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Abstract

Characterizing self-tolerance mechanisms and their failure is critical to understand immune 

homeostasis, cancer immunity, and autoimmunity. However, examination of self-tolerance 

mechanisms has relied primarily on transgenic mice expressing T-cell receptors (TCRs) targeting 

well-characterized, but non-physiologic model antigens, such as ovalbumin and hemagglutinin. 

Identifying TCRs directed against bona fide self-antigens is made difficult by the extraordinary 

diversity of TCRs and low prevalence of antigen-specific clones (<10–100 naïve cells/organism), 

limiting dissection of tolerance mechanisms restricting immunity to self-proteins. Here, we 

isolated and characterized TCRs recognizing the intestinal epithelial cell receptor and colorectal 

cancer antigen GUCY2C to establish a model to study self-antigen-specific tolerance mechanisms. 

GUCY2C-specific CD4+ effector T cells were isolated from immunized, non-tolerant Gucy2c−/− 

mice. Next-generation sequencing identified GUCY2C-specific TCRs, which were engineered into 

CD4+ T cells in vitro to confirm TCR recognition of GUCY2C. Further, the generation of 

“retrogenic” mice by reconstitution with TCR-transduced hematopoietic stem cells (HSCs) 

resulted in normal CD4+ T-cell development, responsiveness to immunization, and GUCY2C-

induced tolerance in recipient mice, recapitulating observations in conventional models. This 

retrogenic model can be employed to define self-tolerance mechanisms restricting T and B cell 

responses to GUCY2C, to optimize colorectal cancer immunotherapy without autoimmunity.

INTRODUCTION

While cancer immunotherapies are emerging as important treatment options for some 

cancers, including melanoma (1), prostate (2), leukemia (3), and lung (4), effective 

applications for other malignancies remain elusive. Colorectal cancer (CRC), which falls 

into the latter category, is the second leading cause of cancer-related mortality, accounting 

for ~500,000 worldwide deaths annually (5). Currently, surgery has the greatest impact on 

CRC survival; however, it is most successful in the treatment of early-stage disease. With 
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standard of care, ~50% of the patient population will develop metastatic disease and 

subsequently die (6), underscoring the critical need for novel therapies to improve patient 

outcomes.

The immune system requires a diverse repertoire of cells that can respond to invading 

foreign antigens while maintaining an appropriate balance with tolerance to self-antigens to 

prevent autoimmunity. Indeed, thymic selection plays a critical role in generating enormous 

diversity in the TCR repertoire (7), while limiting autoimmunity (8). Tolerance presents a 

major challenge to developing efficacious cancer immunotherapies, including vaccines 

targeting self-antigens. In that context, mechanistic studies examining self-tolerance 

opposing cancer immunotherapy are hampered by the low prevalence of antigen-specific 

clones (<10–100 cells per organism (9)) making identification of individual self/tumor 

antigen-specific TCRs difficult. Moreover, tolerance limits self-reactive TCR abundance 

further by eliminating clones that recognize self-proteins with high affinity (7). Because 

cancer cells often express self-antigens normally expressed by the healthy tissues from 

which they derive, tolerance also inhibits immunity against these malignant cells (10). 

Development of methods to overcome tolerance barriers has the potential to enhance cancer 

immunity and improve patient outcomes in cancers for which immunotherapeutics are 

limited by tolerance.

In the context of cancer immunity, previous tolerance studies have been conducted utilizing 

model antigens; however, the applicability of these studies are limited, as the physiological 

relevance of mechanistic tolerance determinations in such systems is questionable (11). In 

contrast, TCR “retrogenic” mice produced by bone marrow reconstitution with 

hematopoietic stem cells (HSCs) retrovirally engineered to express TCRs have yielded 

insights into mechanisms underlying autoimmune diseases (12–17), and may have similar 

utility in examining the convergence of tolerance, autoimmunity, and cancer immunity 

targeting self/cancer antigens. Here, developed a retrogenic model system to investigate 

mechanisms of tolerance driven by guanylate cyclase C (GUCY2C), a natural self-antigen 

and cancer immunotherapy target selectively expressed in intestinal epithelial cells (18). 

Importantly, GUCY2C is overexpressed in intestinal tumors of both mice and humans (18–

21). Compartmentalization in the intestinal lumen coupled with universal expression by 

CRC, highlighted by its utility as an effective biomarker for metastatic disease (21), 

implicate GUCY2C as the index cancer mucosa antigen (22–25) and an immune target for 

treating CRC. Indeed, adenoviral vaccines expressing murine GUCY2C produce GUCY2C-

specific CD8+ T-cell responses in mice (22, 26–29) that kill GUCY2C-expressing colon 

cancer cells in vitro (27, 28) and reduce or eliminate tumors and improve survival in vivo in 

mouse models of metastatic CRC in lung or liver (22, 27, 28). Of significance, vaccine-

induced CD8+ T cells selectively target metastatic CRC, but not normal intestinal tissue 

endogenously expressing GUCY2C (22, 27, 28). These observations have been extended to 

patients which produce GUCY2C-specific immune responses without toxicity (30). 

