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Probiotic-guided CAR-T cells for solid tumor targeting
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A major challenge facing tumor-antigen targeting therapies such as chimeric antigen receptor (CAR)–T cells is
the identification of suitable targets that are specifically and uniformly expressed on heterogeneous solid
tumors. By contrast, certain species of bacteria selectively colonize immune-privileged tumor cores and can be
engineered as antigen-independent platforms for therapeutic delivery. To bridge these approaches, we
developed a platform of probiotic-guided CAR-T cells (ProCARs), in which tumor-colonizing probiotics
release synthetic targets that label tumor tissue for CAR-mediated lysis in situ. This system demonstrated
CAR-T cell activation and antigen-agnostic cell lysis that was safe and effective in multiple xenograft
and syngeneic models of human and mouse cancers. We further engineered multifunctional probiotics that
co-release chemokines to enhance CAR-T cell recruitment and therapeutic response.

A
lthough there has been marked success
in the use of chimeric antigen receptor
(CAR)–T cells for hematological malig-
nancies, effective targeting of solid tu-
mors has been limited. A key challenge

of antigen-targeted cell therapies relates to
the expression patterns of the antigen itself,
which makes the identification of optimal tar-
gets for solid tumor cell therapies an obstacle
for the development of new CARs (1–3). Few
tumor-associated antigens (TAAs) identified
on solid tumors are tumor restricted, and thus,
they carry a high risk of fatal on-target, off-
tumor toxicity because of cross-reactivity against
proteins found in vital tissues (4–6). Moreover,
if a safe target can be identified, TAAs are often
heterogeneously expressed, and selection pres-
sures from targeted therapies ultimately lead to
antigen-negative relapse (7, 8). Emerging strat-
egies to address the antigen bottleneck have
focused on improving CAR-T cells with ad-
ditional genetic circuitry (9–11), modulatory
proteins (12–17), or combinations with nano-
particles and oncolytic viruses (18–21).
Whereas CAR-T cells require considerable

engineering to target and infiltrate solid tu-
mors, bacteria can selectively colonize immune-
privileged tumor cores and preferentially grow
within hostile hypoxic and necrotic tumor
microenvironments (TMEs) (22). Indeed, a
multitude of patient studies have shown that
different tumor types host different tumor
microbiomes (23–25). To take advantage of
these inherent properties, several groups have
established an array of synthetic gene circuits
to engineer a new class of prokaryotic cell ther-

apy (26, 27). These approaches have used en-
gineered bacteria as intratumoral bioreactors
that continually produce a range of payloads,
which results in tumor regression andmitiga-
tion of systemic side effects (28–31). Notably,
clinical trials with engineered bacteria have
reported minimal toxicities in patients with
solid tumors, although these have yet to dem-
onstrate considerable clinical efficacy across a
broad range of indications (32–34).
In this work, we bridge the complementar-

ity of these two cell therapies in a platform of
probiotic-guidedCAR-T cells (ProCARs),whereby
T cells are engineered to sense and respond to
synthetic CAR targets that are releasedby tumor-
colonizing, probiotic bacteria. This approach
leverages the antigen independence of tumor-
seekingmicrobes to create a combined cell ther-
apy platform that broadens the scope of CAR-T
cell therapy to include difficult-to-target tumors.

Results
Synthetic CAR targets “Tag” tumor cells for
lysis by ProCAR-T cells

To create a TAA-independent ProCARplatform,
we engineered a well-characterized probiotic
strain, Escherichia coliNissle 1917 (EcN), which
is equipped with a genomically integrated, syn-
chronized lysis circuit (SLIC) for quorum-
regulateddelivery of synthetic CAR targets directly
to the tumor core. With this system, bacterial
growth reaches a critical population density ex-
clusively within the niche of the solid TME and
subsequently triggers lysis events that cyclically re-
lease genetically encodedpayloads in situ (30,35).
First, we designed extracellular proteins that

can “tag” components of the TME for CAR-
mediated lysis. Specifically,we fused ahomodimer
of superfolder green fluorescent protein (sfGFP)
(diGFP)—previously shown to mediate CAR-T
cell responses to soluble, dimeric ligands (36)—
to the heparin-binding domain (HBD) of pla-
centa growth factor-2 (PlGF-2123–144) (37). No-
tably, the HBD from PlGF-2 broadly anchors
to collagens, fibronectins, and heparan sul-

fate proteoglycans (HSPGs) that are found in
high abundance on most solid tumors and
within the dense extracellularmatrix (ECM) of
the tumor stroma (38). We hypothesized that
heparin-binding CAR targets (“Tags”) would
benefit the ProCAR system twofold: (i) by
limiting diffusion beyond ECM-dense tumor
margins, which thereby enhances the safety
of the system, and (ii) by facilitating CAR po-
larization akin to conventional CAR and T cell
receptor signaling (39), which thus results in
greater antitumor activity (Fig. 1A).
To achieve stable protein expression in vivo,

