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Background

A wide range of strategies in cancer immunotherapy has been developed in the last
decade, some of which are currently being tested in clinical settings. For a variety of
tumors that do not express tumor-specific antigens, immunotherapy exploiting
tumor-associated auto-antigens (TAAs) as targets for the anti-tumor immune response
has been applied. It has been questioned whether this concept would be applicable to
the treatment of human cancers, as the immune system was believed to strictly dis-
criminate between self and non-self associated with profound immune tolerance for
TAAs. Furthermore, when immune tolerance would be broken, this would induce a
considerable risk of auto-immunity, self-antigen expression being widespread on
normal tissues throughout the human body. The studies described in this thesis focus
on the feasibility of using carcinoembryonic antigen (CEA) as a target for immuno-
therapy of colorectal cancer and on the balance between anti-tumor immunity and
autoimmune pathology. Although a lot of effort has been put in the study of immunity
against this antigen in mouse models and even in clinical trials, convincing evidence
that CEA-specific immunity is effective in preventing tumor growth and metastasis in
colorectal cancer patients is still missing. The potential of CEA as a target antigen for
immunotherapy of cancer is conceivably restricted by the fact that CEA is expressed in
several abundant and vital tissues, including intestine and stomach, and is even rou-
tinely found in the serum of healthy individuals. In view of these issues we have per-
formed a detailed and critical analysis of CEA-specificimmunity in a transgenic mouse
model in which the expression of CEA closely resembles that in man.
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Summary

The character of the CEA-specific immune response was assessed by determining the
specificity and magnitude of CEA-specific T-cell responses in immunized wild-type
and CEA-tg mice. We demonstrate that the CEA-specific CD4+ T-cell repertoire in CEA-
tg mice is severely limited compared to wild-type mice. This was studied by in vitro
analysis of CD4+ T-cell responses and by in vivo experiments in which we determined
the effect of the induced immune response on the outgrowth of a CEA-positive tumor.
We analyzed the mechanisms by which this tolerance was induced and demonstrated
that CD4+ T-cell tolerance for CEA was induced by the thymus. In addition we showed
that CEA was expressed in medullary thymic epithelial cells (mTEC) in both mice and
human beings. The latter suggests that the CEA-specific T-cell repertoire may also be
tolerized in people.

Vaccination studies described above were all performed with ALVAC-CEA, which
resulted in CEA-specific CD4+ T-cell responses. However, no CD8+ T-cell response was
detected after ALVAC-CEA vaccination and tumor protection was only dependent on
CD4+ T cells. In view of these data, we sought to understand the effector mechanisms
induced by ALVAC-CEA vaccination. In addition, we compared tumor protection and
T-cell responses after ALVAC-CEA with a DNA-based CEA vaccine in wild-type mice.
These data showed that DNA-CEA vaccination induces CEA-specific CD8+ and CD4+ T
cells and that tumor protection depends on both subsets of T cells. Further investiga-
tion of effector mechanisms induced by ALVAC-CEA revealed that Fc receptor y-chains
and NK cells play an important role in tumor eradication, suggesting that ADCC is the
main effector mechanism induced by ALVAC-CEA.

In addition, our data show thatimmune responses directed against the ALVAC vector
profoundly influence the type of immune response induced against the transgene-
encoded antigen. ALVAC-CEA vaccination induced immunity against the CD4+ Th
epitopes only, while DNA-CEA vaccination induced CEA-specific T-cell activity against
both the CD4+ Th epitopes and the CD8+ CTL epitope. Furthermore, as anticipated,
ALVAC-CEA induced very strong T-cell reactivity against ALVAC vector components
that was associated with IFN-y and IL-5 production. Interestingly, immunization
with ALVAC encoding another antigen (OVA) resulted in a robust OVA-specific CTL
response. These data indicate that the combination of a specific vector with an antigen
will determine the eventual outcome of the immune response. Importantly, many clin-
ical studies are performed with viral vectors encoding the antigen of interest and so far,
it is not clear what the impact of the vector is on the immune response. To determine
the mechanism by which the vector influences the immune response against different
antigens, detailed analysis of immunity against the antigen and the vector is required.