Importantly, GUCY2C-specific immune responses in mice (22, 26, 27) and humans (30) are 

characterized by selective tolerance of GUCY2C-specific CD4+ T cells, but not CD8+ T 

cells or B cells. In turn, this selective CD4+ T cell tolerance corrupts GUCY2C-specific B 

and CD8+ T-cell responses and antitumor efficacy, representing the critical limitation to 

therapeutic GUCY2C vaccination in cancer.
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Defining mechanisms underlying CD4+ T-cell tolerance, and potential benefits (antitumor 

immunity) and toxicities (autoimmunity) associated with their reversal, are critical to 

optimize next-generation vaccine therapies targeting GUCY2C in gastrointestinal (GI) 

cancers. Moreover, those approaches may be applicable to therapies targeting other self/

cancer antigens to treat malignancies beyond colorectal cancer. Here, we employed next-

generation sequencing to identify natural GUCY2C-specific CD4+ T-cell receptors (TCRs) 

and reconstitution with genetically engineered hematopoietic stem cells (HSCs) to establish 

TCR retrogenic models required to examine GUCY2C-specific CD4+ T-cell tolerance 

mechanisms, autoimmunity, and antitumor immunity.

MATERIALS AND METHODS

Mice and immunizations

All animal studies were performed in agreement with IACUC protocols and procedures. 

Male or female BALB/c Gucy2c−/− (27) and Guc2yc+/+ and Rag1−/− (The Jackson 

Laboratory, Bar Harbor, ME) mice ages 8–15 weeks were used in all experiments. Rag1−/− 

or Rag1−/−Gucy2c−/− BALB/c mice were used for all retrogenic experiments. Mice were 

immunized with Ad5-GUCY2CECD (1×108 IFU/mouse) i.m. and immune responses were 

quantified by ELISpot or intracellular cytokine staining (ICS) 11–14 days later (22, 26–28).

GUCY2C-specific CD4+ T-cell isolation and TCR sequencing

Bulk splenocytes from Ad5-GUCY2C-immunized Gucy2c−/− mice were plated at 1×107 

cells/mL in a T75 tissue culture-treated flask. Cells were stimulated with a final 

concentration of 20 μg/mL GUCY2C153–167 and incubated for 4.5 h at 37°C. Cells were 

harvested into 50 mL conical tubes, centrifuged at 4°C and resuspended in 50 mL cold 

MACS buffer (1x PBS supplemented with 0.5% BSA and 2 mM EDTA) and washed two 

additional times. Cells were passed through a 40 μm strainer to remove cellular debris before 

a final spin. Cells were resuspended in cold CTL-TEST media (Cellular Technology 

Limited, Cleveland, OH) and labeled with a bispecific catch antibody (IFNγ Cytokine 

Secretion Assay, Miltenyi Biotec, Bergisch Gladbach, Germany) directed towards murine 

IFNγ and incubated on ice for 5 mins. Cells were resuspended in warm assay medium at 106 

cells/mL in 50 mL conical tubes and incubated for 45 min at 37°C with continuous rotation 

to allow secretion and capture of the cytokines by the surface-bound capture reagent. The 

cells were then washed at 4°C and resuspended in cold MACS buffer and placed on ice for 

10 min. The cells received PE-conjugated αIFNγ antibody and were incubated for 10 min 

on ice and washed in cold buffer. Anti-PE MicroBeads were added, and cells were incubated 

for 15 min at 4°C and subsequently washed in cold buffer. Cells were passed through two 

MS/LS columns, serially. Samples were taken pre- and post-MACs sorting, stained with 

Propidium Iodine (Millipore Sigma, Darmstadt, Germany), αCD4-FITC (clone RM4–5, BD 

Biosciences, San Jose, CA), αCD8α-Pacific Orange (Clone 5H10, Invitrogen, Carlsbad, 

CA) and αIFNγ-PE (IFNγ Cytokine Secretion Assay, Miltenyi Biotec), and analyzed by 

flow cytometry on a BD LSR II to determine purity of the sorted population. The remainder 

of eluted GUCY2C153–167-specific cells were pelleted, and RNA was purified using a 

PicoPure RNA Isolation Kit (Life Technologies, Carlsbad, CA) according to the 

manufacturers protocol. RNA was commercially sequenced on an Illumina MiSeq for 
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individual TCR α and β sequences in the GUCY2C153–167-enriched population by 

iRepertoire, Inc. (Huntsville, AL).

