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PD-L1 expression. CAR-T efficacy was rescued when 
mice received CAR-T in combination with MDSC deple-
tion, GM-CSF neutralization to prevent MDSC expan-
sion, or PD-L1 blockade. As L-MDSC suppressed anti-
CEA CAR-T, infusion of anti-CEA CAR-T in tandem 
with agents targeting L-MDSC is a rational strategy for 
future clinical trials.
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Abbreviations
ALL	� Acute lymphoblastic leukemia
BM	� Bone marrow
CAR-T	� Chimeric antigen receptor-modified T cells
CEA	� Carcinoembryonic antigen
CLL	� Chronic lymphocytic leukemia
FMO	� Fluorescence minus one
GM-CSF	� Granulocyte–macrophage colony-stimulating 

factor
IDO	� Indolamine 2,3-dioxygenase
IFNγ	� Interferon gamma
IL2	� Interleukin 2
iNOS	� Inducible nitric oxide synthase
LM	� Liver metastases
L-MDSC	� Liver myeloid-derived suppressor cells
NO	� Nitric oxide
NPC	� Non-parenchymal cells
PD-1	� Programmed death 1
PD-L1	� Programmed death ligand 1
pSTAT3	� Phosphorylated signal transducer and activator 

of transcription 3
SSG	� Sodium stibogluconate
STAT3	� Signal transducer and activator of transcription 3
UT	� Unmodified/untransduced T cells

Abstract  Chimeric antigen receptor-modified T cell 
(CAR-T) technology, a promising immunotherapeu-
tic tool, has not been applied specifically to treat liver 
metastases (LM). While CAR-T delivery to LM can be 
optimized by regional intrahepatic infusion, we propose 
that liver CD11b+Gr-1+ myeloid-derived suppressor 
cells (L-MDSC) will inhibit the efficacy of CAR-T in 
the intrahepatic space. We studied anti-CEA CAR-T in a 
murine model of CEA+ LM and identified mechanisms 
through which L-MDSC expand and inhibit CAR-T func-
tion. We established CEA+ LM in mice and studied 
purified L-MDSC and responses to treatment with intra-
hepatic anti-CEA CAR-T infusions. L-MDSC expanded 
threefold in response to LM, and their expansion was 
dependent on GM-CSF, which was produced by tumor 
cells. L-MDSC utilized PD-L1 to suppress anti-tumor 
responses through engagement of PD-1 on CAR-T. GM-
CSF, in cooperation with STAT3, promoted L-MDSC 
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Introduction

Liver metastases (LM) develop in over 50 % of patients 
with colorectal cancer [1]. Surgical resection of colorec-
tal cancer LM is potentially curative in only a subset of 
patients [2], and modern cytotoxic chemotherapy also 
fails to provide definitive treatment, with response rates 
ranging from 33 to 51 % [3, 4]. We are interested in devel-
oping immunotherapeutic strategies for LM as alterna-
tives to conventional approaches. Recent studies suggest 
that a robust host T cell response to LM is associated with 
prolonged survival [5, 6]. Unfortunately, most patients 
do not develop an effective immune response to LM and 
die of their disease. LM may escape immune surveillance 
due to the immunosuppressive nature of the intrahepatic 
space [6]. Suppressive immune cells within the liver may 
not only challenge endogenous immunity, but also impair 
effectiveness of immunotherapeutic treatments. As such, 
highly specific anti-tumor immunotherapy coupled with 
targeting of suppressive cells in the intrahepatic tumor 
environment is a rational approach for LM therapy.

Renewed optimism for anti-tumor immunotherapy has 
resulted from recent trials [7, 8]. Chimeric antigen receptor-
modified T cells (CAR-T) have shown promise for treatment 
of ALL, CLL, and melanoma [9–11]. In the present study, 
we utilized T cells engineered to express a CAR specific for 
carcinoembryonic antigen (CEA), a tumor antigen expressed 
by colorectal cancer LM [12]. This highly specific CAR 
enables anti-CEA CAR-T to bypass antigen processing and 
presentation and mediate tumor killing in vitro and in vivo 
[13]. This work was conducted in parallel with a phase I trial 
(NCT01373047) that examined the safety and efficacy of 
anti-CEA CAR-T infused regionally in patients with unre-
sectable CEA+ LM [14]. Although anti-CEA CAR-T have 
demonstrated efficacy in vitro and in vivo [13], immunosup-
pression in the liver is likely to be an important barrier to 
achieving optimal clinical results for patients with LM.

The intrahepatic space contains an abundance of sup-
pressive cells including liver myeloid-derived suppressor 
cells (L-MDSC) [15–17]. L-MDSC are a heterogeneous 
population of myeloid cells at various stages of differenti-
ation, identified in mice on the basis of a CD11b+Gr-1+ 
phenotype [18]. Evidence suggests that the extent of MDSC 
expansion is related to both tumor burden and disease stage 
[19]. Although we can deplete L-MDSC in mice through 
targeting of Gr-1 (Ly6-G/Ly6-C), this approach is not possi-
ble in patients due to the lack of a suitable marker for human 
MDSC. Therefore, we investigated factors driving L-MDSC 
expansion and suppressive function within the context of 
LM and CAR-T treatment, to identify translatable targets.