In further studies we have focussed on possibilities to overcome tolerance of CEA by
reconstituting the T-cell repertoire of CEA-tg mice by adoptive transfer of the T-cell
repertoire of CEA-immunized wild-type mice into tumor-bearing CEA-tg mice. These
experiments show that, in addition to central tolerance, peripheral mechanisms also
contribute to tolerance induction in CEA-tg mice. Nevertheless, after testing different
intervention strategies we conclude that tolerance in CEA-tg mice can be overcome.
Notably, if adoptive transfer is combined with suppression of peripheral immune
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regulation, either by a combination of 4.5 Gy TBI and IL-10 receptor blockade or mye-
loablative irradiation (9.5 Gy TBI) combined with reconstitution of the haematopoi-
etic system through bone marrow transplantation, anti-tumor efficacy is invariably
accompanied with autoimmune colitis. Importantly, this was not the case in one alter-
native treatment strategy that we have tested. Depletion of CD25 positive cells of the
host before adoptive transfer resulted in a broad anti-tumor response that was effective
in eradicating the tumor without the induction of auto-immunity. This response was
not only CEA-specific, but also directed against other non-self tumor antigens. Also in
human beings many unique antigens, like mutated genes, will be expressed by tumors
and might get targeted by the immune system. We also explored whether this treat-
ment would be sufficient in eradicating tumors that arise spontaneously in the intes-
tine in the APC'®**™ x CEA-tg mouse model. Our data show that this treatment indeed
results in a significant reduction of the number and the size of the tumors in APC'**N x
CEA-tg mice compared to APC'***N mice. These data were supported by in vitro analysis
of T-cell responses and immunohistochemical analysis of T-cell infiltration in intesti-
nal tumors. This indicates that reconstitution of the CEA-specific T-cell repertoire in
CEA-tg mice can suppress the development of spontaneous, CEA-expressing intestinal
tumors, in the absence of autoimmune pathology.

CEA-specific anti-tumor immunity in mice and men

To determine how our data concerning CEA-specificimmunity relate to data from other
research groups, I will now discuss the most informative studies performed in mouse
models and compare these to the outcome of clinical trials. As mentioned before, many
studies have addressed immunity against CEA in non-tolerant mouse models in which
CEA is not a self-antigen, and these data do therefore not provide true information on
the feasibility of CEA-targeted immunotherapy of colon cancer in human beings. For
this reason, CEA-tg mouse models have been developed and used to investigate CEA-
specific immunity. We have shown that CD4+ T cells recognizing dominant CEA epit-
opes are tolerized in the thymus in CEA-tg mice, but we also showed that this central
tolerance induction was not complete, as weak CD4+ T-cell responses could be detected
against subdominant epitopes. However, this repertoire was not sufficient in control-
ling tumor growth, even if boosted by multiple vaccinations.

Others have reported that heterologous prime boost vaccination with a plasmid
(pVIJ/CEA) and a recombinant adenovirus carrying a codon usage optimized CEA
cDNA (Ad-CEA) could overcome tolerance in CEA-tg mice [1]. In contrast to our data,
this vaccine induced CEA-specific IFN-y production by CD8+ T cells, but no CD4+
T-cell response or CEA-specific antibodies could be detected. These conflicting data
might be explained by the effect of different vectors on the immune response and/or by
the use of two different mouse models. One CEA-tg strain was generated by the group
of W. Zimmerman and the other one by the group of J. Primus. Although both strains
were made in the same manner, by using the complete CEA gene, the expression pat-
tern and the levels of CEA differ significantly between the two strains. CEA-tg mice
from the Zimmerman lab that we used for our experiments, have a similar expression
pattern as human beings, but show higher concentrations of CEA in faeces, colonic
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tissue and serum (Table I, Introduction). Therefore, this model might provide a some-
what pessimistic view on issues like tolerance and auto-immunity. However, in CEA-tg
mice from the Primus lab, used for the experiments described above, CEA expression
is restricted to only two tissues and concentrations in faeces and colon are much lower
compared to humans. This will definitely lead to an underestimation of the level of
tolerance and the risk for the induction of autoimmune responses. Nevertheless, even
in this model in which it was possible to induce CEA-specific CD8+ T cells, 5 immuniza-
tions with pVIJ/CEA followed by a boost with Ad-CEA merely resulted in a small delay
of tumor outgrowth, indicating that CD8+ T cells alone were not sufficient in eradi-
cating the tumor. Another study of this group showed that a combination of Ad-CEA
with CpG resulted in IFN-y production by CD4+ T cells, but this vaccine induced only
small numbers of CD8+ specific T cells [2], and the vaccine was not tested for impact on
tumor outgrowth. Using these same CEA-tg mice from the Primus lab, Xiang et.al. [3,4]
reported the induction of protective immunity by a CEA-based DNA vaccine. However,
the tumor cells used for these experiments were not only expressing CEA, but were in
addition co-transfected with a non-self antigen for these mice (Ep-cam) and the vaccine
was targeting both antigens. Therefore, it is very unlikely that the response directed
against the self-antigen will be dominating, as immunity against foreign antigens will
be much stronger. However, immunological analysis of the induced response was not
performed in sufficient detail and did not delineate effector mechanisms.