TCR construction, retrovirus production, and T-cell transduction

Sequencing data produced ~200bp reads surrounding CDR3s, their frequencies, and V, D, 

and J usage. Generation of TCRα and TCRβ circos plots employed the open-source 

software suite VDJtools (31) and R. Hierarchical tree maps were generated using the 

iRepertiore software. Prevalent CDR3s (based on amino acid sequences) were identified and 

aligned to full-length TCR α and β sequences using IMGT (32). The corresponding full-

length TCR α and β chains were synthesized (Life Technologies) and 12 TCRs composed of 

TCRα-Furin-V5-P2A-TCRβ constructs (33) were subcloned into the pMSCV-IRES-GFP 

(pMIG) retroviral vector (Addgene, Cambridge, MA, #2749). A DO11 TCR construct 

specific for OVA323–339 was similarly produced as a negative control (34). The Phoenix-Eco 

retroviral packaging cell line (Gary Nolan, Stanford University) was transfected with TCR-

pMIG vectors and the pCL-Eco retroviral packaging vector (Novus Biologicals, Littleton, 

CO) using the Calcium Phosphate ProfectionR Mammalian Transfection System (Promega, 

Madison, WI). Retrovirus-containing supernatants were collected 48 h later, filtered through 

0.45 μm filters, and aliquots were frozen at −80°C. Murine CD4+ T cells were purified from 

BALB/c splenocytes using a CD4+ T cell Isolation Kit (Miltenyi Biotec) and subsequently 

stimulated with αCD3/αCD28-coated beads (T Cell Activation/Expansion Kit, Miltenyi 

Biotec) at a 1:1 bead:cell ratio at 1×106 cells/mL in cRPMI (RMPI + 10% FBS, 10 μM 

HEPES, 0.05 μM 2-mercaptoethanol) under Th1 polarizing conditions: 100 U/mL 

recombinant human IL-2 (NCI Biological Resources Branch, Frederick, MD), 2 ng/mL 

recombinant mouse IL-12 (R&D Systems), and 5 μg/mL mouse αIL-4 antibody (R&D 

Systems, Minneapolis, MN). The day following stimulation, ½ of the culture media was 

replaced with an equal volume of thawed retroviral supernatant in the presence of polybrene 

(Millipore Sigma). Spinoculation was performed at room temperature for 90 min at 2,500 

rpm followed by incubation at 37°C for 2.5 h at which point cells were pelleted and 

resuspended in fresh media supplemented with rh-IL-2, rm IL-12, and αIL-4 antibody. T 

cells were expanded for 7–10 d by daily dilution to 1×106 cells/mL and cytokines were 

replenished daily for 48 h, followed by 48 h of media supplemented with only rh-IL-2, and 

then 48–72 h of media supplemented with rh-IL-2 and rm-IL-12. T cells were harvested and 

used for functional assays on day 7–10. All cell counts employed a Muse Cell Analyzer and 

Count and Viability Assay (Millipore Sigma).

Surface markers and intracellular cytokine staining

TCR-transduced T cells were stimulated for 6 h with DMSO, GUCY2C153–167 or 

OVA323–339 peptides, or with Cell Stimulation Cocktail (PMA/Ionomycin, Thermo Fisher 

Scientific, Waltham, MA). Incubation included the Protein Transport Inhibitor Cocktail 

(Thermo Fisher Scientific) when assessing intracellular cytokines. Transduced T cells or 

blood obtained by retro-orbital eye bleeding were stained for surface markers using the 

following antibodies: αCD4-Pacific Blue (clone RM4–5, BD Biosciences), αCD8α-PerCP-

Cy5.5 (clone 53.6–7, BD Biosciences), αGr1-APC (clone RB6–8C5, BioLegend, San 

Diego, CA), αB220-PerCP-Cy5.5 (clone RA3–6B2, BD Biosciences), αTer119-PE-Cy7 

(clone TER-119, BD Biosciences), and αCD45.2-PE (clone 104, BD Biosciences) and 
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αCD25-PE (clone PC61.5, eBioscience). ICS was performed using the BD Cytofix/

Cytoperm Kit (BD Biosciences) and staining with the following antibodies: αGFP-

Alexa-488 (polyclonal, Invitrogen) and αIFNγ-PE-CF594 (clone XMG1.2), αIL-2-APC 

(clone JES6–5H4) and αTNFα-PE-Cy7 (clone MP6-XT22) from BD Biosciences. Red 

blood cells were lysed using BD lysis buffer and cells were fixed in 2% PFA and analyzed 

on a BD LSR II or BD LSR Fortessa flow cytometer. Analyses were performed using 

FlowJo software (FlowJo, Ashland, Oregon).

Retrogenic models

Retrogenic mice were produced by reconstitution of irradiated recipients with retrovirally-

transduced HSCs using established techniques (16, 17, 35, 36). Briefly, Rag1−/− mice were 

injected i.p. with 150 mg/kg of 5-fluorouracil (Millipore Sigma); bone marrow was 

harvested 72 h later and murine HSCs were purified using mouse HSC isolation kit and 

EasySep magnet (STEMCELL, Vancouver, BC, Canada). HSCs were cultured for 24 h in 

complete STEMSpan (STEMCELL) supplemented with 20 ng/ml IL-3, 50 ng/ml hIL-6, 50 

ng/ml mSCF and 30 ng/ml hLDL (STEMCELL). Bone marrow cells were spinoculated with 

retroviral supernatant and 8 μg/ml polybrene for 90 min at 37°C at 2500 rpm at 24, 48, and 

72 h. Fresh media and cytokines were added after each transduction. After 96 h, bone 

marrow cells were collected, resuspended in 1X PBS + 2% Heparin (Millipore Sigma), and 

injected i.v. at ~2×106 cells/mouse into 8.5 Gy-irradiated recipients (~1 donor/1 recipient). 