we expressed the CAR targets under a constitu-
tive tac promoter from an Axe/Txe stabilized
plasmid (40) (fig. S1, A and B) and confirmed
efficient collagen binding of Tags after His-tag–
mediated protein purification (fig. S2, A to
C). Next, we composed a GFP-specific CAR
from an sfGFP-binding nanobody sequence
(41) linked to CD28 and CD3z intracellular sig-
naling domains by a short immunoglobulin G4
(IgG4) hinge for coexpression with anmScarlet
reporter. With this, we were able to monitor
the transduction efficiency of human T cells by
mScarlet expression and confirm surface ex-
pression through CAR receptor binding to
purified, monomeric sfGFP (Fig. 1B).
We first sought to measure CAR-T cell activ-

ation in the presence of each purified sfGFP
variant in comparison to MDA-MB-468 cells
engineered to express amembrane-bound formof
sfGFP (“mbGFP”) (fig. S1, C toE).Here,we found
that GFP CAR-T cells (GFP28z) comparatively
activated in response to collagen-bound Tags,
moderately activated in response to soluble
diGFP, and remained unchanged by exposure
to monomeric sfGFP (Fig. 1C). Quantification
of CD69 surface expression demonstrated dose-
dependent activation, with increased levels ob-
served in response to collagen-boundTags (figs.
S2D and S3A). We additionally evaluated intra-
cellular levels of T helper cell 1 (TH1) proinflam-
matory cytokines, for which GFP28z displayed
higher frequencies of polyfunctional CD8+ T
cells that produce interferon-g (IFN-g) and tu-
mor necrosis factor–a (TNFa) in response to
either collagen-bound Tags or mbGFP (fig. S3,
B to D). Both diGFP and collagen-bound Tag
yielded similar fold expansion after a single
exposure to either target (fig. S3E).
Although previous studies did not observe

target cell lysis in response to soluble ligands
(36), we hypothesized that Tags may facilitate
the lysis of cancer cells by binding to membrane-
spanning matrix proteins (42). To assess cell
surface interaction, we incubated untransduced
(UT) T cells, triple negative breast cancer (TNBC),
and ovarian cancer cell lines with diGFP or
Tag variants and demonstrated that Tags
robustly coat the surface of both cancer cell
lines but do not bind the surface of rested or
activated T cells (Fig. 1D and fig. S4A). More-
over, we did not observe significant surface
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Fig. 1. Synthetic CAR targets “Tag” tumor cells for lysis by ProCAR-T cells
in situ. (A) Schematic demonstrating the ProCAR platform, in which
synthetic CAR targets (Tags) are produced and released in situ by tumor-
colonizing probiotic bacteria (E. coli Nissle 1917) to label ubiquitous components
of solid tumors for de novo lysis by GFP-CARs (GFP28z). Tags are designed
as dimers of sfGFP fused to an HBD (PlGF123–144) that broadly bind to cell
surface and matrix proteins found in the TME. (B) Representative flow cytometry
histograms demonstrating GFP28z surface expression through binding purified
sfGFP (left) and coexpression of mScarlet (right) in primary human T cells.
(C) Flow cytometric quantification of CD25 surface expression after exposure to
100 ng/ml of GFP-based CAR targets for 16 hours—monomeric sfGFP (GFP),
soluble diGFP, collagen-bound GFP (Tag)—shown relative to MDA-MB-468
cells expressing mbGFP at a 1:1 ratio. Data represent mean ± SD of n = 3
biological replicates. MFI, mean fluorescence intensity. (D) Representative flow
cytometry histograms of surface-bound GFP after incubation with 500 ng/ml
Tag-GFP or diGFP for 20 min. (E) Confocal microscopy images of Jurkats

expressing GFP28z-msScarlet fusion receptors for subcellular visualization. CARs
are shown in orange and cocultured with unlabeled MDA-MB-468 target cells;
images were acquired every 2 to 5 min after addition of 100 ng/ml of purified Tag.
White arrows indicate CAR clusters. (F) Overnight killing assay against ffLuc+

HEK293T target cells at defined E:T ratios. CAR-T cells were cocultured with target
cells ± 100 ng/ml of CAR targets for 20 hours. Specific lysis (%) was determined
by normalizing relative light units (RLU) to cocultures with UT T cells. Data represent
mean ± SD of n = 3 biological replicates. (G) Overnight killing assay of ffLuc+

HEK293T target cells at a 3:1 E:T with half log dilutions of purified Tag. Data
represent mean ± SD of n = 3 biological replicates. (H) Overnight killing assays
against a panel of ffLuc+ target cells at a fixed E:T ratio (3:1) and treated as in (F).
(I) Overnight killing assay of ffLuc+ MDA-MB-468 in the presence of 20 ng/ml
human HSPE (hHSPE) at a 1:1 E:T ratio, ± 100 ng/ml Tag. Data represent mean ± SD
of n = 3 biological replicates. ***P < 0.001; ****P < 0.0001; two-way analysis of
variance (ANOVA) [(C), (F), (H), and (I)] or one-way ANOVA (G), Holm–Sidak
multiple comparison correction. ns, not significant; 468, MDA-MB-468.
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binding of additional mouse lymphocyte and
myeloid immune effector cells relative to mouse
colorectal cancer cells (fig. S4B). We then hy-
pothesized that surface-bound Tags may indeed
facilitate synapse formation between CARs and
the target cell; thus, we engineered an addition-
al GFP28z receptor with a C-terminalmScarlet
fusion to track CAR receptor localization by
confocal microscopy. Notably, by 30 min after
addition of purified Tag, GFP28z-mScarlet re-
ceptors appeared to cluster at the interface
between each T cell and target cell, whereas
T cells supplied with soluble diGFP and un-

