
original article

620 www.moleculartherapy.org  vol. 19 no. 3, 620–626 mar. 2011    

© The American Society of Gene & Cell Therapy

Autologous T lymphocytes genetically engineered to 
express a murine T cell receptor (TCR) against human 
carcinoembryonic antigen (CEA) were administered to 
three patients with metastatic colorectal cancer refrac-
tory to standard treatments. All patients experienced pro-
found decreases in serum CEA levels (74–99%), and one 
patient had an objective regression of cancer metastatic 
to the lung and liver. However, a severe transient inflam-
matory colitis that represented a dose limiting toxicity 
was induced in all three patients. This report represents 
the first example of objective regression of metastatic 
colorectal cancer mediated by adoptive T cell trans-
fer and illustrates the successful use of a TCR, raised in 
human leukocyte antigen (HLA) transgenic mice, against 
a human tumor associated antigen. It also emphasizes 
the destructive power of small numbers of highly avid 
T cells and the limitations of using CEA as a target for 
cancer immunotherapy.
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IntroductIon
Carcinoembryonic antigen (CEA) is a 180 kDa glycoprotein 
belonging to the immunoglobulin superfamily and is a tumor 
associated protein overexpressed in many epithelial cancers, 
most notably in colorectal adenocarcinoma. However, it is also 
expressed in a variety of normal epithelial cells throughout the 
gastrointestinal tract, most prominently in highly differenti
ated epithelial cells in the upper third of colonic crypts.1 Cancer 
immunotherapies using vaccines and antibodies targeting CEA 
are actively being explored.2–6 We have developed an approach 
to treating patients with metastatic colorectal cancer using auto
logous T cells genetically engineered to express a high avidity 
T cell receptor (TCR) that mediates recognition of CEA. This 
TCR was isolated by immunizing HLAA*0201 transgenic mice 

with the peptide epitope CEA:691–699, and its functional  avidity 
was enhanced by introducing a single amino acid substitution 
in the complementaritydetermining region 3 of the α chain.7,8 
This murine TCR specifically mediated recognition of peptide
loaded HLAA*0201+ targets (T2 cells) and HLAA*0201+ CEA+ 
human colon cancer cell lines in vitro.7 This report describes three 
patients with metastatic colorectal cancer treated with adoptively 
transferred autologous T cells retrovirally transduced to express 
this TCR.

results
A retrovirus encoding the high avidity murine CEAreactive 
TCR was used to transduce peripheral blood lymphocytes (PBL) 
from three HLAA*0201+ patients with metastatic colorectal 
cancer who had elevated levels of serum CEA protein (Table 1) 
and tumors that expressed high levels of CEA. All three patients 
had progressive disease refractory to a minimum of four different 
chemotherapy regimens that included agents and antibodies with 
known activity against colorectal cancer. Genetically modified 
autologous T lymphocytes were adoptively transferred into these 
patients with interleukin2 after a lymphodepleting  chemotherapy 
regimen as previously described.9–11 Patient and cell characteris
tics are presented in Table 1. Transduction efficiencies in the 
adoptively transferred cells ranged from 79 to 90% as evaluated 
by fluorescenceactivated cell sorting (FACS) using an antibody 
against the murine TCR β chain constant region. These T cells 
were functionally active as assessed by their ability to secrete inter
feron (IFN)γ and form IFNγ enzymelinked immunosorbent 
spots specifically in response to CEA:691699 peptideloaded T2 
cells and HLAA*0201+ CEA+ human colon cancer cells in vitro 
(Table 1).

Serum CEA protein levels, which ranged between 226 and 
865 µg/l prior to treatment (Table 1), dropped by 74–99% after 
adoptive cell transfer in all patients (Figure 1c). However, these 
decreases were transient, and CEA serum levels began to increase 
from their lowest levels at 3–4 months posttreatment. Patient 1 
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had a 17% reduction in metastatic cancer to the lung at 2 months 
after adoptive cell transfer but had progressive disease by 5 months 
(data not shown). Patient 2 had no response. Patient 3 had a 34% 
reduction in metastatic cancer to the liver, lung, and paraaortic 
lymph nodes assessed by Response Evaluation Criteria In Solid 
Tumors (RECIST) criteria at his 3 month followup evaluation, 
and that reduction improved to 49% at 4 months posttreatment 
(Figure 1b). As such, he met the criteria for a confirmed partial 
response as specified by RECIST; however, he had progressive 
 disease by 6 months.

