitizes tumors to anti-PD-L1

Although Ox/Cy enhanced CAR-T cell migration to tumors, we anticipated that additional
inhibitory mechanisms may impede anti-tumor activity. Tumor-infiltrating CAR-T cells
highly expressed PD-1 (Fig. 2E), and PD-L1 (CdZ274) transcripts were highly expressed in
the M1 macrophage cluster relative to other cell populations identified (Fig. 7A, 7B),
consistent with the IFN+y signature in this cluster (Fig. 6F). Surface PD-L1 increased
significantly on tumor macrophages only after treatment with both CAR-T cells and Ox/Cy
(Fig. 7C). Infiltration of CAR-T cells into Ox/Cy-treated tumors, thus, induced upregulation
of PD-L1 on tumor macrophages, which could inhibit the function of PD-1* CAR-T cells.
Although Ox/Cy increased the frequency of CAR-T cells in tumors (Fig. 7D), control of
tumor growth was not improved (Fig. 7E).

To examine whether disruption of the PD-1/PD-L1 axis could improve efficacy of CAR-T
cells in Ox/Cy-treated tumors, we pre-treated tumor-bearing KPROR mice as before with
Ox/Cy or vehicle, infused control or ROR1 CAR-T cells, and treated mice with anti-PD-L1
or vehicle beginning one day after infusion. We continued treating mice every 3 weeks with
Cy or Ox/Cy for lymphodepletion and control or CAR-T cells. Anti-PD-L1 treatment did
not increase the frequency of CAR-T cells in the tumor or improve tumor control (Fig. 7D,
7E). By contrast, the combination of Ox/Cy, CAR-T cells and anti-PD-L1 led to a significant
increase in CAR-T cell accumulation and tumor control compared to CAR-T cell-treated
mice that received either Ox/Cy or anti-PD-L1 alone (Fig. 7D, 7E). Thus, improved tumor
control was only achieved by synergistic enhancement of CAR-T cell infiltration with
Ox/Cy and CAR-T cell function with anti-PD-L1.

We further characterized the tumor response to our optimized treatment regimen of Ox/Cy,
anti-PD-L1 and ROR1 CAR-T cell infusion. All tumor nodules progressed in mice receiving
control T cells alone or in combination with Ox/Cy and/or anti-PD-L1 (Fig. 8A, 8B). A
small fraction of tumors regressed in mice treated with ROR1 CAR-T cells as observed
previously. However, mice receiving Ox/Cy, CAR-T cells and anti-PD-L1 showed regression
of a majority of tumor nodules, and those that persisted grew at a slower rate (Fig. 8A, 8B).
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Ox/Cy and anti-PD-L1 treatment significantly improved the density of CD3* T cells in
tumors in CAR-T cell-treated mice but not in control T cell-treated mice, with more tumors
showing intratumoral T cell localization (Fig. 8C, 8D). CAR-T cells in Ox/Cy-treated mice
had reduced expression of LAG-3 and TIM-3 and increased production of IFNy and TNFa
upon re-stimulation ex vivo compared with Cy-treated mice, indicating improved CAR-T
cell function in the TME (Fig. 8E, 8F). Correspondingly, Ox/Cy and anti-PD-L1 treatment
significantly improved CAR-T cell-mediated survival of KPRORI mice but not in mice
receiving control T cells (Fig. 8G).

To determine whether the effects of Ox/Cy on CAR-T cell activity extended to other
cancers, we also examined this treatment strategy in the 4T1 model of TNBC, a malignancy
which also highly expresses ROR1. Ox/Cy significantly enhanced tumor control by ROR1
CAR-T cells, but not by control T cells (Fig. S7). The addition of anti-PD-L1 was not
required to observe the beneficial effects of Ox/Cy preconditioning on CAR-T cell efficacy,
possibly due to the transplantable nature of this model, which may make it more susceptible
to CAR-T cells than the KP model. Immunogenic chemotherapy, thus, dramatically
improves CAR-T cell-mediated control of both ROR1™" breast and lung tumors.

Ox/Cy and CAR-T cells improve intratumoral T cell infiltration and induce clinical
responses in a patient with ROR1* TNBC

To examine whether Ox/Cy induced similar responses in patients, we modified our clinical
protocol to administer Ox/Cy for lymphodepletion. We obtained pre- and post-treatment
tumor biopsies from one refractory TNBC patient who received Ox/Cy. ROR1 CAR-T cells
were detected in the blood after T cell infusion and this patient exhibited stable disease at
day 2, and achieved a partial remission by RECIST criteria lasting >7 months after a second
CAR-T cell infusion with Cy/Flu lymphodepletion (Fig. S8A). Although we were unable to
evaluate the frequency of CAR-T cells in the core needle biopsies, we observed an increase
in CD3™ T cells and a reduction in CD206*/CD163* “M2”-like macrophages at day 18 post-
Ox/Cy and CAR-T infusion compared to pre-treatment, consistent with our results in the KP
model. Residual tumor was re-biopsied on day 203 during the partial remission, and showed
a further increase in intratumoral CD3* T cells and decline in CD206* macrophages, again
consistent with our results demonstrating progressive remodeling of the TME over time (Fig.
S8B-C). These data indicate that Ox/Cy favorably remodels the TME to promote T cell
infiltration and suggest that this lymphodepletion regimen can substantially improve clinical
responses to CAR-T cell therapy.

Discussion

CAR-T cells are effective for blood cancers but have had limited success in common
epithelial cancers. Poor infiltration into tumor sites and loss of function of T cells have been
identified as barriers to efficacy (Lanitis et al., 2017, Srivastava and Riddell, 2018), and we
encountered these obstacles in a clinical trial using CAR-T cells to target ROR1 in patients
with human NSCLC and TNBC. Using a GEM model of NSCLC that mimics the initiation,
progression, and therapeutic response of human lung cancer, we show that CAR-T cell
migration to tumors can be improved by pre-treatment with Ox/Cy chemotherapy and that
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this regimen improves survival when combined with anti-PD-L1 checkpoint blockade.
Mechanistically, we demonstrate that Ox/Cy activates multiple pro-inflammatory pathways,
including expression of T cell-recruiting chemokines by multiple cell types in the TME,
which facilitates initial recruitment of CAR-T cells to tumors that is partially dependent on
CCRS5 and CXCRG6 expression. Infiltrating CAR-T cells produce IFNy and remodel the
TME to activate M1 macrophages expressing the CXCR3 ligands Cxc/9and Cxcl10,
initiating a positive feedback loop supporting further CXCR3-dependent CAR-T cell
recruitment to tumors. Ox/Cy enhanced CAR-T cell infiltration increased tumor sensitivity
to checkpoint blockade, demonstrating that improving both CAR-T cell migration into and
function within tumors is necessary to improve survival.

Trafficking of T cells to solid tumors is often limited by the poor production of T cell-
recruiting chemokines (Harlin et al., 2009). While this issue can be bypassed by delivering
CAR-T cells directly to the tumor (Brown et al., 2016, Brown et al., 2015, Adusumilli et al.,
2014, Priceman et al., 2018, van Schalkwyk et al., 2013), this strategy is not feasible for
most epithelial cancers which can metastasize widely. Homing of CAR-T cells to tumors can
be improved by engineering them to express chemokine receptors that are specific for
chemokines naturally overproduced by some tumors (Jin et al., 2019, Liu et al., 2020, Peng
etal., 2010, Whilding et al., 2019, Craddock et al., 2010, Moon et al., 2011, Stasi et al.,
2009), or by using oncolytic viruses and STING agonists to induce tumors to express
chemokines that attract activated T cells (Nishio and Dotti, 2015, Ribas et al., 2017, Woo et
al., 2014). Here, we demonstrate that immunogenic chemotherapy activates tumor
macrophages to produce chemokines that facilitate recruitment of CAR-T cells to lung
tumors. A recent study demonstrated that constitutive CCL5 production by human tumor
cells recruited an initial wave of T cells that produce IFNy upon antigen recognition and
activate macrophages and DCs to secrete CXCLJ9, recruiting a second wave of CXCR3* T
cells (Dangaj et al., 2019). Our data suggest an analogous circuit involving sequential
expression of Cc/5and Cxcl16followed by Cxc/9and Cxc/10that governs successful
trafficking of infused CAR-T cells to lung tumors. Although peak CAR-T cell infiltration
was strongly CXCR3-dependent, early infiltration of CAR-T cells was surprisingly CXCR3-
independent, indicating that the signals that mediate early versus peak CAR-T cell
recruitment were distinct. Our data indicate that early infiltration is at least partially
dependent on CXCR6 and CCRS, but it is likely that a number of mechanisms (e.g. activated
endothelium, other chemokines) may facilitate initial CAR-T cell entry into tumors after
Ox/Cy, and further work is needed to identify these signals and how expression of various
chemokines are temporally regulated in the TME.