treated cells remained unchanged (Fig. 1E and
fig. S5, A and B).
In line with these findings, we observedmini-

mal cytotoxic activity of GFP28z in response to
phosphate-buffered saline (PBS) or diGFP in
killing assays of ffLuc+ human embryonic kid-
ney (HEK) 293T cells at multiple effector-to-
target (E:T) ratios. Conversely, GFP28z cells
provided with Tags were able to drive signif-
icant levels of target cell lysis at high and low
E:T ratios (Fig. 1F). We confirmed that this is a
dose-dependent response, whereas cytotoxicity
was still observable at Tag concentrations as

low as 1.5 ng/ml (Fig. 1G). Moreover, this combi-
nationachieved significant lysis across a panel of
seven genetically distinct human cancer cell
lines (Fig. 1H) while demonstrating no added
effect on conventional CD19 (1928z)- or intercel-
lular adhesion molecule–1 (ICAM-1) (ICAM28z)-
directed CAR-T cells (fig. S6, A and B). We next
measured the surface expression of CD107a—a
membrane-bound molecule commonly used as
a proxy for cytotoxic degranulation—and found
higher expression on GFP28z incubated with
collagen-bound Tags than cells exposed to
diGFP (fig. S6C). Correspondingly, we detected

Fig. 2. ProCAR-T cells yield antigen-agnostic therapeutic efficacy in
response to Tags and bacterial adjuvants provided by probiotics in situ.
(A to C) Nalm6 cells (5 × 106) were implanted subcutaneously (“s.c.”) into the
hind flank of NSG mice. When tumor volumes reached ~100 mm3, mice were
intratumorally injected with 1 × 105 CFU of engineered probiotic strains (ProX)
producing diGFP (ProdiGFP) or Tag (ProTag) targets or an empty control (Pro−) (A).
Then, 2.5 × 106 GFP28z+ ProCAR-T cells were delivered 48 hours post bacteria
treatment (pbt), with tumor growth monitored by caliper measurements every
3 to 4 days. Mean tumor trajectories (B) and survival curves (C) are shown. Data
represent mean ± SEM of n > 4 biological replicates. (D) ELISA quantification of
sfGFP levels from tumor homogenates (left) and serum (right) on day 14 pbt; data
represent SEM of n = 3 biological replicates. (E and F) MDA-MB-468 cells (5 × 106)
were subcutaneously implanted into the hind flank of NSG mice. When tumors
reached palpable volume, mice were intratumorally injected with 1 × 105 CFU of

ProTag or control Pro− strains or PBS. On days 2 and 15 pbt, tumors were treated
with 2.5 × 106 GFP28z+ ProCAR-T cells, and tumor growth was measured as in (A).
Mean tumor trajectories are shown (F). Data represent mean ± SEM of n > 3
biological replicates. (G to K) Nalm6 tumors were established and treated as in (A)
and resected on day 2 after T cell treatment (day 4 pbt) for analysis by flow
cytometry. (H) Frequency of IT hCD45+CD3+CD8+ T cell memory and effector
populations determined by CD62L and CD45RO expression patterns. Data represent
mean ± SEM of n > 3 biological replicates. (I) Flow cytometric quantification
of CD69 surface expression on IT hCD45+CD3+ CD8+ cells in each treatment group.
Data represent mean ± SEM of n = 3 biological replicates. (J and K) Luminex
quantification of IT IFN-g (J) and TNF-a (K) concentrations. Data represent
mean ± SD of biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001; two-way ANOVA [(B), (F), and (H)], log-rank test (C), or one-way ANOVA
[(D), (I) to (K)], with Holm–Sidak multiple comparison correction.
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Fig. 3. Treatment with the ProCAR platform provides a systemic therapeutic
benefit in an immune-competent model of colorectal cancer. (A) CT26 cells
(5 × 105) were implanted subcutaneously into the hind flank of BALB/c mice.
When tumor volumes reached ~100 mm3, mice were treated with 5 × 106 CFU of
engineered probiotic strains (ProX) producing Tag (ProTag) or an empty control
(Pro−). On days 2 and 5 pbt, tumors were treated with 2.5 × 106 mGFP28z+