While MDSC are well known to inhibit conventional T 
cells in a variety of settings, how L-MDSC may suppress 

CAR-T designed to target CEA+ LM is unclear. We 
speculate that L-MDSC engage immunoinhibitory path-
ways to suppress CAR-T, as CAR-T increase programmed 
death-1 (PD-1, CD279) expression following infusion into 
solid tumor patients [20]. PD-1 engagement by its ligand, 
PD-L1, has been shown to impair T cell proliferation, in 
addition to inhibiting production of IL-2 and IFNγ [21]. 
The present work defines potential strategies for enhanc-
ing the efficacy of CAR-T for treatment of LM by blocking 
the immunoinhibitory effects of L-MDSC, providing the 
rationale for development of future phase I studies.

Materials and methods

Animals

Six- to ten-week-old male C57BL/6J mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME). 
Six-week-old male CEA transgenic mice (C57BL/6-H-2b-
Tg(cosCEA1)2682) were a generous gift from Dr. Jeffrey 
Schlom at the NIH. PD-1−/− mice (C57BL/6-Pdcd1−/−) 
were a generous gift from Dr. Tasuku Honjo, Kyoto Uni-
versity via Dr. Alfred Ayala, Brown University School of 
Medicine, and were bred in-house, with 6- to 10-week-old 
males used for experiments. Animals were maintained in 
a pathogen-free environment, and experiments were con-
ducted in compliance with the Roger Williams Medical 
Center Institutional Animal Care and Use Committee.

CAR‑T cell production

Spleens were harvested from C57BL/6J or PD-1−/− mice, 
red blood cells lysed (ACK Lysing Buffer, Gibco by Life 
Technologies, Grand Island, NY), and splenocytes iso-
lated. Splenocytes were activated in 750-mL flasks (BD 
Falcon) with 1  μg/mL anti-CD3 (eBioscience), 1  μg/
mL anti-CD28 (eBioscience) and 1.2  ng/mL recombinant 
murine IL-2 (R&D Systems, Minneapolis, MN) in RPMI 
with l-glutamine (Corning: Cellgro, Manassas, VA) sup-
plemented with 10  % filtered and heat-inactivated sterile 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 
1  % antibiotic/antimycotic (Corning: Cellgro, Manassas, 
VA). Retroviral supernatant containing genes for tandem 
molecules of hMN14 sFv-CD8ɑ fused to a hybrid CD28/
CD3ζ CAR was used to transduce activated splenocytes as 
previously described [13] over a 3- to 5-day period to cre-
ate second-generation anti-CEA CAR-T. Anti-CEA CAR-T 
were maintained in RPMI supplemented as above with 
1.2 ng/mL IL2 and were used for in vitro or in vivo experi-
mentation immediately following assessment of transduc-
tion efficiency.
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Tumor injections

C57BL/6 mice were anesthetized with 2 % isoflurane, their 
spleens injected with 2.0–2.5 × 106 MC38 or MC38CEA 
tumor cells, and, following 2 min of applied pressure, sple-
nectomy was performed. Splenectomy alone had no sig-
nificant impact on liver MDSC populations (not shown). 
MC38 and MC38CEA cells were a generous gift from Dr. 
Jeffrey Schlom. We created MC38CEA-luc cells by infec-
tion of target MC38CEA cells by pLenti-III-UbC-Lucif-
erase (Applied Biological Materials Inc, Richmond, BC, 
Canada) lentivirus supernatant over an 8-h period, after 
which cells were further subcultured. Puromycin (0.3  µg/
mL, Sigma-Aldrich) was used to select for stable cell lines, 
and clones with optimal luciferase expression were isolated 
and expanded. LM were detectable by bioluminescence as 
early as 2 days following splenic injection. “Normal” ani-
mals are identified as control C57BL/6 mice that had not 
received any surgical modifications.

Cell isolation

Liver non-parenchymal cells (NPC) were isolated from 
tumor-bearing mice as previously described with modifi-
cations [16]. Briefly, following euthanization, we injected 
the portal vein with 3  mL 0.01  % (w/v) collagenase IV 
(Sigma-Aldrich) prepared in PBS and the liver extracted, 
mechanically disrupted, and incubated for 20 min in 10 mL 
0.01  % collagenase at 37  °C. Following elimination of 
hepatocytes by low-speed centrifugation, samples were 
resuspended in 3 mL RPMI, and then, 2 mL of 40 % (w/v) 
OptiPrep (Sigma-Aldrich) was added for density gradient 
separation of NPC. NPC-containing cell suspension was 
incubated with 1 µg anti-FcγR III/II mAb2.4G2 (Miltenyi) 
per 1 ×  106  cells. For functional assays, L-MDSC were 
isolated with immunomagnetic beads (CD11b+, Miltenyi 
Biotech, Auburn, CA) and >70 % of CD11b+ cells were 
found to co-express Gr-1. L-MDSC frequency among 
tumor-free NPC is normally 1–5  %. L-MDSC expansion 
and baseline phenotype in tumor-bearing livers were dem-
onstrated by fractionating NPC with CD45 immunomag-
netic beads (Miltenyi) or analyzing bulk liver NPC prior to 
staining with anti-Gr-1, anti-CD11c, and anti-CD11b anti-
bodies. About 70 % of NPC were CD45+ in tumor-bear-
ing livers. CD11c+ cells were excluded from for certain 
experiments; however, this did not appreciably impact liver 
MDSC assessments.

