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ABSTRACT
Targeted immunotherapy of solid cancers with chimeric antigen receptor (CAR) T cells and immunocyto-
kines are attractive options in that they both rely on the specificity of tumor-targeted antibodies. Since 
carcinoembryonic antigen (CEA) expression in both colon and breast cancers is correlated with poor 
prognosis, it was chosen as a model tumor target in immunocompetent CEA transgenic (CEATg) mice. 
A second-generation anti-CEA CAR derived from CEA-specific antibody T84.66 was used to treat murine 
MC38 colon or E0771 breast carcinomas transfected with CEA. Anti-CEA CAR vs. mock transduced T cells 
exhibited a CEA-specific cytotoxic and IFNγ dose response to both CEA transfected cell lines vs. their CEA- 
negative controls. Anti-CEA CAR vs. mock transduced T cells delayed the median survival of CEA 
transfected s.c. MC38 or orthotopic E0771 tumor-bearing CEATg mice by 2 days. With the addition of one- 
day prior cyclophosphamide (CY) lymphodepletion, anti-CEA CAR T cell treatment delayed the median 
survival of MC38/CEA and E0771/CEA tumor-bearing CEATg mice by ten and 3 days, respectively. Since 
CAR T cells require IL2 for survival and expansion, anti-CEA-IL2 immunocytokine (ICK) treatment was 
performed post CAR T cell therapy. Single ICK treatment 1 day after CY plus anti-CEA CAR T cell therapy in 
the MC38/CEA model, and two ICK treatments every 3 days after CY plus anti-CEA CAR T cell therapy in the 
E0771/CEA model were ineffective, while four ICK treatments every 3 days after CY plus anti-CEA CAR T cell 
therapy completely eradicated MC38/CEA tumor growth and induced tumor immunity when the mice 
were re-challenged with tumor. These studies show the therapeutic potential of anti-CEA CAR T cells 
combined with ICK to treat CEA-positive tumors.

Abbreviations: CAR: Chimeric antigen receptor, CEA: Carcinoembryonic antigen, CEACAM5, ICK: 
Immunocytokine, CY: Cyclophosphamide, CEATg mouse: transgenic CEA mouse, TDLN: Tumor-draining 
lymph node
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Introduction

Colon cancer is the third leading cause of cancer-related 
deaths in men and women,1,2 and breast cancer is 
the second most common cancer for women in the 
United States.3 The advent of targeted immunotherapy has 
played a major role in new approaches to the treatment of 
these cancers while reducing side effects associated with 
untargeted therapies.4–6 In terms of antibody-based tumor 
targeting, a potential target for both colon and breast can-
cers is carcinoembryonic antigen (CEA). CEA is expressed 
in over 90% of colon7 and about 50% of breast8–11 cancers; 
and high serum CEA levels have been correlated with poor 
prognosis in both colon and breast cancer patients.12–22 

Although CEA is expressed in normal colon, CEA expres-
sion is polarized to the apical side of epithelial cells and is 
not accessible to circulating antibodies;23 however, during 
tumor invasion, CEA expression on tumor cells becomes 
accessible to systemic antibodies as evidenced by targeting 
with radiolabeled anti-CEA antibodies.24–26

Tumor antigens such as CEA that are expressed in normal colon 
are poorly immunogenic but can be retargeted by the use of chi-
meric antigen receptors (CARs) expressed on T cells since they are 
derived from monoclonal antibodies that were produced by immu-
nization of mice with a human antigen.27–30 Similarly, endogenous 
T cells do not target CEA, but CAR T cells break tolerance by using 
CARs derived from monoclonal antibodies and bypass the require-
ment for antigen presentation in the context of MHC.31 In a pre- 
clinical study, Chmielewski et al. showed that anti-CEA CAR T cells 
reduced the size of orthotopic CEA-positive pancreatic tumors in 
immunocompetent CEA transgenic (CEATg) mice without indu-
cing tissue damage to CEA-positive organs such as the normal 
colon, despite the infiltration of anti-CEA CAR T cells.32 In clinical 
studies, Katz et al. showed that anti-CEA CAR T cell therapy did not 
induce therapy-related grade 4 or 5 adverse events in patients with 
CEA-positive liver metastases.33 Nonetheless, CAR T therapy alone 
for solid tumors is relatively ineffective and requires additional 
support. In an attempt to improve tumor responses, combination 
therapy of anti-CEA CAR T cell therapy plus systemic IL2 was 
attempted but had IL2-related toxicity preventing further treatment. 
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The issue of systemic IL2 toxicity33 can be reduced by genetic fusion 
of tumor antigen-specific antibodies to form immunocytokines 
(ICKs). We have previously shown that the ICK, humanized anti- 
CEA antibody (M5A) fused to IL2, was effective against orthotopic 
CEA transfected breast carcinoma E0771 tumors in a CEATg 
mouse model.34 Furthermore, combination of ICK with fractio-
nated stereotactic radiation therapy (SRT) eradicated tumors and 
established tumor immunity. These studies prompted us to com-
bine two antigen-targeted therapies, namely anti-CEA CAR T cells 
plus ICK therapy to determine their therapeutic efficacy.

Materials and methods

DNA constructs

Retrovirus vector expressing GFP tag (pMIGR) was supplied as a gift 
from Dr. Zuoming Sun (City of Hope).35 The GFP tag was removed 
from pMIGR via restriction enzyme digestion at NcoI and PacI and 
ligation with a CCTGAA insert between the two restriction enzyme 
sites (pMSCV). The scFv sequence used in the CAR construct was 
obtained from the murine anti-CEA T84.66 monoclonal antibody.36 

The second-generation CAR construct consisted of the T84.66 scFv 
(VL-(GGGGS)3-VH) fused to a 129-amino acid middle-length CH2- 
deleted version of the IgG4 Fc spacer37 with the intracellular co- 
stimulatory signaling murine CD28 transmembrane and murine 
CD3ζ cytolytic domains. As a transduction marker, the ectodomain 
of mouse CD19 (mCD19t), was added downstream of the same 
promoter as anti-CEA CAR.37–39 T2A40 was also inserted between anti- 
CEA CAR and mCD19t. The anti-CEA CAR construct was inserted 
into pMSCV vector via restriction enzyme digestion and ligation 
(pMSCV_anti-CEA CAR_mCD19t). As a control, mCD19t was 
inserted into pMSCV via PCR, restriction enzyme digestion, and 
ligation (pMSCV_mCD19t). After ligation, the insert was sequenced 
to ensure that there were no PCR-induced mutations. The constructs 
are shown in (Figure 1a). The immunocytokine (ICK) was produced as 
described by Kujawski et al.34