T cells, and growth was monitored by caliper measurements every 3 to 4 days.
Mean tumor trajectories are shown. Data represent mean ± SEM of n > 10
biological replicates. (B) A20 cells (5 × 105) were implanted subcutaneously into
the hind flank of BALB/c mice. When tumor volumes reached 200 to 300 mm3,
mice were treated with probiotics as in (A). On day 2 pbt, tumors were treated
with 1 × 106 mGFP28z+ T cells. Mean tumor trajectories are shown. Data
represent mean ± SEM of n > 3 biological replicates. (C to E) MC38 cells (5 ×
105) were implanted subcutaneously into both hind flanks of C57BL/6 mice.
When tumor volumes reached ~150 mm3, the left tumor received a single
injection of 2 × 106 CFU ProTag, Pro−, or a PBS control (C). On days 2 and 5 pbt,

tumors on the left flank were treated with 1.5 × 106 mGFP28z+ T cells. Tumors on
the right flank were left untreated. Mean tumor trajectories of the treated
tumors (D) and untreated tumors (E) are shown. Data represent mean ± SEM of
n > 4 biological replicates. (F to J) C57BL/6 mice were grafted and treated
as in (C). On day 9 pbt, treated tumors and tumor-draining lymph nodes were
retrieved for analysis by flow cytometry. (F) Frequency of IT CD69+CAR+ T cells;
representative flow cytometry histograms (left) and quantification are shown
(right). Data represent mean ± SEM of n > 3 biological replicates. (G) Frequencies of
CD69+ tumor infiltrating CD8+ and CD4+Foxp3− (Tconv.) CAR

– T cells. Data
represent mean ± SEM of n > 3 biological replicates. (H) Frequency of Ki-67+

tumor-infiltrating CAR−CD8+ T cells from each treatment group. (I and J) Frequency
of activated (CD40+MHCII+) (I) and PD-L1+ (J) proinflammatory monocytes
(CD11b+Ly6C+) in the lymph nodes of treated and control mice. Data represent
mean ± SEM of n > 3 biological replicates. *P < 0.05; **P < 0.01; ****P < 0.0001;
two-way ANOVA [(A), (B), (D), (E), and (G)] or one-way ANOVA [(F), (H), (I),
and (J)]; ANOVAs performed with Holm–Sidak multiple comparison correction.
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higher levels of perforin and granzymes A and
B in the supernatant of these cells, which to-
gether indicate direct mechanisms of cytotox-
icity (fig. S6D).
We then sought to assess the importance of

general matrix and adhesion molecules to the
observed phenotype by incubating cancer cell
lines with Tags after trypsinization. As antici-
pated, we observed a significant reduction in
the level of surface-bound–GFP after trypsin-
mediated cleavage of adhesion proteins (fig.
S6E). Thus, we next considered the specific
contribution of cell surface heparan sulfates
(HSs) and HSPGs as a mechanism of direct cell
interaction. Indeed, incubation with heparinase
(HSPE) and cleavage of HS chains significant-
ly disrupted the lysis of MDA-MB-468 cells by
GFP28z, whereas the cytotoxic activity of 1928z
was not inhibited by HSPE in a killing assay
of Nalm6 cells (Fig. 1I and fig. S6F). Taken to-
gether, these results suggest that the Tag design
confers broad utility that facilitates antigen-
agnostic CAR activity.

ProCAR system mediates antigen-agnostic
therapeutic efficacy in human xenograft models

Motivated by the cytotoxicity observed in vitro,
we sought to characterize the full effects of
the ProCARplatform in vivo, first by using non-
obese diabetic scid gamma (NSG) mice bearing
subcutaneous Nalm6 tumors. We have previous-
ly shown that EcN-SLIC (ProX) strains can exclu-
sively grow to a critical populationdensitywithin
the tumor core, synchronously lyse, and cyclically
release therapeutic payloads every 48 to 72 hours
after a single intratumoral (IT) injection (35).
Therefore, we chose to treat tumorswith a single
IT injectionof 1× 105 colony-formingunits (CFU)
of ProX strains either producing diGFP (ProdiGFP)
or Tag (ProTag) targets, or an empty control (Pro−),
48 hours before IT delivery of 2.5 × 106GFP28z+

cells (Fig. 2A). Here, GFP28z in combination
with ProdiGFP demonstrated no appreciable
therapeutic efficacy and did not slow tumor
growth compared with tumors treated with
control Pro− strains alone (Fig. 2B and fig. S7A).
By contrast, ProTag strains mediated potent anti-
tumor responses, which achieved significantly
slowed tumor growth and correspondingly im-
proved survival (Fig. 2C).
We monitored the body weight of mice as a

proxy formouse health from the start of bacte-
ria treatment and observed no significantweight
loss in mice treated with Pro− alone, GFP28z
alone, or any combination of the two cell ther-
apies (fig. S7B). Additionally, we did not detect
bacterial growth outside of tumor homoge-
nates on day 3 and 14 post–bacteria treatment
(pbt) (fig. S7C) and found that Tag-expression
plasmids were well maintained in vivo (fig.
S7D). To assess the tumor retention of pro-
biotically delivered CAR targets, we quantified
the level of GFP in tumor homogenates and
matched serum samples from mice treated