Analysis of tumors using SCRNA-seq suggested that Ox/Cy improves CAR-T cell
recruitment to tumors by modulation of macrophages in the TME. The macrophage
compartment in untreated, progressing KP tumors was predominantly comprised of AMs
expressing pro-tumor-associated transcripts, including those for suppressive cytokines
(7gfbl, 1/10) and osteopontin (SppI), which is overexpressed in human lung cancer and
associated with poor prognosis (Rud et al., 2013). Our data suggest that Ox/Cy causes a
rapid shift in the tumor macrophage compartment towards an activated phenotype
characterized by enhanced TLR signaling, cytokine production, and chemokine signaling.
How tumor macrophages are activated following treatment with Ox/Cy requires further
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study. ICD is known to result in release of HMGB1 and calreticulin from dying cells that
can act as TLR4 agonists (Krysko et al., 2012), and Ox/Cy induction of ICD is TLR4-
dependent (Pfirschke et al., 2016). Moreover, TLR4* macrophages and DCs were shown to
localize next to HMGB1* dying cells, suggesting that macrophages are activated upon
recognition of DAMPs released from dying tumor cells (Stojanovska et al., 2018). Given the
TLR signaling signature identified in macrophages early after Ox/Cy treatment, our data
suggest that tumor macrophages are among the first immune cells activated by ICD. The
influx of CAR-T cells after Ox/Cy further remodeled the TME, resulting in accumulation of
M1 macrophages that provide the dominant source of chemokines mediating CAR-T cell
recruitment into tumors. This population of iNOS* macrophages may arise from polarization
of tumor-resident macrophages or from newly recruited cells.

Combination of CAR-T cell therapy with checkpoint blockade is being pursued in the clinic
as a strategy to enhance CAR-T cell activity in solid tumors, and our data suggest that this
strategy is only effective if a sufficient number of CAR-T cells penetrates and remodels
tumors. Anti-PD-L1 treatment alone had no impact on CAR-T cell-mediated control of
tumor growth. We only observed improvements in CAR-mediated tumor control when anti-
PD-L1 was combined with Ox/Cy, which increased both numbers of PD-1* CAR-T cells
and levels of PD-L1 on tumor macrophages. Moreover, although Ox/Cy and anti-PD-L1
blockade synergistically improved CAR-T cell mediated control of tumor growth in KPRORL
mice, tumors in all mice eventually progressed despite repeated infusion Ox/Cy and CAR-T
cells. Tumors from CAR-T cell treated mice retained expression of ROR1, indicating that
antigen loss was not a mechanism of tumor escape in this model. Rather, CAR-T cells
eventually became dysfunctional despite continued administration of anti PD-L1, suggesting
that inhibitory pathways beyond the PD-1/PD-L1 axis need to be targeted to achieve durable
tumor regression. Additional work is needed to understand the mechanisms that promote
acquired CAR-T cell dysfunction (Lynn et al., 2019, Chen et al., 2019). Our data also reveal
a heterogeneous response of individual tumors to Ox/Cy treatment, with larger tumors
showing more limited upregulation of T cell-recruiting chemokines compared to smaller
tumor. Progressive tumor growth is often associated with abnormal vascularization that
results in hypoxia and limits efficient drug delivery (Azzi et al., 2013, Carmeliet and Jain,
2011), suggesting that inability of Ox/Cy to penetrate larger tumors may eventually drive
tumor outgrowth. If drug accessibility is a reason for tumor outgrowth, strategies to
normalize tumor vasculature to achieve more efficient drug delivery may be needed in
combination (Carmeliet and Jain, 2011).

In summary, we developed a model for CAR-T cell therapy that is representative of a
common human cancer, induced by oncogenic mutations, and has a TME populated by
immunosuppressive cells. This model was superior at recapitulating the behavior of human
ROR1 CAR-T cells in patients with ROR1* TNBC and NSCLC compared to transplantable
models of the same diseases, mimicking their poor infiltration and acquired dysfunction in
the TME. Achieving tumor regression in the KP model is notoriously difficult, and improved
survival has not been previously demonstrated to our knowledge. Our data demonstrating a
partial response in one TNBC patient treated with Ox/Cy and CAR-T cells provide a strong
rationale for incorporating oxaliplatin into the lymphodepletion regimen to enhance ROR1
CAR-T infiltration into human lung and breast tumors and potentially improve efficacy.
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Oxaliplatin is not typically combined with Cy or fludarabine, so this strategy may require
evaluation of different dosing regimens to achieve sufficient lymphodepletion to promote
CAR-T cell activity and preserve the TME-modifying effects of oxaliplatin. Nevertheless,
this approach can be broadly applied in settings where engineered T cells are being
investigated as a strategy to make “cold” tumors more permissive to adoptively transferred T
cells.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Shivani Srivastava
(ssrivas2@fhcrc.org).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The bulk and single-cell RNAseq expression datasets
generated during this study have been deposited in the Gene Expression Omnibus under the
accession number GSE158111.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—C57BL/6 (B6), B6.SJL (CD45.1), BALB/cByJ, B6 Cxcr37~, B6 Cxcr6”, B6
Ccr5™, and B6 /fng™~ mice were purchased from Jackson Laboratory.

Krast-SL-G12D/* .n53f1/fl (K P) mice were generously provided by A. McGarry Houghton
(FHCRC, Seattle WA). For studies with KP mice, 6-18 week old age-matched and sex-
matched mice were used. For all other studies, 6-12 week old age-matched and sex-matched
mice were used. Mice of the same sex were randomly assigned to experimental groups or
were assigned based on tumor burden such that all experimental groups had similar average
tumor volume prior to treatment. All mice were housed and bred at the FHCRC (Seattle,
WA). All experiments were performed in accordance within the guidelines of the FHCRC
Institutional Animal Care and Use Committee.

Human Subjects—The patients described in this report were enrolled on a phase 1
clinical trial evaluating autologous T cells engineered by lentiviral gene delivery to express a
ROR1 CAR. The study is approved by the Institutional Review Board of the Fred
Hutchinson Cancer Research Center and registered with ClinicalTrials.gov (NCT02706392),
and informed consent was obtained from all subjects. The diagnosis and characteristics of
the three patients treated on this trial and described in this report are provided in Table S1.

Cell Lines—The KP1233 (“KP”) tumor and 3TZ “GreenGo” cell lines were generously
provided by Tyler Jacks (Massachusetts Institute of Technology). KP-ROR1 tumor cell lines
were generated by retroviral transduction of the KP tumor cell line with full-length human
RORI cDNA (UniProt: Q01973) and subsequent FACS sorting of ROR1* cells to >95%
purity. 4T1 cell lines were purchased from the American Type Culture Collection and
maintained in complete RPMI (RPMI 1640 with 10% FBS, 1 mM sodium pyruvate, 1 mM
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HEPES, 100 U/ml penicillin/streptomycin, and 50 pM p-mercaptoethanol). MDA-MB-231
cells were purchased from ATCC and cultured in LCL media (RPMI 1640 with 5% FBS,
100 U/ml penicillin/streptomycin and 2 mM L-glutamine). Lenti-X cells for lentiviral
packaging were purchased from Clontech. Plat-E cells for retroviral packaging were
purchased from Cell Biolabs. All cells were tested bi-monthly for the absence of
mycoplasma. KP, KP-ROR1, and 3TZ cell lines were maintained in complete DMEM
(DMEM with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, 25 mM
HEPES).

METHOD DETAILS

Cloning of Murine CAR Constructs—The MP71 retroviral vector, which was a gift
from W. Uckert (Max Delbruck Center for Molecular Medicine), was modified to encode
either a human ROR1 (hRORZ1)-specific CAR or truncated murine CD19 (mp71-tCD19,
UniProt: P25918, amino acids [aa] 1-321) for transduction of control murine T cells. For
some experiments, the tCD19 transduction marker was fused to GFP (tCD19-GFP). The
CAR possessed a murine CD8a signal peptide (UniProt: P01731, aal-27), 2A2 scFv,
human 1gG4 short spacer (Hudecek et al., 2015), murine CD28 transmembrane (UniProt:
P31041, aal51-177), murine 4-1BB (UniProt: P20334, aa211-256), murine CD3(
(UniProt: P24161, aa52-164), and was linked by a P2A ribosomal skip element to murine
truncated tCD19 or tCD19-GFP.

