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4Department of Biochemistry and Molecular Biology, Universitat Autónoma de Barcelona, 08193 Bellaterra, Spain
5Translational Program, Stem Cells and Cancer Laboratory (VHIO), 08035 Barcelona, Spain
6Bioinformatic Unit (VHIO), 08035 Barcelona, Spain
7Roche Innovation Center Zurich, Roche Pharma Research and Early Development, pRED, Zurich, Switzerland
8Department of Medicine and Life Sciences, Universitat Pompeu Fabra, 08003 Barcelona, Spain
9Institució Catalana de Recerca i Estudis Avançats (ICREA), 08010 Barcelona, Spain
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SUMMARY
Despite the revolution of immunotherapy in cancer treatment, patients eventually progress due to the emer-
gence of resistance. In this scenario, the selection of the tumor antigen can be decisive in the success of the
clinical response. T cell bispecific antibodies (TCBs) are engineered molecules that include binding sites to
the T cell receptor and to a tumor antigen. Using gastric CEA+/HER2+MKN45 cells and TCBs directed against
CEA or HER2, we show that the mechanism of resistance to a TCB is dependent on the tumor antigen. Ac-
quired resistant models to a high-affinity-CEA-targeted TCB exhibit a reduction of CEA levels due to tran-
scriptional silencing, which is reversible upon 5-AZA treatment. In contrast, a HER2-TCB resistant model
maintains HER2 levels and exhibit a disruption of the interferon-gamma signaling. These results will help
in the design of combinatorial strategies to increase the efficacy of cancer immunotherapies and to anticipate
and overcome resistances.
INTRODUCTION

Immunotherapeutic agents have revolutionized anticancer ther-

apy, providing a potentially curative option for patients who are

refractory to standard treatments (Mellman et al., 2011). Bispe-

cific antibodies (TCBs) or chimeric antigen receptors (CARs)

are promising immunotherapies that have been recently

approved for the treatment of some hematologic malignancies

(Kantarjian et al., 2017; Locke et al., 2019; Bouchkouj et al.,

2019; Velasquez et al., 2018).

In contrast to conventional targeted therapies (Sabnis and Bi-

vona, 2019; Ellis and Hicklin, 2009), TCBs and CARs targeting

different antigens have the same mechanism of action, namely

activating T cells to kill tumor cells (Cohen et al., 2020; Slaney

et al., 2018). As a consequence, independently of the TCB/

CAR-targeted antigen, the same mechanism of resistance may

be expected, particularly when it comes to parameters related

to T cell functionality. Several studies and clinical evidence point

out that antigen loss is one of the most frequent mechanisms of
C
This is an open access article under the CC BY-N
resistance to the redirection of CAR T therapies in hematological

diseases (Shah and Fry, 2019; Song et al., 2019). However, there

is no evidence that this also applies to TCBs andwhether this is a

random event, or if the biology of the antigen plays an important

role in the mechanism of resistance.

Carcinoembryonic antigen (CEA) is a tumor-associated anti-

gen that is upregulated in several types of cancer, including colo-

rectal cancer (CRC). Patients who harbor microsatellite stability

(MSS) subtypeCRChave a poor response to immunotherapeutic

agents, such as anti-PD1 or CTLA-4 blockade (Le et al., 2017).

Therefore, CEA is an attractive target for the treatment of these

patients. Previously, it has been pre-clinically reported that CEA

expression is a major determinant of efficacy of CEA-TCB, inde-

pendent of the tumor-driving gene, such as APC, TP53, KRAS, or

BRAF (Bacac et al., 2016a,b) and a CEA-TCB is currently being

evaluated in clinical trials. Differently from hematological malig-

nancies, the development of TCBs in solid tumors has been

more challenging. In this regard, as for most of therapies, the

occurrence of primary or acquired resistance is a limiting factor
ell Reports 41, 111430, October 18, 2022 ª 2022 The Author(s). 1
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Figure 1. Generation and characterization of MKN45 resistant cells

(A) Schematic showing the generation of resistant cells to TCB targeting CEA or HER2 in the MKN45 cell line model.

(B and C) Co-cultures of PBMCs with parental MKN45 or resistants MKN-HER2R or MKN-CEAR cells were treated with different concentrations of HER2-TCB or

CEACAM5-TCB (PBMC:target cell ratio 1:1) for 72 h. Then, viable cells were quantified by flow cytometry using EpCAM as a marker.

(D and E) MKN45 andMKN-HER2R orMKN-CEAR cells were grown in 3D and treated in co-culture with PBMCs at a 2:1 ratio with 1 nMHER2-TCB (D) or 5:1 ratio

with 500 pM CEACAM5-TCB (E) for 72 h. Viable target cells were quantified as in (B).

(F and G) 106 MKN45 and MKN-HER2R or MKN-CEAR cells were injected subcutaneously into NSGmice. When tumors reached�150 mm3 (dark background),

107 PBMCs were injected intraperitoneally. Then animals were treated intravenously with 0.125 mg/kg HER2-TCB or 1 mg/kg CEACAM5-TCB as indicated (red

arrows). Tumor volumes are represented as averages ± SEM. (F) MKN45, n = 11; MKN-HER2R, n = 7, (G) n = 5 per arm. (B–E) **p < 0.01, ***p < 0.001,

two-tailed t test. (F andG) *p < 0.05, **p < 0.01, ***p < 0.001, two-way analysis of variance (ANOVA) and Bonferroni correction. (B–E) Data are presented asmean ±

SD of three independent experiments.
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and remains biologically one of the most important elements to

study. As a consequence, intense research led to the identifica-

tion of different mechanisms of resistance (Rafiq et al., 2020).

Human epidermal growth factor 2 (HER2) is a receptor tyrosine

kinase overexpressed in 25% of breast and gastric cancers

(Arteaga and Engelman, 2014), and its downregulation may

lead to tumor regression (Moody et al., 2002). Despite the suc-

cess of anti-HER2 therapies such as the monoclonal antibodies

trastuzumab, pertuzumab, T-DM1 and DS-9201 (trastuzumab-

deruxtecan), or the inhibitors Lapatinib and Neratinib, a high pro-

portion (40%) of advanced breast cancer cases progress (Ar-

teaga and Engelman, 2014). Therefore, there is a clinical need

to develop more effective treatments against HER2-driven tu-

mors. Previously, a highly efficacious HER2-TCB demonstrated

robust potency in HER2-overexpressing tumor models (Junttila

et al., 2014; Slaga et al., 2018), and currently there is a phase I

clinical trial using the HER2 T cell dependent bispecific antibody

in patients with locally advanced or metastatic HER2-expressing

cancers (NCT03448042). However, little is known about the

mechanisms of resistance against TCBs, and there is a need

to anticipate them.

Using as amodel the gastricHER2+/CEA+MKN45 cell line, and

TCBs targeting CEA or HER2, here we describe different mecha-

nisms of resistance of redirected T cells depending on the

selected antigen. We further confirm this evidence by generating
2 Cell Reports 41, 111430, October 18, 2022
different cell lines and patient-derived xenograft (PDX) models

with acquired resistance. These results should be taken into

consideration when designing combinatorial strategies to in-

crease the efficacy of cancer immunotherapies.

RESULTS

Characterization of models of acquired resistance to
cell killing by redirected lymphocytes
To generate an experimental model of resistance to cell killing

mediated by different TCBs, we chronically treated in vitro the

gastric cancer CEA+/HER2+ MKN45 cell line in co-culture

either with a high-affinity CEA-targeting TCB (CEACAM5-TCB)

(Teijeiraetal.,2022)orHER2-TCB(Arenasetal.,2021) for6months

with increasing concentrations of TCBs at a 3:1 ratio of

PBMCs:MKN45 cells (Figures 1A and S1A). As a result, we gener-

ated two cell lines, MKN-HER2R, resistant to HER2-TCB, and

MKN-CEAR, with lower sensitivity to CEACAM5-TCB, both with

a half maximal inhibitory concentration (IC50) for the respective

TCB more than 100-fold higher than that of parental cells (79 pM

versus > 10 nM in MKN-HER2R and 77 pM versus > 10 nM in

MKN-CEAR) (Figures 1B and 1C). This decrease in sensitivity

(hereafter resistance) was also observed in both models in three-

dimensional cultures (Figures 1D and 1E) and in vivo (Figures 1F,

1G, and S1B).
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Figure 2. The target antigen determines the mechanism of resistance to TCBs

(A and B) The levels of HER2 or CEA were determined by western blot and normalized to MKN45 cells.

(C and D) The levels of HER2 or CEA were determined by flow cytometry and normalized to MKN45 cells.

(E and F) Left, MKN45 cells downmodulating HER2 or CEACAM5 were stained with anti-HER2 or anti-CEACAM5 and analyzed by flow cytometry. Quantification

is normalized to short hairpin RNA control (shcontrol). Right, the same cells were cultured and its proliferation was assayed by crystal violet staining assay. The

results of the three independent downmodulating cell lines (shHER2 #53, #78, #81 and shCEA #24, #38, and #40) are shown. (A–F) *p < 0.05, ***p < 0.001, two-

tailed t test. (A-D) Data are presented as mean ± SD of three independent experiments.
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Analysis by RNA sequencing showed more than 500 genes

acutely up- or downregulated in resistant cells compared with

parental MKN45 (adjusted p value < 0.05 and |logFC| > 1).

Gene set enrichment analysis identified a significant number

of processes differentially expressed between the conditions

(Figure S2), showing the differences between resistant and sen-

sitive cells.