Hematologic recovery in these patients was similar to that 
observed in our previous gene therapy patients receiving lym
phodepleting chemotherapy. Their clinical courses were unique, 
however, because of the onset of grade 2 diarrhea in patient 1 and 
grade 3 diarrhea in patients 2 and 3. Diarrhea started on days 5–8 
and persisted for ~2 weeks before slowly resolving to normal by 
4–6 weeks. All three patients were febrile between days 7 and 9 
and were hemodynamically stable but required fluid replacement. 
The two incidents of grade 3 diarrhea represented a dose limiting 
toxicity, and accrual to this clinical trial was halted in accord with 
requirements from the U.S. Food and Drug Administration.

Sequential colonoscopies revealed the development of inflam
matory colitis in all three patients. Characteristic findings are pre
sented in Figure 2. Prior to treatment, the appearance of the colon 
was normal (Figure 2, top row, d10), and biopsy revealed typical 
mucosal architecture (Figure 2, middle and bottom rows, d10) 
with weak, albeit positive, expression of CEA in crypt epithelial 
cells (inset). However, ~1 week later, the mucosa was edematous 
with areas of ulceration and loss of mucosal folds (Figure 2, top 
row, d+7). Biopsy at this time point revealed virtually complete 
denudation of the glandular epithelium, replaced by granula
tion tissue (Figure 2, middle row, d+7) and infiltration of CD3+ 
(Figure 2, bottom row, d+7) T cells. Over the next several days, an 
inflammatory colitis evolved, and the colonic mucosa appeared 
ulcerated, denuded, and exudative (Figure 2, top row, d+10). By 
2–3 weeks, the appearance of the colon was normalizing (Figure 2, 
top row, d+17), and biopsy showed atypical glandular epithelium 

consistent with repair/regenerative changes with continued gran
ulation tissue and acute and chronic inflammation (Figure 2, 
 middle and bottom rows, d+17). Immunohistochemical staining 
for CEA in these biopsies demonstrated near complete loss of CEA 
in the denuded colon specimens, but this protein was reexpressed 
in the regenerating tissue (data not shown).

Since these patients were neutropenic, stool cultures were 
tested, and Clostridium difficile was checked when diarrhea began 
to determine whether the colitis might have an infectious cause 
(C. difficle toxin assay × 3; C. difficle culture; Ova and Parasite; 
Cryptosporidium; Salmonella; Shigella; Campylobacter; Enteric 
Culture). All of these tests were negative in all three patients. 
Patients 1 and 2 received Budesonide and Mesalamine, but patient 
3 did not, so it is unclear to what, if any extent, these steroids aided 
in resolving the colitis. In a previously published report describ
ing the adoptive transfer of allogeneic T cells specifically reactive 
with minor histocompatibility antigens, toxicities were observed 
due to expression of these antigens in normal tissues.12 In that 
study, systemic steroids were administered that eradicated the 
adoptively transferred cells and aided in the resolution of symp
toms. However, we opted to administer only steroids with limited 
local, rather than systemic activity in an attempt to eliminate the 
T cells causing the colitis without eliminating those that might 
have induced tumor regression.

Genetic and cellular analyses of biopsy samples obtained dur
ing upper and lower endoscopies 6–11 days posttreatment using 
PCR and FACS analyses indicated the presence of substantial 
numbers of the adoptively transferred lymphocytes in all patients 
(Figure 3a and b). As one example, DNA samples were extracted 
from four different gastrointestinal biopsies from the esophagus, 
stomach, duodenum, and colon of patient 1 and were analyzed 
by PCR to quantify the number of retroviral DNA copies, nor
malized to the number of βactin copies, relative to the amounts 
present in the adoptively transferred PBL. DNA was isolated from 
whole biopsy specimens, not from selected T cell populations. The 
colon specimen contained 12% as many retroviral DNA copies as 
the infused transduced PBL population. Lesser numbers, but still 

table 1 summary of patients treated with anti-carcinoembryonic antigen (ceA) reactive t cell receptor (tcr) transduced autologous peripheral 
blood lymphocytes (PBl)