Generation of Murine CAR-T Cells—Retrovirus was produced by transient transfection
(Clontech) of Plat-E cells with the indicated MP71 vectors. Viral supernatant was harvested
48 hr after transfection, filtered through a 0.45 um pore filter, and snap-frozen in liquid
nitrogen for long-term storage. Cell suspensions were prepared from spleen and peripheral
lymph nodes of donor mice by tissue disruption with glass slides and filtered through a 40
um filter. Murine CD8" and/or CD4™* T cells were enriched from spleens and peripheral
lymph nodes of donor mice using untouched negative isolation kits (Stem Cell) and
stimulated with 1ug/ml each of plate-bound anti-CD3 and anti-CD28 (clone 145-2C11 and
37.51, respectively) for 24 hr in a 37°C, 5% CO» incubator in complete RPMI (RPM1 1640,
10% heat inactivated FBS, 1 mM sodium pyruvate, 1 mM HEPES, 100 U/ml penicillin/
streptomycin, 50 uM B-mercaptoethanol) supplemented with 50 U/ml recombinant murine
IL-2 (Peprotech). 24-well non-tissue culture plates were coated with 12.5 pug/ml RetroNectin
(TaKaRa) according to the manufacturer’s protocol, and plates were loaded with 1 ml pre-
titered virus per well and centrifuged for 2 hr at 3000xg at 32°C. Murine T cells were
harvested from anti-CD3/28-coated plates and resuspended to 1x10° cells/ml in complete
RPMI supplemented with 50 U/ml IL-2 and anti-CD3/28 mouse T-activator Dynabeads
(ThermoFisher) at a bead to cell ratio of 1:1. Viral supernatant was aspirated from
RetroNectin-coated plates, plates were rinsed with PBS, and 1 ml (1x10%) T cells were
added to each virus-coated well. Plates were then centrifuged at 800g for 30 min at 32°C and
returned to 37°C, 5% CO, incubators. After 24 hours, T cells were harvested and
resuspended in complete RPMI with 50 U/ml IL-2. T cells were subsequently harvested,
counted, and resuspended in complete RPMI with 50 ng/ml IL-15 every 1-2 days after. Four
days after transduction, magnetic beads were removed and T cell transduction was measured
by flow cytometry staining for tCD19, GFP and/or ROR1 CAR. Transduced cells were
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enriched by positive selection using anti-CD19 microbeads (Miltenyi) and adoptively
transferred into tumor-bearing KP mice.

Generation of Human ROR1 CAR-T Cells—Enrichment of CD4* and CD8* T cells
was performed on aliquots of a leukapheresis or 400 mL blood draw obtained by
venipuncture from each patient. Selection of CD8* and CD4* cells was performed
identically using cGMP compliant CliniMACS® CD8 or CD4 Reagent systems (Miltenyi
Biotec), following the manufacturers recommendations. Enriched CD4* and CD8* cells
were stimulated in separate cultures in T-75 flasks with clinical grade anti-CD3 and anti-
CD28 coated paramagnetic beads supplemented with CTL media (RPMI 1640 with 10%
human serum, 2 mM L-glutamine, 25mM HEPES, penicillin/streptomycin (100U/ml), 50
UM B-mercaptoethanol) and 50 1U/mL IL-2. CD4* and CD8" cells were transduced with
R12-ROR1 CAR lentiviral vector on day 1 after anti-CD3/CD28 bead stimulation. The
lentivirus encoded a ROR1 CAR consisting of the R12 scFv, 4-1BB and CD3z signaling
domains and a truncated epidermal growth factor receptor downstream of a T2A ribosomal
skip site (Hudecek et al., 2013, Wang et al., 2011). Anti-CD3/CD28 beads were removed by
magnetic depletion on day 3 - 5 post-stimulation. CD4* and CD8* cells were expanded in
G-Rex flasks with CTL media + 50 IU/mL IL-2. Cells were harvested from each culture on
day 12-16 after anti-CD3/CD28 stimulation, and a combined 1:1 CAR-transduced
CD4*/CD8* T cell product was formulated for cryopreservation and infusion. Patients were
pretreated with cytoreductive chemotherapy and received the T cell infusion intravenously at
least 48 hours after completing chemotherapy. Patients X475 and X461 were treated at dose
level 1 (3.3x10° CART cells/kg) and X552 at dose level 2 (1x108 CART cells/kg). Each of
these three patients exhibited high levels of CAR-T cell expansion in the blood that
facilitated phenotypic and functional analysis.

CAR-T Cell Treatment of KPRORL mice—KP mice were scanned by MRI one week
before T cell infusion and tumor volume was calculated for each mouse. Mice were
distributed into treatment groups such that the average tumor volume and range in tumor
volume in each group was as similar as possible prior to treatment to control for variability
in induction of tumors. For all T cell infusion experiments, KP mice were pre-conditioned
with intraperitoneal injection of 150 mg/kg cyclophosphamide and 5- 6 hr later were
injected intravenously by retro-orbital or tail vein injection with 6x108 control or ROR1
CAR-T cells (1:1 ratio of CD8:CD4 T cells). Mice received cyclophosphamide and T cells
every 3 weeks for the duration of the experiment where indicated. For co-transfer
experiments, WT and Cxcr37~, Cxcr6™~, or Ccr57/~ ROR1 CAR-T cells were mixed 1:1
prior to infusion. Mice were monitored for weight, body condition score, tumor burden, and
survival where indicated. All mice in each experiment were sacrificed when any individual
mice showed clinical signs of severe disease or 20 percent weight loss.

Ox/Cy and PD-L1 Treatment—Tumor-bearing KP mice were injected with 2.5 mg/kg
Ox and 50 mg/kg Cy (Ox/Cy) or vehicle intraperitoneally once a week for three weeks. For
experiments analyzing the effect of Ox/Cy on CAR-T anti-tumor activity and survival, this
regimen was modified such that tumor-bearing KPROR! received intraperitoneal injections of
Ox/Cy on day —14, day -7, and day 0 post T cell infusion. The third dose of Ox/Cy was
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given 5-6 hr prior to T cell infusion and was modified to administer 2.5 mg/kg Ox with 150
mg/kg Cy to induce sufficient lymphodepletion prior to T cell infusion. Control mice
received intraperitoneal injections of vehicle on day —14 and day -7 and on day 0 were
treated with 150 mg/kg Cy 5-6 hr prior to T cell infusion to induce lymphodepletion. In
some experiments, mice were treated with 200 ug anti-PD-L1 antibody intraperitoneally
every 3—4 days beginning 1 day post T cell transfer. For experiments examining long-term
anti-tumor efficacy and survival, KPRORL mice were infused with control or ROR1 CAR-T
cells every 3 weeks and received 2.5 mg/kg Ox and 150 mg/kg Cy (Ox/Cy) or 150 mg/kg Cy
alone as a control 5-6 hr prior to each T cell infusion.

CAR-T Cell Treatment of 4T1/hROR1 mice—BALB/cByJ female mice were impanted
subcutaneously in the right 4" mammary fat pad with 1x10° 4T1 cells engineered to express
human ROR1 (4T1-hROR1). After 14 days, mice were injected intraperitoneally with 150
mg/kg cyclophosphamide with or without 2.5 mg/kg oxaliplatin and 5-6 hr later were
injected with 6x10° CD8* and CD4™ (1:1 ratio) control or ROR1 CAR-T cells. Mice were
treated with 200 ug anti-PD-L1 antibody intraperitoneally every 3—4 days beginning 1 day
post T cell transfer. Tumor size was monitored using calipers, and tumor volume was
calculated as (length in mm)*(width in mm)”2. Mice were sacrificed when any individual
mouse showed clinical signs of severe disease or 20 percent weight loss.

Preparation of Tissues—A tumor biopsy was obtained by core needle biopsy from
patient X475 The biopsy sample was disaggregated mechanically and tissue was mashed
through a cell strainer with the plunger of a syringe. Single cell suspension was washed and
prepared for flow cytometry analysis as indicated. For disaggregation of patient core needle
biopsy, mechanical procedure using scalpels was applied and tissue was mashed through a
cell strainer with the plunger of a syringe. Single cell suspension was washed and prepared
for flow cytometry analysis as indicated. Tumor biopsies from patient X566 were fixed in
10% neutral-buffered formalin and used for IHC analysis.