Therefore, thesemodelswereused to studywhether themech-

anism of resistance is dependent on the tumor antigen.

CEA expression is reduced in CEACAM5-TCB acquired
resistant cells
We analyzed protein levels of both, HER2 and CEA, in acquired

resistant cells (Figures 2A–2D). CEACAM5-TCB resistant cells

exhibit lower CEA protein expression level. In addition, analysis

of 24 clones showed that there is no heterogeneity in MKN-

CEAR cells (Figure S3A). In contrast, HER2-TCB resistant cells

maintain levels of HER2.

To further characterize these models, we assessed lymphocyte

activation and functionality. Analysis of different markers of T cell

activation such as CD25 and CD69, and functionality by means

of IFN-g release and granzyme B activity, showed that the activa-
tion of lymphocytes by MKN45 and the MKN-HER2R is very

similar, as the levels of the antigen are equal between parental

and resistant cells. In contrast, the activation of lymphocytes by

the acquired resistant model MKN-CEAR is significantly reduced,

because these cells decrease the levels of the antigen and there-

fore lymphocytes cannot be properly activated (Figure S3B). In

addition, this disruption in the activation of lymphocytes in the

MKN-CEAR resistance model, but not in the MKN-HER2R, was

observed by means of CD25 immunohistochemical staining in

in vivo tumors from Figures 1F and 1G (Figure S3C).

We reasoned that this difference can be due to the depen-

dence of HER2 in tumor progression. In order to demonstrate

this hypothesis, we modified MKN45 cells with short hairpin

RNA (shRNA) against HER2 and CEA. Results showed that, in

contrast to CEA, cells modified with shHER2 proliferated less

(Figures 2E and 2F). This evidence suggests that HER2-TCB-

resistant cells do not downmodulate HER2 because its prolifer-

ation depends on its expression, even though MKN45 cells are

not amplified for HER2. Of note, we previously described that

resistance to HER2-TCB does not lead to the downregulation

of HER2 levels in another tumor type such as HER2-amplified

breast cancer (Arenas et al., 2021).
Cell Reports 41, 111430, October 18, 2022 3
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Interestingly, in order to reproduce amore heterogeneous and

realistic scenario, which is what happens in the clinic, we per-

formed bystander experiments by mixing parental and resistant

cells stably expressing different fluorescent protein reporters,

and comparing the cytotoxic effect of the TCBs in pure and

mixed populations in vitro and in vivo. The results clearly showed

that there is no bystander effect in any of the two resistant

models in vitro and in vivo (Figure S4).

Collectively, these results demonstrate that depending on the

tumor antigen, the mechanism of resistance differs.

Reduction of CEA antigen expression is a common
mechanism across different acquired resistant models
To demonstrate that the downregulation of CEA expression may

be a mechanism of resistance common to many tumors, we

generated an additional in vitro acquired resistance model in a

low CEA-expressing CRC cell line, the SW1222 (Figure S5).

The CEACAM5-TCB-resistant model SW-CEAR showed down-

regulation of CEA (Figure S6A). Furthermore, overexpression of

CEA in the MKN-CEAR and SW-CEAR models restores sensi-

tivity, showing the causal role of CEA levels in affecting the activ-

ity of CEACAM5-TCB (Figures 3A and S6B). To further explore

why CEACAM5-TCB-resistant cells downregulate CEA, we hy-

pothesized that this regulation was at the transcriptional level.

Confirming this hypothesis, both SW-CEAR and MKN-CEAR

models downregulate CEA mRNA expression. In addition,

when we treated resistant cells with the DNA demethylating

agent 5-Azacytidine (5-AZA), cells recovered CEA expression

at the level of parental cells (Figures 3B and S6C). In addition,

thisCEA recovery was paralleled to the expression at the surface

and with a sensitivity to CEACAM5-TCB upon 5-AZA treatment

(Figures 3C, 3D, S6D, and S6E). Interestingly, we observed

that cells treated with 5-AZA for 48 h and then kept without the

drug for up to 1 month did not recover the downmodulation of

CEA protein levels, demonstrating that the upregulation of CEA

due to the 5-AZA effects is irreversible (Figure S6F). Confirming

the relevance of these in vitro results, strikingly, combination ef-

fect of 5-AZA with the CEACAM5-TCB led to a significant tumor

reduction of resistant tumors (Figure 3E). In concordance, treat-

ment with 5-AZA in vivo recovered partially CEA expression at

the transcription and protein level (Figures 3F and 3G). To eluci-

date the mechanistic insight on the epigenetic silencing of CEA-

CAM5, first we studied the CEACAM5 loci on the genome

browser, in which we found few CpG sites, suggesting that in

principle, the CEACAM5 loci is not likely to be methylated. Con-

firming this observation, Methylated DNA immunoprecipitation

(MeDIP) showed no significant differences in themethylation sta-

tus of theCEACAM5 loci between resistant and sensitive cells. In

addition, we did not see biological differences that could explain

the recovery of CEACAM5 by 5-AZA treatment in resistant cells

(Figure S7A). Furthermore, direct analysis of H3K27Ac and

H3K27Me3 histone marks by chromatin immunoprecipitation

(ChIP) using specific antibodies, and primers specific for the

CEACAM5 promoter, showed no significant differences be-

tween sensitive and resistant cells, and either with the treatment

of 5-AZA, demonstrating that the transcriptional levels of CEA-

CAM5 are not correlated with the levels of these two epigenetic

marks (Figure S7B). Therefore, the epigenetic silencing of
4 Cell Reports 41, 111430, October 18, 2022
CEACAM5 and the effect of 5-AZA seems to be an indirect

methylation effect on theCEACAM5 locus, suggesting that there

is another layer of regulation. We hypothesized that there is a

transcription factor that regulates the transcription of the

CEACAM5 gene. In concordance with this hypothesis, enrich-

ment of annotated transcription factor signatures showed

significant differences between sensitive MKN45- and MKN-

CEAR-resistant cells (Figure S7C). We concluded that CEA is

transcriptionally silenced in resistant cells and that combination

with 5-AZA overcomes resistance to CEACAM5-TCB.

In addition, we generated a panel of CRC PDXs derived from

metastatic biopsies of patients enrolled in a phase I clinical trial

using cibisatamab (CEA-TCB) (NCT02324257) at Vall d’ Hebron

Hospital. Four PDXs expressing high CEA levels were generated

from four different patients (Figure S8A).

In order to analyze the sensitivity of these PDXs to the high-af-

finity CEA-targeting TCB (CEACAM5-TCB), these were im-

planted in fully CD34+ stem cell humanized mice and treated,

showing that only one was sensitive to the CEACAM5-TCB treat-

ment in vivo, as well as the MKN45 cell line (Figure S8B). It is

important to note that these results show that the activity of

CEACAM5-TCB is not exclusively dependent on the CEA

expression levels, as sensitive and primary resistant PDXs

express comparable CEA levels at the surface (Figure S8A).

Staining with CD3 antibodies showed that response to

CEACAM5-TCB was not due to different levels of lymphocyte

infiltration (Figure S8C). Therefore, these results suggest that,

particularly in primary refractory patients, different mechanisms

beyond the CEA expression levels and intra-tumor T cell infiltra-

tion contribute to the efficient activity of CEACAM5-TCB in vivo.

We took advantage of the sensitive PDX model to generate an

in vivo CEACAM5-TCB-acquired resistant PDX. For that, we

chronically treated the PDX63 with CEACAM5-TCB and serially

transplanted it for three rounds, until it did not respond to

the treatment (Figure 4A). This acquired resistance model

(PDX63-R) presented lower CEA expression levels while infiltra-

tion by T cells was maintained (Figures 4B and 4C). Collectively,

these data support our in vitro results using the MKN45 and

SW1222 acquired resistant models to CEACAM5-TCB.

In conclusion, our pre-clinical findings indicate that downregu-

lation of CEA expression or selection of tumor clones with lower

CEA expression (as consequence of efficient killing of high-CEA-

expressing tumor clones by CEACAM5-TCB) but not HER2, may

be one of the mechanisms of acquired resistance to TCBs.

Resistance to HER2 targeting is mediated by
downmodulation of IFN-g signaling
In the case of the HER2-TCB-resistant model, we explored alter-

native mechanisms of acquired resistance. Given our previous

study describing intrinsic interferon-gamma (IFN-g) response is

essential for the response to the redirection of T lymphocytes

(Arenas et al., 2021), we explored this possibility in the MKN-

HER2R model showed in Figure 1B. The MKN-HER2R

cells were clearly resistant to IFN-g and exhibit a deficient

signaling pathway by means of p-STAT1 and IRF1 (Figures 5A

and 5B). Supporting the relevance of the model, analysis of the

sensitivity to IFN-g in 18 clones showed that there is no heteroge-

neity in MKN-HER2R cells (Figure S9A). Of note, the role of
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Figure 3. DNA demethylating agent 5-Azacitadine treatment recovers CEA expression and overcomes resistance to CEACAM5-TCB

(A) Left, levels of CEA in parental or MKN45, CEAR, andCEAR cells stably transfected with a vector encoding CEACAM5 (CEARCEAOE) were determined by flow

cytometry. Right, same cells were co-cultured with PBMCs at a 1:1 ratio and treated with different concentrations of CEACAM5-TCB for 72 h. Then, viable cells

were quantified by flow cytometry using EpCAM as a marker.

(B) Indicated cells were treated with 1 mM5-AZA for 48 h. Then, the levels of the mRNA encoding CEACAM5 were determined by RT-qPCR and normalized to the

levels of CEAR cells treated with vehicle.