Patient Age/sex dx
sites of 
disease

number 
of cells

Pre-rx 
ceA 

(mg/l)a

% 
cd8 
cd4

% 
tcr+b

t2+ 
HBVc: 

18

t2+ 
ceA: 
691

sW480 
A2+ 
ceA-

sW620 
A2+ 
ceA-

H508 
A2+ 

ceA+

sW1463 
A2+ 

ceA+

sW480 
A2+ 
ceA-

H508 
A2+ 

ceA+

IFn-γ (pg/ml)c
IFn-γ 

elIsPotsd

1 55/M Rectal Ca Adrenal, 
Lung

4 × 108 281 29.7 
71.0

79.2 109 44,786e 37 67 1,529 10,124 5 3,700

2 43/M Rectal Ca Lung, LN 2 × 108 865 63.7 
34.2

89.8 435 54,782 58 72 8,731 6,718 34 5,220

3 52/M Colon Ca Liver, LN, 
Lung

2 × 108 226 64.3 
33.6

90.1 59 22,527 21 40 10,292 5,848 130 7,900

Abbreviations: Dx, diagnosis; HBVc, hepatitis B virus core; LN, lymph nodes.
aCarcinoembryonic antigen (CEA) protein levels in pretreatment serum samples from each patient were determined by the Department of Laboratory Medicine of the 
National Institutes of Health. bTransduction efficiencies for adoptively transferred gene-modified peripheral blood lymphocytes (PBL) were assessed by determining 
the percentages of CD3+ T lymphocytes that stained positively with an antibody specifically reactive with the murine T cell receptor (TCR) β chain constant region 
(eBioscience) by fluorescence-activated cell sorting. cInterferon (IFN)-γ secretion (pg/ml) in 20 hour coculture supernatants of 105 target cells with 105 transduced PBL 
(250 μl total volume) was assessed within 4 days of patient treatment by enzyme-linked immunosorbent assay. dIFN-γ enzyme-linked immunosorbent spot (ELISPOTS) 
per 105 total PBL from 20 hour cocultures of various dilutions of the infusion cells with 105 target cells. eUnderlined values indicate IFN-γ release was >100 pg/ml or 
IFN-γ ELISPOTS were >100 in response to human leukocyte antigen (HLA-A)*0201+ CEA+ target cells and at least twice background with any negative control.
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significant, were found in the esophagus, stomach, and duodenum 
at this time point in patient 1 (Figure 3a top panel). Colon biopsies 
obtained from patient 1 at later time points including days 25 and 
55 posttreatment also contained significant numbers of the adop
tively transferred cells as determined by the presence of retroviral 
DNA sequences (Figure 3a top panel). In addition, nonquanti
tative PCR which amplified the fulllength murine CEA reactive 
TCR αβ construct but not any human TCR sequences clearly indi
cated the presence of the murine CEAreactive TCR in the colon 
biopsy specimen from patient 1 obtained 8 days posttreatment 
(Figure 3a top panel inset). Colon biopsies from patients 2 and 3 
obtained 7 and 6 days posttreatment respectively also contained 
significant numbers of retroviral DNA sequences indicating the 

presence of the adoptively transferred cells (Figure 3a middle 
and bottom panels). However, we did not obtain colon biopsies 
at later time points from these two patients. Colon and gastric 
biopsy samples from patient 3 were also disrupted to form single 
cell suspensions, and FACS analyses revealed that nearly 30% of 
the T cells present in the colon biopsy expressed the murine CEA 
TCR as did ~25% of those in the gastric specimen. Both of these 
populations were predominantly CD8+ (75–86%) (Figure 3b). 
Although we considered attempting to expand lymphocytes from 
gastric and colon biopsies in vitro to examine these cells function
ally, we did not as the samples were very small, and we had doubts 
about maintaining sterility in culture. In addition, serum IFNγ 
levels increased from baselines near zero pg/ml to maximum lev
els of 57–174 pg/ml 5–6 days after cell infusion (Figure 3c) which 
was similar to observations from previous adoptive cell transfer 
protocols in patients with melanoma.9