Cell lines and culture conditions

The Platinum-E retroviral packaging (PlatE) cell line (Cell 
Biolabs, RV-101) was grown in Dulbecco’s Modified Eagle 
Medium (DMEM; Corning, 10–013-CV) supplemented with 
10% fetal bovine serum (FBS), antibiotic-antimycotic solution 
(Corning, MT30004), 1 μg/mL puromycin (InvivoGen, ant-pr 
-1), and 10 μg/mL blasticidin (InvivoGen, ant-bl-1). Mouse 
colon adenocarcinoma cell lines with or without CEA expres-
sion (MC38/CEA or MC38, respectively) were grown in 
DMEM supplemented with 10% FBS, and antibiotic- 
antimycotic solution. GFP-expressing mouse colon adenocar-
cinoma cell line (MC38/GFP) and GFP-expressing mouse 
breast adenocarcinoma cell line (E0771/GFP) were grown in 
DMEM supplemented with 10% FBS, antibiotic-antimycotic 
solution, and 1 μg/mL puromycin. GFP-expressing, CEA- 
positive mouse colon adenocarcinoma cell line (MC38/CEA/ 
GFP) and GFP-expressing, CEA-positive mouse breast adeno-
carcinoma cell line (E0771/CEA/GFP) were grown in DMEM 
supplemented with 10% FBS, antibiotic-antimycotic solution, 
and G418 Sulfate.

Virus production/transfection

PlatE cells at 80–90% confluency were transfected with either 
pMSCV_mCD19t or pMSCV_anti-CEA CAR_mCD19t plasmid. 
Prior to transfection, the medium for each plate was changed from 
DMEM supplemented with 10% FBS, antibiotic-antimycotic solution, 
1 μg/mL puromycin, and 10 μg/mL blasticidin to DMEM supplemen-
ted with 10% FBS. Then, each plate was transfected with 14 μg of total 
DNA, 20 μL of PLUS solution, and 20 μL of lipofectamine LTX 
(Invitrogen, 15338–100) in 200 μL serum reduced OPTI-MEM 
(Gibco, 31985070), as per manufacturer’s directions. After 24 hours 
from the transfection, the medium was aspirated and replaced with 
new DMEM supplemented with 10% FBS. After 48 and 72 hours from 
the transfection, the supernatants were collected with 30 mL syringe 
(BD, 302833) and filtered through 0.45 μm syringe filter (Millipore 
Sigma, SLHV033RS). Retrovirus in the collected supernatant was either 
used immediately or frozen at −80°C for later use.

Mouse primary CD3+ T cells isolation and activation

Spleens from CEATg mice were separated into single-cell suspension 
using 40 μm cell strainers (Falcon, 352340). The red blood cells were 
lysed using Red Blood Cell Lysis Buffer Hybri-Max (Sigma, R7757), per 
manufacturer’s directions. The CD3+ cells were isolated from the 
primary splenocytes using EasySep Mouse T Cell Isolation Kit 
(StemCell, 19851), per manufacturer’s directions. The CD3+ cells 
were mixed with Dynabeads Mouse T-Activator CD3/CD28 for 
T cell Expansion and Activation (Thermo Fisher Scientific, 11453D), 
per manufacturer’s directions. Activation of CD3+ cells was performed 
in RPMI 1640 (Gibco, 21870076) with 10% FBS, 2 mM L-glutamine, 
antibiotic-antimycotic solution, 10 ng/mL recombinant mouse IL7 
(R&D, 407-ML), 50 IU/mL recombinant mouse IL2 (Biolegends, 
575402), and 5.5 mM β-mercaptoethanol (Gibco, 21985–023) and 
plated at 1 × 106 cells/well in 24 wells plate (Corning, T-2989-24) 
overnight at 37°C.

Transduction of activated mouse primary CD3+ T cells

On Day 0, 24 well plates pre-coated with 20 µg/well retronectin 
(Takara, T100B) were incubated overnight at 4°C, per manufacturer’s 
directions. On Day 1, the activated CD3+ cells with Dynabeads Mouse 
T-Activator CD3/CD28 were infected in retronectin pre-coated 24 
wells plate with retrovirus containing mCD19t (mock T cells) or anti- 
CEA CAR. Recombinant mouse IL7 (10 ng/mL), recombinant mouse 
IL2 (50 IU/mL), and β-mercaptoethanol (5.5 mM) were added to 
retrovirus before transducing CD3+ cells. The MOI was 0.5. The 
transduced CD3+ cells were incubated overnight at 37°C. On Day 2, 
retrovirus was removed from each well and replaced with fresh culture 
media of RPMI 1640 with 10% FBS, 2 mM L-glutamine, antibiotic- 
antimycotic solution, recombinant mouse IL7, recombinant mouse 
IL2, and β-mercaptoethanol and plated at 0.5 × 106 cells/well in 24 
wells plate overnight. On Day 4, transduced CD3+ cells were collected. 
The Dynabeads Mouse T-Activator CD3/CD28 were removed from 
collected transduced CD3+ cells (StemCell, 18000). Truncated mouse 
CD19-positive CD3+ cells were positively selected using mouse CD19 
Positive Selection Kit II (StemCell, 18954), per manufacturer’s direc-
tions, and plated at 0.5 × 106 cells/well in 24 wells plate overnight. On 
Day 5, truncated mouse CD19-positive CD3+ cells were collected and 
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resuspended into 1 × 106 cells/mL concentration for in vitro experi-
ments and 2.5 × 107 cells/mL concentration for in vivo experiments.

In vitro killing assay

Mock or anti-CEA CAR T cells were incubated with either 
MC38/GFP, MC38/CEA/GFP, E0771/GFP, or E0771/CEA/ 
GFP cells at 0.1:1, 0.5:1, 1:1, 2:1, 5:1, or 10:1 ratio (Effectors: 

Targets, E:T) in RPMI 1640 medium, no phenol red (Gibco, 
11835030) with 10% FBS, 2 mM L-glutamine, antibiotic- 
antimycotic solution, and β-mercaptoethanol on 96 wells 
(Eppendorf, 951040145) overnight at 37°C. For controls, only 
target cells were plated. For immunocytokine (ICK) studies, 
ICK (12 ng/mL; equivalent to 1 ng/mL IL2) was added to 
media along with T cells and target cells at the beginning of 
24 hours co-culture. For positive controls, 20% Triton x-100 
(Sigma-Aldrich, X100-100ML) in PBS was added to wells with 