(C) Levels of CEA in parental MKN45, CEAR, and CEAR cells treated for 72 h with 1 mM 5-AZA were determined by flow cytometry.

(D) Same cells were co-cultured with PBMCs at a 1:1 ratio and treated with different concentrations of CEACAM5-TCB for 72 h. CEAR cells were pretreated for

72 h with 1 mM 5-AZA before adding PBMCs and CEACAM5-TCB. Then, viable cells were quantified by flow cytometry using EpCAM as a marker.

(E) 106 MKN45 or MKN-CEAR cells were injected subcutaneously into NSG mice. From day 5–10 post injection, MKN-CEAR AZA and MKN-CEAR AZA-TCB

groups were treated daily with 2 mg/kg 5-Azacitadine. When tumors reached �150 mm3 (dark background), 107 PBMCs were injected intraperitoneally. Then

animals were treated intravenously with 1 mg/kg CEACAM5-TCB as indicated (red arrows). Tumor volumes are represented as averages ± SEM (MKN45, n = 8,

CEAR, n = 12, AZA, n = 4, AZA + TCB, n = 5).

(F) Tumors from (E) were assayed for CEACAM5 mRNA expression by RT-qPCR. Quantitative data corresponds to mean ± SD of three different parental, five

different resistant, and five different 5-AZA treated resistant tumors. Results were normalized to MKN45 tumors.

(G) Tumors from (E) were assayed for CEACAM5 protein expression by western blot. Quantitative data corresponds to mean ± SD of three different parental, five

different resistant, and four different 5-AZA treated resistant tumors. Results were normalized toMKN45 tumors. (A-D, F, G) *p < 0.05, **p < 0.01, ***p < 0.001, two-

tailed t test. (E) *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA and Bonferroni correction. (A-D) Data are presented as mean ± SD of three independent

experiments.
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IFN-g in this scenario is independent on the antigen

presentation, as MKN45-HER2R cells were also resistant to the

CEACAM5-TCB (FigureS9B). As aproof of principle,we impaired

IFN-g signaling in parental cells, by knocking-out the receptor of

interferon-gamma 1 (IFNGR1) throughCRISPR-Cas9 technology

(Figure 5C). Confirming our previous findings, KO-IFNGR1 cells

were resistant to both HER2-TCB and IFN-g (Figures 5D and

5E). As expected, KO-IFNGR1 cells exhibit deficient signaling
pathway upon the treatment of IFN-g by means of p-STAT1 and

IRF1 (Figure S9C), and overexpressing IFNGR1 in KO cells

rescued the phenotype (Figures S9D–S9F). Analysis of the com-

ponents of the IFN-g pathway in the acquired resistant model

showed little or no difference in the expression of IFNGR2,

JAK1, or STAT1 in resistant cells (Figure S9G). In contrast, we

observed a significant reduction of both JAK2 and IFNGR1 levels

(Figures 5F and 5G). In addition, treatment with 5-AZA did not
Cell Reports 41, 111430, October 18, 2022 5
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Figure 4. An in vivo resistant model corrobo-

rates CEACAM5-TCB downregulation resis-

tance mechanism

(A) Schematic showing the generation of PDX63-R

tumors. PDX63 was grafted in mice humanized

with CD34+ cells. When tumors reached�400 mm3

animals were treated intravenously with vehicle or

5 mg/kg of CEACAM5-TCB and tumor volumes

were monitored (left). At the end of the experiment,

the tumor of the CEACAM5-TCB arm was im-

planted into new humanized mice, and they were

treated and monitored as in left. After two rounds of

treatment with CEACAM5-TCB, tumors were im-

planted into new humanized mice (right), treated

with CEACAM5-TCB and monitored as in left. Tu-

mors were allowed to regrow and treatment was

repeated. Tumor volumes of individual mice at the

first (left) and the third (right) round of treatment are

represented. Representative tumors out of seven

are shown in right.

(B) Representative immunohistochemical stainings

of hCEACAM5 and hCD3 in tumor sections are

presented.

(C) Levels of CEACAM5 as determined by western

blot. Quantitative data correspond to mean ± SD of

three different parental and seven different resistant

tumor determinations. ***p < 0.001, two-tailed t test.
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alter the levels of these two proteins (Figures S9H and S9I),

demonstrating that the effect of 5-AZA is specific for the MKN-

CEAR model, supporting our previous hypothesis.

In addition, we generated models of acquired resistance to

IFN-g. Treatment of MKN45 cells with increasing concentration

of IFN-g starting at the IC50, during 4 months resulted in resis-

tant cells (designed MKN45-RG) (Figures S10A and S10B).

In vitro assays showed that IFN-g resistant cells were also resis-

tant to the HER2-TCB and CEACAM5-TCB (Figures S10C and

S10D). As expected, IFN-g signaling was downmodulated in

these resistant cells (Figure S10E). Thus, cells selected because

of their resistance to IFN-g showed similar characteristics to

those selected for resistance to TCBs, further supporting the

relevance of the IFN-g pathway in resistance to TCBs.

We concluded that the gastric HER2+ model used in this study

acquired resistance to IFN-g and, thus, resistance to TCBs.

DISCUSSION

Redirection of lymphocytes, via TCBs or CARs, has been

approved for the treatment of some B and plasma cell malig-

nancies. This success contrasts with the challenges observed

in the treatment of solid tumors. As a consequence, intense ef-

forts have been focused on the identification of mechanisms of

resistance (Sharma et al., 2017; O’Donnell et al., 2019). Antigen

loss is a well-established mechanism of resistance to CAR T

therapies. Patients who progressed to a CAR T targeting CD19

showed loss of CD19 expression at the surface, due to alterna-

tive splicing, interruption in the transport of antigen to the cell
6 Cell Reports 41, 111430, October 18, 2022
surface, or due to the emergence of an antigen negative clone

within a heterogeneity population (Fischer et al., 2017; Sotillo

et al., 2015). In contrast to conventional targeted therapies,

this event may happen randomly in therapies based on the redi-

rection of T lymphocytes, as TCBs and CARs targeting different

antigens behave with the same mechanism of action (Cohen

et al., 2020; Slaney et al., 2018). Using theMKN45 cell line, which

expresses two different tumor antigens (CEA and HER2), and

two different TCBs targeting CEA or HER2, in this study we

show that different mechanisms of resistance arise depending

on the antigen targeted (Figure 6).

Several CEA-targeting immunotherapies beyond TCBs are

currently in preclinical or clinical development, including

TCBs, CAR T cells, TCR engineered T cells, or CEA vaccines

(Parkhurst et al., 2011). However, despite the promising results

obtained in preclinical studies, targeting CEA in the clinic has

been challenging. Previous reports showed that heterogeneity

and plasticity of CEA expression appear to confer low sensi-

tivity to cibisatamab (CEA-TCB) in patient-derived organoids

(PDOs) (Bacac et al., 2016a; Gonzalez-Exposito et al., 2019).

Here, by using the CEACAM5-TCB, a different CEA-targeting

TCB with significantly higher affinity and potency, we unveil

one of the potential mechanisms of acquired resistance and

suggest that strategies to recover CEA expression in combina-

tion with immunotherapies could be promising to increase the

benefits of CEA-targeting immunotherapies. Particularly, in

this study we unveil that CEA was downregulated at the tran-

scriptional level, and we imply the potential use of DNA deme-

thylating agents such as 5-AZA to overcome resistance and to
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Figure 5. Resistance to TCBs targeting HER2 is mediated by downmodulation of IFN-g signaling

(A) Parental MKN45 or MKN-HER2R cells were treated with different concentrations of IFN-g for 3 days. Cell numbers were estimated with the crystal violet

staining assay.

(B) Levels of phospho-STAT1, STAT1, and IRF1 upon 4 h treatment with 10 ng/mL IFN-g were determined by western blot. Results were normalized to treated

MKN45 cells.

(C) MKN45 cells or same cells stably transfected with a CRISPR targeting IFNGR1 (KO) were stained with anti-IFNGR1 or isotype antibody and analyzed by flow

cytometry.

(D) Sensitivity of the indicated cells to IFN-g was analyzed as in (A).

(E) Co-cultures of PBMCs with the same cells were treated with different concentrations of HER2-TCB for 72 h. Then, viable cells were quantified by flow

cytometry using EpCAM as a marker.

(F) Levels of JAK2 in MKN45 and MKN-HER2R cells were determined by western blot.

(G) Levels of IFNGR1 in MKN45 andMKN-HER2R cells were determined by flow cytometry. **p < 0.01, ***p < 0.001, two-tailed t test. Data are presented asmean

± SD of three independent experiments.
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increase the efficacy of CEA-TCB. Indeed, 5-AZA is a widely

used DNA demethylating agent (Christman, 2002; Santini

et al., 2001) and demonstrate promising results in different clin-

ical trials for cancer treatment (Huls et al., 2019; van der Helm

et al., 2013). In addition, the demethylation effects of 5-AZA on

CEA expression are irreversible, in principle because 5-AZA de-

methylates the DNA and therefore the enzyme engaged to

catalyze DNA methylation (DNMT1) is not able to transfer the

methyl groups to specific CpG structures in the following

DNA daughter molecules. In addition, according to our results,

the effect of 5-AZA was specific for the CEA-resistant model,
as 5-AZA did not have effect on the expression of the two com-

ponents downmodulated in the acquired resistant model to

HER2-TCB (MKN-HER2R).