Persistence of the adoptively transferred cells in the periph
eral circulation was evaluated for each patient using FACS and 
IFNγ ELISPOT assays as previously described9 (Supplementary 
Figure S1). Analysis carried out using an antimurine TCR β 
chain antibody revealed that 23, 6, and 1% of all T lymphocytes 
in patient peripheral blood ~1 month posttreatment in patients 
1, 2, and 3 respectively expressed the CEAreactive TCR. We 
also evaluated the phenotype of the adoptively transferred cells 
and those that persisted in the peripheral circulation using 
 antibodies against CD45RA, CD45RO, CD27, and CD28. The 
T cells given to patient 1 that expressed the CEA reactive TCR 
appeared more differentiated13 than those given to the other two 
patients in that they were predominantly negative for CD45RA 
and CD27 (Supplementary Figure S1). This is consistent with 
the fact that these cells underwent two rounds of in vitro stimula
tion whereas T cells from patients 2 and 3 only underwent one. 
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Figure 1  cancer-related responses to treatment. (a) Carcinoembryonic 
antigen (CEA) protein levels in sequential serum samples from each 
patient. Levels are expressed as the percent of the pretreatment concen-
trations shown in table 1, and values in parentheses are the lowest con-
centrations achieved in each patient in µg/l. (b) Computed tomography 
scans for patient 3 prior to treatment and 4 months post-treatment. 
Arrows represent locations of colorectal cancer metastases, and the aster-
isk indicates a liver defect at a site of liver metastasis previously treated 
with radiofrequency ablation (RFA). Top and middle rows: patient 3 liver. 
Bottom row: patient 3 paraaortic lymph nodes.

Figure 2 sequential colonoscopy findings for patient 2 during 
treatment. Top row: sequential images from colonoscopies per-
formed prior to treatment (d-10) as well as 7, 10, and 17 days post-
treatment. Middle row: hematoxylin and eosin staining of consecutive 
colon biopsies obtained prior to treatment (d-10) as well as 7 and 17 
days post-treatment. The inset in the first panel shows staining of the 
pretreatment biopsy with a monoclonal antibody against carcinoem-
bryonic antigen, and arrows indicate positive expression. Bottom row: 
staining of consecutive colon biopsies obtained prior to treatment 
(d-10) as well as 7 and 17 days post-treatment with a monoclonal 
antibody against human CD3.
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The CEAreactive T cells given to patients 2 and 3 appeared to 
be more heterogenous, containing mixtures of naive, central, and 
effector memory cells.13 None of the patients received fully dif
ferentiated effector cells based on significant expression of CD28, 
and the persistent TCR+ cells in all three patients appeared to be 
heterogenous populations based on expression of these markers.

Specific ELISPOT reactivity to the CEA peptide was also 
observed in peripheral blood mononuclear cell samples obtained 

10 and 26 days following transfer from patient 1, and 11 days post
transfer from patient 3. However, these cells did not recognize 
tumor cells expressing HLAA*0201 and CEA. This is also likely 
due to T cell quiescence observed in previous clinical trials.14 In 
this clinical trial, patients received a lymphodepleting chemo
therapy regimen prior to cell transfer. This regimen was required 
in order to see persistence of the transduced cells as we reported 
in two prior publications.15,16 We have recently confirmed these 
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Figure 3 Analyses of sequential biopsies and peripheral blood samples during treatment. (a) Biopsies from each patient were obtained during 
colonoscopy and endoscopy procedures at the indicated time points after adoptive transfer of autologous peripheral blood lymphocytes (PBL) trans-
duced to express a carcinoembryonic antigen (CEA) reactive T cell receptor (TCR). DNA was extracted from these specimens, and quantitative PCR 
was then performed to determine the amount of retroviral DNA present in biopsy specimens. The number of retroviral DNA sequences present in 
each sample was normalized to the amount of β-actin DNA and expressed as a percent relative to that present in the adoptively transferred PBL using 
the comparative CT method. In addition, nonquantitative PCR was also performed on samples from patient 1 using specific distal 5′ (α chain V region) 
and 3′ (β chain C region) primers to amplify the full-length TCR αβ construct encoding the murine CEA-reactive TCR. The PCR products were then 
separated using a precast 2% agarose ethidium bromide gel (Invitrogen) (top panel inset). Txd, transduced; UT, untransduced; Esoph, esophagus; 
Stom, stomach; Duod, duodenum. (b) Biopsies from patient 3 were obtained during colonoscopy and endoscopy procedures 7 days after adoptive 
transfer of autologous PBL transduced to express the CEA reactive TCR. Biopsy specimens were disrupted using a BD Medimachine and/or passage 
through a 40 µm nylon filter to obtain single cell suspensions. These were then stained with anti-CD3, -CD8, -CD4, and –murine TCR β chain con-
stant region antibodies and analyzed by fluorescence-activated cell sorting. The results shown were gated on CD3+ T cells, and the numbers indicate 
the percentages of cells in each quadrant. (c) Interferon (IFN)-γ protein levels in consecutive serum samples from each patient were determined by 
enzyme-linked immunosorbent assay. APC, antigen presenting cells; FITC, fluorescein isothiocyanate.
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results in a new clinical trial in 44 patients with melanoma who 
received cell transfer without a lymphodepleting chemother
apy regimen. No persistence of transferred cells was observed 
( unpublished observations).

