Challengesin the Development of Effective Peptide Vaccines for Cancer

The ability of the immune system to recognize malignant
cellshas opened the door to development of tumor vaccines
to treat or prevent various types of cancer. In the era of
molecular biology, the tumor antigens recognized by the
immune system have been identified, allowing the genera-
tion of subunit vaccines that may improve safety and effi-
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from optimal and that considerable effortsfor their optimi-
zation lie ahead. We attempt to address the 8 most impor -
tant challenges we currently face for developing peptide-
based vaccines that would effectively induce immune re-
sponses leading to antitumor effects.
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cacy compar ed with more crudevaccinessuch asirradiated
tumor cellsand tumor cell lysates. Synthetic peptidescorre-
sponding to defined antigenic epitopes for tumor-reactive
lymphocytes represent one of the new types of vaccines
currently being developed to treat or prevent varioustypes
of malignant disorders. The design of peptide-based vac-
cines to stimulate antitumor T-cell responses has many at-
tractivefeatures such as ease of manufacturing and charac-
terization (ie, quality control), aswell as an excellent safety
profilein past clinical studies. However, ambiguous results
frominitial clinical trialsindicatethat these vaccinesarefar

APC = antigen-presenting cell; CEA = carcinoembryonic anti-
gen; CpG = cytosineguanine; CTL = cytotoxic T lymphocyte;
DC = dendritic cell; GM-CSF = granulocyte-macrophage
colony-stimulating factor; HTL = helper T lymphocyte; |FA =
incomplete Freund adjuvant; IL = interleukin; MHC = major
histocompatibility complex; PAMP = pathogen-associated
molecular pattern; TAA = tumor-associated antigen; TCR =
T-cell receptor; TGF = transforming growth factor; TNF =
tumor necrosis factor

he immune system has evolved in all species mainlyto  Extensive laboratory research in animals (mostly in

fight and prevent the invasion of infectious pathogens. mice) has clearly demonstrated the existence of tumor-
The immune system may also respond to internal attacksspecific transplantation antigens, which are responsible for
such as those resulting from malignant transformation. Forthe rejection of tumors mediated by the immune system.
many years scientists and clinicians have sought to harnesMlice that either were treated surgically to remove a tumor
the power of the immune system to treat patients sufferingor were vaccinated with killed tumor cells were shown to
with cancer. More than a century ago, William B. Coley reject a rechallenge with the original tumor, but not with an
was the first to report the clinical observation in humans of irrelevant tumor. The observations by Coley and the work
tumor regression at the time the immune system was actiin animal models have given birth to the field of tumor
vated by infection. At the end of the 19th century, obser- immunology and immunotherapy.
vant physicians noticed that tumors sometimes regressed in Among the various elements of the immune system, T
cancer patients in the presence of systemic bacterial infeclymphocytes are probably the most adept to recognize and
tions. Coley went on to administer bacterial extracts (Coley eliminate cells expressing foreign or tumor-associated anti-
toxins) to cancer patients in an attempt to stimulate theirgens (TAAs). Cytotoxic T lymphocytes (CTLs) express the
immune systems and to prompt a tumor-killing respénse. CD8 cell surface marker and are specialized at inducing
Unfortunately, the results, although successful in somelysis of the target cells with which they react via the
individuals, were unpredictable and in many cases wereperforin/granzyme and/or the Fas/Fas-L pathwadyEhe
accompanied with severe toxic effects. Although these T-cell receptor (TCR) for antigen of CTLs binds to a mo-
treatments, which would now be considered a form of lecular complex on the surface of the target cell formed by
immunotherapy, were not broadly accepted, the link be- small peptides (8-11 residues) derived from processed viral
tween immunity and cancer and the possibility of improv- antigens or TAAs, which associate with major histocom-
ing cancer immunotherapy stirred considerable interest.  patibility complex (MHC) class | moleculésThe other
major T-cdl subset, helper T lymphocytes (HTLS), is char-
acterized by the expression of CD4 surface marker. The
HTLs recognize slightly larger peptides (12-20 residues),
also derived from foreign antigens or TAAs, but in the
context of MHC class Il molecules, which are only ex-
pressed by specialized antigen-presenting cells (APCs) such
as B lymphocytes, macrophages, and dendritic cells (BCs).
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The DCs are stellate leukocytes generated in bone marrov ﬁuh-::
and are considered the most potent AP@ss a conse-
quence of TCR stimulation of naive CTLs and HTLs by HHHH
peptide/MHC complexes on APCs, the CTLs mature into &H' ek