Figure 1. Anti-CEA CAR T cells specifically target CEA-positive mouse adenocarcinoma cells in vitro. A. Diagram of the retroviral expression cassettes with a mock control 
containing truncated murine CD19 (mCD19t) and the anti-CEA CAR cassette containing the scFv from murine anti-CEA antibody T84.66, mCD28 transmembrane 
domain, mCD28 cytoplasmic domain, and mCD3ζ cytoplasmic domain with mCD19t separated by T2A ribosomal skip sequence. B. Transduction efficiency was 
evaluated by flow cytometry for CD19t expression on transduced T cells. C. CEA and GFP expression on mouse colon (MC38/GFP or MC38/CEA/GFP) and breast (E0771/ 
GFP or E0771/CEA/GFP) adenocarcinoma cells were evaluated by flow cytometry. Quantification of cell cytotoxicity (red for CAR; blue for Mock) of either (D-E) mouse 
colon or (F-G) mouse breast adenocarcinoma cells and IFNγ production by mock transfected (green) or anti-CEA CAR T cells (purple) following 24 hour co-culture at an 
increasing effector:target (E:T) ratios. (n = 6 per group). ****p < .0001; ***p < .001; **p < .01; *p < .05.
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only target cells and incubated for 30 minutes at 37°C. 
Supernatants were removed and collected for measurement of 
IFNγ by ELISA. For quantitative analysis of GFP, culture 
media were replaced with fresh 200 µL of RPMI 1640 medium 
without phenol red and GFP fluorescence was read on 
a CLAROstar instrument. Mouse IFNγ ELISA (BioLegends, 
430806) was performed per manufacturer’s directions. 
Supernatants were collected from each well of in vitro killing 
assay plate and diluted 1:5 for IFNγ ELISA.

Cytotoxic activity

To calculate the percentage of cell cytotoxicity, the value for 100% cell 
viability (valuemax) was measured by averaging the fluorescence readings of 
target cells cultured without any T cells. The fluorescence measured for 
each well co-cultured with effector and target cells is the experimental value 
(valueexp). The background was subtracted as follows, valuemin from both 
valuemax and valueexp. The minimum value (valuemin) was calculated by 
taking the average of fluorescence measured for target cells cultured with-
out T cells and lysed by trypsin-EDTA. The fraction of live cell fluorescence 
was calculated by dividing (valueexp – valuemin) by (valuemax – valuemin). 
Then, the fraction of live cell fluorescence was subtracted from 1 to 
correspond to the fluorescence lost by GFP-expressing target cell death. 
The percentage of cell cytotoxicity in each well was calculated by multi-
plying by 100%. 

% cell cytotoxicity ¼ 1 �
valueexp � valuemin

valuemax � valuemin

� �

� 100%

Flow cytometry

For flow cytometry, cells were resuspended in PBS-2%FBS solution. 
Cells were incubated with appropriate staining antibody conjugated 
with fluorophore for 30 minutes at 4°C in dark. T cells were stained 
with FITC anti-mouse CD8a (BD Biosciences, 553031), PE/Cy7 
anti-mouse CD4 (Biolegend, 100422), PE anti-mouse IFNγ 
(Biolegend, 505808), APC anti-mouse PD-1 (Biolegend, 135210), 
Brilliant Violet 421 anti-mouse CD127 (Biolegend, 135024), FITC 
anti-mouse CD19 (Biolegend, 152404), PE anti-mouse CD19 
(Biolegend, 152408), PerCP/Cy5.5 anti-mouse CD4 (Biolegend, 
100434), PE anti-mouse CD8b.2 (Biolegend, 140408), APC Rat 
Anti-Mouse CD4 (BD, 561091), FITC Rat Anti-Mouse CD8a 
(BD, 553030), Horizon BV711 Rat Anti-Mouse CD19 (BD, 
563157), PE Rat Anti-Mouse CD4 (BD, 553049), PE-Cy7 Rat Anti- 
Mouse CD25 (BD, 552880), or APC Hamster Anti-Mouse CD279 
(BD, 562671). T cells were stained with Anti-Mouse/Rat FoxP3 
Staining Set PE (eBioscience, 72–5775-40), per manufacturer’s 
directions. Mouse adenocarcinoma cells were stained with human 
CEACAM-5/CD66e APC-conjugated antibody (R&D, 
FAB412181A). Mouse cells were stained with Pacific Blue 
Annexin V (Biolegend, 640918) or Horizon Fixable Viability Stain 
510 (BD, 564406) for cell viability. Flow cytometry was performed 
on LSRFortessa (BD) and analyzed by FlowJo software (v9 and v10). 
The multi-color panel was compensated with Anti-Rat and Anti- 
Hamster Igκ/Negative Control Compensation Particles Set (BD, 
552845) and Anti-Mouse Ig, κ/Negative Control Compensation 
Particles Set (BD, 552843).

Animal model, tumor challenge, and treatment

Mouse care and experimental procedures were performed under 
pathogen-free conditions in accordance with the Institutional Animal 
Care and Use Committee of City of Hope (IACUC protocol number 
16103). The CEA transgenic mice were previous generated by inserting 
a 32.6-kb fragment containing the complete human CEA gene and 
flanking sequences isolated from a genomic cosmid clone and used to 
produce transgenic C57BL/6 mice as previously described.41 

A homozygous line was established that was designated C57BL/ 
6 J-TgN(CEAGe)18FJP. Southern blot analysis showed that this line 
contained intact copies of the cosmid clone, with approximately 19 
integrated copies at one chromosomal location. A mouse-human 
chimeric anti-CEA monoclonal antibody was used to examine CEA 
expression by immunohistochemical staining of frozen tissue sections. 
In the cecum and colon, approximately 20% of the luminal epithelial 
cells had strong cytoplasmic staining, whereas occasional glands 
showed intense staining. CEA was also expressed in gastric foveolar 
cells, whereas small intestine villi had only a few (<1%) positive cells. 
CEA was not found by immunohistochemistry in other tissues of the 
digestive tract, nor was it found in a wide range of other tissues or 
organs.

On Day 1, 1 × 106 MC38/CEA or 1 × 105 E0771/CEA cancer 
cells in 50–100 μL of PBS combined with 25 μL of Matrigel 
(Corning, 356237) were injected s.c. or orthotopically into 
CEATg mouse using 28 G Insulin Syringes (BD, 329461). 
Tumor size was measured along with each mouse’s weight. 
Established tumors (50–75 mm3) were treated with 5 × 106 

Mock or anti-CEA CAR T cells in 200 μL PBS were injected i.v. 
into CEATg mice. For multiple anti-CEA CAR T cell therapy 
group, a second injection was performed 7 days after the first 
injection with third injection was given 14 days later. 
Depending on the study groups, lymphodepletion was induced 
by i.p. injection of 100 mg/kg cyclophosphamide monohydrate 
(Sigma, C7397-1 G) 1 day before the start of T cell therapy. For 
single ICK treatment groups, 25 μg ICK was i.p. injected 1 day 
after T cell therapy. For the multiple ICK treatment groups, 
25 μg ICK was i.p. injected 1 day after T cells and repeated 
every 3 days.