with Pro−, ProdiGFP, and ProTag strains through
GFP-specific enzyme-linked immunosorbent
assay (ELISA). We detected comparable levels
of both CAR targets in tumor homogenates
across ProdiGFP and ProTag groups (Fig. 2D, left),
which suggests that the observable differences
in efficacy were the result not of unequal tar-
get abundance but rather of the ability of Tags
to promote target cell killing when soluble tar-
gets do not. Furthermore, higher concentra-
tions of sfGFP were detected in the serum of
mice treated with ProdiGFP, which suggests that
Tags reduce leakage into systemic circulation
(Fig. 2D, right). To assess off-tumor Tag abun-
dance directly, we quantified GFP concentra-
tion in tumor, lung, kidney, spleen, and liver
homogenates from mice bearing subcutane-
ous HCT116 tumors and did not detect appre-
ciable levels of GFP or bacterial growth in any
healthy organ 14 days pbt (fig. S8, A to D).
We next considered the antigen-agnostic ca-

pability of the ProCAR platform and assessed
therapeutic efficacy in a mouse model of hu-
man TNBC. Notably, TNBC tumors lack estro-
gen and progesterone receptors as well as HER2
expression, which makes them unresponsive
to available targeted therapies and an oppor-
tunity for new treatment options (43). For ini-
tial assessment, mice bearing subcutaneous
MDA-MB-468 tumors were treated with an IT
injection of ProX strains or PBS 2 days before
receiving an IT injection of PBS, GFP28z, or con-
trol ICAM28z CAR-T cells. ProCARs respond-
ing to ProTag demonstrated enhanced antitumor
efficacy relative to ICAM28z despite high ICAM-1
surface expression (fig. S9, A to C) (44), likely
owing to thepresence of potent Toll-like receptor
(TLR) agonists inherent to the ProCAR system.
By day 28 after treatment, we observed signs

of T cell dysfunction across all treatment groups
(fig. S9E) despite the preserved bacterial lysis
behavior andGFPproductionobserved inProTag

isolates (fig. S9F). Therefore, to mitigate T cell
exhaustion, we increased the frequency of T cell
treatments to two doses, spaced 2 weeks apart
while keeping to a single dose of probiotics. After
this, the ProCAR system achieved durable anti-
tumor efficacy, with no tumor growth observed
for 70days after engraftment (Fig. 2, E andF; fig.
S10A). Moreover, treatment of an additional
subcutaneous SKOV3 tumor model with Pro-
CAR-T cells in combination with ProTag signifi-
cantly slowed tumor growth (fig. S10, B and C).
Although we did not observe nonspecific ef-

fects from the presence of ProTag strains onUT
T cells (fig. S10, D and E), we consistently noted
moderate and model-independent activity of
ProCAR-T cells in combinationwith control Pro−

strains. Notably, activated T cells up-regulate
TLR4 and TLR5 expression (45, 46), of which
lipopolysaccharides (LPSs) and flagellin found
on EcN are the respective agonists. Therefore,
we hypothesized that IT bacteria may serve as
an adjuvant to enhance ProCAR-T cell activity

(fig. S11A). To test this in vitro, we monitored
the surface expression of CD69, CD25, and
CD107a on GFP28z cells exposed to Pro− lysate
or Tags separately, or the combination of both
stimuli. GFP28z demonstrated significantly in-
creased levels of all three markers in response
to lysate alone,which indicates TLR stimulation,
whereas the combination of lysate and collagen-
bound Tags stimulated the highest expression
(fig. S11B). This combination effect was also
mirrored in the levels of proinflammatory cyto-
kines detected in cell culture supernatants and
in the enrichment of Teff populations, which
demonstrates a strong shift toward cytotoxic
effector functions (fig. S11, C and D).
To study the effects of CAR targets produced

by live bacteria, we investigated the phenotype
of GFP28z isolated from Nalm6 tumors on
day 4 after treatment with PBS, Pro−, or ProTag

(Fig. 2G). CD8+ GFP28z T cells from ProTag-
treated tumorswere again significantly enriched
for differentiated Teff populations, whereas cells
from Pro−-treated tumors displayed a more
modest trend toward differentiation relative to
PBS-treated, or even purified Tag-treated, con-
trols (Fig. 2H and fig. S12A). As a measure of
activation, GFP28z cells displayed significantly
increased CD69 and CD25 expression in re-
sponse to Pro− and ProTag strains (Fig. 2I and
fig. S12B). Correspondingly, tumors treated with
either strain were found to contain significantly
increased levels of human proinflammatory
cytokines (Fig. 2, J andK, and fig. S12C), whereas
the early exhaustion phenotype of GFP28z was
found to be inversely correlated with exposure
to bacteria, which demonstrates the potential
benefit of MyD88 signaling after TLR activa-
tion (47) (fig. S12D). Together, these observations
highlight the use of tumor-colonizing bacteria
tomediate antigen-agnostic CAR-T cell activity
while simultaneously boosting T cell effector
functions through natural TLR stimulation.