Our mechanistic studies using MeDIP and ChIP on the

CEACAM5 loci showed no differences between sensitive

MKN45 and resistant MKN-CEAR cells, and no biological differ-

ences that could explain the recovery with the treatment of

5-AZA, suggesting that the epigenetic silencing of CEACAM5

is likely due to an indirect methylation effect on the antigen-en-

coding locus. We hypothesize that there is a transcription factor

that regulates the transcription of the CEACAM5 gene. We
Cell Reports 41, 111430, October 18, 2022 7



Figure 6. Schematic drawing summarizing our findings
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performed enrichment analysis of annotated transcription factor

signatures and observed significant different transcription fam-

ilies differentially enriched between sensitive MKN45 and resis-

tant MKN-CEAR. Further studies should be performed to identify

those transcription factors.

In this regard, in future TCB studies and CAR constructs, the

identification of mechanisms leading to disrupted target expres-

sion will be needed in order to optimize responses. It is important

to note that CEAexpression level is not the only factor contributing

the activity of CEACAM5-TCB, as in our panel of CRC PDXs

derived from metastatic biopsies with comparable levels of CEA

expression, only one was sensitive to CEACAM5-TCB. Conse-

quently, these data suggest that different mechanisms of primary

resistance, suchasstromalbarriers, an immunosuppressive tumor

environment, or other factors affect the activityofCEACAM5-TCB.

The main mechanisms of resistance to immunotherapy

described so far are focused on the ability of T cells to reach

cancer cells and/or on the inhibition of T cells (Sharma et al.,

2017; O’Donnell et al., 2019). Our results show that, in contrast

to the acquired resistant models to a TCB targeting the CEA

antigen, an acquired resistant model to an HER2-TCB, even us-

ing HER2 non-amplified tumor cells, maintains antigen levels.

Instead, these resistant cells exhibit an intrinsic deficient IFN-

g signaling, which is the cause of resistance to active T lym-

phocytes. Several pivotal studies, including the one performed

by our group (Arenas et al., 2021), point out the key contribution

of altered IFN-g signaling to immunotherapy response and

resistance: (1) melanoma patients’ resistance to immune

checkpoints inhibitors revealed alteration of IFN-g genes
8 Cell Reports 41, 111430, October 18, 2022
(Zaretsky et al., 2016); (2) an in vivo CRISPR screening revealed

the activation of the negative regulator PTPN2 as a resistance

inductor (Manguso et al., 2017); (3) ARAD1 can block IFN-g

signaling pathway and lead to immunotherapy resistance (Ishi-

zuka et al., 2019); (4) downregulation of genes upregulated by

IFN-g correlates with resistance to immune checkpoint

blockade (Grasso et al., 2020); and (5) JAK2 downmodulation

leads to IFN-g deficient response and acquired resistance to

T cell bispecific antibodies and CAR T targeting HER2 (Arenas

et al., 2021). Of note, the role of IFN-g in our model is indepen-

dent on the antigen presentation, as MKN45-HER2R was also

resistant to the CEACAM5-TCB. This result is expected, as in

theory, antigen presentation is not required for tumor recogni-

tion and killing by T cells for TCB activity. T cell engagers

work independently of the MHC/TCR complex, a known fact

given that they engage CD3e and thus bypass the classical

T cell activation via peptides presented on MHC. This was pub-

lished several years ago using BiTEs (Nagorsen and Baeuerle,

2011). In addition, studies using tumor cells knocked-out for

MHC class I showed killing via BiTEs supports this evidence.

Further studies should be performed to elucidate the role of

IFN-g in resistance to redirected lymphocytes, a mechanism

beyond antigen presentation. In summary, the results showed

in this study unveil a mechanism of resistance to T cell-based

therapies, and imply the potential use of IFN-g as a surrogate

biomarker of response to immunotherapies. In addition, they

open the avenue for the screening of therapies that could over-

come deficient IFN-g response.

The results presented here have practical implications, partic-

ularly in the design of combinatorial strategies to overcome

resistance or low sensitivity to a TCB or CAR. Our results imply

that the selection of a particular antigen may have an impact

on the type of mechanism of acquired resistance that emerge

in patients refractory to T cell redirected therapies. Although

intrinsic IFN-g response and heterogeneity of CEA expression

have been reported as mechanisms of resistance, in this study

we describe that depending on the target antigen to which T lym-

phocytes are redirected, the mechanism of acquired resistance

that emerge is different. In the case of CEA-targeting TCB resis-

tant models, we observed that reduction of CEA antigen expres-

sion is one of the acquired resistancemechanisms. For other an-

tigens, such as HER2, this event would probably not be as

frequent due to its oncogenic role. These results should be taken

into consideration when designing combinatorial strategies to

overcome resistance and to increase the efficacy of cancer

immunotherapies.

Limitations of the study
We clearly demonstrated that the mechanism of acquired resis-

tance to TCBs that emerges is different depending on the target

antigen to which T lymphocytes are redirected. However, this

current study has several limitations. First, the mechanistic

insight of CEA downmodulation is not fully demonstrated, and

further studies should address why CEA is downmodulated and

the cause of its recovery upon 5-AZA treatment. Second, the

intrinsic mechanism of resistance of CEA+ CRC PDX tumors is

not evaluated given the scarce number of PDXs, and further

studies should increase the number of PDXs to have a robust
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conclusion of why CEA-positive tumors are resistant. Third, the

mechanisms of resistance explained in this study were not as-

sessed in clinical samples, in principle due to the lack of access

to patient samples that were treated with T cell bispecific anti-

bodies.When available, themechanismsof resistance described

in these preclinical models will have to be validated in clinical

samples.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HER2-TCB Roche N/A

CEACAM5-TCB Roche N/A

DP47-TCB Roche N/A

hIFNGR1 antibody Biolegend Cat#308606

RRID:AB_314726

hIFNGR2 antibody Biolegend Cat#308504

RRID:AB_314718

PE Mouse IgG1, k Isotype Ctrl (FC) Antibody Biolegend Cat#400114

RRID:AB_314718

Trastuzumab Roche Cat#180288-69-1

Goat anti-Human IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Invitrogen Cat#A-11013

RRID:AB_141360

APC/Cyanine7 anti-human CD69 Antibody Biolegend Cat#310914

RRID:AB_314849

APC anti-human CD25 Antibody Biolegend Cat#302610

RRID:AB_314280

PE/Cyanine7 anti-human CD8 Antibody Biolegend Cat#344712

RRID:AB_2044008

Rabbit IgG Control Antibody Sigma-Aldrich Cat# I8140, RRID:AB_1163661

Histone H3 (acetyl K27) Antibody Abcam Cat# ab4729, RRID:AB_2118291

Histone H3 trimethyl (Lys27) Antibody Millipore Cat# 07-449, RRID:AB_310624

Anti-c-erbB-2 (Her-2/neu) Biogenex Cat#AM134GP

CEA/CD66e (CB30) Mouse mAb Cell Signaling Technology Cat#2383

RRID:AB_2077488

Jak1 (6G4) Rabbit mAb Cell Signaling Technology Cat#3344

RRID:AB_2265054

Jak2 (D2E12) XP� Rabbit mAb Cell Signaling Technology Cat#3230

RRID:AB_2128522

Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Technology Cat#9167

RRID:AB_561284

Stat1 Antibody Cell Signaling Technology Cat#9172

RRID:AB_2198300

IRF1 Antibody (C-20) Santa Cruz Biotechnology Cat#sc-497

RRID:AB_631838

Recombinant Anti-GAPDH antibody

[EPR6256] - Loading Control

Abcam Cat#ab128915

RRID:AB_11143050

Rabbit IgG HRP Linked Whole Ab Cytiva Cat# NA934 RRID:AB_772206

Mouse IgG HRP Linked Whole Ab Cytiva Cat# NA931 RRID:AB_772210

Anti-Human CD34 Antibody, Clone 581 StemCell Cat#60013

RRID:AB_2783003

PE anti-human CD45 Antibody Biolegend Cat#304008 RRID:AB_314396

Anti-CD25 Atlas Antibodies Cat#HPA054622

RRID:AB_2682546

Anti-CEA Ventana Medical Systems Cat#760-4594

Anti-CD3 Ventana Medical Systems Cat#760-4341

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Umbilical cord blood Blood and Tissue Bank of Catalonia (BST) N/A