Studies performed by other research groups were performed in CEA-tg mice from
the Zimmerman lab and these groups conducted an extensive set of anti-tumor vac-
cination experiments over the years, using many different vaccination strategies. In
2002, the identification of a CTL epitope in CEA-tg mice was reported, which mediated
killing of a CEA-positive tumor [5]. Detailed analysis by our group and others did not
identify this epitope to be involved in the CEA-specific response. Moreover, we found
a distinct epitope involved in this reaction [1]. This supports our notion that the epi-
tope described, does not truly take part in the CEA-specific response. Therefore, the
anti-tumor response must be induced by other immune responses. Furthermore, this
study showed that CD8+ T cells specific for this peptide did not have a striking effect on
survival of CEA-tg mice challenged with a CEA-positive tumor. A better effect on tumor
growth was accomplished when mice were vaccinated with recombinant vaccinia
encoding the CEA transgene as well as a triad of costimulatory molecules (B7-1, ICAM-1
and LFA-3/TRICOM) [6]. However, this vaccine was combined with repeated systemic
administration of granulocyte macrophage colony-stimulating factor (GM-CSF) and
interleukin-2 (IL-2), which are known to have an effect on the anti-tumor response [7],
and the accompanying analysis of antigen-specific immunity did not provide direct
evidence that the CEA-specific immune response is the main effector mechanism. It is
therefore not clear what the contribution of CEA-specific immunity to the anti-tumor
effect is in these experiments. Effective anti-tumor responses were also reported in
CEA-tg mice after multiple intratumoral vaccinations [8,9] with recombinant fowlpox-
CEA-TRICOM combined with GM-CSF. A major side effect of intratumoral injections
is that this will also lead to the activation of the innate immune system. It has been
shown that one single injection of CpG at the tumor site resulted in complete clearance
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of the tumor [10] and we have shown in our experiments that after this treatment CEA-
positive tumors were eradicated, but no CEA-specific responses could be detected [data
not shown]|. This implies the induction of a strong innate immune response. How-
ever, evaluation of innate immune responses has not been taken into account in the
experiments described above. Furthermore, their in vitro data showed that immune
responses were not only induced against CEA but also to other (non-self) tumor anti-
gens, like an endogenous retroviral epitope of gp7o that is expressed by MC38 tumor
cells. Importantly, the predominant T-cell population that infiltrated the regressing
CEA+ positive tumor was mainly specific for gp7o. Together, these data indicate that
CEA-specific immunity does play a role in vaccine-induced tumor eradication, but it
is also clear that this is only achieved when additional factors such as GM-CSF, IL-2
and immunity against other tumor antigens contribute to the immune response. The
effects of immune responses other than CEA-specific induced by these vaccinations
can readily explain why anti-tumor immunity was never found to be accompanied by
autoimmune pathology. In our studies, we also detected immune responses against an
endogenous retroviral gene product of Mulv that has been found to be expressed by
MC38 (M8), but this response was only observed after CD25 depletion. Strikingly, this
was the only treatment regimen that, of those used by us, showed anti-tumor efficacy
without the induction of autoimmune pathology. Our data indicated that DNA-CEA
induced CEA-specificimmunity was important, but mainly in the initiation of the anti-
tumor response and that other reactivities could take over. On the basis of these results
one would not expect that the CEA-specific immune response would be effective to
naturally arising tumors. Nevertheless, we demonstrated that this treatment was CEA-
specific and effective in APC**** x CEA-tg mice by showing a reduction in intestinal
tumor load and infiltration of CEA-specific T cells only in CEA+ tumors without the
induction of colitis. Anti-tumor efficacy can be explained by the effects of CD25 deple-
tion, that is in particular depleting regulatory T cells, but is also known to stimulate
the innate immune system such as NK cells [11]. Furthermore, irradiation of recipient
mice stimulated homeostatic proliferation of donor cells and depleted additional host
regulatory mechanisms. However, it is rather strange that the infiltrating CEA-spe-
cific T cells in the CEA+ intestine do not induce colitis. T cells homing to the intestine
might need to get triggered by an inflammatory environment to induce colitis. This
does happen when intestinal damage is induced by myeloablative irradiation and IL-10
receptor blockade, but not when mice receive sublethal irradation.