A unique feature of this protocol was the use of a high  avidity 
TCR raised in HLA transgenic mice to overcome the natural 
tolerance in humans to a selftumor associated antigen. Since 
the murine TCR may appear as a foreign antigen to the human 
immune system, we evaluated the development of antibodies 
against the murine CEAreactive TCR in patient serum samples at 
multiple time points after adoptive cell transfer (Supplementary 
Figure S2 and Supplementary Table S1). No such antibodies 
were detected in serum samples from patient 1 at any time point 
up to 6 months posttreatment. However, IgG antibodies capable 
of binding to the CEA TCR were detected in serum samples from 
the second and third patients at 3 and 4 months posttreatment, 
respectively (Supplementary Figure S2). In addition to binding, 
these antibodies inhibited the function of PBL expressing the 
CEAreactive TCR as indicated by their ability to inhibit antigen
specific IFNγ secretion (Supplementary Table S1). It is unclear 
if the development of these antibodies negatively impacted on 
tumor response; however, these antibodies did not appear until 3 
to 4 months after adoptive cell transfer.

dIscussIon
Adoptive cell transfer using tumor reactive T lymphocytes repre
sents an effective immunotherapy capable of mediating durable 
complete regressions in patients with metastatic melanoma.17 
Genetic modification of the transferred cells holds the potential to 
increase the antitumor effectiveness of this approach.18,19 The cur
rent study represents the first application of cell transfer therapy 
for the treatment of a common epithelial cancer such as metastatic 
colorectal cancer in patients refractory to all standard treatments. 
All three patients treated experienced profound drops in serum 
CEA levels, and one patient had an objective clinical response.

It is unclear why decreases in serum CEA protein levels did not 
correlate with significant reductions in tumor burden; however, 
this phenomenon has been observed in several previous clinical 
trials in which patients with gastrointestinal cancers were treated 
with several different chemotherapy regimens.20–22 Although the 
TCR on cells can not directly bind to whole CEA protein, it seems 
possible in these trials and in ours that the therapies may have 
had some minor impact causing destruction or impairment of a 
limited number of tumor cells. Since only viable tumor cells can 
produce CEA, it seems possible that such an effect on even fairly 
small numbers of tumor cells could result in transient decreases 
in CEA serum protein levels without significant clinical benefit. 
In addition, although the combination of cyclophosphamide and 
fludarabine have not been previously shown to have significant 
clinical impact on metastatic colorectal cancer, we can not for
mally exclude the possibility that these chemotherapeutic reagents 
played some role in the observed CEA serum protein level 
decreases and/or tumor regressions.

In this trial, T cell persistence in the circulation did not cor
relate with clinical response. In particular, the greatest persis
tence and function of the adoptively transferred cells at 1 month 
posttreatment was observed in patient 1, but the only objective 

tumor response occurred in patient 3 who had the lowest level of 
 persistence. This discordance may have been due to differences in 
CEA expression and T cell persistence within the tumors. However, 
since these patients had visceral metastases, we were unable to 
obtain sufficient biopsies to evaluate this possibility. Also in this 
trial, no correlation was observed between the pheno types of the 
adoptively transferred or persistent cells and the transient nature, 
or the severity, of the colitis. We speculate that the colitis resolved 
despite the presence of persistent CEAreactive T cells because 
these cells became quiescent over time as has been observed in 
other adoptive T cell transfer protocols.14