Mice were test-bled for TCR reconstitution ~8 weeks post-transplant for analysis.

Dual-color enzyme-linked ImmunoSpot assays

ELISpot assays were performed using a murine IL-2/IFNγ double-color enzymatic kit 

(CTL-mIFNgIL2–1M/2; Cellular Technology Limited), which contained plates, all 

antibodies, detection reagents, and substrate. Assays were performed according to the 

manufacturer’s instructions. Briefly, the PVDF membranes were pre-wet with 70% ethanol 

and plates were coated with murine IL-2/IFNγ Coating Antibodies overnight at 4°C. The 

next day, plates were washed once with PBS and then peptides were plated in CTL-Test 

Medium. After plating the splenocytes and antigen presenting cells (for retrogenic 

experiments), 96-well plates were placed in a humidified incubator at 37°C with 5% CO2. 

After 24 h of incubation, cells were removed, and the detection antibody and development 

reagents were added. Following completion of the ELISpot assay, plates were air dried prior 

to analysis. Plates were scanned and analyzed using an ImmunoSpot® S6 Universal 

Analyzer (Cellular Technology Limited). Spot Forming Cells (SFCs) were automatically 

calculated by the ImmunoSpot® Software for each antigen stimulation condition and the 

medium (negative) control using the SmartCount™ and Autogate™ functions. Antigen-

specific responses were calculated by subtracting baseline (DMSO stimulation) responses 

from antigen-stimulated responses.

TCR avidity analysis

TCR avidity experiments were performed using the IL-2/IFNγ dual-color ELISpot assay 

described above. Splenocytes were stimulated with a range of GUCY2C peptide from 0 

ug/mL to 200 ug/mL. Then, for each sample, responses were normalized (0 ug/mL = 0% and 

200 ug/mL = 100%) to generate a peptide dose-response with responses ranging from 0 to 
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100%. TCR avidity measurements were then analyzed by nonlinear regression [log(peptide 

concentration) versus normalized response] using GraphPad Prism version 7 (La Jolla, CA) 

(37, 38).

Statistical analysis

Statistical significance was analyzed using Student’s t test and two-way ANOVA. When 

appropriate, p values were corrected for multiple comparisons using Bonferroni’s method. p 
< 0.05 was considered statistically significant. We chose sample sizes based on experience 

with previous similar experiments. All statistical analyses were performed using GraphPad 

Prism version 7. Analyses represent mean ± SEM, unless otherwise indicated, and * p < 

0.05, ** p < 0.01, *** p < 0.001.

RESULTS

GUCY2C-specific CD4+ T-cell isolation

Gucy2c−/− mice that are deficient in GUCY2C do not exhibit self-tolerance to, and, 

consequently, produce immune responses against, this protein (22, 26, 27). To examine 

CD4+ T-cell tolerance mechanisms, we established a model system using GUCY2C-specific 

TCRs that develop in Gucy2c−/− mice in the absence of tolerance. To identify GUCY2C-

specifc TCRs that are eliminated from the naïve T-cell repertoire in Gucy2c+/+ mice, we 

immunized non-tolerant Gucy2c−/− mice with Ad5-GUCY2C, producing robust GUCY2C-

specific CD4+ T-cell responses directed towards the dominant GUCY2C153–167 epitope, 

measured by IFNγ ELISpot (27) (Fig. 1a–b). Bulk splenocytes were isolated from Ad5-

GUCY2C-immunized Gucy2c−/− mice and GUCY2C153–167-specific CD4+ T cells were 

purified using magnetic-activated cell sorting (MACS) following a live-cell IFNγ Secretion 

Assay. FACS analysis of bulk CD4+ T cells labeled by this technique prior to magnetic 

separation confirmed the expected low frequency of GUCY2C-specific cells, while MACS 

separation enriched those cells >2000-fold (Fig. 1c). This enrichment was sufficient to 

identify GUCY2C-specific TCRs within the partially purified population of cells.

Identifying GUCY2C-specific TCRs by massively parallel sequencing

RNA purified from GUCY2C-enriched CD4+ T cells isolated by MACS underwent 

massively parallel (next-generation) sequencing to identify individual TCR α and β 
sequences (Fig. 1a). We used an Illumina® platform to sequence all TCR α and β genes 

present in the isolated CD4+ T cells and clustered identical amino acid sequences to identify 

prevalent TCRs. During an immune response, a relatively small number of antigen-

recognizing clones expand exponentially, producing an oligoclonal response. Nearly 3×106 

individual sequences were generated and, as expected, the GUCY2C153–167-reactive 

immune repertoire lacked diversity, reflecting expansion of relatively few clones (Fig. 1d). 