For analysis of whole liver lysate, extracted livers were 
immersed in 1 mL/0.1 g by liver weight of protease inhibi-
tor cocktail (Sigma-Aldrich), followed by incubation in 
RIPA lysis buffer (Millipore, Temecula, CA) and centrifu-
gation. For evaluation of L-MDSC phenotypic changes, 
cells were treated with 20 ng/mL GM-CSF (R&D Systems, 

Minneapolis, MN), 1.5 µM cucurbitacin I (JSI-124, Sigma-
Aldrich), or 20  μM celastrol (Cayman Chemical, Ann 
Arbor, Michigan) for 36 h and flow cytometry performed. 
Bone marrow (BM) was isolated from femurs and tibias 
of control as well as tumor-bearing mice, and follow-
ing erythrocyte lysis, cells were cultured either alone or 
with MC38CEA cells, MC38CEA conditioned medium, 
or 20  ng/mL GM-CSF, in RPMI with 10  % FBS. After 
3–4  days, flow cytometry was used to determine the fre-
quency and phenotype of BM-derived MDSC.

Flow cytometry and antibodies

NPC were stained with antibodies specific for CD11b 
(M1/70), CD11c (HL3), Gr-1: Ly6G and Ly6C (RB6-
8C5), pSTAT3 (pY705), PD-1 (RMP1-30, Biolegend), 
PD-L1 (10F.9G2, Biolegend), PD-L2 (TY25), and IL4Rɑ 
(I015F8, Biolegend). Antibodies were conjugated to FITC, 
PE, PerCP, APC, APC-Cy7, Pe-Cy7, or Pacific Blue (BD 
Biosciences unless otherwise identified) and were ana-
lyzed on the CyAn flow cytometer (Beckman Coulter). We 
measured CAR expression  2–3  days post-transduction by 
flow cytometry using the Wi2 anti-idiotype antibody for 
the humanized anti-CEA CAR (a generous gift from Dr. 
Hansen, Immunomedics, Morris Plains, NJ) conjugated 
to APC. CAR-T phenotype was assessed by staining with 
antibodies against CD3 (145-2C11), CD4 (Gk1.5), CD8 
(53–6.7), and PD-1 (CD279, RMP1-30, Biolegend) con-
jugated to FITC, PE, PerCP, APC, APC-Cy7, or PE-Cy7 
(BD Biosciences). Antibodies to phospho-STAT3 (Y705) 
and GAPDH-HRP monoclonal antibody were from Cell 
signaling. Anti-STAT3 (H-190) was purchased from Santa 
Cruz. Voltages were set based on unstained cells, and com-
pensation calculated using single-stained controls. Positive 
staining was defined with fluorescence minus one (FMO) 
controls, and results were analyzed using Flow Jo 7.6.5 
(Tree Star Inc., Ashland, OR). We have identified similar 
viability of L-MDSC when gated with live scatter gating as 
compared to vital dye staining and as such have presented 
our results from a live leukocyte scatter gating profile.

In vitro suppression assays

CAR-T were labeled with 1  µM carboxyfluorescein diac-
etate succinimidyl ester (CFSE, Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocol and were added 
at a 5:1 ratio with L-MDSC from tumor-bearing livers. 
CEA+ tumor cells were irradiated with 5000 rad and added 
to the culture at a 1:2 ratio with CAR-T to stimulate prolif-
eration. The effect of in vitro blockade of PD-1 and PD-L1 
signaling was examined by adding 5  μg/mL anti-PD-1 
(29F.1A12, Biolegend), 5 μg/mL anti-PD-L1 (MIH5, eBio-
science), or 10 μg/mL sodium stibogluconate (SSG, EMD 
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Millipore, Billerica, MA) to the culture. After 2–4  days, 
CAR-T were analyzed for CFSE dilution. Proliferation rep-
resents the percentage of cells with diluted CFSE, in refer-
ence to the undivided CFSE peak and an unstimulated cell 
sample (negative control).

Western blot analysis

Cells were washed twice with ice-cold PBS and lysed 
with RIPA buffer (Life Technologies, Carlsbad, CA) sup-
plemented with protease inhibitor cocktail (Roche Diag-
nostics, Indianapolis, IN), 1 mM NaVO4, and 1 mM NaF 
as described previously [22]. Lysates were centrifuged 
at 10,000  rpm for 10 min at 4  °C, and supernatants were 
collected and protein quantification was performed using 
Bradford protein assay (Thermo Scientific, Tewksbury, 
MA) with BSA as the standard. Lysates were denatured 
using β-mercaptoethanol (Life Technologies) and Laemmli 
sample buffer (Bio-Rad, Waltham, MA), heated at 70  °C 
for 10 min, electrophoresed in Mini Protean TGX 4–15 % 
gels (Bio-Rad), transferred on Trans Blot Turbo PVDF 
membrane (Bio-Rad), and immunoblotted with specific 
primary antibodies. Primary antibody binding was detected 
using HRP-conjugated secondary antibodies (Santa Cruz, 
Dallas, TX) and ECL Prime Western blot reagents (Amer-
sham/GE Healthcare, Pittsburgh, PA) as chemilumines-
cence substrates. The immunoblots were analyzed and 
quantified using ImageJ software.