Tissue collection and analysis

Survival studies were terminated for tumors >1500 mm3. Colon, small 
intestine, large intestine, stomach, liver, kidneys, spleen, lung, and heart 
were collected in cold PBS. Blood was collected in 0.5 M EDTA (Invitrogen 
15575020). Tissues were washed in PBS and frozen on dry ice using O.C.T. 
(FisherHealthCare, 4585) in vinyl Specimen molds (Sakura, 4557) for 
H&E and IHC staining. For flow cytometry analysis, small fractions of 
spleen were cut and meshed on 0.40 μm cell strainer (Corning, 431750) 
before lysing in Red Blood Cell Lysis Buffer Hybri-Max (Sigma, R7757). 
Blood was lysed in Red Blood Cell Lysis Buffer Hybri-Max and resus-
pended in PBS-2%FBS. Tumor was cut in small pieces and digested with 
Tumor Dissociation Kit, Mouse (MACS, 130–096-730) and gentleMACS 
C Tubes (MACS, 130–096-334), as per manufacturer’s directions. The cells 
were stained with fluorescent antibodies for flow cytometry. After the 
surface proteins were stained, intercellular expression of FoxP3 was stained 
with Anti-Mouse/Rat Foxp3 Staining Set PE (eBioscience, 72–5775-40), as 
per manufacturer’s directions. For IFNγ production cells were re- 
stimulated using PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (1 µg/ 
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ml; Sigma-Aldrich) in the presence of Brefeldin A (5 µg/ml; BioLegend, 
CA) in 10% FBS IMDM media for 4 hours in 37°C. Next, cells were 
stained for surface markers and viability marker (Zombie UV, BioLegend) 
and fixed and permeabilized using Foxp3 Transcription Factor Fixation/ 
Permeabilization kit (ThermoFisher) following the manufacture’s protocol 
and stained for intracellular IFNγ (BioLegend) and analyzed by flow 
cytometry.

Statistical analysis

Cell cytotoxicity, cytokine, and mean tumor volume measure-
ments, as well as survival over time, were analyzed via Prism 
software using the T-test, one-way ANOVA, or two-way 
ANOVA analysis.

Results

Target specificity of anti-CEA CAR T cells

An all murine anti-CEA second-generation CAR consisting of a single- 
chain variable fragment (scFv) derived from the anti-CEA T84.66 
monoclonal antibody42 fused to a CH2 domain deleted IgG4 Fc 
murine CD28 transmembrane and CD3ζ was constructed to allow 
detection of anti-CEA CAR expression on mouse T cell surface (Figure 
1a). CD3+ T cells were transduced with mCD19t (mock T cells) or anti- 
CEA CAR with mCD19t (anti-CEA CAR T cells) and expression 
confirmed by detection of CD19 (Figure 1b).

To determine the antigen-specificity of anti-CEA CAR 
T cells, anti-CEA CAR or mock transduced T cells were incu-
bated with murine MC38 colon and E0771 breast adenocarci-
noma cell lines transfected with CEA and GFP in increasing 
Effector:Target (E:T) ratios with GFP only as a positive control. 
GFP and CEA expression were confirmed by flow cytometric 
detection (Figure 1c). Specific lysis of CEA+ vs. CEA− target 
cells with anti-CEA CAR T cells was demonstrated, while mock 
transduced T cells were ineffective in killing targets (Figure 1d- 
g). For both CEA+ target cells, only anti-CEA CAR T cells 
showed a dose response of increasing levels of IFNγ with 
increasing E:T ratios (Figure 1d and 1f). Together, these data 
confirmed that anti-CEA CAR T cells specifically target CEA- 
expressing cells via antigen recognition and T cell activation.

Delay of CEA+ colon adenocarcinoma tumor growth by 
anti-CEA CAR T therapy

To evaluate the therapeutic potential of anti-CEA CAR T cells, MC38/ 
CEA colon tumors were implanted in immunocompetent CEA transgenic 
(CEATg) mice and treated with a single i.v. injection of either anti-CEA 
CAR or mock transduced T cells. There was a significant reduction in 
tumor growth in anti-CEA CAR T cell treated mice compared to mock 
transduced T cell treated mice up to day 24 (Supplement Figure 1a). After 
Day 24, a number of mice treated with mock transduced T cells had to be 
euthanized due to large tumor size. One out of 5 mice treated with anti- 
CEA CAR T cells exhibited tumor regression out to day 54 with sub-
sequent tumor regrowth followed out to day 71 post tumor implantation 
(Supplement Figure 1b). The median overall survival for mice treated with 
anti-CEA CAR T cells was statistically significant compared to mice treated 
with Mock T cells (p < .02, Supplement Figure 1c). No whole-body 
toxicity was observed as measured by mouse weight (Supplement 

Figure 1d), as well as absence of diarrhea or loss of physical mobility. 
These data indicate that systemic delivery of anti-CEA CAR T cells in this 
model resulted in modest delays in CEA+ tumor growth without severe 
toxicity in immune-competent CEATg mice. This is in agreement with 
other studies that have shown that CAR T cell therapy alone was not 
sufficient to eradicate solid tumors.43

Immunodepletion improves the efficacy of anti-CEA CAR 
T cell therapy

Since the administration of exogenous T cells in immunocompetent mice 
leads to homeostatic reduction of T cells,44–46 T cell depletion by short- 
acting agents such as cyclophosphoamide (CY) can improve CAR 
T therapy.47–49 CY, an alkylating agent, is a commonly used chemother-
apeutic agent50 that selectively depletes immunosuppressive cells, such as 
regulatory T cells, to increase antitumor activity.48,51 While CY treatment 
alone is also not sufficient to eradicate most solid tumors, it was quite 
effective in the treatment of MC38 tumors as shown by Myers et. al.52 

Although MC38/CEA tumors were treated with the same doses of CY as 
MC38 tumors, MC38/CEA tumors were resistant to CY treatment 
(Supplement Figure 2a and Supplement Figure 2b), in agreement with 
the chemoresistant effect of CEA expression in colon cancers.53 For this 
reason the combination therapy was performed only on mice bearing 
MC38/CEA tumors.

CY i.p. injected into CEA+ tumor-bearing, immunocompetent 
CEATg mice 24 hours prior to CAR T cell therapy depleted both 
B cells and T cells, 73% and 43%, respectively (Figure 2a). CY treatment 
combined with anti-CEA CAR T cell therapy delayed MC38/CEA 
tumor growth by 30 days compared to 24 days for anti-CEA CAR 
T cell therapy alone (Figure 2b and Supplement Figure 1a). The 
median overall survival in mice treated with CY plus anti-CEA CAR 
T cells had a statistically significant increase to 40 days compared to 
30 days for mice treated with CY and mock T cells (p < .01) (Figure 2c). 
The median survival in mice treated with CY alone was also 30 days 
(Figure 2c). No whole-body toxicity was observed as measured by 
a decrease in mouse weight (Supplement Figure 3), as well as no 
diarrhea or loss of physical mobility. There were no morphology 
changes in CEA+ organs that were collected 3-days post T cell therapy 
and stained for human CEA (Supplement Figure 4), confirming the 
expression of CEA in the transgenic mice. Staining of the CEA+ tissues – 
collected 3 days post-T cell therapy (Supplement Figure 5a) vs. the 
terminal timepoint of 1500 mm3 tumor size (Supplement Figure 5b) – 
for murine CD3 revealed the presence of murine T cells in these tissues. 
In addition, there was no evidence of morphology changes in CEA+ 

organs at either the early or later timepoints, indicating lack of inflam-
matory tissue damage or presence of non-cytotoxic tissue infiltrating 
T cells.