Buffy Coats (PBMCs) Blood and Tissue Bank of Catalonia (BST) N/A

Patient Derived Xenografts (PDXs) Biopsies from clinical trial NCT02650713 N/A

Chemicals, peptides, and recombinant proteins

PBS Biowest Cat#L0615

Ficoll-Paque PLUS GE Healthcare Cat#70-1440-02

Red Blood Cell (RBC) Lysis Buffer Invitrogen Cat#00-4333-57

Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A9647

CryoStor CS10 StemCell Technologies Cat#07959

Horse Serum Gibco Cat#26050

DMEM:F12 Medium Gibco Cat#21331

RPMI 1640 Gibco Cat#61870

HEPES Sigma-Aldrich Cat#H0887

MEM Non-Essential Amino Acids Solution Gibco Cat#11140

Penicillin-Streptomycin Sigma-Aldrich Cat#P4333

Blasticidin Invivogen Cat#ant-bl-1

Trypsin-EDTA Gibco Cat#25300096

Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A9647

Busulfan Tillomed N/A

Fetal Bovine Serum (FBS) Gibco Cat#10270106

L-Glutamine Biowest Cat#X0550

Collagenase IA Sigma-Aldrich Cat#C2674

Hyaluronidase Sigma-Aldrich Cat#H3506

StemPro Accutase Gibco Cat#A1110501

5-Azacytidine Sigma-Aldrich Cat#A2385

TaqMan Universal Master Mix II Applied Biosystems Cat#4440039

Recombinant Human IFN-g Prepotech Cat#300-02

Crystal Violet Sigma-Aldrich Cat#548-62-9

Formaldehyde Sigma-Aldrich Cat#47608

Glycine Fisher Scientific Cat#BP381

Protease Inhibitor Cocktail Set III Merck Millipore Cat#535140

Proteinase K Roche Cat#RPTOTKSOL

cOmpleteTM, EDTA-free Protease I

nhibitor Cocktail

Sigma-Aldrich Cat#COEDTAF_RO

Tween 20 Sigma-Aldrich Cat#P7949

Cell conditioning 1 Ventana Medical Systems Cat#950-124

CM inhibitor (ChromoMap DAB kit) Ventana Medical Systems Cat#760-159

Haematoxylin II Ventana Medical Systems Cat#790-2208

Bluing Reagent Ventana Medical Systems Cat#760-2037

Polyethylenimine (PEI) Polysciences Cat#24765

Polybrene Sigma-Aldrich Cat#H9268

Puromycin Sigma-Aldrich Cat#P8833

Granzyme B substrate Ac-IEPD-pNA Sigma-Aldrich Cat#368057

Critical commercial assays

EasySep Human Progenitor Cell

Enrichment Kit with Platelet depletion

StemCell Technologies Cat#19356

CryoStor CS10 StemCell Technologies Cat#07930

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Matrigel Corning Cat#356235

Rneasy Mini Kit Qiagen Cat#74106

cDNA reverse transcription Kit Applied Biosystems Cat#4368813

Qubit� RNA BR Assay kit ThermoFischer Scientific Cat#Q10210

RNA 6000 Nano Bioanalyzer 2100 Assay Agilent Cat#5067-1511

MagMeDIP qPCR Kit Diagenode Cat#C02010021

QIAamp DNA Mini Kit Qiagen Cat#51304

SYBR green reagent Quantabio Cat#733-1390

Dynabeads protein A Invitrogen Cat#10002D

MinElute PCR Purification Kit Qiagen Cat#28006

Immobilon Western Chemiluminescent

HRP Substrate

Milipore Cat#WBKLS0500

Ultramap anti-rabbit HRP kit Ventana Medical Systems Cat#760-4315

Human IFNgamma ELISA Immunotools Cat#31673539

Deposited data

Raw RNA sequencing data This paper GEO: GSE210592

Experimental models: Cell lines

MKN45 Dr. Hector Palmer (VHIO) N/A

SW1222 Dr. Hector Palmer (VHIO) N/A

COLO201 Dr. Marı́a Cascante (UB) N/A

HEK293T ATCC Cat#CRL-3216

Experimental models: Organisms/strains

NSG (NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ) Charles River Cat#614

Oligonucleotides

CEACAM5 TaqMan probe ThermoFischer Scientific Cat#Hs00944025_m1

GAPDH TaqMan probe ThermoFischer Scientific Cat#Hs02758991_g1

CEACAM5 f: 50-GAGGCAGAAATGAGAG

GGGA-30
Sigma-Aldrich N/A

CEACAM5 r: 50-AACGTTTTGTCAAGGC

TGCT-30
Sigma-Aldrich N/A

Recombinant DNA

Lenti CMV V5-LUC Blast (w567-1) Addgene Cat#21474

Lenti-Cas9-2A-Blast Addgene Cat#73310

pMD2.G Addgene Cat#12259

psPAX2 Addgene Cat#12260

CMV-RFP Dr. Joaquin Arribas (VHIO) N/A

HER2 shRNA TRCN0000332953 Sigma-Aldrich N/A

HER2 shRNA TRCN0000039878 Sigma-Aldrich N/A

HER2 shRNA TRCN0000039881 Sigma-Aldrich N/A

CEA shRNA TRCN0000427824 Sigma-Aldrich N/A

CEA shRNA TRCN0000119238 Sigma-Aldrich N/A

CEA shRNA TRCN0000119240 Sigma-Aldrich N/A

Scramble shRNA Addgene Cat#1864

pLV[Exp]-Puro-EFS > hCEACAM5[NM_004363.5] VectorBuilder N/A

pLV[Exp]-Puro-EF1A > hIFNGR1[NM_000416.3] VectorBuilder N/A

Pbabe puro EGFP Addgene Cat#128041

IFNGR1 CRISPR gRNA Sigma-Aldrich Cat##HS5000021477

IFNGR1 CRISPR gRNA Sigma-Aldrich Cat##HS5000021478

LV04 control universal gRNA vector Sigma-Aldrich Cat#CRISPR18

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

BD FACSDiva software BD Biosciences N/A

FlowJo BD Biosciences N/A

7900HT Fast Real-Time PCR System Applied Biosystems N/A

SDS RQ Manager Applied Biosystems N/A

DataAssist software Applied Biosystems N/A

Real Time Analysis Illumina N/A

R Software R Software N/A

ImageJ National Institutes of Health N/A

NDP.view2 software Hamamatsu Photonics N/A

Prism8 Graphpad N/A

Other

EasySep magnet StemCell Technologies Cat#18001

Mr. Frosty Thermo Scientific Cat#5100-0001

BD LRSFortessa BD Biosciences N/A

BD FACSAria I Digital Celll Sorter BD Biosciences N/A

Polypropylene V-bottom 96 well-plates Greiner Bio-One Cat#651201

V-bottom shape 96-well-plates Corning Life Sciences Cat#353075

NanoDrop 2000 Thermo Fischer Scientific N/A

Infinite M200 Pro Multimode Microplate Reader TECAN N/A

NovaSeq 6000 Illumina N/A

Covaris M220 Focused ultrasonicator Covaris N/A

Microtubes AFA Fiber Pre-Slit Snap-Cap 130 mL Covaris Cat#520045

Bioruptor Diagenode N/A

Nitrocellulose membranes GE Healthcare Biosciences Cat#10600002

Amersham Imager 600 GE Lie Sciences

BashingBead lysis tubes Zymo Research Cat#S6003

Precellys Evolution Homogenizer Bertin Technologies N/A

NanoZoomer 2.0-HT slide scanner Hamamatsu Photonics N/A

0.45 mm PVDF filters Milipore Cat#SLHV033RS

Discovery ULTRA autostainer Ventana Medical Systems N/A

Non-treated 96 well-plate Thermo Fischer Scientific Cat#442404
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Enrique J.

Arenas (earenas@vhio.net).

Materials and availability
Cell lines generated in this study are available from the lead contact upon request.

Data and code availability
d RNA-seq data has been deposited at GEO database and is publicly available as of the date of publication. Accession number is

listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Immune cells
In this study we used two sources of immune cells: PBMCs and CD34+ hematopoietic stem cells. PBMCs and cord blood units for

CD34+ cell isolation were obtained from anonymous healthy donors through the Blood and Tissue Bank of Catalonia (BST). All human

samples were obtained following institutional guidelines under protocols approved by the institutional review boards (IRBs) at Vall

d’Hebron Hospital.

Mice
For in vivo experiments, 5-week-old female NSG (NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ) (#614) mice were purchased from Charles

River. Mice were randomized by tumor size, and those that died before the end of the experiments for reasons unrelated to treatment

or that did not have detectable percentages of human immune cells were excluded. Because of ethical reasons, we ended the ex-

periments before the full development of graft-versus-host disease or when tumor volume surpassed 1500 mm3. Experiments were

not performed in a blinded fashion. Animal work was performed according to protocols approved by the Ethical Committee for the

Use of Experimental Animals at the Vall d’Hebron Institute of Oncology.

Cell lines and primary cultures
MKN45 and SW1222 were obtained as a gift from Dr. Hector Palmer (VHIO), and COLO201 were a gift from Dr. Marta Cascante (Uni-

versitat de Barcelona). HEK293T (#CRL-3216) were obtained from ATCC.

Cell lines were cultured under standard conditions in complete medium (DMEM F-12 medium (#21331, Gibco) supplemented with

10% fetal bovine serum (FBS) (#10270, Gibco), 1% L�Glutamine (#X0550, Biowest), and 1% Penicillin-Streptomycin (#P4333,

Sigma-Aldrich)). Cells were genetically modified to acquire resistance to certain antibiotics or to downmodulate or overexpress

different genes.

Patient-derived xenograft establishment
The patient-derived xenografts (PDXs) were obtained from liver biopsies of patients enrolled in the clinical trial NCT02650713. PDXs

used in this study derive from patients of both sexes and 18 years and older. All PDXs have been established at VHIO following insti-

tutional guidelines. The IRBs at Vall d’Hebron Hospital provided approval for this study in accordancewith the Declaration of Helsinki.

Written informed consent was obtained from all patients who provided tissue samples.

METHOD DETAILS

PBMC isolation
PBMCs were isolated from fresh buffy coats obtained from healthy donors. Blood was diluted 1:3 with 1x PBS and transferred to a

50mL falcon tubewith Ficoll-Paque PLUS (#70-1440-02, GEHealthcare) at a 1:3 ratio, following themanufacturer’s instructions. After

obtaining the buffy coat, red blood cells were lysed with 1x RBC lysis buffer (#00-4333-57, Invitrogen) for 4 min. Obtained PBMCs

were counted and frozen with Cryostor CS10 (#07959, Stemcell Technologies) at �80�C for co-culture and in vivo experiments.