Others also performed two vaccination studies in spontaneous tumor models [12,13].
In accordance with our results, vaccination of tumor-bearing mice resulted in a reduced
outgrowth of tumors. However, tumor burden was reduced dramatically by combining
the vaccination with a celecoxib-supplemented diet that inhibits the cyclooxygenase-2
(COX-2) enzyme. Immune responses induced by this treatment were not defined, but
in vivo experiments showed that the CEA-specific effect was relatively small compared
to the much greater impact of the COX-2 inhibitor on tumor development. These data
also offer a plausible explanation for the fact that this effective, but not CEA-specific,
treatment did not result in the induction of colitis.
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It can be concluded from these studies in mouse models that tolerance of CEA is a major
barrier for immunotherapy targeting this antigen and that the CEA-specific repertoire
can only suffice when strong non-specific stimulation is given to the immune system.
How do these data relate to the outcome of clinical trials performed with CEA-specific
vaccinations? So far, at least 9 clinical trials targeting CEA have been conducted using
various vaccines, and most of these studies have been performed with viral vectors
(Table II introduction). Only modest CEA-specific responses were observed in treated
patients and no striking effects on tumor growth and metastasis in cancer patients
have been described [14]. In accordance with the lack of objective cancer regression, the
responding patients in these clinical trials also did not show any signs of auto-immu-
nity in CEA-expressing tissues.

Implications for immunotherapy of colorectal cancer

Together these data from mouse studies and clinical trials with currently available CEA-
targeting cancer vaccines raise the question whether CEA should still be considered as
a useful and practical target antigen. I showed in this thesis that tolerance of CEA is
induced in the thymus and in the periphery and is very difficult to overcome. Nota-
bly, CEA-specific anti-tumor efficacy could be induced when immune modulation was
combined with adoptive transfer of CEA-specific T cells. CEA specific TCR gene transfer
into autologous lymphocytes would be a possible approach to gain this effect in cancer
patients. However, our data also indicate that this treatment regimen increases the risk
of autoimmune pathology. Initial experiments with CEA-specific CD4 TCR gene trans-
fer in mouse lymphocytes showed that this resulted in a potent CEA-specific CD4+ T-
cell response (Fig. 1). Notably, adoptive transfer of these CEA-specific CD4+ T cells into
CEA-tg mice treated with myeloablative irradiation and BMT failed to control tumor
growth, but did cause severe colitis. These findings are in line with our previous results
showing an important role for both CD4+ and CD8+ T cells in clearance of MC38-CEA
and a pivotal role for CD4+ T cells in inducing experimental colitis. We are currently
investigating selective application of CEA-specific CD8+ T-cell responses, which might
result in anti-tumor efficacy without the induction of autoimmune pathology, as we
have previously shown that CEA-specific CD8+ T cells do not induce colitis.

Thus, very powerful treatment regimens in combination with suppression of immune
regulation are necessary to circumvent tolerance in CEA-tg mice, butit can be concluded
that CEA-specific immune responses can play an important role in the eradication of
CEA-positive tumors, also when these treatments do not lead to autoimmune reactions.
However, when CEA-specific immunity becomes the major effector mechanism, espe-
cially when high CD4+ T-cell immunity is induced, this may lead to severe autoimmune
pathology of CEA-expressing tissues. Mild side effects might be acceptable when cancer
treatment is effective, but may also be very dangerous because CEA is expressed on vital
tissues. In view of these issues, I believe immunotherapy targeting CEA should be very
carefully performed and possibly other target antigens, that might be used in combina-
tion with CEA, should be considered. We are currently testing a combination of p53 and
CEAspecificimmunotherapy. The advantage of p53 is that this antigen is overexpressed
by multiple tumors, while ps53 expression is low in normal tissues and no autoimmunity
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mock-transduced CEA-specific TCR
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FIGURE 1. Genetic transfer of TCR chains resulted in expression of functional TCRs. A. Flow cytometric
analysis of total splenocytes 3 days after retroviral transduction with CEA CD4+ T-cell receptor o and B
chains or mock-transduction. Cells were stained with anti-VB3-PE. B. Intracellular IFN-y staining of CEA
TCR-transduced splenocytes. Cells were incubated in the presence of a CEA Th peptide (right panel) or
control peptide (left panel) and stained with anti-CD4-PerCP and anti-IFN-y-APC.