Cell suspensions were prepared from murine spleen and peripheral lymph nodes by tissue
disruption with glass slides, filtering through a 40 pm filter, and lysing with ACK lysis
buffer (Gibco). For analysis of murine peripheral blood, blood was collected by retro-orbital
bleeds into EDTA FACS tubes and underwent two rounds of lysis with ACK lysis buffer
(Gibco). For bulk and single-cell RNAseq analysis of lung tumors and evaluation of WT vs.
Cxcr3™~, Cxer6™~, or Cer5”~ ROR1 CAR-T tumor infiltration, individual tumor nodules
were excised from lungs using a dissecting microscope. For all other experiments analyzing
lung tumors, mice were injected with 10 ug PE-conjugated anti-CD45 antibody (clone 30-
F11, BioLegend) intravenously via retro-orbital injection 5 min prior to euthanasia to
distinguish vascular and non-vascular cells in the lung. Whole lungs were then collected and
minced into 1-2 mm size fragments with scissors. Minced lungs or excised tumors were
then digested into single cell suspensions using the Mouse Tumor Dissociation Kit
(Miltenyi) for 1 hr at 37°C with gentle agitation. Cells were filtered through a 100 um filter,
lysed with ACK lysing buffer (Gibco), and resuspended as single cell suspensions for
downstream analysis.
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Flow Cytometry—~For staining of murine cells, cells were stained using the Live/Dead
Fixable Aqua Dead Cell stain kit (Invitrogen) according to the manufacturer’s protocol. For
surface staining, cells were incubated at 4°C for 30 min in staining buffer (PBS, 2% FBS)
with the following directly conjugated antibodies for murine proteins (from BioLegend
unless otherwise specified): anti-CD4 (RM4-5), -CD8 (53-6.7), -CD45.1 (A20), -CD3
(145-2C11), -CD19 (eBiolD3, Thermo Fisher), -CD45 (30-F11), -CD45.2 (104), -PD-1
(29F.1A12), -LAG-3 (C9B7W), -TIM3 (RMT3-23), -CXCR3 (CXCR3-173), -CXCR6
(SA051D1), -CCR5 (HM-CCR5), -CD25 (PC61.5, Thermo Fisher), -CD44 (IM7, Thermo
Fisher), -TIGIT (1G9), -CD11b (M1/70), -CD11c (N418), -Ly6C (HK1.4, Thermo Fisher), -
Ly6G (1A8), -F4/80 (BM8), I-A/I-E (M5/114.15.2, Thermo Fisher), -CD24 (M1/69), -CD64
(X54-5/7.1), -SiglecF (E50-2440, BD Biosciences), -PD-L1 (10F.9G2), -EpCAM (G8.8,
Thermo Fisher); or with the following directly conjugated antibodies for human proteins:
anti-ROR1 (2A2, Miltenyi Biotec). Recombinant Fc-hROR1 (Fred Hutchinson Cancer
Research Center Protein Core) and anti-human IgG secondary antibody (HP6017,
BioLegend) was used to measure ROR1 CAR expression. For intracellular staining, cells
were surface stained as described, washed and permeabilized for 20 min with eBioscience
Fix/Perm buffer at 4°C. Cells were stained for 30 min at 4°C in 1X Perm/Wash staining
medium (eBioscience) with anti-mouse IFN-y (XMG1; Thermo Fisher), -TNFa
(MP6XT22, Thermo Fisher), -Foxp3 (FIK-16S), -Ki67 (B56, BD Biosciences), -CTLA-4
(UC10-4B9, Thermo Fisher), -CD206 (C068C2), and/or -iNOS (CXNFT, Thermo Fisher).

For intracellular cytokine staining following restimulation, digested lung single cell
suspensions were stimulated with 50ng/ml PMA and 1 pg/ml ionomycin in 0.2 ml complete
RPMI in 96-well U-bottomed plates (Costar) at 37°C, 5% CO,, for 6 hr. GolgiPlug (BD
Biosciences) was added to all wells according to the manufacturer’s protocol at the
beginning of co-culture. Data were acquired on LSRII, Canto 2 or Symphony flow
cytometers (BD Biosciences) and analyzed using FlowJo software (Treestar).

The phenotype of R12-ROR1 CAR T cells in the infusion product and blood was determined
by staining of cryopreserved patient samples. Freshly thawed patient samples were stained
for 15 min at 4°C with fixable viability dye eFluor506 (Thermo Fisher), washed, and
resuspended in staining buffer containing human Fc block (Miltenyi, 1:5). To detect human
truncated EGFR (tEGFR) protein clinical grade monoclonal antibody (Erbitux) was
biotinylated using EZ-Link Sulfo-NHS-Biotin (Thermo Fisher) and detected using
conjugated streptavidin dye (BioLegend). Cells were incubated with biotinylated Erbitux
mAb for 20 min at 4°C with and washed 2-3 times before adding antibody/streptavidin
surface staining cocktail. For surface staining, cells were incubated at 4°C for 30 min in
staining buffer (PBS, 2% FBS) with the following directly conjugated antibodies for human
proteins (from BioLegend unless otherwise specified): anti-CD3 (UCHT1, BD Biosciences),
CD4 (SK3, BD Biosciences), -CD8 (SK1, HIT8a, BD Biosciences), -CD45 (2D1, BD
Biosciences), -PD-1 (EH12.2H7), -TIM-3 (F38-2E2, Thermo Fisher), -LAG-3 (3DS223H,
Thermo Fisher), -TIGIT (MBSA43, Thermo Fisher), Mouse 1gG1,k (BD Biosciences). After
another wash step, cells were resuspended in BD Cytofix solution (1:4) and stored at 4°C in
the dark until analysis.
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qPCR—Individual lung tumors were excised using a dissecting microscope and
immediately lysed in 1 ml buffer RLT (QIAGEN) using a gentleMACS Dissociator
(Miltenyi). RNA was extracted using the RNeasy Mini kit (QIAGEN) and cDNA
synthesized using the RT2 First Strand Kit (QIAGEN) with 500 ng RNA per sample.
Expression of various chemokines was analyzed normalized to a housekeeping gene panel
using the “Cancer Inflammation and Immunity Crosstalk” RT2 Profiler PCR Array
(QIAGEN). Expression of Cxc/16 was analyzed and normalized to mActb. Amplifications
were performed for 50 cycles on an ABI Prism 7900 (Applied Biosystems) in a 20 pl
reaction consisting of Power SYBR Green PCR Master Mix (Applied Biosystems), 5 ng of
cDNA, and 500 nM gene-specific forward and reverse primers: Cxc/16, 5’-
AAAGAGTGTGGAACTGGTCATG-3’ and 5’-AGCTGGTGTGCTAGCTCCAG-3’(Rosito
etal., 2012); Acth, 5’-CTGTCCCTGTATGCCTCTG-3’ and 5’-
ATGTCACGCACGATTTCC-3’. The cycle threshold (Ct) was determined using SDS
software (Applied Biosystems) and the level of gene expression calculated using the
comparative Ct method (2("Ct)).

CBC Analysis—Peripheral blood was collected by retro-orbital bleeds into EDTA FACS
tubes. Blood in EDTA FACS tubes was submitted to Phoenix Central Labs for complete
blood count analysis with differential.

Luminex Assay—IFN+y, TNFa, and GM-CSF production by EGFRt positive T cells was
measured by Luminex assay. EGFRt" CD8" and CD4* CAR T cells were FACS-purified
from the infusion product and post treatment blood samples, and 50,000 T cells were seeded
in 100 pl culture media (RPMI 1640, 10% human Serum, 4 mM L-Glutamine, 100 U/ml
penicillin/streptomycin, 50 uM B-mercaptoethanol) in duplicate wells of non-tissue culture
treated 96-well plates coated with 1 pg/ml anti-CD3 and anti-CD28 (clone OKT3 and
CD28.2, BioLegend) monoclonal antibody. The plates were incubated at 37 °C for 3 days.
Following the incubation, supernatants were harvested and Luminex assays were performed.
XPONENT software was used for curve fitting and data analysis.

Tumor Assessment, Toxicity Grading, and Outcome—Anti-tumor activity of R12-
ROR1 CAR T cells was assessed by RECIST (1.1). The response categories were as follows:
Progressive Disease (PD), at least a 20% increase in the sum of diameters of target lesions or
appearance of new lesions, taking as reference the smallest sum on study (this includes the
baseline sum if that is the smallest on study), and an absolute increase in the sum of
diameters of at least 5 mm; Partial Response (PR): at least a 30% decrease in the sum of
diameters of target lesions, taking as reference the baseline sum diameters; Stable Disease
(SD): neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD,
taking as reference the smallest sum diameters while on study. Dose-limiting toxicity (DLT)
evaluation period was 28 days following CAR T cell infusion.

Generation, Titration, and Intratracheal Administration of Cre Lentivirus—To
generate Cre-expressing lentivirus, we modified the HIV7 lentiviral vector (Yam et al.,
2002) to encode Cre recombinase linked by a P2A ribosomal skip element to firefly
luciferase (Cre-ffluc lentivirus). To generate Cre and ROR1-expressing lentivirus, the HIVV7
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vector was modified to encode Cre recombinase linked by a P2A ribosomal skip element to
firefly luciferase, which was linked by a T2A ribosomal skip element to human truncated
ROR1 (UniProt: Q01973, aa 1-462) (Cre-ffluc-hROR1 lentivirus).