Treatment with the ProCAR platform
provides a systemic therapeutic benefit in an
immune-replete model of colorectal carcinoma

Although the use of immunocompromisedmice
allows for the study of human T cell behavior
in a bacterial platform, we next aimed to un-
derstand the performance of the ProCAR plat-
form in the context of a functional immune
system and comprehensive TME. To do this,
we generated a GFP CAR using the same sfGFP-
specific nanobody fused to the signaling com-
ponents of mouse CD28 and CD3z (mGFP28z)
for expression in mouse T cells and confirmed
efficient killing of mbGFP-MC38 target cells
(fig. S13, A and B). Consistent with our obser-
vations of human GFP28z, mouse CAR-T cells
were strongly activated by collagen-bound Tag
(fig. S13, C and D) and were able to drive the
lysis of mouse TNBC and colorectal cancer cell
lines through direct interaction with Tag and
the target cell surface (fig. S13, E and F).
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With the mouse components in hand, we ini-
tially sought to test the platform in immune-
competent BALB/c mice bearing subcutaneous
CT26 colorectal carcinomas. We dosed tumors
directlywith 2 × 106 CFUof Pro− or ProTag alone
or followed by two doses of autologous 2.5 ×

106 mGFP28z+ T cells spaced 6 days apart. No-
tably, treatment with ProTag alone was not suf-
ficient to generate an appreciable antitumor
response without the co-delivery of mGFP28z,
whereas the combination significantly slowed
tumorprogression (fig. S14, A andB).Moreover,

decreasing the time between T cell treatments
to 3 days apart yielded significant antitumor
efficacy that led to occurrences of tumor regres-
sion (Complete response CR = 3/13) and im-
proved survival (Fig. 3A and fig. S14, C and
D), whereas treatment with a single low dose

Fig. 4. Multifunctional probiotics produce combinations of TME-modulating
factors to facilitate systemic delivery and delay the growth of orthotopic
breast tumors. (A) Probiotics are engineered to release an activating
mutant of the human chemokine, CXCL16K42A (“CXCL16”), to recruit CXCR6+

ProCAR-T cells directly to the tumor site. (B) MDA-MB-468 cells (5 × 106)
were subcutaneously implanted into the hind flank of NSG mice. Palpable tumors
were then either injected with 1 × 105 CFU of a strain engineered to produce
both CXCL16 and Tag in combination (ProCombo), control strains producing
single agents (ProTag*, ProCXCL16), or a PBS control. On days 2 and 15 pbt, mice
were intravenously treated with 6 × 106 GFP28z+ T cells. Mean tumor growth
trajectories are shown. Data represent mean ± SEM of n > 3 biological
replicates per group. (C) Counts of infiltrating hCD45+CD3+ cells per milligram
of tumor. MDA-MB-468 tumors were established and treated as in (A). On
day 7 after treatment, tumors from ProTag* and ProCombo treatment groups
were retrieved and homogenized for analysis by flow cytometry. Data represent
mean ± SEM of n = 4 biological replicates per group. (D and E) MDA-MB-468
tumors were established and measured as in (B). When tumors reached

palpable size, mice were intravenously treated with 5 × 106 CFU of ProX

strains or PBS. On days 3 and 17 pbt, mice were intravenously treated with
6 × 106 GFP28z+ ProCAR-T cells. Mean tumor trajectories are shown (E).
Data represent mean ± SEM of n > 5 biological replicates per group. I.V.,
intravenously. (F to I) An orthotopic model of TNBC was established through
the surgical implantation of 5 × 106 MDA-MB-468 cells into the mammary
fat pad (“m.f.p.”) of female NSG mice. When tumor volumes reached
~100 mm3, mice were treated as in (D); mean tumor growth trajectories are
shown (G). Data represent mean ± SEM of n > 6 biological replicates per
group. (H and I) Biodistribution assessment of ProX (H) and sfGFP (I) in
tumor, lung, kidney, spleen, and liver homogenates. On day 42 pbt, tumor
and matched healthy tissue were digested and plated with the appropriate
antibiotics for colony quantification or assessed by ELISA for sfGFP
concentration. Data represent mean ± SEM of n = 5 (H) or n = 3 (I) biological
replicates per group. Limit of detection (LOD), 200 CFU/g. *P < 0.05; **P <
0.01; ****P < 0.0001; two-way or one-way (C) ANOVA, with Holm–Sidak
multiple comparison correction.
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of mGFP28z (1 × 106) in combination with
ProTag was able to control the growth of large
A20 lymphomas (Fig. 3B and fig. S14E).
In these studies, we chose to omit the com-

mon practice of preconditioning lymphode-
pletion (48, 49) to observe any potential effects
on the endogenous immune system. Thus, we
aimed to investigate whether IT injection of
the ProCAR system could generate signs of
systemic antitumor immunity in a dual-flank
MC38 colorectal carcinoma model established
in C57BL/6mice (Fig. 3C). Notably, we observed
that unilateral treatment of one tumor not only
resulted in instances of tumor regression on
the treated side (CR = 2/7) but led to a signif-
icant reduction in the growth rate of distal,
untreated tumors (Fig. 3, D and E, and fig.
S14F). In contrast to the human system,we did
not observe an appreciable effect of mGFP28z
responding to control Pro− on either side, which
suggests that mouse T cells may be less sensi-
tive to TLR agonism.
To understand the underlying immune re-

sponse, we next investigated the immuno-
phenotype of cells isolated from the tumors
and tumor-draining lymph nodes of treated
and control mice (fig. S15A). Analogous to the
human system, mGFP28z+ T cells displayed
the highest activation in response to ProTag