In vivo studies

Following establishment of LM, C57BL/6 mice were 
treated with CAR-T or unmodified T cells (UT), at a 1:1 
ratio to the amount of MC38CEA injected previously, 
administered directly into the portal vein. T cell treatments 
were administered 3 and/or 7 days following tumor estab-
lishment. Designated mice received intraperitoneal injec-
tions of 10  μg anti-Gr-1 (RB6-8C5, BD Biosciences), 
10 μg anti-GM-CSF (22E9, BD Biosciences), 10 μg anti-
PD-L1 (MIH5, eBioscience), or isotype control on days 2, 
4, 6, 8, 10, 12, 14, and 16 post-tumor injection. All mice 
were injected with 0.3 μg IL2 i.p. daily following CAR-T 
or UT infusions. In order to quantify tumor cell killing fol-
lowing animal killing, flow cytometry was used to measure 
the percent of CD66e+ (CEA+) cells among viable liver 
cells (B1.1/CD66, BD Biosciences). For mice injected with 
MC38CEA-luc cells, 30 μg potassium luciferin (Gold Bio-
technology, St. Louis, MO) was injected 15  min prior to 
imaging with the IVIS Lumina 100 (PerkinElmer) and total 
bioluminescence by photon counts (flux = photons/s) gen-
erated. Bioluminescent images were captures at 60 s expo-
sure, with small binning and f-stop 2. We measured GM-
CSF, STAT3, and pSTAT3 in tumor cell culture supernatant, 

whole liver lysate, and serum by ELISA (GMCSF-Thermo 
Scientific, Rockford, IL, STAT3/pSTAT3-eBioscience). 
The animals were assessed by IVIS just prior to and at the 
time of necroscopy to determine whether the cause was due 
to tumor or postoperative complications.

Statistics

We performed statistical analysis with Prism V5.00 for 
Windows (GraphPad software, San Diego, CA). Statistical 
significance was determined using the two-tailed Student’s 
t test or log-rank (Mantel–Cox) test for Kaplan–Meier 
generated survival data, and values with p  <  0.05 were 
deemed statistically significant (*p  ≤  0.05, **p  ≤  0.01, 
***p ≤ 0.001).

Results

L‑MDSC expand in response to metastases 
and suppress anti‑CEA CAR‑T

We examined LM growth in C57BL/6 and C57BL/6 CEA 
transgenic animals and determined no significant difference 
in tumor development (not shown). As such, all subsequent 
in vivo experiments were conducted in C57BL/6 mice. Fol-
lowing 2  weeks of tumor growth, we demonstrated that 
L-MDSC expanded threefold or greater in response to 
LM. This expansion was CEA-independent, as it occurred 
equally in mice with CEA+ or CEA− LM (Fig.  1a). We 
confirmed that the majority of CD11b+ liver NPC co-
expressed Gr-1, consistent with the MDSC phenotype 
(Fig.  1b). When co-cultured with CAR-T stimulated by 
MC38CEA cells, L-MDSC suppressed CAR-T prolifera-
tion. Division of CAR-T in response to CEA+ tumor was 
reduced twofold with the addition of L-MDSC (Fig. 1c).

L‑MDSC depletion improves regional CAR‑T efficacy 
for the treatment of LM

We speculated that CAR-T efficacy in vivo would be lim-
ited by the significant L-MDSC expansion in response to 
LM as demonstrated above. To determine whether anti-
CEA CAR-T could be protected from intrahepatic sup-
pression by elimination of L-MDSC, we depleted Gr-1+ 
cells. We treated mice with anti-Gr-1 antibody on days 7 
and 11 following tumor cell injection and then harvested 
liver tissue following 2  weeks of tumor growth to meas-
ure MDSC frequencies. Anti-Gr-1 treatment reduced the 
L-MDSC population to levels seen in mice without tumor, 
demonstrating effective depletion (Fig. 2a, b). In a subse-
quent study, mice with established LM were treated with 
CAR-T, and some groups also received anti-Gr-1. We 
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confirmed that portal vein delivery improved anti-tumor 
efficacy compared to systemic infusion via tail vein, and 
therefore, all in vivo CAR-T were administered region-
ally (data not shown). L-MDSC depletion alone signifi-
cantly reduced viable LM cells after 2 weeks (19.0 % UT 
vs. 3.3  % UT+aGr-1, Fig.  2c). The combination of anti-
CEA CAR-T with L-MDSC depletion was more effec-
tive than either treatment alone (0.9 % CAR-T+aGr-1 vs. 
3.3 % UT+aGr-1 vs. 5.6 % CAR-T, Fig. 2c). Additionally, 
anti-CEA CAR-T treatment in conjunction with L-MDSC 
depletion resulted in significantly prolonged survival com-
pared to UT (Fig. 2d).