For both TCR α and β, a small number of V(D)J pairs accounted for a large fraction of 

observed sequences. Examination of individual V(D)J junctions (CDR3s) further revealed 

the oligoclonal nature of the response (Fig. 1e). We identified the top TCRα and TCRβ 
CDR3s (Fig. 1e and Table S1) and used frequency-based matching to identify natural 

GUCY2C-specific pairs (39) (Fig. 1f).
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GUCY2C TCR synthesis and screening

Given the possibility that dual-TCRα (40) T cells within the population may shift the TCRα 
and TCRβ frequency profiles (2 TCRα chains pair with 1 TCRβ chain), individual TCR α 
and β chains were synthesized for the top 4 TCRα sequences and top 3 TCRβ sequences 

and all combinations of TCRαβ pairs where generated from the synthesized chains. The 12 

candidate TCRs were synthesized using a 2A ribosomal skip sequence between the TCR α 
and β sequences, permitting translation of both proteins from a single open reading frame, 

resulting in a near stoichiometric production of α and β chains (33). TCR constructs were 

cloned into a retroviral vector with an IRES-GFP marker (Fig. 2a). To examine the TCR 

constructs, naïve CD4+ T cells were isolated from Guc2yc+/+ mice and transduced with the 

candidate TCR constructs or a DO11 TCR construct specific for OVA323–339 (34). Following 

transduction and expansion in Th1-promoting conditions, transduced CD4+ T cells were 

stimulated with GUCY2C153–167 peptide and effector function was detected by TNFα and 

IFNγ ICS (Fig. 2b–c). Of 12 synthesized, TCRs 4A and 5B recognized GUCY2C153–167 

peptide (Fig. 2b–c), but not vehicle control, with 55–60% of GFP+CD4+ T cells responding 

to GUCY2C153–167 peptide stimulation with cytokine production (sequences of TCR 4A and 

5B are shown in Fig. S1).

Hematopoietic stem cell (HSC) engineering

To establish a model to explore mechanisms underlying tolerance, GUCY2C-specific TCRs 

must be expressed in developing thymocytes in vivo, rather than in CD4+ T cells stimulated 

ex vivo. In that context, we inserted retroviral TCR constructs into purified mouse 

hematopoietic stem cells (HSCs) ex vivo which were then used to reconstitute bone marrow-

depleted mice, producing retrovirally-transduced bone marrow chimeric (retrogenic) mice. 

In this model, transduced HSCs develop into all bone marrow-derived lineages, including T 

cells, permitting testing of tolerance directed by genetically engineered TCRs recognizing 

GUCY2C. For all retrogenic experiments, Rag1−/− HSCs were used to prevent donor cells 

from producing endogenous TCR rearrangements, ensuring that only engineered TCRs were 

expressed. Here, HSCs were purified from bulk bone marrow by magnetic separation and 

transduced serially 1, 2, or 3 times with TCR-IRES-GFP retrovirus (Fig. 3). HSCs 

transduced with control DO11 and GUCY2C TCRs 4A and 5B expanded ~4-fold (Fig. 3a) 

and remained undifferentiated (41) (Fig. 3b). Successive retroviral applications increased 

transduction efficiency (Fig. 3c).

Retrogenic mice

HSCs from Rag1−/− mice were transduced with TCR 4A, 5B, or DO11 retrovirus and 

transferred to lethally irradiated Rag1−/−Gucy2c−/− mice. The Rag1−/− genotype ensured that 

recipient mice were devoid of endogenous T cells. Retrogenic mice reconstituted with HSCs 

transduced with TCR 4A, 5B, or DO11 displayed CD4+ T-cell development that was 

comparable to control mice (Fig. 4). Moreover, mice reconstituted with HSCs transduced 

with TCR 4A and 5B exhibited minimal CD8+ T-cell maturation, compared to control mice 

(Fig. 4). These results confirm successful reconstitution of CD4+ T-cell development by 

delivery of exogenous TCRs to HSCs. Importantly, using the retrogenic system we can 
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enrich for GUCY2C-specific CD4+ T cells (present at ~30–60% in peripheral blood of 

TCR4A or 5B retrogenic mice).

Retrogenic mouse immune responses

Conventional Gucy2c−/− mice or TCR 4A or 5B retrogenic Rag1−/−Gucy2c−/− mice were 

immunized with Ad5-GUCY2C. Splenocytes were collected 14 days later and antigen-

specific immune response quantified by IL-2/TNFα ICS by FACS (Fig. 5a). Importantly, 

TCRs 4A and 5B retrogenic mice produced antigen-specific responses, with ~30–50% of 

GFP+CD4+ T cells responding to GUCY2C153–167 peptide stimulation with cytokine 

production, compared to ~2% of CD4+ T cells in conventional Gucy2c−/− mice (Fig. 5b). 

Thus, in this retrogenic model, HSCs can reconstitute specific T-cell compartments (Fig. 4) 

and antigen-specific immune responses (Fig. 5). Moreover, GUCY2C-specific TCR 4A and 

5B retrogenic mice performed similarly to DO11 TCR retrogenic mice which also 

demonstrated normal T-cell development (Fig. 4) and antigen-specificity (Fig. S2).