treatment (Fig. 3F). As a measure of bystander
T cell activation, we observed significantly in-
creased CD69 expression on tumor-infiltrating
CD8+ and conventional CD4+Foxp3− (Tconv.)
T cells in the CAR-negative CD3+ fraction of
ProTag-treated tumors (Fig. 3G). We also noted
probiotic-related increases in the frequencies
of Ki67+ and CD44+ tumor infiltrating Tconv.
cells (Fig. 3H and fig. S15B), whereas analysis
of the ITmyeloid populations revealed increased
frequencies of activated (CD40+MHCII+) mono-
cytes (fig. S15C). Notably, we observed signif-
icantly expanded populations of activated and
PD-L1+ monocytes in the tumor-draining lymph
nodes of treated mice (Fig. 3, I and J, and fig.
S15D). Together, these data support the hypoth-
esis that the cooperation between IT probiot-
ics and activated CAR-T cells can propagate
an adaptive response from the endogenous im-
mune system, which ultimately leads to a sys-
temic antitumor benefit.

Multifunctional probiotics demonstrate
selective colonization of human TNBC and
yield therapeutic efficacy in orthotopic breast
tumor models

To advance the technology in an immunocom-
promised host, we pursued systemic delivery
of human ProCAR-T cells by intravenous in-
jection. Conventionally, CAR-T cell trafficking
to solid tumors is often impeded bymismatched
chemokine and receptor expression (50). More-
over, given the cyclical release of Tags relative
to the constitutive surface expression of tradi-
tional TAAs, we hypothesized that circulating

GFP28z cells may have increased difficulty lo-
cating their target.
Thus, we equipped an additional strain with

themechanism to co-release an activatingmu-
tant of human CXCL16 (CXCL16K42A, in which
lysine 42 is substituted with alanine) (51) and
directly recruit ProCAR-T cells in circulation
(Fig. 4A). Notably, CXCL16 is reported to in-
teract exclusively with its cognate receptor,
CXCR6, expressed on effector memory T cells
(52). For this, we expressed CXCL16K42A and
Tag genes from a single Axe/Txe stabilized vec-
tor under separate pTac and J23100 promoters
(ProCombo), respectively, and generated matched
single control strains (ProCXCL16 and ProTag*)
with equivalent payload expression (fig. S16, A
to C). As anticipated, treatment of subcutane-
ous TNBC tumors with the ProCombo strain,
followed by intravenous infusion of ProCAR-
T cells, reduced tumor growth without affect-
ing mouse body weight (Fig. 4B and fig. S16, D
and E). ProCXCL16 also yielded an appreciable
therapeutic benefit in this system, likely owing to
the increased T cell infiltration and response
to probiotic TLR agonists. Analysis of tumor
homogenates revealed high and comparable
payload expression and significantly increased
hCD45+CD3+Tcell counts in tumors treatedwith
ProCombo relative to tumors treated with ProTag*

alone (Fig. 4C and fig. S16, F and G), which to-
gether suggest that chemokine support is nec-
essary for T cell recruitment and therapeutic
efficacy in inaccessible subcutaneous tumors.
We then sought to assess the feasibility

of delivering the complete ProCAR platform
by systemic injection. We carefully monitored
mouse health during a dose escalation study
of intravenously delivered Pro− strains and
noted that initial weight loss in response to
higher CFUs was recovered by day 7 after
treatment and that systemic delivery did not
lead to bacterial growth in healthy organs de-
spite achieving 100% tumor-colonization effi-
ciency by 48 hours after infusion (fig. S17, A
to E). With this information, we treated mice
bearing subcutaneous TNBC tumors with a
single intravenous dose of ProTag* or ProCombo

strains at 5 × 106 CFU, followed 72 hours later
with the first infusion of ProCAR-T cells (Fig. 4,
D and E). Again, tumors colonized by ProCombo

strains demonstrated significantly slowed
growth relative to PBS and ProTag* treatment
groups without causing discernable signs of
off-tumor toxicity (fig. S17, F to I).
Ultimately, we established an orthotopic

model of TNBC through the surgical implan-
tation of MDA-MB-468 cells into the mam-
mary fat pad (MFP) of female NSGmice (Fig.
4F). In this model, intravenous infusion of
the ProCAR system led to appreciable ther-
apeutic efficacy in both ProTag* and ProCombo

treatment groups, although ProCombo provided
enhanced therapeutic benefit (Fig. 4G and
fig. S18, A and B). Moreover, we observed sim-

ilar probiotic colonization levels restricted to
MFP tumors (Fig. 4H) and minimal off-tumor
sfGFP expression in healthy organs (Fig. 4I).
To specifically study the tissue distribution of
ProX and Tag within the MFP, we retrieved tu-
mors and surrounding healthy tissue for immu-
nohistochemical staining for E. coli and GFP
(fig. S19).E. coli staining of tumor sections from
Pro− and ProTag* treatment groups revealed
probiotic localization to the tumor core, with
correspondingly strong GFP detection in the
core of ProTag* treated tumors. Moreover, he-
matoxylin and eosin sections of healthy or-
gans taken from treated and untreated groups
did not show evidence of tissue damage (fig.
S20A). In addition, intravenous treatment in
an immune-replete context did not yield signs
of inflammatory organ damage in the serum of
female Friend Virus B NIH Jackson FVB
mice bearing syngeneic mammary specific
polyomavirus middle T antigen overexpres-
sion mouse model (MMTV-PyMT) MFP tumors
(fig. S20, B to D). Collectively, these mouse
model data demonstrate the use of engi-
neered probiotics to selectively grow within
the TME niche and safely release combinations
of CAR-T cell enhancing payloads in situ.