To evaluate the efficacy of combined CY plus anti-CEA CAR T cell 
therapy in a more physiologically relevant tumor, orthotopic E0771/ 
CEA breast adenocarcinoma tumor-bearing CEATg mice were treated 
with the combined treatments. The combined treatments delayed 
tumor growth by 21 days (Figure 2d) compared to 30 days for the 
MC38/CEA tumors (Figure 2b). Mice bearing E0771/CEA tumors 
(N = 7) treated with CY and anti-CEA CAR T cells survived for 
26 days post tumor implantation, while mice treated with CY alone 
or with CY plus Mock transduced T cells had a median survival of 
19 days and 20 days, respectively (Figure 2e). No whole-body toxicity 
was observed as measured by a decrease in mouse weight (Supplement 
Figure 3), as well as no diarrhea or loss of physical mobility. These data 
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suggest that CY improves antitumor activity of systemically delivered 
anti-CEA CAR T cells against both subcutaneous and orthotopic 
adenocarcinoma tumors without inducing off-target toxicity in 
CEATg mice.

Immune cell infiltrate phenotype analysis

To determine the effects of CY, MC38/CEA tumors were 
collected three days after CY plus either mock transduced 
T cell or anti-CEA CAR T cell therapy or at the termina-
tion of a study group (maximum tumor size of 1500 mm3). 
The collected tumors were sectioned and analyzed by 
immunohistochemistry to detect immune cell infiltration 
into tumor. Three days after CY and T cell treatments, 
high levels of CD3+ T cells, F4/80+ macrophages, and 
NKp46+ natural killer cells were found in tumors of all 

treatment groups (Supplement Figure 6a). The highest 
levels of CD3+ T cells and F4/80+ macrophages were 
found in the tumors treated with CY plus anti-CEA CAR 
T cells (Supplement Figure 6a). When tumors grew to the 
maximum size of 1500 mm3, there were much lower levels 
of CD3+ T cells, F4/80+ macrophages, and NKp46+ natural 
killer cells were found in tumors of all treatment groups 
(Supplement Figure 6b). Interestingly, F4/80+ macrophages 
and NKp46+ natural killer cells detected at the termination 
timepoint were not evenly spread throughout the tumor 
compared to the 3-day post-therapy timepoint 
(Supplement Figure 6a) but mostly found at the tumor 
edges or in streaks (Supplement Figure 6b). Low levels of 
CD19+ B cells and few CD3+/CD19+ anti-CEA CAR T cells 
were found only in the 3-day post-therapy tumor treated 
with CY plus anti-CEA CAR T cells (Supplement Figure 

Figure 2. Improved effect of cyclophosphamide plus anti-CEA CAR T cells on s.c. MC38/CEA and orthotopic E0771/CEA tumor growth inhibition in CEATg mice. A. Effects 
of cyclophosphamide (CY) on lymphocyte populations of tumor-bearing CEATg mice. Blue bar for before and red bar for after CY. Tumor volume (mm3) and survival of 
(B-C) s.c. MC38/CEA (1 x 106) or (D-E) orthotopic E0771/CEA (1 x 105) tumor-bearing CEATg mice treated after 12 or 7 days of tumor implantation, respectively, with i.p. 
injection of CY (100 mg/kg mouse weight) followed by i.v. injection of either 5 × 106 mock transduced or anti-CEA CAR T cells on the next day. For the control group, 
tumor-bearing mice were i.p. injected with CY alone. Mice were euthanized when tumor volumes reached 1500 mm3. Anti-CEA CAR T cell therapy was statistically 
significant measured at 30 days for MC38/CEA tumors (p < .0001) and at 21 days for E0771/CEA tumors (p < .0001) post tumor implantation. Efficacy of single anti-CEA 
CAR T cell therapy on the survival of s.c. MC38/CEA tumor-bearing mice (p < .05) and orthotopic E0771/CEA tumor-bearing mice (p < .05). B-E: Green for CY only 
(n = 4–7); blue for CY+Mock (n = 6–7); red for CY+CAR (n = 7). ****p < .0001; *p < .05.
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6c), evidence for CAR T cells that trafficked into the tumor. 
Once the tumor grew to 1500 mm3, no CD19+ B cells or 
CD3+/CD19+ anti-CEA CAR T cells were found in any of 
the tumors (Supplement Figure 6d). There was evidence of 
Ly6G+ neutrophils only in 3 days post-therapy tumors 
treated with CY plus anti-CEA CAR T cells and none in 
tumors treated with any other treatments or in tumors at 
the terminal timepoint (Supplement Figure 6a and 
Supplement Figure 6b).

Persistence of CEA expression after CY and T cell therapy

In hematological malignancies, antigen loss after CAR T cell therapy 
has been observed and correlated with relapse.54–57 As result, CAR 
T cell therapy in these patients required therapy with a second tumor- 
associated antigen.58,59 To determine if CEA loss occurred in our CAR 
T therapy, MC38/CEA tumors were collected from mice with or 
without CY and/or CAR T cell therapy and then immunostained for 
CEA. CEA expression persisted in all MC38/CEA tumors after all 
treatments (Figure 3). These data indicate that anti-CEA CAR T cell 
therapy can be repeatedly used to treat CEA+ tumors without cancer 
escape via antigen loss.

Pre-treatment with CY plus multiple anti-CEA CAR T cell 
therapy improves outcome

To prolong the antitumor activity of anti-CEA CAR T cell therapy, anti- 
CEA CAR T cell therapy was administered weekly for 3 weeks following 
CY treatment (Figure 4a). Two of 9 mice had complete eradication of 
MC38/CEA tumors after CY plus multiple anti-CEA CAR T cell therapies 
(Figure 4b). The median overall survival in mice treated with CY and 
multiple anti-CEA CAR T cell therapies was 41 days vs. 30 days in mice 
treated with CY plus mock transduced T cells (p < .001, Figure 4c). There 
was no decrease in mouse weight (Figure 4d), or evidence of diarrhea and 
loss of physical mobility. These data suggest that, despite comparable 
overall survival between single and multiple anti-CEA CAR T cell therapies 
following CY treatment, multiple anti-CEA CAR T cell therapies may 
increase the incidence of tumor eradication without off-target toxicity in 
the CEATg mouse model.