GM‑CSF drives myeloid‑derived suppressor cell 
expansion in response to LM

As L-MDSC depletion with anti-Gr-1 is not a viable 
clinical strategy, we studied GM-CSF neutralization as 
an alternative approach. Tumor cells have been found to 
secrete high levels of GM-CSF in vivo, a cytokine impli-
cated in MDSC recruitment [23–25]. By treating animals 

with anti-GM-CSF on days 4, 6, and 8 post-LM establish-
ment, we found that L-MDSC expansion was significantly 
reduced, returning to baseline frequency (Fig.  3a). We 
compared L-MDSC suppressive function from LM mice 
treated with anti-GM-CSF and isotype control and found 
no significant difference (not shown). Ex vivo, liver NPC 
and MC38CEA tumors cells produced GM-CSF, with sig-
nificantly more GM-CSF produced by tumor (10.2 pg/mL 
NPC vs. 36.9 pg/mL MC38CEA, p < 0.05). In an analysis 
of non-tumor (CTRL) and LM mice sacrificed at various 
time points following LM establishment, the kinetics of 
L-MDSC expansion over time were paralleled by increases 
in serum (Fig. 3b) and liver GM-CSF levels (Fig. 3c). Fur-
thermore, to confirm the dependency of MDSC expan-
sion on tumor-associated GM-CSF, we exposed BM cells 
to various sources of GM-CSF ex vivo. Among CD45+ 
BM cells, the MDSC population (CD11b+Gr-1+) was 
significantly increased from baseline following co-culture 
with tumor cells, GM-CSF, or tumor-conditioned media 
(Fig. 3d). We also confirmed that L-MDSC expressed the 
GM-CSF receptor (48.3 % GM-CSFR+, data not shown).

Fig. 1   L-MDSC expand in response to LM and suppress CAR-
T. LM were established by splenic injections of either MC38 or 
MC38CEA tumor cells, and livers were harvested 2 weeks of tumor 
growth. Flow cytometry was used to evaluate the expansion of 
L-MDSC in response to LM. a Sequential gating of L-MDSC as live, 
CD11b+, and Gr-1+ liver leukocytes from normal or tumor-bearing 
livers. Cells were enriched by immunomagnetic beading for CD45+ 
NPC prior to staining. b Dot plot confirming high level of Gr-1 and 

CD11b co-expression among liver leukocytes. c L-MDSC were co-
cultured with CFSE-labeled anti-CEA CAR-T stimulated by irradi-
ated MC38CEA cells, and pooled results from three independent 
experiments are graphed. The percentages of cells having undergone 
division (CFSE-low) were normalized to the unstimulated group. Bar 
graphs represent mean ±  SEM; dot plots and histograms are repre-
sentative of ≥3 mice per group and have been confirmed with at least 
two separate experiments (*p ≤ 0.05, **p ≤ 0.01)
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L‑MDSC suppressive capabilities through the PD‑1/
PD‑L1 axis are modulated by GM‑CSF

As interaction of PD-L1 with PD-1 is a mechanism by 
which MDSC suppress endogenous T cells, we determined 
whether L-MDSC inhibit CAR-T in similar fashion. Anti-
CEA CAR-T expressed PD-1 (Fig. 4a) and L-MDSC from 
mice with LM were found to express high levels of PD-L1 
(Fig.  4b). Expression of PD-L2 by L-MDSC and PD-L1 
by MC38CEA cells was negligible (data not shown). 
Having demonstrated that GM-CSF promoted L-MDSC 

expansion, we asked whether GM-CSF concurrently pro-
moted L-MDSC PD-L1 expression. BM-derived MDSC 
exhibited significantly higher levels of PD-L1 expression 
following exposure to recombinant GM-CSF or MC38CEA 
cells (Fig. 4c, d).

L‑MDSC suppress CAR‑T through STAT3‑dependent 
PD‑L1 expression

To determine whether CAR-T proliferation could be res-
cued by blocking PD-1/PD-L1 interactions, L-MDSC and 

Fig. 2   L-MDSC depletion improves CAR-T efficacy. LM were 
established by splenic injections of MC38CEA cells, and saline or 
anti-Gr-1 antibody was injected intraperitoneally on days 7 and 11 
post-tumor establishment. Livers were harvested for NPC isolation, 
staining, and analysis after 14 days. a Flow cytometry dot plots of the 
L-MDSC (live, CD11c−CD11b+Gr-1+) population with or without 
anti-Gr-1 treatment. Cells were enriched by immunomagnetic bead-
ing for CD45+ NPC prior to staining. b Absolute L-MDSC num-
bers per 100,000 cells in liver isolate were calculated according to 