has been observed so far [15]. Other self-antigens that are overexpressed on coloncancer,
like Ep-CAM and gastrin have mainly the same disadvantages as CEA, in that it is also
expressed on healthy tissues and tolerance limits the specific T-cell repertoire. In prin-
ciple, tumor antigens corresponding to fetal gene products will have triggered little or
no tolerance making them good tumor rejection antigens. The human 5T4 oncofetal
antigen could be an attractive target showing only low expression in normal tissues
but is frequently expressed by carcinomas of diverse origin [16]. With DNA microarray
techniques, a very detailed analysis can be performed of expression levels of molecules
in tumor cells compared to healthy tissues. These studies might reveal new interest-
ing target antigens that can be used in the development of new treatment strategies. In
addition, improved adjuvants have been described, like toll-like receptor agonists [17],
to activate the innate immune system. Molecules and cytokines that are able to stimu-
late, like anti-4-1BB and OX-40 [18,19], or even can rescue tolerant CD8+ T cells, like PD-1
and IL-15 [20,21] are under investigation. Another promising approach, which we have
also used in the CEA-tg mouse model, is elimination of immune regulatory mecha-
nisms. This can be accomplished by blockade of immunoregulatory cytokines, such as
IL-10 and TGF-B or blockade of CTLA-4, an important regulatory mechanism and/or by
depleting regulatory T cells [22-25]. These interventions should all be well considered
and only be used when the immune response is clearly identified. As we have shown
for CEA-specificimmunity, depleting regulatory mechanisms can result in antigen-spe-
cific autoimmune pathology. However, when the immune response is not specifically
targeted, these interventions might lead to systemic autoimmune reactions as shown
by CTLA-4 blockade in melanoma patients [26]. In addition, immune modulation will
only suffice when an effective T-cell repertoire is present. Ex-vivo expansion and TCR
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gene transfer of autologous lymphocytes are two possibilities to obtain sufficient effec-
tor T cells and these techniques are now intensively studied in both mouse models and
clinical trials [27-30].

Conclusion

Considering all research performed concerning immunotherapy of cancer that started
about 15 years ago in mouse models, it can be concluded that we have made extraordi-
nary progress in the elucidation of interactions between the immune system and tumor
cells. Progress in clinical effects of immunotherapy has mainly been shown for virus-
induced cancers and melanomas, but so far, no objective cancer regression has been
described in patients with colorectal cancer. To improve clinical effects and optimize
treatment strategies, all studies should comprise detailed analysis of induced immune
responses and the subsequent role of this response in anti-tumor immunity.

76



REFERENCES

Mennuni, C., F. Calvaruso, A. Facciabene, L. Aurisicchio, M.
Storto, E. Scarselli, G. Ciliberto, and N. La Monica. 2005.
Efficient induction of T-cell responses to carcinoembry-
onicantigen by a heterologous prime-boost regimen using
DNA and adenovirus vectors carrying a codon usage opti-
mized cDNA. Int.].Cancer 117:444-455.

Salucci, V., C. Mennuni, F. Calvaruso, R. Cerino, P. Neuner,
G. Ciliberto, N. La Monica, and E. Scarselli. 2006. CD8+ T-
cell tolerance can be broken by an adenoviral vaccine while
CD4+ T-cell tolerance is broken by additional co-admin-
istration of a Toll-like receptor ligand. Scand.].Immunol.
63:35-41.

Xiang, R., F. J. Primus, J. M. Ruehlmann, A. G. Nietham-
mer, S. Silletti, H. N. Lode, C. S. Dolman, S. D. Gillies, and
R.A.Reisfeld. 2001. A dual-function DNA vaccine encoding
carcinoembryonicantigen and CD4o ligand trimer induces
T cell-mediated protective immunity against colon cancer
in carcinoembryonic antigen-transgenic mice. J.Immunol.
167:4560-4565.