TCB constructs generation
HER2-TCB was designed as a 2 + 1 CrossMabCH1-CL based on trastuzumab and CH2525 variable domains as described in (Bacac

et al., 2016a) and (Schaefer et al., 2011), and CEACAM5-TCB was designed as a charged 2 + 1 CrossMAb VH-VL based on T84.66

and CH2527 variable domains as described in (Bacac et al., 2018). As a control, DP47-TCB in the analogous 2 + 1 CrossMabCH1-CL

format based on a germline non-binding variable domain was applied. TCBs were purified using standard methods: Protein A affinity

chromatography (MabSelect SuRe) followed by catione exchange chromatography (Butyl-Sepharose 4FF/POROS XS) and size

exclusion chromatography (Superdex 200) and formulation in 20 mM histidine/histidine-HCl, 140 mM sodium chloride buffer at

pH 6.0. All TCBs were analyzed for absence of aggregates by analytical size exclusion chromatography and absence of endotoxins.

Generation of resistant cells in vitro

To generate the resistant models, parental cells (MKN45, SW1222) were transfected with Lenti CMV V5-LUCBlast (w567-1) (#21474,

Addgene) in order to obtain blasticidin resistance. Cells were treated with a 3:1 ratio PBMC:Tumor and an increasing concentration of

HER2 or CEACAM5-TCB in PBMC media (RPMI 1640 (#61870, Gibco), 10% Heat-Inactivated FBS, 1% L�Glutamine, 1% HEPES

(#H0887, Sigma-Aldrich), 1% MEM Non-Essential Amino Acids Solution (#11140, Gibco) and 1% Penicillin-Streptomycin). After

72 h, media was removed and replaced with complete medium containing 20 mg/mL blasticidin (#ant-bl-1, Invivogen) during

7 days to specifically kill remaining PBMCs. The process was repeated several times. In the three models (MKN45-HER2R,

MKN45-CEAR, SW-CEAR) resistance was obtained after 6 months and around 20 rounds of treatment.

Interferon-gamma resistant model (MKN45-RG) was established by culturing cells in presence of increasing IFN-g concentrations,

starting at 100 ng/mL and reaching 1 mg/mL. Resistant population was obtained after 4 months.
e5 Cell Reports 41, 111430, October 18, 2022
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T cell cytotoxicity assays
All target cells were seeded in 96-well flat bottom plates (0.01 x 106 cells/well) (#353075, Corning Life Sciences). Effector PBMCs

were added to each well at the indicated ratio in PBMC medium. Different concentrations of the respective TCB were added to

the wells. The plates were incubated for 72 h.

At the endpoint cells were harvested with Trypsin-EDTA (#25300096, Gibco) and resuspended in FACS buffer (PBS 1x, 2.5 mM

EDTA, 1% BSA (#A9647, Sigma-Aldrich), 5% horse serum (#26050, Gibco)) in polypropylene V-bottom 96 well-plates (#651201,

Greiner Bio-One). Twenty minutes later, samples were centrifuged and cells were stained with the epithelial cell marker anti-human

EpCAM (#324212, BioLegend) at 1:300 concentration in FACS buffer in ice for 30 min. After a wash with 13 PBS, samples were re-

suspended in the viability marker Zombie Aqua at 1:1000 (#423101, BioLegend) in 1x PBS and acquired on LSR Fortessa (BD Bio-

sciences). Number of alive cells was analyzed with FlowJo software (BD Life Sciences) by means of EpCAM counts.

3D organoid assay
Tumor cells were seeded in 48 well-plates (103 cells/well) in a drop of 20 mL of matrigel (#356235, Corning). Each drop was dispensed

in the center of the well and incubated for 15 min at room temperature. After matrigel was solidified, 250 mL of 3D colorectal cancer

organoid media (van de Wetering et al., 2015), were added to each well. Media was replaced twice a week and 3D formation was

assessed after 15 days. Organoids per well were counted and assumed that each of them consisted of approximately 50 cells. Or-

ganoid media was removed and 3D structures were co-cultured with PBMCs for 72h at a 2:1 ratio in PBMC media and treated with

1 nM HER2-TCB or at a 5:1 ratio with 500 pM CEACAM5-TCB.

At the endpoint, organoids were disaggregated by adding 500 mL of trypsin for 30min at 37�C. Then, cells were collected and incu-

bated for 30min on ice to liquefy matrigel. Fully disaggregated organoids were washed and stained as previously described. Number

of alive cells was analyzed with FlowJo software by means of EpCAM counts.

Flow cytometry
Cells were harvested with StemPro Accutase (#A1110501, Gibco) and resuspended in FACS buffer. Twenty minutes later, samples

were centrifuged and cells were incubated for 30 min with the specified conjugated or primary antibody. Conjugated antibodies

hIFNGR1 (#308606), hIFNGR2 (#308504) and the isotype control PE mouse IgG Isotype Ctrl (#400114), all from Biolegend, were

used at 1:100. After a wash and Zombie Aqua staining, samples were acquired on LSR Fortessa.

In the case of HER2 and CEACAM5 staining, cells were incubated in FACS buffer for 30 min with Trastuzumab (#180288-69-1,

Herceptin, Roche) at 2.5 mg/mL, or 10 nM CEACAM5-TCB. Primary antibodies were then bound to its antigen, and after a PBS

wash, a secondary conjugated antibody Anti-human Alexa 488 (#A-11013, Invitrogen) was incubated with the cells at a concentration

of 1:500 for 30 min. Cells were then washed with 1x PBS, resuspended in Zombie Aqua viability marker and acquired on LSR

Fortessa.

The activation markers CD69 (#310914) and CD25 (#302610) in CD8+ cells (#344712), all from Biolegend at 1:300 concentration,

were used in order to assess T cell activation after 72 h of co-culture with tumoral cells and the corresponding TCB.

Flow cytometry data was analyzed with FlowJo software (BD Life Sciences).

5-Azacytadine treatments in vitro

To assess the recovery of CEA expression in resistant cells, these were treated with 1 mM of 5-Azacytidine (#A2385, Sigma-Aldrich)

for 24h and 48h when assayed the RNA expression, 48h for MeDIP and ChIP assays, and 72h when assayed the surface protein

expression by flow cytometry. To assess MKN-HER2R cells response to 5-AZA, 48h treatment with 1 mM drug was used.

For T cell cytotoxicity assays, 5000 cells were seeded per well and pretreated for 72h with 1 mM of 5-AZA. On the day of treatment

with CEACAM5-TCB and PBMCs, wells were cleaned with PBS 1x and then co-cultured as previously described. Treatments with

5-AZA consisted of media renewal every 24h.

RNA isolation and qRT-PCR
Total RNA was isolated from adherent cells by using RNeasy Mini Kit (#74106, Qiagen) according to the manufacturer’s protocol.

RNA was eluted in RNase-free water and quantified using NanoDropTM 2000 spectrophotometer (Thermo Fisher Scientific).

cDNA was prepared from 1 mg template RNA using the high capacity cDNA reverse transcription Kit (#4368813, Applied Bio-

systems) according to the manufacturer’s protocol.

Real-time quantification of transcript abundance was determined by qRT-PCR using the TaqMan Gene Expression probes

(Applied Biosystems) and TaqMan Universal Master Mix II (#4440039, Applied Biosystems), in 384- well plates in 7900HT Fast

Real-Time PCR System (Applied Biosystems), following the manufacturer’s protocol.

The TaqMan probes againstCEACAM5 (Hs00944025_m1) and GAPDH (Hs02758991_g1)were used. Data was analyzed with SDS

RQ Manager and DataAssist software (Applied Biosystems), using the 2�DCT method. GAPDH was used as an endogenous control.

RNASeq
Total RNA was quantified by Qubit RNA BR Assay kit (#Q10210, Thermo Fisher Scientific) and the integrity was checked by using

RNA 6000 Nano Bioanalyzer 2100 Assay (#5067-1511, Agilent).
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The RNASeq libraries were prepared using the Stranded Total RNA Prep with Ribo-Zero Plus (Illumina) following the manufac-

turer’s recommendations and the final library was validated on an Agilent 2100 Bioanalyzer with the DNA 7500 assay (Agilent).

The libraries were sequenced on NovaSeq 6000 (Illumina) with a read length of 23 51bp following the manufacturer’s protocol for

dual indexing. Image analysis, base calling and quality scoring of the run were processed using the manufacturer’s software Real

Time Analysis (RTA v3.4.4) and followed by generation of FASTQ sequence files.

Bioinformatic analyses were performed in R (version 4.0.3) on the counts table obtained using the nf-core/rnaseq pipeline (version

3.5) with GRCh38 and default parameters.

Differential gene expression was assessed with the voom + limma strategy in the limma package (version 3.48.3). Genes having less

than 10 counts in at least 2 samples were excluded from the analysis. Correction for multiple comparisons was performed using false

discovery rate (FDR), obtaining the adjusted p values. Geneswere considered to be differentially expressed between studied conditions

if the adjusted p valuewas <0.05 and the |logFC| > 1.Functional analysis was performed using the rankedGene Set Enrichment Analysis

(GSEApreranked) as implemented in clusterProfiler R package (version 4.0.5). Functional annotation was obtained from the following,

gene set collections in theMolecular Signatures Database (MSigDB, version 7.5.1): 1) C5.GO.BP: gene sets derived from the Biological

Process Gene Ontology (GO); 2) C2.CP.KEGG: gene sets derived from the KEGGPATHWAY database; 3) C2.CP.Reactome: gene sets

derived fromReactome database; 4) C3.TFT: gene sets predicted to contain transcription factor binding sites in their promoter regions.

Data have been deposited to the Gene Expression Omnibus (GEO) under Series accession number GSE210592.