cell counts. c Mice with established LM received infusions of UT or 
CAR-T after 7 days, in addition to anti-Gr-1 (aGr-1) treatment in des-
ignated groups on days 7 and 11. Flow cytometry was used to deter-
mine the percentages of viable CEA+ tumor cells among all liver 
NPC after killing at day 26. d Survival curves for in vivo examination 
of ≥12 animals with LM treated with UT or CAR-T with and with-
out Gr-1-antibody. Bar graphs represent mean ± SEM; dot plots are 
representative samples, survival significance displayed as relative to 
CAR-T+aGr-1 group (**p ≤ 0.01)
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stimulated CAR-T were co-cultured with and without anti-
PD-L1 antibody. L-MDSC suppression of CAR-T prolifer-
ation was reversed by PD-L1-blockade (Fig. 5a). Addition-
ally, pre-treating tumor-bearing animals with anti-PD-L1 
or performing the assay with PD-1-/- CAR-T also reversed 
immunosuppression (Fig.  5b). SSG, a chemical inhibitor 
of SHP-1 and SHP-2 [26] phosphatases critical to PD-1 
function, also demonstrated significant reversal of suppres-
sion (p = 0.01, data not shown), confirming that L-MDSC 
exploit the PD-1/PD-L1 axis to suppress anti-CEA CAR-T.

We then delved deeper into the mechanism through 
which L-MDSC upregulate PD-L1 expression. We dem-
onstrated that L-MDSC express GM-CSFR (data not 
shown)  while others demonstrated that signal transducer 
and activator of transcription 3 (STAT3) regulates GM-
CSFR expression [27]. As STAT3 is also known to regu-
late also PD-L1, we sought to determine whether this was 
the case in L-MDSC [28]. In an analysis of whole liver 
lysate, we found that both total and pSTAT3 levels were 
increased in tumor bearing as compared to control animals 
(p =  0.005 and p =  0.02, data not shown). Western blot 
analysis on purified L-MDSC from tumor-bearing livers 

revealed an increase in the active phosphorylated form 
of STAT3 (pSTAT3) relative to total (TSTAT3) protein 
(Fig.  5c, d). Treatment of L-MDSC isolated from tumor-
bearing livers with JSI-124 or celastrol, both potent STAT3 
inhibitors [29], resulted in a significant decrease in PD-L1 
expression (Fig. 5e, f).

Improved anti‑CEA CAR‑T efficacy is achieved 
by targeting L‑MDSC

Having demonstrated that GM-CSF and PD-L1 promote 
MDSC suppression of CAR-T, we tested GM-CSF and 
PD-L1 blockade in vivo. Tumor-bearing animals were 
treated with two doses of regional CAR-T, 3 and 7  days 
following LM establishment, and received anti-Gr-1, anti-
GM-CSF, anti-PD-L1, or the combination of anti-GM-CSF 
and anti-PD-L1. All mice received IL2 (Fig. 6a). Initially, 
all animals had similar LM burdens. Bioluminescent imag-
ing demonstrated a delay in tumor progression in mice 
receiving CAR-T with and without antibody treatments 
(Fig. 6b–d). Anti-tumor efficacy of anti-CEA CAR-T was 
improved when used in combination with antibodies that 

Fig. 3   L-MDSC expansion is driven by tumor-associated GM-CSF. 
LM were established by splenic injections of MC38CEA cells, and 
isotype control (IgG) or anti-GM-CSF antibody (aGM-CSF) was 
injected intraperitoneally on days 4, 6, and 8 post-tumor establish-
ment. a Flow cytometry was used following harvest after 9  days to 
evaluate MDSC frequency (live, CD11b+Gr-1+ cells) (right, rep-
resentative of three independent experiments). For this experiment, 
MDSC percentage values reflect analysis of bulk NPC not subjected 
to fractionation based on CD45 expression. b Serum GM-CSF and 
L-MDSC absolute numbers as determined by flow cytometry were 

quantified from mice at various time points post-LM establishment or 
CTRL (non-tumor bearing). c Whole liver lysate GM-CSF was meas-
ured from mice following LM establishment or CTRL animals. d The 
percentage of cells acquiring an MDSC phenotype (CD11b+Gr-1+) 
was determined by flow cytometry from bone marrow cells cultured 
for 3–4 days with exposure to recombinant GM-CSF, GM-CSF-pro-
ducing MC38CEA tumor, or tumor-conditioned medium. Bar graphs 
represent mean  ±  SEM; dots plots are representative of ≥3 mice 
per group and have been confirmed with ≥2 separate experiments 
(*p ≤ 0.05, ***p ≤ 0.001)
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suppressed MDSC (Fig.  6b, d). Bioluminescence results 
indicated a trend toward a reduction in tumor burden 
with anti-Gr-1, anti-GM-CSF, and anti-PD-L1 treatments 
(Fig.  6b–d). Survival of the animals in the same groups 
showed a statistically significant increase in survival of 
mice treated with CAR-T+anti-GM-CSF compared to 
CAR-T alone (p = 0.03, Fig. 6e).