Previous studies have suggested that mispairing of genetically 
introduced TCR α and/or β chains with endogenous TCR chains 
may result in mixed TCR dimers with new, and potentially harm
ful autoimmune reactivities.23,24 Although we can not conclusively 
disprove the idea that expression of mixed TCR dimers may have 
accounted for the colitis observed in this clinical trial, it seems 
unlikely for two reasons. First, several previous studies have sug
gested that murine TCR chains do not effectively pair with human 
chains. In fact, several investigators have grafted murine TCR 
constant regions onto human variable chains specifically to pre
vent mispairing of endogenous and introduced TCR chains.25–27 
Second, in a previous clinical trial, we adoptively transferred 
T cells expressing a murine TCR specifically reactive with gp100 
into 16 patients with metastatic melanoma.9 In that trial, no auto
immune colitis was observed in any patient. Furthermore, we have 
treated 106 patients in the Surgery Branch of the National Cancer 
Institute with autologous T cells transduced with seven different γ 
retroviral vectors encoding tumor reactive TCRs and have seen no 
evidence of graftversushost disease in any patient.28

In this trial 100fold fewer cells were transferred than the num
bers of tumor infiltrating lymphocytes we have administered to 
patients with melanoma in other trials.11 The observation that this 
small number of adoptively transferred lymphocytes with high 
functional avidity for a single epitope can mediate potent dam
age to tumor and normal tissues bearing the relevant selfantigen 
emphasizes the power of adoptive cell transfer and the importance 
of future immunotherapy strategies that target antigens whose nor
mal tissue expression is limited (e.g., cancertestis or unique tumor 
antigens), or antigens whose expression on cancers is shared by 
nonessential organs such as prostate, thyroid, ovary, or breast. Our 
observations of transient mucosal destruction by CEAreactive T 
cells represent an autoimmune colitis probably due to lymphocyte 
recognition of the normal levels of CEA present in colonic mucosa. 
It is currently unclear why there was a  significant discord between 
the robust antiCEA reactions observed in the colons of all three 
patients and the lack of significant tumor responses in patients 1 
and 2. However, one possible explanation is that factors within 
the tumor microenvironment suppress T cell function as has been 
previously described.29 In addition, cyclophosphamide adminis
tration is associated with mucositis which may have exacerbated 
the induction of colitis by the adoptively transferred CEAreactive 
lymphocytes. However, we have seen no evidence of mucositis in 
over 100 patients given 60 mg/kg cyclophosphamide for 2 days 
prior to receiving adoptively transferred T cells expressing tumor 
reactive TCRs in other clinical trials. Therefore, we speculate that 
the functional reactivity of the adoptively transferred T cells under 
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lymphopenic  conditions in the colon may have been intensified 
by enhanced local immunologic activity resulting from Tolllike 
receptor stimulation by colonic commensal bacteria.30 Hence, the 
severity of this inflammatory colitis may be lessened by maneu
vers that reduce the load of commensal flora or the local applica
tion of steroids to reduce T cell activity in the colon.

Concomitant induction of inflammatory colitis and tumor 
regression was previously described in a murine model in which 
CEAreactive T cells were adoptively transferred into tumor
 bearing lymphopenic CEA transgenic mice in which CEA expres
sion patterns were similar to that in humans.31 In this model, 
pretreatment of irradiated mice with antiCD25 preserved the 
tumor response while eliminating the colonic toxicities, probably 
due to elimination of T regulatory cells prior to treatment as well 
as to dampening the in vivo function of the adoptively transferred 
activated T cells. These results suggest that manipulation of the 
host may enable a more effective tumor treatment while lessening 
the severity of the colitis.

Clinicaltrials.gov currently lists 31 active clinical immuno
therapy vaccine trials that target CEA, 18 of which are actively 
recruiting patients as of August 2010. Eleven trials targeting CEA 
have completed accrual, and the lack of tumor responses and 
the lack of concomitant toxicities in these trials were likely due 
to the weak immunologic reactivity mediated by these vaccine 
strategies.