Retrogenic TCR functional avidity

TCR avidity is a main factor controlling T-cell tolerance (42). Moreover, T cells with high 

functional avidity mediate superior T-cell responses and tumor immunity (43). Thus, the 

avidity of T cells from TCR retrogenic mice were compared to that of naturally-occurring 

GUCY2C-specific T cells found in conventional Gucy2c−/− mice. T cells were collected 

from immunized mice and functional avidity was quantified by GUCY2C153–167 peptide 

titration in an IL-2/IFNγ dual-color ELISpot assay (Fig. 6). Indeed, TCR 4A and 5B 

retrogenic Gucy2c−/− mice and conventional Gucy2c−/− mice produced GUCY2C-specific T 

cells with similar functional avidities (Fig. 6), reflecting similarities in TCRα and TCRβ 
usage between Gucy2c−/− mice and TCR 4A and 5B (Table S1). While transduction of 

HSCs with γ-retrovirus produces a continuum of TCR expression levels (Fig. S3a), only 

those retrogenic cells with surface TCR levels similar to conventional T cells produce 

cytokine following antigen stimulation (Fig. S3b). Together, these data confirm that this 

retrogenic model recapitulates endogenous T-cell responses and is suitable to study 

GUCY2C-specific CD4+ T-cell tolerance mechanisms and outcomes.

Retrogenic T-cell tolerance

This validated model was used to determine if GUCY2C-specific CD4+ T-cell tolerance is 

recapitulated in retrogenic mice. Lethally irradiated Rag1−/−Gucy2c−/− or Rag1−/−Gucy2c+/+ 

recipient mice were reconstituted with TCR 4A or 5B HSCs (Fig. 7). Endogenous 

GUCY2C-specific CD4+ T-cell responses eliminated in Gucy2c+/+ mice by tolerance were 

present in non-tolerant Gucy2c−/− mice (22, 26, 27) (Fig. 7a). Thus, we hypothesized that 

Gucy2c−/−, but not Gucy2c+/+, mice reconstituted with GUCY2C-specific TCRs 4A or 5B 

would produce GUCY2C-specific T-cell responses. Indeed, immunization produced 

GUCY2C-specific T-cell responses in Gucy2c−/−, but not Gucy2c+/+, TCR 4A or 5B mice 

(Fig. 7b–c). Together, these results confirm the utility of TCR retrogenic mice produced by 

ex vivo TCR repertoire sequencing as a model for exploring GUCY2C-specific tolerance 

mechanisms.
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DISCUSSION

In this study, we identified a mouse model to explore mechanisms underlying T-cell 

tolerance targeting endogenous self-antigens, employing the mucosal self-antigen GUCY2C 

as the example. Indeed, GUCY2C is a self/tumor antigen undergoing clinical testing as a 

therapeutic target in metastatic colorectal cancer (30, 44, 45). Importantly, GUCY2C 

vaccination of mice and humans reveals conservation across species of selective elimination 

of GUCY2C-specific CD4⁺, but not CD8+, T-cell responses (22, 26, 27, 30). In turn, this 

conservation across species supports the utility of mice as a model to explore GUCY2C-

specific tolerance mechanisms and outcomes. Thus, the retrogenic system developed here 

provides a unique platform to study the implications of tolerance on antitumor immunity and 

autoimmunity in the context of GUCY2C immunotherapy that has relevance to human 

therapies.

Previous studies of tolerance have utilized model antigens and are limited in their 

physiological applications and translational potential for human therapies (11). For example, 

ovalbumin (OVA) has been used as a model self-antigen expressed under the control of 

various tissue-specific promoters coupled with OVA-specific (OT-I) TCR transgene 

expression or CD8+ T cell transfer (46). Not surprisingly, when OT-I T cells are transferred 

to mice expressing OVA under the control of the promoter for intestinal fatty acid binding 

protein (IFABP-OVA), antigen-specific tolerance is observed (47). These results were 

recapitulated in a model in which OVA is expressed under the control of the rat insulin 

promoter (RIP-OVA). Importantly, both models express high, non-physiologic levels of OVA 

antigen that limit interpretations, as antigen levels are known to impact tolerance (48). 

Indeed, when OVA is expressed at lower levels, no tolerance is observed (49). Expressing 

the influenza virus membrane protein hemagglutinin (HA) under the control of the glial 

fibrillary acidic protein (GFAP) promoter as a model of Crohn’s disease revealed that 

adoptively transferred HA-specific (CL4) CD4+ T cells did not traffic to the intestine and 

were deleted in the periphery (50). This was similar to some findings in IFABP-OVA mice 

(51), but contrasts with studies in Vil-HA mice (52), which may reflect differences in 

patterns of expression of HA. Taken together, these differences in tolerance mechanisms 

achieved for the same exogenous antigens controlled by different promoters underscores the 

limits of using model antigens to predict tolerance mechanisms and outcomes directed by 

endogenous antigens.