Immunocytokine anti-CEA-IL2 increases the cytotoxic 
activity of anti-CEA CAR T cells

Although several anti-CEA CAR T cell clinical trials have added 
systemic IL2 to therapy to improve efficacy (NCT01373047; 

Figure 3. CEA expression on s.c. MC38/CEA tumors in CEATg mice. After s.c. MC38/CEA tumor has grown to 1500 mm3 the termination tumor size in CEATg mice, tumors 
were collected and analyzed on immunohistochemistry (IHC) for human CEA. The tumor-bearing mice were treated at day 12 after tumor implantation with 
a combination of CY, mock transduced T cells, and/or anti-CEA CAR T cells.
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NCT02850536; NCT02416466; NCT03818165), patients were 
taken off IL2 treatment due to systemic IL2-related toxicity.33 

We and others have shown that systemic IL2 toxicity can be 
reduced by the use of targeted immunocytokines.34,60–62 

Specifically, combined stereotactic radiation therapy (SRT) 

with anti-CEA-IL2 in the MC38/CEA and E0771/CEA tumor 
models in CEATg mice was found to not only stimulate a T cell- 
mediated antitumor response but also to lower regulatory T cell 
infiltration and stimulate a memory antitumor effect.34 To deter-
mine if the addition of ICK to anti-CEA CAR T cell therapy 
would also improve the antitumor response, anti-CEA CAR or 
mock transduced T cells were co-cultured with MC38/GFP vs. 
MC38/CEA/GFP cells in in the presence or absence of anti-CEA 
-IL2 ICK. The anti-CEA CAR T cells with ICK exhibited a dose- 
dependent cytotoxic response to CEA+ vs. CEA− cells and 
secreted more IFNγ than anti-CEA CAR T cells alone or mock 
transduced T cells (Figure 5a-d). As expected, ICK co-cultured 
with mock transduced T cells also increased their cytotoxicity 
against target cells, but IFNγ secretion was not increased (Figure 
5c and 5d). These data demonstrate that ICK increases the 
cytolytic activity of anti-CEA CAR T cells via enhancing antigen- 
specific T cell activation.

ICK treatment improves efficacy of anti-CEA CAR T cell 
therapy against subcutaneous and orthotopic CEA+ 

adenocarcinoma tumors in CEATg mice

To evaluate the effects of ICK on the efficacy of anti-CEA CAR T cells 
in vivo, MC38/CEA tumor-bearing CEATg mice were given an i.p. 
injection of ICK one day following the start of CY and anti-CEA CAR 
T cell therapy (Figure 6a). Combined treatment of CY and CAR T cells 
plus ICK therapy resulted in MC38/CEA tumor regression in 4/8 CEATg 
mice compared to 2/8 mice treated with CY and CAR T cells without ICK 
(Figure 6b and Supplement Figure 7a-d).

Since a single ICK treatment added to CY plus anti-CEA 
CAR T cell therapy showed potential in improving the 
delay of tumor growth, two ICK injections were added to 
the therapy of the more aggressive E0771/CEA tumors 
(Figure 6c). Two ICK treatments, 3 days apart, added to 
the CY plus anti-CEA CAR T cell therapy delayed E0771/ 
CEA tumor growth to 25 days compared to 21 days for 
mice treated with CY and anti-CEA CAR T cells alone 
(Figures 6D and 2d). As before, there was no decrease in 
mouse weights, or evidence of diarrhea or loss of physical 
mobility (Figure 6e). These data indicate that ICK enhances 
antitumor activity of anti-CEA CAR T cells against both 
MC38/CEA and E0771/CEA tumors without causing off- 
target toxicity in CEATg mice.

Lymphocytes in the tumors and tumor-draining lymph nodes 
(TDLNs) of the orthotopic E0771/CEA tumor model were analyzed by 
flow cytometry. Tissues were analyzed at the experimental end point of 
maximum allowed tumor volumes in which tumors relapsed. 
Nevertheless, mice treated with ICK had a significantly lower levels of 
tumor-infiltrating FoxP3+ regulatory T cells (Treg) than mice not treated 
with ICK, but the percent of FoxP3+ Treg cells was not affected by ICK in 
the TDLNs (Supplement Figure 8a). In all treatment groups, more CD4+ 

and CD8+ T cells were found in the TDLNs than in the tumors 
(Supplement Figure 8b and Supplement Figure 8c). Tumor-infiltrating 
CD8+ T cells were IFNγ+/PD1−, IFNγ+/PD1+, and IFNγ−/PD1+ but CD8+ 

T cells in TDLNs were predominantly IFNγ+/PD1− (Supplement Figure 
8d). CD4+ T cells in the tumors and in the TDLNs were mostly IFNγ−/ 
PD1+ (Supplement Figure 8e). These data indicate that CY plus anti-CEA 
CAR T cells combined with ICK predominantly recruit IFNγ+/PD1− 

Figure 4. Therapeutic efficacy of cyclophosphamide plus repeated anti-CEA CAR 
T cell therapy on s.c. MC38/CEA tumor in CEATg mice. A. Subcutaneous MC38/CEA 
tumor-bearing CEATg mice were treated on day 15 with i.p. injection of CY 
(100 mg/kg) followed by three i.v. injections of either 5 × 106 Mock or anti-CEA 
CAR T cells on days 16, 23, and 40. B. Tumor volume for each group was measured 
until they reached 1500 mm3. Anti-CEA CAR T cell therapy was statistically 
significant up to 23 days post tumor implantation (p < .001). C. Efficacy of CY 
plus repeated anti-CEA CAR T cell therapy on the survival of s.c. MC38/CEA tumor- 
bearing mice (p < .01). D. Average weight of tumor-bearing CEATg mice separated 
by sex in each treatment group (upper graphs are males). B-D: Blue for CY+Mock; 
red for CY+CAR. (n = 9 per group).
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CD8+ T cells from TDLNs into tumors and that ICK promotes a pro- 
inflammatory tumor microenvironment.

When the number of ICK treatments post CY plus CAR T cell therapy 
were increased to four times, three days apart, in the MC38/CEA tumor 
model (figure 6f), tumor eradication was obtained in 6/6 treated mice 
compared to 2/6 in the CY plus anti-CEA CAR T cell group (Figure 6g). 
However, 4/4 mice treated with CY plus ICK also exhibited complete 
tumor eradication (Figure 6g), suggesting that CY plus 4 treatments of ICK 
alone was sufficient. To determine if CAR T therapy added benefit, mice 
with tumor regression were re-challenged with fresh tumor after 45 tumor- 
free days. Within seven days after the re-challenge, MC38/CEA tumors 
recurred in 0/6 of the CY plus anti-CEA CAR T cells plus ICK group, 2/4 
of the CY plus ICK group, and 1/2 of the CY plus anti-CEA CAR T cells 
group (Figure 6h). As before, there was no decrease in mouse weight, no 
evidence of diarrhea, and no loss of physical mobility (Figure 6i). These 
data indicate that four ICK treatments following CY plus anti-CEA CAR 
T cell treatment was sufficient to not only eradicate MC38/CEA tumors 
but also to establish tumor immunity. Since the number of mice in the ICK 
only group were limited, further studies are required to determine the 
degree of immune protection provided by four treatments with ICK alone.