Discussion

CAR-T infusions are a promising therapy for solid tumors, 
but their role in treating LM has yet to be fully explored. 
Our findings suggest that regional infusion of CAR-T in 
mice with LM can delay tumor progression, but immu-
nosuppression mediated by L-MDSC in the intrahepatic 
space prevents complete tumor clearance. GM-CSF drove 
L-MDSC expansion in response to LM and worked in con-
cert with STAT3 to increase MDSC PD-L1 expression. 
Expanded PD-L1+ L-MDSC demonstrated potent suppres-
sion of CAR-T proliferation. However, MDSC depletion or 
blockade of MDSC expansion enhanced CAR-T LM cell 
killing in vivo. Our data provide preclinical rationale for 
using regional CAR-T infusions in conjunction with agents 
targeting MDSC immunoinhibitory pathways to treat LM.

Consistent with prior reports, L-MDSC populations 
dramatically expanded in response to LM [30, 31]. We 
are the first group, to our knowledge, to demonstrate that 
anti-CEA CAR-T are suppressed by L-MDSC. Other 
groups have shown that MDSC induce T cell exhaustion 
through the PD-1/PD-L1 axis [32] as well as metabolism 
of l-arginine [33] and nitric oxide (NO) production [34]. 
A previous report suggested that second-generation CAR-
T, which contains the CD28 co-stimulatory moiety, resist 
suppression by Treg [35]. We demonstrated that CAR-T 
equipped with the CD28 moiety were in fact vulnerable to 
suppression by L-MDSC. Accordingly, MDSC depletion 
improved anti-tumor efficacy of CAR-T in animals with 
LM. Unfortunately, human MDSC, which can be classified 
as lin−CD33+CD34+CD15+, or CD11b+CD14+HLA-
DR− [36], cannot presently be similarly targeted with a sin-
gle antibody. As such, we identified alternative targets for 
blocking L-MDSC expansion and suppressive function in 
the setting of LM.

Consistent with our findings, GM-CSF has been previ-
ously identified as a mediator of MDSC expansion in other 
experimental systems [18, 37–40]. The importance of 
GM-CSF in driving L-MDSC expansion is consistent with 
findings in pancreas cancer models [38, 40]. Bronte dem-
onstrated increased metastases through MDSC recruitment 

Fig. 4   L-MDSC suppression through PD-1/PD-L1 is modulated 
by GM-CSF. a Flow cytometry was used to determine PD-1 expres-
sion on fresh CAR-T (CAR-T gated as CD3+Wi2+ cells) relative 
to FMO controls. b Flow cytometry was used to determine PD-L1 
expression on L-MDSC (gated CD11c−CD11b+Gr-1+) iso-
lated from tumor-bearing mice after 2  weeks of tumor growth rela-
tive to FMO controls. c Representative dot plots indicating PD-L1 

expression as determined from BM-derived MDSC (gated as live, 
CD45+CD11c−CD11b+Gr-1+ cells) following exposure to recom-
binant GM-CSF or GM-CSF-producing tumor ex vivo. d Pooled 
results from two independent experiments are graphed. Bar graphs 
represent mean ± SEM; dot plots and histograms are representative 
of ≥3 mice per group and have been confirmed with ≥2 separate 
experiments (*p ≤ 0.05)
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[24], and Dolcetti found GM-CSF necessary for MDSC 
expansion and tumor tolerance [41]. Likewise, Bayne iden-
tified GM-CSF as a necessary driver of CD11b+Gr-1+ 
cell accumulation in a model of pancreas adenocarcinoma 
[38]. The intrahepatic space presents a challenging immu-
nosuppressive milieu due to the presence of large num-
ber of suppressive cell types other than MDSC, and our 
findings provide insight into how liver immune cells may 
suppress effectiveness of CAR-T [16, 42]. While GM-
CSF has been used as an adjuvant to promote anti-tumor 
immunity [43, 44], GM-CSF drives MDSC suppressive 
function in the liver and other settings [18, 45]. Caution 
is therefore warranted in applying GM-CSF within immu-
notherapy protocols. In our model, liver GM-CSF levels 
peaked 3  days prior to the L-MDSC frequency peak. We 
speculate that the rapidly expanding L-MDSC population 

consumed GM-CSF as LM progressed, accounting for the 
drop in liver and serum GM-CSF levels after 1 week. While 
we confirmed MC38CEA tumor cells produced GM-CSF, 
macrophages, T cells, endothelial cells, and fibroblasts 
normally secrete GM-CSF as well. Although we cannot 
discount the contribution of GM-CSF production by non-
tumor cells in our model, we demonstrated significantly 
higher levels GM-CSF production by tumor cells as com-
pared to NPC. Tumor-derived GM-CSF promotes tumor 
progression and failure of immunity [23, 46].