Lentivirus was produced by transient calcium phosphate transfection of the packaging cell
line LentiX with the indicated HIV7 lentiviral vectors, psPAX2 (Addgene #12260), and
VSVg envelope. Viral supernatant was harvested 24, 48 and 72 hr after transfection, filtered
through a 0.45-pum pore filter, and stored at 4°C for up to 1 week until ready for
ultracentrifugation. Lentivirus was concentrated by mixing filtered lentivirus with 40%
polyethylene glycol (PEG, Sigma) at a PEG to virus ratio of 1:3 for 12-24 hr at 4°C. The
virus/PEG mixture was then centrifuged at 15009 for 45 min at 4°C, supernatant was
aspirated, and the virus pellet was resuspended in 30 ml serum-free DMEM. Lentivirus was
further concentrated in an Optima L-90K ultracentrifuge (Beckman Coulter) at 24,500 rpm
for 90 min at 4°C. The final virus pellet was resuspended in 0.5 — 1 ml serum-free DMEM
by vortexing for 1-3 hr at 4°C, aliquoted, and frozen at —80°C for long-term storage.

Cre lentivirus was titered using 3TZ “Green Go” cells. Briefly, 5x104 3TZ cells were plated
in 1 ml of complete DMEM in 12-well plates. 5-6 hours later when cells were adherent,
supernatant was aspirated and media was replaced with 0.5 ml complete DMEM containing
serial dilutions of thawed Cre lentivirus (e.g. 10-fold serial dilutions from 1:10 to 1:10,000)
and 8 pg/ml polybrene. After 24 hr, media was replaced with 1 ml complete DMEM and
cells were passaged for 3—4 days before analysis by flow cytometry for GFP and/or ROR1
expression. Virus titer was calculated according to the following formula: Titer (pfu/ul) =
[(5%10%) * (%GFP™ cells) / 100] / [Volume of virus added (ul)]. Lung tumors were induced
in KP mice by intratracheal intubation and inhalation of 1x10% — 1x10° pfu Cre-expressing
lentivirus as reported.

Metastatic Transplantable KP Tumor Model—5x10* KP or KP-ROR1 tumor cell
lines were injected intravenously via tail vein into 6-8 week old B6 mice. After 28 days,
mice were injected intraperitoneally with 150 mg/kg cyclophosphamide and 5-6 hr later
injected with 6x10° control or ROR1 CAR-T cells (1:1 ratio of CD8:CD4 T cells).

Bioluminescent Imaging—For bioluminescence imaging of tumors /n vivo, mice
received intraperitoneal injections of luciferin substrate (Caliper Life Sciences) resuspended
in PBS (15 pg/g body weight). Mice were anesthetized with isoflurane and imaged using an
Xenogen 1VIS Imaging System (Caliper). For imaging of cell lines, ~1x10° cells were
plated in 6-well plates. After 24—48 hr when cells were adherent, supernatant was aspirated
and replaced with complete DMEM supplemented with 150ug/ml luciferin substrate. Images
were acquired at 10, 12 and 14 min after luciferin injection of mice, and after 2, 4, and 6 min
after luciferin addition to cells, in small binning mode at an acquisition time of 1 sto 1 min
to obtain unsaturated images. Luciferase activity was analyzed using Living Image Software
(Caliper) and the photon flux analyzed within regions of interest that encompassed the entire
body of each individual mouse or the entire cell culture well.

Magnetic Resonance Imaging and Analysis of Tumor Burden—Mice were imaged
on a 1-Tesla Bruker ICON™ MRI scanner. Animals were anesthetized with 1-3% isoflurane
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via induction chamber, then maintained on a nose cone. A gradient echo flow compensated
sequence using a repetition time of 592.4 ms, echo time of 7.0 ms and flip angle of 80° were
used throughout the study. The slice thickness was 1 mm, and the number of slices was 15,
which was sufficient to cover the entire lung. The acquisition matrix size was 128 x 178, the
reconstructed matrix size was 128 x 256, and the field of view was 25 x 25 mm?2. Motion
artifacts were minimized by application of respiratory gating to all MRI studies. All animals
were scanned by using the described settings and parameters. Tumor burden was analyzed
using ImagelJ or Vivoquant software (Invicro). Briefly, region of interest (ROI) tools were
used to annotate individual lung tumor nodules in each mouse at each time point. Volume of
each tumor nodule was calculated by multiplying the tumor area (mm?) by the slice
thickness (1 mm). Percent change in tumor volume was calculated using the following
formula: [(Vol. at Timey) — (Vol. at Timeg)] / [Vol. at Timeg] * 100, where Timeg is one
week prior to CAR-T cell treatment.

Immunohistochemistry—Formalin-fixed paraffin-embedded tissues were sectioned at 4
microns onto positively-charged slides and baked for 1 hr at 60°C. The slides were then
dewaxed and stained on a Leica BOND Rx autostainer (Leica, Buffalo Grove, IL) using
Leica Bond reagents for dewaxing (Dewax Solution). Antigen retrieval was performed at
100°C for 20 min using Leica Epitope Retrieval Solution 2. Endogenous peroxidase was
blocked with 3% H,0, for 5 min followed by protein blocking with TCT buffer (0.05 M
Tris, 0.15 M NaCl, 0.25% Casein, 0.1% Tween 20, pH 7.6 +/- 0.1) for 10 min. Primary rat
anti-CD3 antibody at 1:250 (Serotec #MCA1477) or primary rabbit anti-ROR1 antibody at
1:25 (Cell Signaling #4102) was applied for 60 minutes followed by the secondary rabbit
anti-rat antibody at 1:500 (Rockland #712-4126) for 20 min. Staining was visualized using
Dako Envision Plus, HRP Rabbit specific polymer, for 12 min followed by 3,3’-
diaminobenzidine (DAB, Dako) for 10 min. The sections were counter-stained with Dako
hematoxylin for 3 min and then cover-slipped. Concentration matched isotype control slides
were performed for each antibody on each tissue sample. Percent CD3* cells within tumors
were quantified using HALO software (Indica Labs). Scoring of CD3* localization within
tumors were performed in a blinded fashion by a veterinary pathologist.

For multiplex IHC staining of patient needle biopsies, formalin-fixed paraffin-embedded
tissues were stained on a Leica BOND Rx autostainer using the Akoya Opal Multiplex IHC
assay (Akoya Biosciences, Menlo Park, CA) with the following changes: Additional high
stringency washes were performed after the secondary antibody and Opal fluor applications
using high-salt TBST (0.05M Tris, 0.3M NaCl, and 0.1% Tween-20, pH 7.2-7.6). TCT was
used as the blocking buffer (0.05M Tris, 0.15M NacCl, 0.25% Casein, 0.1% Tween 20, pH
7.6 +/- 0.1). Samples were stained with the following primary antibodies incubated for 1
hour at room temperature; anti-CD3 (Thermo), -COX2 (BSB), -CD206 (Novus), -VISTA
(Cell Signaling), -B7H3 (BSB), -CD163 (BioSB). OPAL Polymer HRP Mouse plus Rabbit
(Akoya Biosciences, Menlo Park, CA) was used for all secondary applications. Slides were
mounted with ProLong Gold and cured for 24 hours at room temperature in the dark before
image acquisition at 20x magnification on the Akoya Vectra 3.0 Automated Imaging
System. Vectra images were spectrally unmixed using Akoya Phenoptics inForm software.
Cellular analysis of the images was performed using HALO image analysis software (Indica
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Labs, Corrales, NM). Mean fluorescence intensity of the nucleated (DAPI+) cells was used
to determine positivity for each marker. The positive cell data was then used to define
percentage and density of positive cells in the tumor and stroma regions of interest (ROI).

Bulk RNAseqg—Individual lung tumors were excised using a dissecting microscope and
immediately lysed in 1 ml buffer RLT (QIAGEN) using a gentleMACS Dissociator
(Miltenyi). RNA was extracted using the RNeasy Mini kit (QIAGEN) according to the
manufactuer’s instructions. Total RNA integrity was checked using an Agilent 4200
TapeStation (Agilent Technologies) and quantified using a Trinean DropSense96
spectrophotometer (Caliper Life Sciences). RNA-seq libraries were prepared from total
RNA using the TruSeq RNA Sample Prep Kit v2 (Illumina) and a Sciclone NGSx
Workstation (PerkinElmer). Library size distributions were validated using an Agilent 4200
TapeStation. Additional library quality control, blending of pooled indexed libraries, and
cluster optimization were performed using a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). RNA-seq libraries were pooled (6- to 8-plex) and clustered onto a flow cell lane.
Sequencing was performed using an Illumina HiSeq 2500 in rapid mode using a paired-end,
50-base read length sequencing strategy.