B Peplites

effector killer cells capable of lysing tumor cells that express
the corresponding peptide/MHC class | complex. The model
depicted in Figure 1 exemplifies how T-cell responses to
TAA may be elicited in a tumor-bearing individual. Acti-

vated HTLs amplify CTL responses by making the APCs .-
more effective at stimulating the naive CTLs and by produc-
ing lymphokines that stimulate the maturation and prolifera-
tion of CTLs. The potentiating effect of HTLs occurs both in

secondary lymphoid organs where the immune response i
initiated and at the tumor site where CTL responses need to b
sustained until the tumor cells are eliminated. Thus, one would
predict that vaccines should stimulate both tumor-reactiveigure 1. Events that lead to natural induction of T-cell responses

. . . . against tumor-associated antigen (TAA). [1] Cell fragments con-
CTLs and HTLs to generate effective antitumor immunity. taining TAA are produced through numerous mechanisms (necro-

sis, shedding). [2] Tissue-resident dendritic cells (DCs) capture
THE 8 MAJOR CHALLENGES FOR PEPTIDE VACCINE the TAA and travel to secondary lymphoid organs where [3] they
DEVELOPMENT present peptide epitopes to naive cytotoxic T lymphocytes (CTLS)

First Challenge: Peptide Epitope Identification for and helper T lymphocytes (HTLs) in the context of major histo-
Tumor-Reactive T Lymphocvtes compatlblllty comple>.< (I\/!‘HC) f:lass | anq class Il molecqles. [4]
ymphocy . . Activated HTLs provide “help” (lymphokines, costimulation) to
Over the past 12 years, numerous peptide epitopes recogsnhance CTL reactivity. [5] Activated CTLs journey to the tumor
nized by tumor-reactive CTLs and HTLs have been identi- site where they may recognize the peptide epitope presented by

fied by molecular and biochemical methods, which has the tumor cells triggering their effector function (cytolysis, lym-
opened a new door for the development of synthetic peptide®okine production). TCR = T-cell receptor.
vaccines to treat and prevent various types of malignan-
cies!>30ne of the methods used for identifying these T-cell fall into this category. Second, the amino acid sequence of
epitopes relies on the use of tumor-reactive T cells that areghe putative TAA for T cells must be known. The predictive
isolated from cancer patients, which are used for the screeningpproach basically looks for small peptide sequences within
of tumor-derived complementary DNA expression librar- the tumor marker proteins, which may potentially bind to
ies*15 Another approach, also requiring the use of patient- MHC class | or class Il molecules. The capacity of a peptide
derived T cells, is based on screening of peptide fractionsto bind to a particular MHC allele is associated with specific
eluted from purified MHC molecules from tumor cells, which  amino acid residues situated at precise positions, which al-
are subsequently sequenced by tandem mass spectryscopy.low the peptide to interact with the peptide-binding pockets
A third technique for identifying the peptide epitopes of the MHC molecules (Figure 2
recognized by tumor-reactive T lymphocytes is the predic- The MHC binding motifs for most common human
tive or reverse immunology approacétéin contrast tothe  MHC class | and Il alleles have been descritiethese
other approaches, this method does not require the use ahotifs itemize the amino acid residues that serve as MHC
patient-derived tumor-reactive CTLs or HTLs, which in binding anchors for specific class | and class Il MHC
many cases are difficult to isolate. The predictive approachalleles. For example, peptides of 9 or 10 residues contain-
starts with the selection of potential TAA, which may (or ing a leucine or methionine at position 2 and a valine or a
may not) bear T-cell epitopes for CTLs and HTLs. leucine at the carboxyl-terminus end have a high likelihood
The criteria for the selection of these potential TAAs are of binding to HLA-A2 (Figure 2), the most frequently
2: First, the selected protein must be preferentially expressedound human MHC class | allele.
or overexpressed by tumor cells compared with normal tis- More sophisticated computer-based algorithms that take
sues. For example, many commonly known tumor markersinto account not only the MHC binding anchors but also all
such as carcinoembryonic antigen (CEA), HERR/(c- the amino acids of the peptide and attempt to predict and
erbB2), oncofetal antigen, and p53 fall into this category. quantify the binding affinity of the peptide/MHC interac-
Proteins that are tissue specific and continue to be expresseiibn have been developed and are available on the World Wide
by the malignant cells such as prostate-specific antigen andWeb (www.bmi-heidelberg.com/scripts/MHCServer.dll/
the melanocyte antigens gp100 and MART-1/Melan-A also home.htm and bimas.dcrt.nih.gov/molbio/hla_bind). Thus,
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scribed previousl§?**The list of T-cell epitopes grows daily,