In our model, GM-CSF supported L-MDSC expansion 
and L-MDSC PD-L1 expression. GM-CSF cooperated 
with STAT3 in promoting L-MDSC PD-L1 expression. The 
PD-1/PD-L1 axis is rapidly emerging as a clinically impor-
tant immunoinhibitory pathway. Previous reports have indi-
cated increased levels of PD-L1 on murine dendritic cells 

Fig. 5   L-MDSC suppress CAR-T through STAT3-dependent PD-L1 
expression. a Representative CFSE histograms that demonstrate 
CAR-T proliferation (second panel) were suppressed by L-MDSC 
(third panel) and rescued by the addition of anti-PD-L1 antibody 
(aPD-L1). b Pooled results from three independent experiments are 
graphed, with proliferation normalized to that of the minimal prolif-
eration value. The percentage of proliferating CAR-T was calculated 
based upon CFSE-low cells. c Phosphorylated STAT3 (pSTAT3) and 
total STAT3 (TSTAT3) expression levels in MDSC (CD11b+NPC) 
and non-MDSC (CD11b-fraction) from tumor-bearing livers were 

assayed by Western blot. d pSTAT3 to TSTAT3 ratio obtained 
from the Western blot analysis was calculated for MDSC and non-
MDSC. e Flow cytometry was used to determine PD-L1 expres-
sion on L-MDSC following ex vivo culture with the STAT3 inhibi-
tors JSI-124 and celastrol. f Pooled results from four independent 
experiments are graphed. Bar graphs represent mean  ±  SEM; dot 
plots and histograms are representative of ≥3 mice per group and 
have been confirmed with ≥3 separate experiments. Normalized 
proliferation =  experimental %proliferation/%proliferation of CAR-
T+MDSC (**p ≤ 0.01, ***p ≤ 0.001)
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and macrophages [47] after exposure to GM-CSF [48]; how-
ever, the effect on MDSC is not well documented. Our find-
ing that both GM-CSF and STAT3 promoted PD-L1 expres-
sion on L-MDSC provides rationale for targeting GM-CSF 
and STAT3 to reverse MDSC suppression of CAR-T. While 
we did not establish a direct link between GM-CSF and 
STAT3 in our model, a prior report indicated that GM-CSF 
receptor activation triggers STAT3 signaling [49] among 
myeloid cells [28]. Additionally, IL6 signaling may promote 
STAT3-driven PD-L1 expression by L-MDSC, and further 
work is required to explore this relationship.

We confirmed the importance of the PD-1/PD-L1 axis 
[26] for L-MDSC suppression of CAR-T by demonstrat-
ing in vitro that L-MDSC were unable to limit proliferation 
of anti-CEA CAR-T created from knockout mice lacking 
PD-1. Moreover, CAR-T proliferation in the presence of 
L-MDSC was also rescued by SHP-1 and SHP-2 inhibi-
tion, which prevents PD-1 signaling within CAR-T [50]. 
L-MDSC may circumvent the effects of PD-L1 block-
ade by exploiting alternative suppressive pathways, such 
as indolamine 2, 3-dioxygenase (IDO) [51], arginase, or 
inducible NO synthase (iNOS) [34], and further stud-
ies would be needed to determine whether in vivo IDO or 
iNOS inhibition affects CAR-T efficacy for LM.

Though CEA+ LM is the primary focus of this report, 
regional CAR-T infusions are applicable to other malig-
nancies associated with LM. Our work treating LM with 
CAR-T in combination with anti-Gr-1, anti-GM-CSF or 
anti-PD-L1 antibodies speaks to the potential clinical merit 
of neutralizing L-MDSC in order to allow for optimal anti-
tumor efficacy. CAR-T in combination with anti-GM-CSF 
significantly enhanced survival of animals with LM. The 
surprising observation that a combination of anti-GM-CSF 
and anti-PD-L1 antibodies did not enhance anti-tumor 
CAR-T efficacy compared to anti-GM-CSF and anti-PD-
L1 alone may be due to the pleiotropic actions of GM-CSF 
and PD-L1, in addition to an unexpected pro-inflammatory 
role of PD-L1 in some mouse models [52]. Specifically, the 
nonsignificant trend toward increased tumor burden in mice 

treated with both antibodies may be ascribed to the sup-
pression of pro-inflammatory myeloid cells, such as neutro-
phils or myeloid dendritic cells (mDC), which may inhibit 
LM progression. Both neutrophils and mDC are partially 
reliant on GM-CSF and express PD-L1. A combination of 
antibodies that block both molecules may adversely affect 
the anti-tumor activity of these cells. The data point to a 
complex and opposing role of PD-L1 that needs further 
elucidation. Additional limitations of the present study 
should be considered. Our work did not specifically address 
L-MDSC subtypes, which likely exert variable suppres-
sive influence over CAR-T. We were able to demonstrate 
anti-tumor activity with up to two portal vein CAR-T treat-
ments; however, full remission was not achieved. Multiple 
regional CAR-T infusions, as done in our phase I study, are 
likely to be necessary clinically, in the absence of precondi-
tioning, to achieve optimal tumor killing [53].

L-MDSC expand in response to LM and likely exploit 
multiple, redundant immunosuppressive pathways to pre-
vent tumor eradication by CAR-T. A multifaceted approach 
will likely be required to achieve the desired level of 
CAR-T anti-tumor activity in the setting of LM. Identifi-
cation of STAT3, GM-CSF, and PD-L1 as key mediators 
of MDSC suppressive function provides strong rationale 
for targeting these molecules in combination with regional 
CAR-T infusions for LM.
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