We used STAR(Sinden et al., 1990) to align reads to a custom reference genome which
included a standard mouse genome (University of California, Santa Cruz Mouse Genome
Assembly GRCm38 reference) in addition to the genome of the lentivirus and retrovirus
used for tumor induction and CAR-T manufacturing, respectively. Gene quantification from
trimmed reads was performed using the Bioconductor Package, GenomicAlignments.
(Lawrence et al., 2013) Genes with less than 10 total nonzero read counts across the entire
data set were discarded as were genes that were not annotated with a human gene symbol.
This resulted in 15,191 genes used in downstream differential expression and enrichment
analysis. The DESeq?2 package (Love et al., 2014) was used to calculate differential
expression and to perform a shrinkage of log2 fold change values. A log2 fold change
threshold of 1 and an FDR threshold of 1% were used to determine differentially expressed
genes. Gene Set Enrichment Analysis was performed using the piano package (Varemo et
al., 2013) with enrichment terms taken from the Molecular Signatures Database v6.2
(Subramanian et al., 2005).

Single-cell RNA sequencing—Tumors were excised and pooled from individual
KPRORI mice using a dissecting microscope (5-15 tumors per mouse), processed as
described above, and cryopreserved in FBS + 10% DMSO. CD8* ROR1 CAR-T cells from
infusion products were likewise cryopreserved in FBS + 10% DMSO. Samples were
subsequently thawed, washed, and labeled in a single cell fashion using the 10X Genomics
3’ Chromium v2.0 platform as per the manufacturer’s instructions. Libraries were generated
per the manufacturer’s protocol and were sequenced on an Illumina HiSeq 2500 “rapid run”
mode according to the standard 10X Genomics protocol. Resulting reads were aligned to the
custom reference genome as described above using Cellranger software (10X Genomics)
and “aggregated” to downsample all reads to equivalent levels across samples. Cells whose
UMI counts for mitochondrial genes greater than 10% were excluded from downstream
analysis. Cells with between 200 and 20000 genes expressed per cell were included in the
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analysis. Scrublet (Wolock et al., 2019) was used to identify potential multiplets which were
excluded from downstream analysis. We targeted 10,000 cells for capture and obtained the
following total numbers of cells for each sample after filtering cells for quality: 3068 (DO
untreated), 3791 (DO Ox/Cy), 2587 (D10 Cy + CAR-T cells), 4140 (D10 OxCy + CAR-T
cells), 3086 (CAR infusion product).

Clustering, Differential Expression, GSEA and Geneset Scores—All clustering
was performed using Monocle3 (Cao et al., 2019). For unsupervised clustering of cell
expression profiles, expression matrices from Cellranger were first normalized by size
factors. Dimensionality reduction using PCA/UMAP, in addition to differential expression
was calculated using Monocle3. GSEA on single cell data expression data was performed by
first ranking gene expression between two groups of cells using the full model coefficient
derived from the differential expression function in Monocle3. Secondly, these ranked lists
were interrogated for enrichment (using the Piano package) for any given geneset. Single
cell geneset scores were calculated by taking the sum of the normalized pseudocount for all
genes in the geneset.

Neural network annotation—To identify congruency with previously published single
cell expression profiles of murine lung tumors (GSE127465 (Zilionis et al., 2019)), we first
identified those features common to both our data and the GSE127465 data using mouse
gene symbols (16,460). We then performed Term Frequency, Inverse Document Frequency
normalization as previously described (Cusanovich et al., 2018) on both datasets, in an effort
to highlight cell-specific features and to scale expression values from 0 to 1. Using an R
implementation of the keras API, we trained a neural network on 20% of the cells in
GSE127465. On the remaining 80% the model achieved a 94.1% accuracy. The neural
network was comprised of two dense layers: the first layer had units of cell number * 0.1
and used a rectified linear unit activation function; the second layer had 24 units and used
softmax activation. The model was compiled with a RMSprop optimizer and used
categorical crossentropy as a loss function.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean values + SEM. Statistical significance was determined by
one-way ANOVA with Tukey’s post-test, two-way ANOVA with Tukey’s post-test, log-rank
Mantel-Cox test, unpaired Student’s two-way t-test, or paired Student’s two-way t-test as
indicated in figure legends using Prism software (Graphpad). Statistical significance was
established at the levels of *, p<0.05; **, p<0.005; ***, p<0.0005; ****, p<0.0001.

ADDITIONAL RESOURCES

The ROR1 CAR-T cell clinical trial is registered with ClinicalTrials.gov (NCT02706392).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. ROR1 CAR-T cells infiltrate breast and lung tumors poorly and became
dysfunctional

. Oxaliplatin (Ox) activates TAMs to express chemokines recruiting CAR-T
cells

. CAR-T cells remodel the tumor microenvironment to amplify recruitment of
T cells

. Ox improves CAR-T cell infiltration, tumor response to anti-PD-L1, and
survival
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Figure 1. ROR1 CAR-T cells infiltrate tumors poorly and become dysfunctional in patients with
ROR1* TNBC and NSCLC.

A) Treatment scheme. Cy=cyclophosphamide. Flu=fludarabine. B) Frequency of tEGFR™*
ROR1 CAR-T among total CD8* or CD4* T cells in blood of ROR1* TNBC or NSCLC
patients. C) Left: flow analysis of tEGFR and inhibitory receptor expression on CD8* and
CD4* T cells in blood of patient X552. Right: summary of inhibitory receptor expression on
CDS8"tEGFR™ and CD4*EGFR* CAR-T cells in blood of patients in (B) day 14 post-
transfer relative to infusion product (IP). N=3 per group. Paired Student’s two-way t-test. D)
Luminex analysis of cytokine secretion by CD8*tEGFR* and CD4"tEGFR* ROR1 CAR-T
cells from IP or blood of patients 14 days post-transfer after re-stimulation ex vivo with anti-
CD3/CD28. N=2-3 per group. E) Flow analysis of live cells from PBMC and tumor 21 days
post-infusion from patient X475. See also Table S1.
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Figure 2. ROR1 CAR-T cells modestly control tumor growth in KPRORIL mjce,
A) Treatment scheme. |.T.=intratracheally. Ffluc=firefly luciferase. B) Percent change in

total tumor (left) or individual tumor volume (right) quantified by MRI in KPRORL mice.
N=3-4 mice per group. Two-way ANOVA with Tukey’s post-test. C) Survival of KPROR1
mice. N=3-4 mice per group. Log-rank Mantel-Cox test. D) Frequency of
CD45.1*CD8*GFP* control (red) or CAR-T cells (blue) in blood. N=6-8 mice per group. E)
Left: flow analysis of GFP and Fc-ROR1 (CAR) expression on PE"CD8* non-vascular T
cells (top) and PD-1 and LAG-3 expression on PE"CD8*GFP* non-vascular control or
CAR-T cells (bottom) from lungs of KPRORL mice 10 days post-transfer. Right: Summary of
PE~ control and CAR-T cell frequency and inhibitory receptor expression in WT or KPRORL
lungs 10 days post-transfer. N=6-8 mice per group. Unpaired Student’s two-way t-test. F)
Intracellular cytokine analysis in CD45.1"CD8*GFP* control (red) or CAR-T cells (blue)
from lungs of WT or KPRORL mice 10 days post-transfer and re-stimulated with PMA/
ionomycin. N=5 mice per group. Student’s unpaired two-way t-test. G) Flow analysis of
hROR1 expression on primary CD45"EpCAM™ lung epithelial cells from control or CAR-T
cell-treated KPRORL mice 10 weeks post-transfer or on KP cell lines overexpressing hROR1.
N=5 mice per group. H) ROR1 IHC staining on control or CAR-T cell-treated KPROR1 Jungs
10 weeks post-transfer. Data are representative of 4 independent experiments. See also
Figures S1-S3.
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Figure 3. ROR1 CAR-T cells do not efficiently infiltrate all KPRORL tumors.

A) Representative MRI scans of KPRORL mice treated as indicated. B) Left: CD3 IHC
staining showing T cell localization patterns. Right: percentage of individual tumors per
mouse with indicated T cell localization pattern in control- and CAR-T cell-treated KPRORL

mice. N=4 mice per group. C) Flow analysis of chemokine receptor expression on

CD45.1*CD8*GFP* CAR-T cells or CD45.2*CD8* endogenous T cells in blood of KPRORL
mice 3 days post-transfer. N=4 mice per group. Paired Student’s two-way t-test. D) qPCR of
chemokines relative to housekeeping genes in untreated KPRORL tumors 13 weeks post-

infection. N=4 mice per group. Data are representative of 2 independent experime
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Figure 4. Ox/Cy enhances chemokine expression and CAR-T cell accumulation in KPRORL
tumors.