Cre recombinase also has been employed as a model self-antigen under the control of 

different tissue-restricted promoters, including Clara Cell 10 kDa Secretory Protein (CC10-

Cre) or Villin (Vil-Cre) for expression in lung epithelium or intestinal epithelium, 

respectively (53). Indeed, Cre-specific CD4+ T cells were preserved and Cre-specific Tregs 

were increased in CC10-Cre and Vil-Cre transgenic mice, suggesting that CD4+ T cells 

directed to mucosa-restricted antigens may be preferentially diverted to Treg development as 

a less durable form of tolerance than deletional mechanisms (53). Interestingly, CC10 and 

Villin genes are both AIRE-regulated and expressed by medullary thymic epithelial cells 

(54); however, thymic expression of Cre was not detectable in either CC10-Cre or Vil-Cre 

mice in this study (53), suggesting that artificial transgenic promoters may not accurately 

recapitulate AIRE-mediated regulation of endogenous genes. Thus, findings with exogenous 
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antigens may not be applicable to natural self-antigens, necessitating the exploration of 

tolerance mechanisms to endogenous self-antigens.

In contrast to model antigens, carcinoembryonic antigen (CEA) is a cell-surface oncofetal 

glycoprotein expressed in human large intestine, and is over-expressed in most GI 

malignancies (55). However, developing experimental mouse models to study CEA as a 

potential immunotherapy target proved challenging as no mouse or rat homolog exists. 

Many transgenic mouse lines have been generated, but with limitations. There have been 

several reports of differences in patterns of CEA expression across cell types and mouse 

strains, with CEA levels higher than the concentration detected in humans by 20-fold in 

some cases (56), confounding findings of toxicity in these models (57). Although models 

improve as new technologies evolve, studies of CEA still require models with greater 

translational potential for the treatment of human disease.

In contrast to uncertainties of transgenic expression of exogenous antigens, GUCY2C is an 

endogenous self-antigen expressed in intestinal cells in mice and humans, and universally 

over-expressed in colorectal cancer cells in patients, where insights into tolerance 

mechanisms in murine models could be clinically translated. Indeed, we have previously 

demonstrated that nontolerant Gucy2c−/− mice have superior GUCY2C-specific tumor 

immunity compared to tolerant Gucy2c+/+ mice (22, 26, 27). Identifying mechanisms 

limiting immunity in Gucy2c+/+, but not Gucy2c−/−, mice may reveal cellular or molecular 

pathways that can be leveraged to maximize GUCY2C-targeted immunotherapy in patients. 

Moreover, selective tolerance of the CD4+ T-helper cell lineage of the GUCY2C immune 

repertoire limiting antitumor responses in humans (30) and mice (22, 26, 27) also has been 

observed with melanoma (Trp2) and breast cancer (Her2) antigens (27). Indeed, we have 

identified selective CD4+ T-cell tolerance that restricts vaccine efficacy across multiple self-

antigens, tissues, MHC haplotypes and cancers, but preserves antigen-specific CD8+ T and 

B cells, highlighting the broad impact of characterizing mechanisms mediating GUCY2C 

self-tolerance to alter cancer immunotherapeutic outcomes.

Using a retrogenic system, we have demonstrated that immunization of Gucy2c−/− TCR 4A 

or 5B mice resulted in GUCY2C-specific T-cell responses, while no responses were detected 

in Gucy2c+/+ recipient mice, recapitulating findings in conventional models. This suggests 

that TCR 4A and 5B Gucy2c+/+ mice could be used to explore GUCY2C tolerance 

mechanisms selectively targeting CD4+ T cells, which are responsible for attenuation of 

Ad5-GUCY2C vaccine efficacy. Defining these mechanisms is critical to develop 

approaches that reverse or block tolerance and assess their associated antitumor and 

autoimmune outcomes. Elucidating targets to overcome these tolerance barriers provides a 

mechanism-based strategy for restoring GUCY2C-specific CD4+ T cell responses and 

maximizing antitumor efficacy with the potential for translation to life-long protection 

against metastatic disease in patients.

The importance of identifying GUCY2C-specific tolerance mechanisms is underscored in 

the context of our recently-completed first-in-man Phase I clinical trial (30) and planned 

Phase II clinical trials examining the efficacy of Ad5-GUCY2C vaccination in patients with 

colorectal cancer, as well as those with esophageal, gastric, and pancreatic cancers which 
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ectopically express GUCY2C. Indeed, our studies of GUCY2C as a bona fide cancer 

mucosa antigen have been translated from murine discovery to human clinical trials, 

overcoming the limitations of model antigens previously employed in in tolerance studies. 

Understanding the mechanisms and consequences of GUCY2C-specific tolerance are vital to 

the development of second-generation GUCY2C immunotherapeutics to safely and 

effectively treat GUCY2C-expressing GI malignancies, diseases for which effective 

therapies are critically lacking. Moreover, the approach outlined in this study may be 

adopted to investigate tolerance mechanisms to other self-antigens implicated in 

autoimmunity and cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GUCY2C-specific TCRαβ identification in CD4+ T cells.
A) GUCY2C-specific TCR identification approach. B–C) Bulk splenocytes were isolated 

from 7 female Gucy2c−/− BALB/c mice 14 days after i.m. immunization with 108 IFU Ad5-

GUCY2C and were stimulated with GUCY2C153–167 peptide and analyzed by IFNγ 
ELISpot (B) or stimulated with GUCY2C153–167 peptide for 4.5 h, stained with αCD4-