Metilated DNA immunoprecipitation (MeDIP)
MeDIP was performed using MagMeDIP qPCR Kit (#C02010021, Diagenode) following manufacturer’s instructions, with modifica-

tions at the DNA extraction and purification and the DNA shearing steps.

Cell collection and lysis was performed following kit’s instructions, and nucleic acid extraction and purification was performed us-

ing the DNA extraction kit QIAamp DNA Mini Kit (#51304, Qiagen). Samples were then sonicated to generate fragments of DNA

between 300 and 500 bp with the Covaris M220 Focused ultrasonicator (Covaris). In particular, 5 mg of DNA in 100 mL were added

to microtubes AFA Fiber Pre-Slit Snap-Cap 130 mL (#520045, Covaris) and the following ultrasonicator program was used: 7�C tem-

perature, 50W peak incident power, 10% duty factor, 200 cycles per burst (cpb), and 180 s treatment time. Methylated DNA immu-

noprecipitation and isolation was performed following manufacturer’s protocol.

Finally, qPCR was performed with the MeDIP samples using SYBR green reagent (#733-1390, Quantabio). A 159-bp segment of

the CEACAM5 promoter was amplified with the following primers: 50-GAGGCAGAAATGAGAGGGGA-30 (sense) and 50-AACGTT

TTGTCAAGGCTGCT-30 (antisense). Data shown is the result of normalizing the specific signal of the MeDIP antibody of MKN45

or 5-AZA treated MKN-CEAR to the resistant MKN-CEAR cells.

Chromatin Immunoprecipitation (ChIP)
Indicated cells were grown to 70% confluence, collected, and subsequently cross-linked with 1% formaldehyde (#47608, Sigma-

Aldrich) shaking at 37�C temperature for 10 min. Reaction was quenched by incubating the samples with 125 mM Glycine

(#BP381, Fisher Scientific) for 5 min. Cells were pellet at 5 x 106 cells/vial and stored at �80�C.
Cell pellets were resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8) with 1:200 Protease Inhibitor Cocktail

Set III (#535140, Merck Millipore) for 30 min on ice. Samples were then sonicated to generate fragments of DNA between 100 and

600 bp with the Bioruptor (Diagenode). After 20 min on ice, samples were centrifuged at 19,000 x g and supernatant was diluted 1/10

with Dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8, 167 mM NaCl), in order to decrease concen-

tration of SDS. Samples were incubated with 10 mL of Dynabeads protein A (#10002D, Invitrogen) and 1 mg of irrelevant antibody

Rabbit IgG (#I8140, Sigma-Aldrich) per IP in that sample, as a preclearing. Incubations lasted for 3 h rotating at 4�C. Magnets

were used to discard the beads, and the samples were separated per IP, saving 10% for the input. 3 mg of corresponding antibody

was added at each tube and samples were incubated overnight rotating end over end at 4�C. The antibodies used were: Rabbit IgG,

anti-H3K27Ac (#ab4729, Abcam) and anti-H3K27Me3 (#07-449, Merck Millipore).

Samples were incubated with 50 mL of pre-washed dynabeads and incubated 3 h rotating at 4�C. Dynabeads were then washed 3

times with low salt and 3 times with high salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris pH 8, and 150 or 500 mM

NaCl respectively) and 2 times with LiCl buffer (250 mM LiCl, 1% NP-40, 1% NaDOC, 1 mM EDTA, 10 mM Tris pH 8). Samples were

then incubated with 48 mL of elution buffer (0.4% SDS, 5 mM EDTA, 10 mM Tris pH 8, 300 mM NaCl) supplemented with 2 mL pro-

teinase K (#RPTOTKSOL, Roche). Then, samples were incubated shaking 1 h at 55�C and subsequently overnight at 65�C. Input
samples were treated the same way. DNA was purified from the eluted samples with the MinElute PCR Purification Kit (#28006, Qia-

gen) following the manufacturer’s instructions.

Finally, qPCR was performed with the ChIP samples using SYBR green reagent. The CEACAM5 promoter region was amplified

with the same primers as the MeDIP. Data shown is the result of normalizing the specific signal of each antibody (normalized to

the IgG control signal) of MKN45 or 5-AZA treated MKN-CEAR to the resistant MKN-CEAR cells.

Interferon-gamma cytotoxicity assays
MKN45 cells were seeded in flat bottom 96-well plates (5 x 103 cells/well). After 24 h cells were treatedwith different concentrations of

Interferon-gamma (#300-02, Peprotech). Treatment lasted for 3 days and cell death was assayed by crystal violet staining of alive
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cells. Cells were fixed for 30min with 10%Glutaraldehyde, washed, and stained for other 30min with 0.1%Crystal violet (#548-62-9,

Sigma-Aldrich). After three washes with water, plates were let dry overnight. For the readout, 100 mL of 10% Acetic acid were added

to each well and absorbance was read at 560 nm using an Infinite M200 Pro Multimode Microplate Reader (TECAN).

Cell proliferation assays
MKN45 cells were seeded in flat bottom 96-well plates (5 x 103 cells/well). At day 0, 1, 3 and 4 cell proliferation was assayed by crystal

violet staining of alive cells.

Western blot
For Western blot, protein extracts were isolated by lysing the cells in homemade lysis buffer (130 mM NaCl, 0.01% NP-40, 1% glyc-

erol, 2 mM EDTA pH 8 and 20 mM Tris-HCl pH 7.4), supplemented with phosphatase inhibitors 5 mM b�Glycerolphosphate, 5 mM

sodium fluoride, 1 mM sodium orthovanadate and cOmpleteTM, EDTA-free Protease Inhibitor Cocktail (#COEDTAF-RO, Sigma-

Aldrich, 1 tablet per 10 mL lysis buffer). Protein extracts were sonicated for 10 s at 4.5 V to break the cell apart. Tubes were centri-

fuged 14,000 rpm 10 min and supernatant was collected.

Protein lysates were resolved by SDS PAGE and then transferred to a 0.45 mm nitrocellulose membrane (#10600002, GE Health-

care Biosciences). 20-30 mg of protein lysate was loaded per experiment. Membranes were incubated with 5% BSA or 5% non-fat

milk in TBS-T (1x Tris-Buffered Saline with 0.1% tween 20 (#P7949, Sigma-Aldrich)). After blocking, membranes were incubated

overnight with primary antibodies.

After washing, membranes were incubated with horseradish peroxidase-conjugated antibodies (Cytiva) for 1 h.Membranes were

developedwith ImmobilonWestern Chemiluminescent HRPSubstrate (#WBKLS0500,Millipore) and protein bandswere visualized in

AmershamTM Imager 600 (GE Life Sciences).

Antibodies used were: HER2 (#AM134, Biogenex), CEACAM5 (#2383, Cell Signaling Technology (CST)), JAK1 (#3344, CST), JAK2

(#3230, CST), p-STAT1 (#9167, CST), STAT1 (#9172, CST), IRF1 (#sc-497, Santa Cruz Biotechnology (SC)), andGAPDH (#ab128915,

Abcam). Secondary antibodies used were purchased from Cytiva, anti-rabbit (NA934) for all primary antibodies except CEACAM5,

for which anti-mouse (NA931) was used. All antibodies were used at 1:1000 concentration in 5%BSA except GAPDH and secondary

antibodies (1:5000). Quantification of protein levels was donewith ImageJ (National Institutes of Health). Quantifications are the result

of R3 independent biological replicates.

Humanized xenograft models
In the PBMCs humanized xenograft models, NSG mice were injected orthotopically with 106 tumor cells in 100 mL of 1:1 PBS:ma-

trigel. Once tumor size reached a specified volume, animals were intraperitoneally injected with 107 PBMCs obtained from healthy

donors. After 24 h, animals started treatment and were treated biweekly with HER2-TCB (0.125mg/kg), CEACAM5-TCB (1 mg/kg) or

vehicle intravenously.

For the 5-Azacitadine in vivo experiment, before humanization, micewere treated intraperitoneally daily with 5-Azacitadine 2mg/kg

from day 5 to day 10 post-injection.

At the end of the experiments, tumors were analyzed. Tumors were cut into small pieces and divided into samples for IHC, protein,

RNA analysis, or flow cytometry. Samples for IHC were fixed and embedded in paraffin. Samples for RNA analysis were incubated

with lysis buffer from RNAeasy Mini Kit. Samples for Western blot were incubated with lysis buffer supplemented with phosphatase

and protease inhibitors. RNA and protein samples were put in BashingBead lysis tubes (#S6003, Zymo Research) and homogenized

in Precellys Evolution Homogenizer (Bertin Technologies).

Samples for flow cytometry were digested in 300 U/ml collagenase IA (#C2674, Sigma-Aldrich) and 100 U/ml hialuronidase IS

(#H3506, Sigma-Aldrich) in DMEM F-12 medium. After 1 h of incubation at 37�C with shaking at 10 x g, the mixture was filtered

through 100 mm strainers. Red blood cells were lysed with 1x RBC for 5 min RT. After a wash with 1x PBS, samples were counted

and acquired on LSR Fortessa for RFP or GFP positive cells detection. Data was analyzed with FlowJo software (BD Life Sciences).