MAterIAls And MetHods
Cell lines and peptides. The following cell lines were routinely cultured in 
DMEM supplemented with 25 mmol/l HEPES, 2 mmol/l lglutamine, and 
10% heatinactivated fetal bovine serum (Invitrogen, Carlsbad, CA): colon 
cancer cell lines (SW620, SW480, SW1463, and H508) and COS7 cells. T2 
cells were routinely cultured in RPMI 1640 supplemented with 10% fetal 
bovine serum, 2 mmol/l lglutamine, 50 U/ml penicillin, and 50 µg/ ml 
streptomycin (Invitrogen). COS7 cells stably expressing HLAA*0201 and 
either fulllength CEA (COSA2CEA) or NYESO1 (COSA2ESO) were 
previously generated by retroviral transduction with vectors enco ding 
these proteins. The colon cancer cell lines were purchased from ATCC 
(Manassas, VA) in 2007, and the T2 cells and COS7 cells were obtained 
from Dr Paul Robbins (National Institutes of Health/National Cancer 
Institute (NCI)/Surgery Branch) in the mid1990’s. Prior to the initiation of 
this clinical trial, for authentication purposes, cell lines were characterized 
for expression of HLAA2.1 and CEA (CEACAM5; CD66e) using a fluo
rescein isothiocyanateconjugated monoclonal antibody against HLAA2 
(One Lambda; Canoga Park, CA) and a phycoerythrinconjugated anti
CEA monoclonal antibody (Chemicon; Temecula, CA).

Three of four peptides used in this study were synthesized and 
purified to >95% purity by commercial sources (PiProteomics, Huntsville, 
AL; Macromolecular Resources Colorado State University, Fort Collins, 
CO; Multiple Peptide Systems, San Diego, CA) including CEA:691–699 
(IMIGVLVGV) and the negative control peptides, HBVc:18–27 (23Y) 
(FLPSDYFPSV) and gp100:280–288 (YLEPGPVTA). The negative 
control peptide p53:264–272 (LLGRNSFEV) was synthesized inhouse 
using a solidphase method based on fluorenylmethoxycarbonyl (Fmoc) 
chemistry on a multiple peptide synthesizer (model AMS 422; Gilson, 
Worthington, OH), and molecular weight was verified by laser desorption 
mass spectrometry (Tufts University Core Facility, Boston, MA).

Retroviral vector, clinical trial, and transduction of patient PBL. A retro
viral vector encoding both α and β chains of the CEAreactive murine 
TCR separated by a picornavirus ribosomal skip element was constructed 
using an MSGV1 backbone as previously described.7 Clinical grade good 

manufacturing practicesquality retroviral supernatants were produced 
in the Surgery Branch of the NCI. This retrovirus was used to transduce 
PBL from three HLAA*0201+ patients with metastatic colorectal cancer 
who had elevated levels of serum CEA protein (Table 1) and tumors that 
expressed high levels of CEA. This clinical trial (registry #NCT00923806 
at http://clinicaltrials.gov) was conducted in the Surgery Branch of the 
NCI and was reviewed and approved by the National Institutes of Health 
Institutional Biosafety Committee, the NCI Institutional Review Board, 
the National Institutes of Health Office of Biotechnology Activities, and 
the Food and Drug Administration (all Bethesda, MD). Written informed 
consent was obtained from all three patients prior to inclusion in this clini
cal trial. Patient peripheral blood mononuclear cells were stimulated with 
antiCD3 monoclonal antibody (OKT3) and were transduced 2 days later 
with retroviral particles immobilized on retronectin (Takara Bio, Japan)
coated plates as previously described.9 2–4 × 108 genetically modified 
autologous T lymphocytes were adoptively transferred into these patients 
with interleukin2 after a lymphodepleting chemotherapy regimen as pre
viously described in our gene therapy trials in patients with melanoma 
that received autologous T cells transduced with TCRs against melanoma/ 
melanocyte antigens.9–11

Quantitative PCR for retroviral DNA sequences and nonquantitative 
PCR for the CEA-reactive TCR. DNA was extracted from biopsy specimens 
and PBL using either the Maxwell 16 System (Promega, Madison, WI) 
or the Allprep DNA/RNA isolation kit (Invitrogen). DNA samples were 
subjected to quantitative PCR using a CFX96 Real Time System (BioRad, 
Hercules, CA) with Taqman Fast Universal PCR Master Mix (Applied 
Biosystems, Foster City, CA) and a primerprobe mixture incorporat
ing longterminal repeats sequences designed to amplify MSGV1 retro
viral DNA sequences as previously described.10,32 Quantitative PCR was 
also performed to determine the number of βactin DNA copies in each 
sample. The number of retroviral DNA copies, normalized to the num
ber of βactin copies, was calculated relative to the number present in 
the adoptively transferred PBL using the ΔΔCT relative quantification 
method (Applied Biosystems). Nonquantitative PCR was also performed 
on DNA samples from patient 1 using specific distal 5′ (mTCR TRAV81; 
5′CACCATGCACAGCCTCCTGGGG3′) and 3′ (mTCR CB2; 5′TCAG
GAATTTTTTTTCTTGACCATGGCCATCAGCACCAGG3′) primers 
to amplify the fulllength TCR αβ construct encoding the murine CEA
reactive TCR. The PCR products were then separated using a precast 
 agarose ethidium bromide gel (Invitrogen).