Concluding remarks

We have demonstrated an approach to engi-
neering interactions between living therapies,
in which tumor-colonizing probiotics have been
repurposed to guide the cytotoxicity of engi-
neered T cells. We have shown that by fusing
synthetic CAR targets to anHBD,we can achieve
antigen-agnostic cell death, and by harnessing
the tumor-restricted growth of E. coli, we can
release these targets directly within the TME
to achieve efficacy in genetically distinct mouse
models of human and mouse cancer. These
findings highlight the potential of the ProCAR
platform to address the roadblock of identify-
ing suitable CAR targets by providing an an-
tigen that is orthogonal to both healthy tissue
and tumor genetics.
Notably, even the gold standard CD19 CAR

faces antigen-dependent issues, the loss of which
has become a frequent cause of patient relapse
(7), and off-tumor expression on brain mural
cells has been linked to reports of dangerous
neurotoxicity (5). The antigen bottleneck ap-
pears to have a greater impact upon treatment
of solid cancers, and approaches to overcome
these issues have primarily relied on incorporat-
ing complex genetic circuitry to afford greater
control over TAA recognition. Strategies tar-
geting more than one antigen can circumvent
issues of tumor escape (53, 54), yet the chal-
lenge of finding a single suitable target can
limit this approach for most solid tumors.
Tumor pattern recognition (13) and Boolean-

gated logic circuits (11) provide elegant solu-
tions to the issue of off-tumor toxicity; however,
they involve complex T cell engineering and
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insertion of multiple transgenes. Other ap-
proaches to build universal CARs, in which the
antigen recognition domain is provided by sep-
arate intravenous infusion, enables the ex-
change of antigen specificity during treatment
(12). Additionally, CARs secreting bispecific T cell
engagers (BiTEs) against broadly expressed
targets have been effective in preclinical mod-
els of heterogeneous tumors (14). Although
these strategies represent considerable ad-
vancements, such approaches rely on conven-
tional target identification and tumor genetics.
Thus, several groups have looked to nanopar-
ticles, oncolytic viruses, and IT injection as al-
ternative platforms to deliver CAR-T cell targets
to solid tumors (17–21).
Here, the use of bacteria in the ProCAR sys-

tem offers a partner organism that facilitates
tumor-specific target delivery while concur-
rently providing natural inflammatory prop-
erties that serve to enhance the antitumor
response. Our study in xenograft tumor mod-
els revealed a greater sensitivity of human
T cells toward bacterial adjuvants, which dem-
onstrates consistent antitumor benefits in re-
sponse to control Pro− strains. By contrast,
study of the ProCAR system in syngeneic tumor
models demonstrated that a bacteria-based
immunotherapy may be sufficient to prime
systemic antitumor immunity in treated tumors,
which can subsequently direct responses against
uncolonized tumors or “untagged” tumor areas.
Nonetheless, together these studies have dem-
onstrated the tumor-specific growth of engi-
neered probiotics in both immune-replete and
immunocompromised mice, without the gen-
eration of apparent systemic infection or in-
flammatory damage.
Although not assessed here, humans are

more sensitive to endotoxins than mice, and
an important concern for clinical translation
will be the potential toxicity from systemic
administration of a Gram-negative bacterial
therapy (55). Thus, a critical approach for trans-
lation will be to introduce genetic attenua-
tions that have previously enabled both local
and intravenous administration of bacterial
therapies in clinical trials (33, 56). Structural
modifications to LPSs have been shown to sub-
stantially reduce TLR4 stimulationwithout dis-
rupting bacteria viability and tumor colonization
(57, 58). Such attenuations could be combined
with additional circuits to further restrict bac-
teria growth and reduce immunogenicity to
facilitate safe systemic delivery and repeat dos-

ing (59, 60). Overall, combining the advantages
of tumor-homing bacteria and CAR-T cells pro-
vides a new strategy for tumor recognition
and, in turn, builds the foundation for engi-
neered communities of living therapies.
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Editor’s summary
Immunotherapy has proven highly efficacious for certain types of blood cancers, but the lower success rates for solid
tumors remain a challenge. Vincent et al. designed probiotics that could home in and colonize solid tumors to improve
chimeric antigen receptor (CAR) T cell immunotherapy. The two-step approach involved engineering a nonpathogenic
strain of Escherichia coli, which delivered synthetic antigens to the tumor microenvironment and “tagged” the tumor
(see the Perspective by Bressler and Wong). They next generated CAR T cells that were programmed to recognize
these synthetic antigen tags. When the E. coli probiotic was administered, the CAR T cells could be directed to the
solid tumors, where they orchestrated tumor cell killing in experimental models of breast and colon cancer. —Priscilla
N. Kelly
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