Discussion

CAR T cell therapy directed at CEA requires a careful selection of the 
starting antibody, since the CEA (CEACAM5) gene family includes a large 
number of cross-reacting antigens that are expressed in many normal 
tissues including lymphocytes.63–66 In this regard, the last two domains of 
CEA, the A3B3 domains, are unique to CEA and not found in any of the 
CEACAM related genes.67 Thus, we and others have selected A3B3 
domain antibodies as a starting point. In addition, CAR T therapy against 

solid tumors presents a number of challenges that can be further addressed 
by approaches such as regional or combination therapy. For example, the 
efficacy of i.p. injected anti-CEA CAR T cells targeting the A3B3 domain of 
CEA was greater for i.p. vs. s.c. MC38/CEA tumors in a C57Bl/6 J mouse 
model, and the systemic IFNγ levels were higher with systemic IL2 plus 
anti-CEA CAR T therapy vs. systemic IL2 alone.68 Further improvements 
were seen with strategies such as anti-PD1/PD-L1 therapy to reduce the 
anti-inflammatory tumor microenvironment.68 However, those studies 
did not address the issue of CEA expression in the normal colon, since 
mice do not have an equivalent of the CEA gene. In follow-up clinical trials 
by the same investigators, systemic IL2 plus anti-CEA CAR T therapy had 
to be suspended due to severe toxicity.33,69,70 The rationale for the addition 
of IL2 is to support CAR T cell survival and expansion in vivo.71,72 In 
another pre-clinical study with anti-CEA CAR T cells targeting the A3 
domain of CEA, tumor regression was achieved in an orthotopic CEA+ 

pancreatic carcinoma tumor in CEA transgenic mice without inducing 
autoimmune colitis.32 In an advanced tumor model study, second- 
generation anti-CEA CAR T cells were not sufficient for tumor regression 
prompting development of a fourth-generation version of anti-CEA CAR 
T cells that secreted IL18.73 In that study, the addition of IL18 led to 
a proinflammatory tumor microenvironment with TbethighFoxO1low 

T cells. Taken together, these studies support the conclusion that CAR 
T therapy for solid tumors requires additional support with cytokine 
therapy delivered at the site of the tumor.

In our study, we selected the anti-CEA antibody T84.66 that is CEA 
specific and has been used in clinical assays for CEA.74–76 In addition, 
the chimeric and humanized versions of this antibody have been used 
for in vivo imaging of CEA-positive tumors in the clinic with no 
evidence of targeting the normal colon.24,77–80 Since there is a distinct 
possibility that CAR T cells may target CEA in normal colon, in spite of 

Figure 5. Effects of anti-CEA-IL2 immunocytokine (ICK) on anti-CEA CAR T cell activity in vitro. Quantification of cell cytotoxicity of either (A) MC38/CEA/GFP or (B) MC38/ 
GFP cells and (C-D) IFNγ production by mock or anti-CEA CAR T cells following 24 hour co-culture with ICK (12 ng/mL) at an increasing effector:target (E:T) ratios. 
(n = 6 per group). A-D: Blue for Mock; red for CAR; green for Mock+ICK; purple for CAR+ICK. ****p < .0001; ***p < .001; *p < .05.
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their recognition of whole CEA rather than CEA peptides in the 
context of MHC, it was necessary to utilize a CEA transgenic mouse 
model allowing for CEA expression in normal tissues. In this respect, 
our CEATg mice express the entire human gene for CEA including its 
promoter and were shown to express CEA in the normal colon.41 Our 
study with a second-generation CAR T construct directed at the A3 

domain of CEA agrees with the findings of Abken and coworkers who 
showed a delay in CEA+ solid tumor growth without off-target toxicity 
using a second-generation CAR T construct directed at the A3 domain 
of CEA in a CEATg mouse.32 Although the antitumor response was 
more effective in the pancreatic tumor model compared to our s.c. 
colon and orthotopic breast model, this difference was likely due to 

Figure 6. Therapeutic efficacy of anti-CEA-IL2 immunocytokine (ICK) on CY plus anti-CEA CAR T cells on s.c. MC38/CEA and orthotopic E0771/CEA tumors in CEATg mice. 
A. Subcutaneous MC38/CEA (1 x 106) tumor-bearing CEATg mice were treated on day 11 post tumor implantation with i.p. injection of CY (100 mg/kg) followed by i.v. 
injection of either 5 × 106 mock or anti-CEA CAR T cells on day 12 and i.p. injection of anti-CEA-IL2 ICK (25 µg/mouse) on day 13. B. Due to tumor ulceration, most mice 
had to be euthanized before reaching 1500 mm3. Combined therapy of CY, anti-CEA CAR T cells, and ICK was statistically significant up to 29 days post tumor 
implantation (p < .001). Green for CY only (n = 5); blue for CY+ICK (n = 6); red for CY+CAR (n = 8); purple for CY+CAR+ICK (n = 8). C. Orthotopic E0771/CEA (1 x 105) 
tumor-bearing CEATg mice were treated on day 7 post tumor implantation with i.p. injection of CY (100 mg/kg) followed by i.v. injection of either 5 × 106 mock or anti- 
CEA CAR T cells on day 8 and i.p. injection of anti-CEA-IL2 ICK (25 µg/mouse) on day 9 and 12. D. Combined therapy of CY, anti-CEA CAR T cells, and ICK was statistically 
significant up to 25 days post tumor implantation (p < .001). E. Average weight of tumor-bearing mice in each treatment group. D-E: Green for CY+ICK; blue for CY 
+Mock+ICK; red for CY+CAR+ICK. (n = 6 per group). F. Subcutaneous MC38/CEA tumor-bearing CEATg mice were treated on day 13 post tumor implantation with i.p. 
injection of CY followed by i.v. injection of either mock or anti-CEA CAR T cells on day 14 and i.p. injections of anti-CEA-IL2 ICK (25 µg/mouse) on day 15, 18, 21, and 24. 
G. Tumor volume (mm3) was measured until it reached 1500 mm3. Combined therapy of CY, anti-CEA CAR T cells, and ICK was statistically significant up to 48 days post 
tumor implantation (p < .0001). H. After 45 days of being tumor-free, MC38/CEA (1 x 106) cells were s.c. injected for a tumor re-challenge. I. Average weight of tumor- 
bearing mice in each treatment group. G-I: Green for CY only (n = 4); blue for CY+ICK (n = 4); red for CY+CAR (n = 6); purple for CY+CAR+ICK (n = 6).
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differential tumor sensitivity to therapy. Nonetheless, it was clear from 
both studies that additional therapy was required.