To obtain immunodeficient mice with a reconstituted human immune system, CD34+ cells were purified from human cord blood ob-

tained through theBloodandTissueBankofCatalonia.Bloodwasdiluted1:2with1xPBS+2mMEDTAand transferred toa50mL falcon

tube with 15 mL of Ficoll-Paque PREMIUM (#70-1440-02, GE Healthcare), following the manufacturer’s manual. After obtaining the

mononuclear cells, resting red blood cells were lysedwith 1xRBC lysis buffer for 4min. CD34+ cells were purified by negative selection

by incubating the mononuclear cells with EasySep Human Progenitor Cell Enrichment Cocktail with Platelet Depletion (#19356,

StemCell Technologies), following manufacturer’s protocol. Purity of the remaining cell mix was checked with anti-human CD34

(#60013,StemCell) and anti-humanCD45 (#304008, Biolegend) staining at 1:300concentration in FACSbuffer. Sampleswere acquired

in LSR Fortessa and percentage of CD34 and CD45 cells were analyzed in FlowJo. Obtained cells were frozen with Cryostor CS10 at

�80�C. Four/five-week-oldNSGmicewere treated intraperitoneallywith busulfan (15mg/kg) to ablate the hematopoietic systemof the

mouse.Thenextday, 100.000CD34+cellswere intravenously injected.After4 to5months, thepercentagesofcirculatinghumanCD45+

cellsweredetermined, andmice containing >30%hCD45+ in peripheral bloodwere orthotopically implantedwith 105 tumor cells. Once

tumors reached�150mm3, animals were randomized and treated biweekly with CEACAM5-TCB (1 mg/kg) or vehicle (intravenously).
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Generation of patient-derived xenografts and acquired in vivo resistant model
Human tumors used in this study were from biopsies at Vall d’Hebron University Hospital enrolled at NCT02650713 clinical trial.

Clinical samples were processed and implanted subcutaneously in NOD SCID mice to generate PDX. When tumors reached 800-

1000 mm3, they were excised, digested and 105 cells were implanted subcutaneously in new CD34+ humanized NSG mice (Puig

et al., 2013). Efficacy was tested by treating the PDXs biweeekly i.v. with CEACAM5-TCB (1 mg/kg) or vehicle. Acquired resistant

PDX63 tumors (PDX63-Rs) were generated by treating humanized mice bearing the PDX63 with CEACAM5-TCB (1 mg/kg) as

described previously. Once tumor size reached a specified volume, �400 mm3, mice were treated, and when tumors regressed,

treatment was stopped. Resistant PDX63 tumors were obtained after 3 passages in different humanized treated mice.

Immunohistochemistry
The following primary monoclonal antibodies were used: anti-CEA (#760-4594) and anti-CD3 (#790-4341), both from Ventana Med-

ical Systems (Ventana), and anti-CD25 (#HPA054622, Human Protein Atlas). For immunohistochemistry, fixed tissue samples

embedded in paraffin were sectioned at 4 mm thickness. Sections were heated at 60�C, deparaffinized with xylene and hydrated

with two steps of incubation with different dilutions of ethanol.

Immunohistochemical staining of CD3 was performed using a Discovery ULTRA autostainer (Ventana). Heat-induced antigen

retrieval was executed using Cell Conditioning 1 (#950-124, Ventana) for 40 min at 95�C. Endogenous peroxidase block was per-

formedwith the CM Inhibitor from the ChromoMapDAB kit (#760-159, Ventana) for 8min. Then, the anti-CD3 primary antibody, ready

to use, was applied 32min at 36�C. Next, samples were incubated for 8min with detection kit UltraMap anti-Rabbit HRP (#760-4315,

Ventana). Reactions were detected using the ChromoMap DAB Kit. Finally, the slides were counterstained with Haematoxylin II

(#790-2208, Ventana) 8 min and Bluing Reagent (#760-2037, Ventana) 4 min, followed by dehydration with ethanol and xylene,

and mounted in DPX.

CD25 immunohistochemical staining was performed using the HPA054622 antibody fromHuman Protein Atlas and followingman-

ufacturer’s protocol.

Immunohistochemical staining of CEA was performed using a Benchmark ULTRA autostainer (Ventana). Heat-induced antigen

retrieval was executed using Cell Conditioning 1 (#950-224 Ventana) for 20 min at 95�C. Endogenous peroxidase block was per-

formed with the UV Inhibitor from the UltraView DAB kit (#760-500, Ventana) for 4 min. Then, the CEA primary antibody, ready to

use, was applied 32 min at 36�C. Next, samples were incubated for 8 min with detection kit UltraView universal HRP Multimer. Re-

actions were detected using the Ultraview DAB Kit. Finally, the slides were counterstained with Hematoxylin (#790-2021, Ventana)

8 min and Bluing Reagent 4 min, followed by dehydration with ethanol and xylene, and mounted in DPX.

Slides were scanned in the NanoZoomer 2.0-HT slide scanner (Hamamatsu Photonics) and visualized in the NDP.view2 software

(Hamamatsu Photonics).

Viral tumor cells infections
For lentivirus production, HEK293T cells were first incubated for 2 h with 25 mM chloroquine to increase transfection rate. Cells were

then transfected with 1 mg/mL of pMD2.G (#12259, Addgene) envelope expressing plasmid, 1.2 mg/mL of psPAX2 (#12260, Addgene)

lentiviral packaging vector, and 1.2 mg/mL of the specific lentiviral vector, using 10 mg/mL of polyethylenimine (PEI) (#24765, Poly-

sciences) as transfection agent. 24 h after transfection, growth medium was replaced with complete medium. After 48 h, viral par-

ticles-containing supernatant was harvested and filtered with 0.45 mm PVDF filters (#SLHV033RS, Millipore).

For infections, target cells were seeded in 6 well-plates (0.5 x 106 cells/well). After 24 h, being the confluence around 75%, tumor

cells were incubated with the viral supernatants and 8 mg/mL polybrene (#H9268, Sigma-Aldrich), and centrifuged 45 min at

2250 rpm. After 24 h, medium was replaced with complete medium. 24 h later, infected cells were selected with 20 mg/mL blasticidin

(#ant-bl, Invivogen) in the case of Lenti CMV V5-LUC Blast (#21474, Addgene), Lenti-Cas9-2A-Blast (#73310, Addgene), and CMV-

RFP (J. Arribas’ lab) infected cells, or 1 mg/mL puromycin (#P8833, Sigma-Aldrich) in the rest of infections. Selection was subse-

quently maintained for one week.

For silencing, the plasmids were obtained from the lentiviral MISSION shRNA Library: HER2 (Clones TRCN0000332953,

TRCN0000039878, TRCN0000039881), and CEA (TRCN0000427824, TRCN0000119238, TRCN0000119240), all from Sigma-

Aldrich. As a control, tumor cells were infected with Scramble shRNA (#1864, Addgene). To overexpress CEA in MKN-CEAR cells

and IFNGR1 in MKN45 cells, the plasmids generated by Vector Builder pLV[Exp]-Puro-EFS > hCEACAM5[NM_004363.5] and pLV

[Exp]-Puro-EF1A > hIFNGR1[NM_000416.3] were used, as well as empty vector as control. For the expression of GFP in MKN-

HER2R and MKN-CEAR cell lines, pbabe puro EGFP (#128041, Addgene) was used. For the expression of RFP in MKN45 cell

line, a CMV-RFP plasmid was used.

To generate the MKN45 KO IFNGR1 cell line, cells were infected with Lenti-Cas9-2A-Blast. After selected with blasticidin, cells

were infected with either a CRISPR gRNA targeting IFNGR1 (#HS5000021477, #HS5000021478 Sigma) or the LV04 control universal

gRNA vector (#CRISPR18, Sigma). These gRNAs confer puromycin resistance and BFP expression, and cells were selected with

1 mg/mL puromycin. To obtain pure KO IFNGR1 cells, these were stained with hIFNGR1 as explained before, and BFPhigh/IFNGR1

negative expressing cells were sorted in FACSAria I Digital Cell Sorter (BD Biosciences), obtaining a pool of cells. Validation of KO

IFNGR1 cells was done by IFNGR1 staining.
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ELISA
Supernatants from the coculture of MKN45, MKN-HER2R or MKN-CEAR with the corresponding TCB at 100pM and 1:3 ratio of tu-

mor cells:PBMCs for 72h were assayed for an IFN-g ELISA (#31673539, Immunotools) following manufacturer’s instructions.

Granzyme B activity
Tumor cells and PBMCs from the coculture specified above were harvested and lysed with 100 mL of lysis buffer. Lysed cells were

centrifuged at 21,000 x g for 10 min at 4�C to pellet cell nuclei and other cell debris. Supernatants were harvested and assayed for

protease activity. Reaction was performed in a non-treated 96 well-plate (#442404, Thermo Fisher Scientific). Each well contained

25 mL of lysis supernatant, granzyme B substrate Ac-IEPD-pNA (#368057, Sigma-Aldrich) at a final concentration of 300 mM and re-

action buffer (0.1M HEPES pH 7.0, 0.3M NaCl, 1mM EDTA) in a total volume of 250 mL/well. Mixtures were incubated at 37�C over-

night and color reaction generated by the cleavage of the pNA substrate was measured at a wavelength of 405 nm with the Infinite

M200 PRO (Tecan) plate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

For animal experiments, data is presented as the mean ± standard error of the mean (SEM). The statistical significance of differences

was assessed by two-way ANOVAwith Bonferroni correction post-test by using Prism 8. In the rest of the cases, data is presented as

the mean ± standard deviation (SD), and statistical significance was assessed by unpaired parametric t test using Excel. Data was

considered statistically significative when p < 0.05. Statistical details can be found in the figure legends.

ADDITIONAL RESOURCES

The PDXs used in this study were obtained from liver biopsies of patients enrolled in a clinical trial using a TCB targeting CEA (CEA-

TCB) (NCT02650713, https://clinicaltrials.gov/ct2/show/NCT02324257).
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