Xiang, R., S. Silletti, H. N. Lode, C. S. Dolman, J. M. Ruehl-
mann, A. G. Niethammer, U. Pertl, S. D. Gillies, F. J. Primus,
and R. A. Reisfeld. 2001. Protective immunity against
human carcinoembryonic antigen (CEA) induced by an
oral DNA vaccine in CEA-transgenic mice. Clin.Cancer Res.
7:8565-864s.

Schmitz, J., E. Reali, J. W. Hodge, A. Patel, G. Davis, J.
Schlom, and J. W. Greiner. 2002. Identification of an inter-
feron-gamma-inducible carcinoembryonic antigen (CEA)
CD8(+) T-cell epitope, which mediates tumor killing in
CEA transgenic mice. Cancer Res. 62:5058-5064.

Hodge, J. W., D. W. Grosenbach, W. M. Aarts, D. J. Poole, and
J. Schlom. 2003. Vaccine therapy of established tumors in
the absence of autoimmunity. Clin. Cancer Res. 9:1837-1849.
Lee, S. G., D. S. Heo, S.J. Yoon, Y. S. Jee, J. O. Kang, K. Kim,
C.D.Kim, M. W. Sung, and N. K. Kim. 2000. Effect of GM-
CSF and IL-2 co-expression on the anti-tumor immune
response. Anticancer Res. 20:2681-2686.

Kudo-Saito, C.,J. Schlom, and J. W. Hodge. 2005. Induction
of an antigen cascade by diversified subcutaneous/intratu-
moral vaccination is associated with antitumor responses.
Clin.Cancer Res. 11:2416-2426.

Kudo-Saito, C., J. Schlom, and J. W. Hodge. 2004. Intratu-
moral vaccination and diversified subcutaneous/ intratu-
moral vaccination with recombinant poxviruses encoding
a tumor antigen and multiple costimulatory molecules.
Clin.Cancer Res. 10:1090-1099.

. van Mierlo, G. J., Z. F. Boonman, H. M. Dumortier, A. T.

den Boer, M. F. Fransen, J. Nouta, E. I. van der Voort, R.
Offringa, R. E. Toes, and C. J. Melief. 2004. Activation of
dendritic cells that cross-present tumor-derived antigen
licenses CD8+ CTL to cause tumor eradication. J.Immunol.
173:6753-6759.

. Smyth, M. J., M. W. Teng, J. Swann, K. Kyparissoudis, D. I.

Godfrey, and Y. Hayakawa. 2006. CD4+CDz25+ T regulatory
cells suppress NK cell-mediated immunotherapy of cancer.
J.Immunol. 176:1582-1587.

. Greiner, J. W., H. Zeytin, M. R. Anver, and J. Schlom. 2002.

Vaccine-based therapy directed against carcinoembryonic
antigen demonstrates antitumor activity on spontaneous
intestinal tumors in the absence of autoimmunity. Cancer
Res. 62:6944-6951.

. Zeytin, H. E., A. C. Patel, C.]J. Rogers, D. Canter, S. D. Hurst-

ing, J. Schlom, and J. W. Greiner. 2004. Combination of a
poxvirus-based vaccine with a cyclooxygenase-2 inhibitor
(celecoxib) elicits antitumor immunity and long-term sur-
vival in CEA.Tg/MIN mice. Cancer Res. 64:3668-3678.

. Rosenberg, S. A., J. C. Yang, and N. P. Restifo. 2004. Cancer

immunotherapy: moving beyond current vaccines. Nat.
Med. 10:909-915.

. Vierboom, M. P., H. W. Nijman, R. Offringa, E. L. van der

Voort, T. van Hall, B. L. van den, G. J. Fleuren, P. Kenemans,
W. M. Kast, and C. J. Melief. 1997. Tumor eradication by
wild-type ps3-specific cytotoxic T lymphocytes. J. Exp. Med.
186:695-704.

5 GENERAL DISCUSSION

20.

21.

e

2!

N

23.

24.

25.

26.

27.

28.

29.

. Southall, P. J., G. M. Boxer, K. D. Bagshawe, N. Hole, M.