To improve the efficacy of anti-CEA CAR T cell monotherapy, we first 
modified the therapy with CY pre-treatment to make homeostatic space 
for the number of CAR T cells introduced. Along these lines, Parkhurst 
et al. found that nonmyeloablative lymphodepletion before CEA-reactive 
TCR T cell therapy was necessary in metastatic CEA+ melanoma patients 
for transduced T cell proliferation and persistence.81–83 Kujawski et. al. also 
found that the addition of CY to ICK therapy depletes immunosuppressive 
regulatory T cells (Treg) cells.34 Chmielewski et. al. found that lymphode-
pletion with CY (200 mg/kg) and fludarabine (150 mg/kg) before anti- 
CEA CAR T cell therapy did not cause autoimmune colitis, suggesting that 
CY was a safe method for lymphodepletion.32 Our results support the 
previous studies in that CY pre-treatment improved the efficacy of CAR 
T cells without inducing normal tissue toxicity. Further improvements 
included multiple CAR T cell treatments to offset the rapid decline in 
circulating CAR T cells and the low percentage that reach the tumor.37,84 

For example, in a CAR T cell study that targeted i.p. TAG72+ ovarian 
cancer in NSG mice, repeated i.p. injection of CAR T cells reduced tumor 
growth rate and extended overall survival compared to a single treatment 
strategy.37 In our study, three weekly injections of anti-CEA CAR T cell 
therapy following CY resulted in complete tumor regression in 2/9 treated 
mice, but the tumor growth rate and median survival were comparable to 
CY and single anti-CEA CAR T cell therapy controls. Although further 
studies are needed to optimize the timing, number of injections, and dose 
to extend the antitumor response, these initial studies suggested that 
repeated CAR T therapy alone was insufficient for complete response.

To enhance the antitumor response of anti-CEA CAR T cells further, 
the addition of tumor-targeted ICK to CAR T cell therapy was explored. 
While it was shown that systemic IL2 therapy can enhance anti-CEA CAR 
T therapy in mice,68 the same approach in man resulted in severe toxicity.33 

The use of an anti-CEA-IL2 ICK by Klein et al. without an CD25 binding 
domain demonstrated that ICK therapy specifically targeted CEA+ Panc02 
tumor in CEATg mice and that when combined with anti-PD1 therapy 
enhanced the tumor response.60 Recently, we have shown that our huma-
nized anti-CEA-IL2 ICK combined with stereotactic radiation therapy 
eradicated orthotopic E0771/CEA tumors and established tumor immu-
nity in a CEATg mouse model.34 Thus, it was attractive to test this ICK in 
combination with CAR T cell therapy based on the same CEA epitope- 
specific antibody. In fact, CY and four ICK treatments with anti-CEA CAR 
T cells eradicated s.c. MC38/CEA tumors in 6/6 CEATg mice and rejected 
6/6 tumors when re-challenged with fresh tumor.

Immunophenotyping of cells in tumors with or without treatments 
revealed the evidence of anti-CEA CAR T cells only in MC38/CEA 
tumors collected 3 days after CY plus anti-CEA CAR T cell therapy but 
none in MC38/CEA or E0771/CEA tumors collected at the maximum 
allowed size of 1500 mm3. These data indicate that tumor-infiltrating 
CAR T cells likely have exerted a direct tumor effect but did not persist 
long enough without assistance for tumor regression. In general, higher 
number of T cells, macrophages, and NK cells were found in MC38/ 
CEA tumors treated with CY. This supported previous findings by Wu 
and Waxman that CY injections upregulated GL261 glioma tumor- 
infiltrating CD8+ T cells, NK cells, and macrophages and that the 
antitumor activities of these tumor-infiltrating immune cells are essen-
tial for tumor regression and memory in immune-competent mice.85 

We are unclear on the exact mechanism of CY-mediated effect on anti- 
CEA CAR T cell activity, but it is clear that CY promotes immune cell 
infiltration into MC38/CEA tumor to enhance tumor regression. In 
any case, the addition of ICK reduced the number of Treg cells in the 

tumor and created a proinflammatory tumor microenvironment in 
E0771/CEA tumors. Further studies are required to determine the 
exact mechanism of the amnestic response.

In terms of off-target toxicity, we did not observe significant weight loss 
or perturbations in RBCs, white cells, or platelets by the single or combined 
treatments. However, it is well known that mouse toxicity studies do not 
adequately predict toxicity in man. Thus, a safety trial in man is a logical 
next step. A second issue central to the use of ICK is that endogenous 
T cells will also respond since targeting of ICK to tumor is only in the range 
of 10% injected dose.34 However, there may be a greater advantage for 
CAR T cells targeted to the tumor in that the local concentration of 
targeted ICK would be higher in the tumor than in the periphery. While 
it is also a possibility that ICK binding to CEA in the tumor would compete 
with target recognition by the CAR T cells, the low percentage of both 
targeted CAR T cells and ICK reaching the tumor (less than 5 and 10% of 
injected dose, respectively) compared to the number of CEA molecules per 
tumor cell (>105) makes this a minor consideration. This is evident in that 
one or two administrations of ICK were not effective until the dose was 
repeated four times. It should be noted that we have previously published 
on the effect of ICK alone in the absence of CY in the same animal model 
and ICK alone was insufficient to achieve complete tumor regression.34 

While it is too early to speculate on the mechanism of immune memory in 
the ICK only vs. ICK+CAR T groups without more data, it is likely that the 
population of endogenous antigen-specific T cells in the tumor is low and 
quiescent, and although they can respond to ICK, the result is a limited 
response with poor generation of memory cells. On the other hand, when 
very active antigen-specific CAR Ts arrive at the tumor, they may initiate 
an immune response that is amplified by ICK, not only enhancing the 
anti-CEA response but generating memory T cells in greater numbers. We 
have more work to do to determine if the response is CEA specific or if 
antigen spreading has occurred. At this time, we think the ICK plus CAR 
T memory response is based on absolute numbers of antigen-specific T 
cells at the tumor and/or lymph nodes.

Conclusion

We have shown that anti-CEA CAR T cell therapy is effective for both a s. 
c. colon and orthotopic breast cancer models and that it can be further 
optimized with prior lymphodepletion and the addition of ICK with no 
evidence of off-target effects in CEATg mice. Although further optimiza-
tion of timing, dose, and frequency of treatments is envisioned, this study 
provides evidence that a clinical trial with CY, anti-CEA CAR T cells, and 
ICK is warranted.
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