FITC, αCD8-Pacific Orange and αIFNγ-PE, magnetically sorted for IFNγ+ cells and FACS 

analysis (C). D–F) Isolated IFNγ+ GUCY2C-specific CD4+ T cells were subjected to 

massively parallel sequencing. D) Circos plots showing frequencies of V–J pairs for TCRα 
(left) and TCRβ (right) chains. E) Hierarchical tree maps showing individual CDR3 

diversity assessment for TCRα (left) and TCRβ (right) chains. Each bubble corresponds to 

a unique CDR3 (by amino acid sequence); bubble size indicates frequency of reads. F) 

CDR3s identified in (E) were rank ordered by read frequencies of individual CDR3s for 

TCRα and TCRβ chains, revealing predicted TCRαβ pairs.
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Figure 2. GUCY2C recognition by engineered cells confirmed TCR specificity and activity.
A) Assembled TCRs were expressed as TCRαβ pairs linked by a 2A ribosomal skip 

sequence in engineered CD4+ T cells by retrovirus-mediated transduction of naïve CD4+ T 

cells under Th1-promoting conditions. The retroviral vector includes a GFP marker, 

allowing gating on transduced cells. B) Representative FACS analysis shows IFNγ and 

TNFα cytokine production following stimulation with GUCY2C153–167 peptide in 

engineered T cells identified TCR 4A and 5B as GUCY2C-specific. DMSO served as a 
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vehicle control. DO11 served as a negative control for the TCRs. B) is representative and (C) 

is the mean of 2–4 experiments for each TCR construct. ** p < 0.01, Two-way ANOVA.
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Figure 3. HSC expansion and transduction.
A–C) Bone marrow was isolated from donor Rag1−/− mice and HSCs were purified by 

negative selection of lineage-positive cells. Purified HSCs were left untransduced or 

transduced 1–3 times with DO11 or GUCY2C TCRs. A) HSC expansion ex vivo. B) 

Transduced HSCs remained lineage negative (mature lineage markers B220, Ter119, CD4, 

and Gr-1 shown here) following retroviral transduction and expansion, comparable to HSCs 

stained directly ex vivo. C) HSC transduction efficiency following 1, 2, or 3 applications of 

TCR retrovirus (1x, 2x or 3x). Values indicate percentage of GFP+ cells. Data are 

representative of 3 experiments.
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Figure 4. Reconstitution of retrogenic mice.
Transduced HSCs were adoptively transferred to lethally-irradiated Rag1−/−Gucy2c−/− mice. 

Reconstitution was determined nine weeks later by FACS on blood samples. % CD4+ T cells 

of total cells, % CD8+ T cells of total cells in blood. Reconstitution analysis of 3–5 mice/

group.
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Figure 5. Retrogenic immune responses.
A–H) Rag1−/−Gucy2c−/− retrogenic mice were produced with TCR 4A or 5B and, along 

with conventional Gucy2c−/− mice, were immunized with Ad5-GUCY2C. Splenocytes were 

collected 14 days later and analyzed by IL-2/TNFα ICS after stimulation with DMSO 

(vehicle), GUCY2C153–167, or PMA/IONO (positive control). Data indicate responses by 

individual mice and are representative of two experiments with 3–5 mice/group. * p <0.05, 

** p <0.01 t test.
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Figure 6. Retrogenic TCR Avidity.
A–C) Rag1−/−Gucy2c−/− TCR 4A and 5B and conventional Gucy2c−/− mice were 

immunized with Ad5-GUCY2C. Splenocytes were collected 14 days later to measure TCR 

avidity by IL-2/IFNγ dual-color ELISpot using peptide titration. Normalized responses for 

each sample were calculated from 0% (no peptide) to 100% (highest peptide concentration) 

to determine the avidity of each sample. Avidity curves for IL-2+ (A), IFNγ+ (B), and 

IL-2+IFNγ+ double-positive (C) T cells were similar in TCR retrogenic and conventional 

Gucy2c−/− mice. Data points indicate the mean of 1–3 experiments containing 2–4 mice/

group/experiment. Curves indicate non-linear regression computed from the average data 

points across experiments.
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Figure 7. Retrogenic T-Cell Tolerance.
Gucy2c+/+ and Guc2yc−/− retrogenic hosts were established with TCR 5B or TCR 4A HSCs 

6–9 weeks prior to immunization. GUCY2C-specific T-cell responses were quantified by 

IL-2/IFNγ double-color ELISpot assay 11–14 days after immunization with Ad5-GUCY2C. 

No GUCY2C-specific responses were detected in conventional Gucy2c+/+ mice, while 

robust responses were produced in Gucy2c−/− mice (A), recapitulated by TCR 4A (B) and 

5B (C) retrogenic mice. Data indicate the means of two experiments with 2–4 mice/group/

experiment. p values compare Gucy2c+/+ and Gucy2c−/− mice, determined by Two-way 

ANOVA. SFCs = spot-forming cells. Data indicate SFCs/106 splenocytes.
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