A) Volcano plot of genes significantly upregulated (red) or downregulated (green) in tumors
excised and pooled from Ox/Cy-treated or untreated KPROR1 mice, 6 hours post-Ox/Cy
injection. N=4-5 mice per group. B) Network plot of top KEGG pathways enriched among
genes upregulated by Ox/Cy. Node size is proportional to number of genes within each gene
set; thickness of grey line between nodes indicates proportion of shared genes between
genesets. C) Heatmap of leading-edge genes in “Cytokine-Cytokine Receptor Interaction”
pathway. Genes encoding chemokines are highlighted, with those involved in T cell
recruitment indicated in bold. D) Treatment scheme. E) Frequency of CD45.1*CD8*GFP*
control and CAR-T cells in spleens and tumors excised and pooled from KPRORL mice 10
days post-transfer. N=4 mice per group. One-way ANOVA with Tukey’s post-test. F)
Lymphocyte counts in peripheral blood of KPRORI mice treated with Cy or Ox/Cy. N=4
mice per group. Data are representative of 2 independent experiments.
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Figure 5. Ox/Cy enhances accumulation of tumor-infiltrating CAR-T cells with an activated

phenotype.

A) Unsupervised clustering of cells derived from tumors excised and pooled from untreated
(day 0), Ox/Cy-treated (day 0, 6 hours post-Ox/Cy), Cy + CAR-T cell-treated (day 10), and
Ox/Cy + CAR-T cell-treated (day 10) KPROR1 mice and analyzed by scRNA-seq. B)
Clusters in (A) colored by tumor sample type. C) Percent of indicated clusters comprised of
indicated tumor sample. D) Expression of indicated genes in CAR-T cell infusion product
and tumor-infiltrating T cell clusters. See also Figures S4 and S5.
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Figure 6. Ox/Cy activates expression of T cell-recruiting chemokines by tumor macrophages.
A) Unsupervised clustering of mononuclear phagocyte (MNP) cluster from Fig. 5A. B)

MNP clusters in (A) colored by tumor sample type. C) Unsupervised clustering of
macrophage cluster in (A). D) Fraction of macrophage cluster comprised of each tumor
sample type. E) Violin plots of select genes in macrophage sub-clusters. F) Geneset scores
of enriched pathways in macrophage sub-clusters. G) Violin plots of geneset score of
indicated KEGG pathways in macrophage sub-clusters. H) Frequency of iNOS* cells among
F4/80* macrophages in tumors excised and pooled from KPRORL mice 10 days after
treatment. N=6-10 mice per group. One-way ANOVA with Tukey’s post-test. I) Frequency
of iINOS™ cells among F4/80" macrophages (left) and CAR-T cells among CD8* T cells
(right) in spleens and tumors excised and pooled from KPROR mice 10 days after treatment.
N=5 mice per group. One-way ANOVA with Tukey’s post-test. J) Violin plots of chemokine
expression in macrophage sub-clusters. K) Frequency of WT (red) and chemokine receptor
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knockout (blue) CAR-T cells in tumors excised and pooled from Ox/Cy- or vehicle-treated
KPRORL mice 2 days (top) or 10 days (bottom) after transfer. N=3—4 mice per group. Paired
Student’s two-way t-test. Data in 6H, 61, and 6K are representative of 2-3 independent
experiments. See also Figure S6.
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Figure 7. Ox/Cy-enhanced CAR-T cell infiltration sensitizes tumors to anti-PD-L1.
A, B) Expression of Cd274among scRNA-seq clusters from Fig. 5A (A) and macrophage

subclusters from Fig. 6A (B). C) Median fluorescence intensity of PD-L1 on F4/80*
macrophages in lungs from KPRORL mice 10 days after treatment. N=4 mice per group. One-
way ANOVA with Tukey’s post-test. D) Frequency and PD-1 expression on
CD45.1*CD8*GFP*PE™ transferred control or CAR-T cells in lungs of KPRORL mice treated
as indicated 10 days after the second infusion of T cells. N=4 mice per group. One-way
ANOVA with Tukey’s post-test. E) Percent change in tumor volume in KPRORL mice treated
as indicated. N=4 mice per group. Two-way ANOVA with Tukey’s post-test. Data are
representative of 2 independent experiments.
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Figure 8. Ox/Cy and anti-PD-L1 improve CAR-T cell-mediated tumor control and survival.
A) Percent change in total (left) or individual tumor volume (right) in KPRORL mice treated

as indicated. N=4 mice per group. Two-way ANOVA with Tukey’s post-test. B)
Representative MRI scans of KPRORL mice. C) CD3 IHC staining on lungs from KPROR1
mice 10 days after the second infusion of T cells. D) Quantification of CD3* T cells in
individual KPRORL tumor nodules and fraction of tumors in each mouse showing
intratumoral localization. N=4 mice per group. One-way ANOVA with Tukey’s post-test. E)
Flow analysis of CD45.1*CD8*GFP*PE™ control and CAR-T cells in lungs of KPRORL mice
10 days after the second infusion of T cells. N=7-8 mice per group. One-way ANOVA with
Tukey’s post-test. F) Intracellular cytokine analysis of CD45.1*CD8*GFP*PE™ control and
CAR-T cells isolated from lungs of KPRORL mice 10 days after the second infusion of T
cells and re-stimulated with PMA/ionomycin. N=7-8 mice per group. One-way ANOVA
with Tukey’s post-test. G) Survival of KPRORL mice. N=6-8 mice per group. Log-rank
Mantel-Cox test. A-F: Data are representative of two independent experiments. G: Data are
combined from two independent experiments. See also Figures S7 and S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse CD4 PerCP-Cy5.5 BioLegend Cat# 116012

RRID: AB_2563023

Anti-mouse CD4 APC-ef780

Thermo Fisher

Cat# 47-0041-82
RRID: AB_11218896

Anti-mouse CD4 BV785

BioLegend

Cat# 100552
RRID: AB_2563053

Anti-mouse CD8 APC-eFluor780

Thermo Fisher

Cat# 9047-0087-120
RRID:AB_11181660

Anti-mouse CD8 BUV395

BD Biosciences

Cat# 563786, RRID:AB_2732919

Anti-mouse CD45.1 Pacific Blue

BioLegend

Cat# 110722, RRID:AB_492866

Anti-mouse CD45.1 APC-ef780

Thermo Fisher

Cat# 47-0453-82
RRID: AB_158222

Anti-mouse CD90.2 FITC BioLegend Cat# 140303
RRID:AB_10642686
Anti-mouse CD3 FITC BioLegend Cat# 100306, RRID:AB_312671

Anti-mouse CD19 FITC

Thermo Fisher

Cat# 11-0193-82
RRID:AB_657666

Anti-mouse NK1.1 FITC BioLegend Cat# 108706
RRID:AB_313393
Anti-mouse NKp46 FITC BioLegend Cat# 137606
RRID:AB_2298210
Anti-mouse B220 FITC BioLegend Cat# 103206, RRID:AB_312991
Anti-mouse CD45.2 APC-ef780 BioLegend Cat#109820
RRID:AB_492872
Anti-mouse PD-1 PECy7 BioLegend Cat# 135216,
RRID: AB_10689635
Anti-mouse PD-1 BV605 BioLegend Cat# 135220, RRID:AB_2562616
Anti-mouse LAG-3 BV785 BioLegend Cat#125219
RRID:AB_2566571
Anti-mouse TIM-3 APC BioLegend Cat# 119705
RRID: AB_2561655
Anti-mouse CXCR3 APC BioLegend Cat#126536
RRID:AB_2566565
Anti-mouse CXCR6 PE BioLegend Cat# 151104
RRID:AB_2566546
Anti-mouse CCR5 PE BioLegend Cat# 107012

RRID:AB_2074527

Anti-mouse CD25 PE-e610

Thermo Fisher

Cat# 61-0251-82
RRID:AB_2574542

Anti-mouse CD44 BV605 BioLegend Cat# 103047
RRID:AB_2562451

Anti-mouse CD69 BV421 BioLegend Cat# 104527
RRID:AB_10900250

Anti-mouse TIGIT PECy7 BioLegend Cat# 142107

RRID:AB_2565648
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-mouse CD11b BV605 BioLegend Cat#101237
RRID:AB_11126744

Anti-mouse CD11c Pacific Blue BioLegend Cat# 117322

RRID:AB_755988

Anti-mouse Ly6C APC-ef780

Thermo Fisher

Cat# 47-5932-80
RRID:N/A

Anti-mouse Ly6G BUV395

BD Biosciences

Cat# 563978
RRID:AB_2716852

Anti-mouse F4/80 BV785 BioLegend Cat# 123141
RRID:AB_2563667
Anti-mouse I-A/I-E AlexaFluor700 BioLegend Cat#107622
RRID:AB_493727
Anti-mouse CD24 BUV496 BD Biosciences Cat# 612953
RRID: N/A
Anti-mouse CD64 PECy7 BioLegend Cat# 139314