Bromley, and P. L. Stern. 1990. Immunohistological dis-
tribution of 5T4 antigen in normal and malignant tissues.
Br.J.Cancer 61:89-95.

. Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like recep-

tors. Annu.Rev.Immunol. 21:335-376.

. May,K.F.,Jr.,L.Chen, P.Zheng, and Y. Liu. 2002. Anti-4-1BB

monoclonal antibody enhances rejection of large tumor
burden by promoting survival but not clonal expansion of
tumor-specific CD8+ T cells. Cancer Res. 62:3459-3465.

. Croft, M. 2003. Co-stimulatory members of the TNFR

family: keys to effective T-cell immunity? Nat. Rev. Immunol.
3:609-620.

Teague, R. M., B. D. Sather, J. A. Sacks, M. Z. Huang, M. L.
Dossett, J. Morimoto, X. Tan, S. E. Sutton, M. P. Cooke, C.
Ohlen, and P. D. Greenberg. 2006. Interleukin-15 rescues
tolerant CD8(+) T cells for use in adoptive immunotherapy
of established tumors. Nat. Med. 12:335-341.

Barber, D. L., E.J. Wherry, D. Masopust, B. Zhu, J. P. Allison,
A.H. Sharpe, G. J. Freeman, and R. Ahmed. 2006. Restor-
ing function in exhausted CD8 T cells during chronic viral
infection. Nature 176:2079-2083.

. Dercamp, C., K. Chemin, C. Caux, G. Trinchieri, and A. P.

Vicari. 200s. Distinct and overlapping roles of interleukin-
10 and CD25+ regulatory T cells in the inhibition of antitu-
mor CD8 T-cell responses. Cancer Res. 65:8479-8486.

Leach, D. R., M. F. Krummel, and J. P. Allison. 1996.
Enhancement of antitumor immunity by CTLA-4 block-
ade. Science 271:1734-1736.

Letterio, ].J. and A. B. Roberts. 1998. Regulation of immune
responses by TGF-beta. Annu. Rev.Immunol. 16:137-161.
Onizuka, S., I. Tawara, J. Shimizu, S. Sakaguchi, T. Fujita,
and E. Nakayama. 1999. Tumor rejection by in vivo admin-
istration of anti-CD25 (interleukin-2 receptor alpha) mono-
clonal antibody. Cancer Res. 59:3128-3133.

Maker, A. V., G. Q. Phan, P. Attia, J. C. Yang, R. M. Sherry,
S. L. Topalian, U. S. Kammula, R. E. Royal, L. R. Haworth,
C. Levy, D. Kleiner, S. A. Mavroukakis, M. Yellin, and S. A.
Rosenberg. 2005. Tumor regression and autoimmunity in
patients treated with cytotoxic T lymphocyte-associated
antigen 4 blockade and interleukin 2: a phase I/II study.
Ann.Surg.Oncol. 12:1005-1016.

van der Veken, L. T., R. S. Hagedoorn, M. M. van Loenen,
R. Willemze, J. H. Falkenburg, and M. H. Heemskerk.
2006. Alphabeta T-cell receptor engineered gammadelta
T cells mediate effective antileukemic reactivity. Cancer Res.
66:3331-3337.

de Witte, M. A., M.. Coccoris, M. C. Wolkers, d. B. van, E. M.
Mesman,J. Y. Song, d. van, V,]. B. Haanen, and T. N. Schum-
acher. 2006. Targeting self antigens through Aalogeneic
TCR gene transfer. Blood 108:870-877.

Huang,J., H.T.Khong, M. E. Dudley, M. El Gamil, Y. F. Li, S.
A.Rosenberg, and P. F. Robbins. 2005. Survival, persistence,
and progressive differentiation of adoptively transferred
tumor-reactive T cells associated with tumor regression.
J.Immunother. 28:258-267.

. Dudley, M. E., J. R. Wunderlich, P. F. Robbins, J. C. Yang,

P. Hwu, D. J. Schwartzentruber, S. L. Topalian, R. Sherry,
N. P. Restifo, A. M. Hubicki, M. R. Robinson, M. Raffeld,
P. Duray, C. A. Seipp, L. Rogers-Freezer, K. E. Morton, S.
A. Mavroukakis, D. E. White, and S. A. Rosenberg. 2002.
Cancer regression and autoimmunity in patients after
clonal repopulation with antitumor lymphocytes. Science
298:850-854.

77