FACS analyses. Biopsy specimens were disrupted using a BD Medimachine 
and 50 µm Medicon (BD Biosciences, San Jose, CA) and/or passage through 
a 40 µm nylon filter to obtain single cell suspensions. These samples, trans
duced PBL, and posttreatment peripheral blood mononuclear cell were 
stained with propidium iodide, antiCD3, CD8, CD4, and –murine TCR 
β chain constant region antibodies (BD Biosciences and eBioscience, San 
Diego, CA), and analyzed by FACS using a FACSCalibur flow cytometer 
(BD Biosciences). Data were analyzed using FlowJo software (Tree Star, 
Ashland, OR) after gating for live (propidium iodide) CD3+ T cells.

IFN-γ secretion and ELISPOT assays. IFNγ secretion (pg/ml) in 20 hour 
coculture supernatants of 105 target cells with 0.5–1 × 105 transduced PBL 
(250 µl total volume) was assessed within 4 days of patient treatment by 
enzymelinked immunosorbent assay as previously described.7 IFNγ 
enzymelinked immunosorbent spots per 105 total transduced PBL or 
posttreatment peripheral blood mononuclear cell samples from 20 hour 
cocultures with various dilutions of the particular sample with 105 target 
cells were determined as previously described.9

Evaluation of anti-murine CEA TCR antibody responses. Posttreatment 
antibody responses to the murine CEA TCR were assessed by determin
ing whether human IgGs capable of binding to CEA TCR transduced 
PBL were present in patient sera. Patient serum samples were collected at 
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various time points before and after adoptive cell transfer and were stored 
at −80 °C prior to use. Thawed serum samples, diluted 1:1 with phosphate
buffered saline, were incubated with CEA TCR transduced PBL (50 µl 
per 5 × 105 cells in ~100 µl total volume) with gentle rocking at 4 °C for 
1 hour. Cells were then washed three times and subsequently stained with 
FITCconjugated antihuman IgG (BD Biosciences). Cells were also stained 
with antiCD3 and antimurine TCR β chain constant region antibody to 
determine transduction efficiency, and FACS analyses were performed as 
described above.

Serum inhibition of CEA TCR function was also assessed in vitro by 
evaluating antigenspecific IFNγ secretion (pg/ml) by transduced PBL 
after incubation with pre and posttreatment serum samples. As described 
above, thawed serum samples were incubated with CEA TCR transduced 
PBL at 4 °C for 1 hour. Cells were then washed three times, and IFNγ 
secretion was measured in 20 hour coculture supernatants by enzyme
linked immunosorbent assay. Percent inhibition of IFNγ secretion by 
CEA TCR transduced PBL after incubation with posttreatment serum 
was calculated as follows:

The pairs of specific and background target cells used for the 
calculations were as follows: (i) T2+CEA:691 versus T2+HBVc:18, 
(ii) COSA2CEA (HLAA2+ CEA+) versus COSA2ESO (HLAA2+ 
CEA), and (iii) H508 (HLAA2+ CEA+) versus SW480 (HLAA2+  
CEA). Values less than zero were interpreted as no inhibition (0%), and 
values greater than 100 were interpreted as complete inhibition (100%).

suPPleMentArY MAterIAl
Figure S1. Persistence, function, and phenotype of adoptively trans-
ferred peripheral blood lymphocytes transduced to express the murine 
carcinoembryonic antigen reactive T cell receptor.
Figure S2. Development of anti-carcinoembryonic antigen T cell 
 receptor IgG in patient sera after adoptive cell transfer.
Table S1. Blocking of interferon-γ secretion (pg/ml) by anti-T cell 
 receptor antibodies from patient serum.
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