RRID:AB_2563904

Anti-mouse SiglecF PerCP-Cy5.5

BD Biosciences

Cat# 565526
RRID:AB_2739281

Anti-mouse PD-L1 BV421

BioLegend

Cat# 124315
RRID:AB_10897097

Anti-mouse EpCAM PECy7

Thermo Fisher

Cat# 118216 RRID:AB_1236471

Anti-human ROR1 APC

Miltenyi Biotec

Cat# 130-117-942, RRID:AB_2733449

Anti-human 1gG BV421

BioLegend

Cat# 409318
RRID:AB_2562176

Fc-RORL1 purified

FHCRC Protein Core

N/A

Anti-mouse IFNg PECy7

BioLegend

Cat# 505826
RRID:AB_2295770

Anti-mouse TNFa Pacific Blue

Thermo Fisher

Cat# 48-7321-82
RRID:AB_1548825

Anti-mouse Foxp3 PECy7

Thermo Fisher

Cat# 25-5773-82
RRID:AB_891552

Anti-mouse/human Ki-67 AlexaFluor700

BD Biosciences

Cat# 561277
RRID:AB_10611571

Anti-mouse CTLA-4 PE-e610

Thermo Fisher

Cat# 61-1522-82
RRID:AB_2574581

Anti-mouse CD206 PE

BioLegend

Cat# 141706
RRID:AB_10895754

Anti-mouse iNOS APC

Thermo Fisher

Cat# 17-5920-82
RRID:AB_2573244

Anti-mouse CD45 BUV805

BD Biosciences

Cat# 748370

Anti-mouse CD45 PE

BioLegend

Cat #103106
RRID:AB_312971

Live/Dead Fixable Aqua Cell Stain Kit

Thermo Fisher

Cat# 1.34957

Fixable Viability Dye eFluor506

Thermo Fisher

Cat# 65-0866-14

Anti-human EGFR biotin

FHCRC, Riddell lab

N/A

Streptavidin APC

Thermo Fisher

Cat# 17-4317-82

Anti-human CD3 Pacific Blue

BD Biosciences

Cat# 558117
RRID: AB_397038
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-human CD4 PerCPCy5.5 BioLegend Cat# 300530
RRID:AB_893322
Anti-human CD8 AlexaFluor 700 BioLegend Cat# 344724
RRID:AB_2562790
Anti-human CD8 FITC BioLegend Cat# 300906

RRID:AB_314110

Anti-human CD45 PerCPCy5.5

BD Biosciences

Cat# 564105

Anti-human PD-1 PE

Thermo Fisher

Cat# 12-2799-42
RRID:AB_11042478

Anti-human TIM-3 PE

BioLegend

Cat# 345006
RRID: AB_2116576

Anti-human LAG-3 PE

Thermo Fisher

Cat# 12-2239-42
RRID:AB_2572597

Anti-human TIGIT PE

Thermo Fisher

Cat# 12-9500-42
RRID:AB_10714831

Mouse IgG1 k isotype PE

BioLegend

Cat# 400112
RRID:AB_2847829

Anti-mouse CD3e purified

BD Biosciences

Cat #553057
RRID:AB_394590

Anti-mouse CD28 purified

BD Biosciences

Cat #553294
RRID:AB_394763

Anti-mouse PD-L1 Bio X Cell Cat #BE0101
RRID:AB_10949073
Anti-human CD3, purified BioLegend Cat #317302
RRID:AB_571927
Anti-human CD28, purified BioLegend Cat #302902
RRID:AB_314304
Anti-CD3 Serotec Cat #MCA1477
RRID:AB_321245
Anti-ROR1 Cell Signaling Technologies | Cat #4102

RRID:AB_2180136

Rabbit anti-rat secondary

Rockland

Cat #712-4126
RRID:AB_217723

Chemicals, Peptides, and Recombinant Proteins

Mouse T-Activator CD3/28 Dynabeads Thermo Fisher Cat #11452D
Human T-Activator CD3/28 Dynabeads Thermo Fisher Cat #11132D
Retronectin Takara Cat #7202
Cyclophosphamide Baxter (SCCA Pharmacy) N/A
Oxaliplatin Hospira (SCCA Pharmacy) N/A

Critical Commercial Assays

EasySep Human CD8+ T Cell Isolation Kit Stem Cell Technologies Cat #17953
EasySep Human CD4+ T Cell Isolation Kit Stem Cell Technologies Cat #17952
EasySep Mouse CD8+ T Cell Isolation Kit Stem Cell Technologies Cat #19853
EasySep Mouse CD4+ T Cell Isolation Kit Stem Cell Technologies Cat #19852

CD19 Microbeads, Mouse

Miltenyi Biotec

Cat #130-121-301
RRID:AB_2827612

Tumor Dissociation Kit, Mouse

Miltenyi Biotec

Cat #130-096-730
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Crosstalk

REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy Mini kit QIAGEN Cat #74134

RT2 First Strand Kit QIAGEN Cat #330404

RT2 Profiler PCR Array Mouse Cancer Inflammation & Immunity QIAGEN Cat #PAMM-181Z

10X Genomics 3’ Chromium v2.0

10X Genomics

PN-120237; PN-120236; PN-120262

Deposited Data

Bulk RNAseq data

This paper

GEO: GSE158111

Single cell RNAseq data

This paper

GEO: GSE158111

Experimental Models: Cell Lines

KP1233

Tyler Jacks (MIT)

N/A

3TZ “GreenGo”

Tyler Jacks (MIT)

N/A

4T1 ATCC Cat# CRL-2539, RRID:CVCL_0125)
Lenti-X 293T Clontech Cat #632180

Plat-E Cell Biolabs RRID:CVCL_B488

MDA-MB-231 ATCC Cat# HTB-26, RRID:CVCL_0062

Experimental Models: Organisms/Strains

Mouse: C57BL/6 (B6): C57BL/6J

The Jackson Laboratory

Cat# JAX:000664,
RRID:IMSR_JAX:000664

Mouse: B6 CD45.1: B6.SJL-Piprc? Pepcb/Boyl

The Jackson Laboratory

Cat# JAX:002014,
RRID:IMSR_JAX:002014

Mouse: BALB/c: BALB/cByJ

The Jackson Laboratory

Cat# JAX:001026,
RRID:IMSR_JAX:001026

Mouse: B6 Cxcr37~: B6.129P2- Cxcr3'™Paen/j

The Jackson Laboratory

Cat# JAX:005796,
RRID:IMSR_JAX:005796

Mouse: B6 Cxcr6™~: B6.129P2- Cxcr6™ILit/]

The Jackson Laboratory

Cat# JAX:005693,
RRID:IMSR_JAX:005693

Mouse: B6 Ccr57: B6.129P2-Cerstmikuz/j

The Jackson Laboratory

Cat# JAX:005427,
RRID:IMSR_JAX:005427

Mouse: B6 /fng™~: B6.129S7-/fng"™174)

The Jackson Laboratory

Cat# JAX:002287
RRID:IMSR_JAX:002287

. LSL-G12D/+.nEaf/f
Mouse: Kras ;p53!

A. McGarry Houghton
(FHCRC, Seattle WA)

Cat# JAX:032435,
RRID:IMSR_JAX:032435

Oligonucleotides

mCxcl16F primer: 5-AAAGAGTGTGGAACTGGTCATG-3’ This paper N/A
mCxcl16R primer: 5’-AGCTGGTGTGCTAGCTCCAG -3’ This paper N/A
mActbF primer: 5’-CTGTCCCTGTATGCCTCTG-3’ This paper N/A
mACctb R primer: 5’-ATGTCACGCACGATTTCC-3’ This paper N/A
Recombinant DNA

Plasmid: This paper N/A
pMP71_2A2_lgG4sh_mCD28TM_m41BB_mCD3z_P2A_tCD19

Plasmid: pMP71_tCD19 This paper N/A
Plasmid: This paper N/A
pMP71_2A2_lgG4sh_mCD28TM_m41BB_mCD3z_P2A_tCD19-

GFP

Plasmid: pMP71_tCD19-GFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: epHIVV7_Cre_P2A_ffluc This paper N/A

Plasmid: epHIV7_Cre_P2A_ffluc_T2A_hROR1t This paper N/A

Plasmid: psPax2 Addgene Addgene Plasmid #12260

Plasmid: pMD2.G (VSVg) Addgene Addgene Plasmid #12259

Software and Algorithms

FlowJo v10 TreeStar https://www.flowjo.com/solutions/
flowjo/downloads

Prism GraphPad https://www.graphpad.com/scientific-
software/prism/

HALO Image Analysis Software Indica Labs http://www.indicalab.com/halo/

Living Image Software Perkin Elmer http://www.perkinelmer.com/
product/li-software-for-spectrum-1-
seat-add-on-128113

VivoQuant Invicro http://www.vivoquant.com/

Other

Power SYBR Green PCR Master Mix

Thermo Fisher

Cat #4367659
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