and as a result, some groups have made this information

[ available onthe Internet (www.bmi-heidelberg.com/

scripts/MHCServer.dll/home.htm; sdmc.krdl.org.sg:8080/

fimm; and www.cancerimmunity.org/peptidedatabase/

Tcellepitopes.htm).

Although most of these epitopes are relevant only for
malignant melanoma, several epitopes for epithelial tu-
mors, sarcomas, and hematologic malignancies have also
been described. With long lists of potential vaccine epitope
e J HLA-AZ b candidates, the decision of which ones should be tested in
' y the clinic may be difficult. It is obvious that most research-

' ers are predisposed to conduct clinical studies using the
epitopes identified by their own laboratories. However,
other parameters should be considered if a rational, scien-
tifically based research program is to be implemented.

Figure 2. Hypothetical model explaining how a peptide epitope |SSu€s such as the frequency of expression of a particular

from carcinoembryonic antig&rassociates with HLA-A2 major ~ TAA in the malignancy that is targeted, whether the TAA is

histocompatibility complex (MHC) molecules and is presented to also expressed in normal tissues and potential repercus-
the T-cell receptor (TCR). The M residue at position 2 (M2) and gjgns (see fourth challenge), and the potential population

the V at position 9 (V9) serve as primary MHC binding anchors, - .
burying themselves in “pockets” of the HLA-A2 molecule. Other coverage afforded by the MHC-restricting allele (see fifth

residues of the peptide such as G4, L6, and V7 may serve as TCrghallenge) ShOl_Jk_j play a major role in the decision process.
contact residues endowing the specificity of the T-cell reaction. | = Another decision related to this challenge is whether to

isoleucine; G = glycine; L = leucine; M = methionine; V = valine. include in a vaccine peptide epitopes that stimulate HTL
responses. While most peptide vaccine efforts have focused
from the input of the known sequence of a tumor marker, on the induction of antitumor CTLs, better results might be
which could potentially serve as a TAA for T cells, these obtained by the concurrent stimulation of HTLs, which
algorithms list all potential T-cell epitopes, each with its would amplify the CTL responsé&During the induction of
corresponding predictive binding score. The peptide se-CTL responses, which occurs normally in the lymph nodes,
guences with highest scores can then be selected and syntheFTLs participate in the activation of DCs via the CD40/
sized to be tested for their capacity to stimulate antitumor T-CD40L, which primes these APCs to stimulate the naive
cell responses in vitro. Test tube vaccination of T cells from CTLs3®2 Activated HTLs will also enhance the expansion
peripheral blood of normal volunteers with use of synthetic of the stimulated CTLs via secretion of lymphokines such as
peptides is a valuable method that allows identification of interleukin (IL) 2. For these reasons, some clinical studies
novel CTL and HTL epitop€$.The most critical issue in  have incorporated into their vaccines MHC class Il-re-
this approach is demonstrating that the peptide-induced Tstricted peptides to stimulate HTL. In most of these cases,
cells are capable of reacting with tumor cells that express thehe HTL-stimulating peptides were not derived from TAA
sameTAA, from which the peptide was originally selected. sequences but from highly immunogenic antigens such as
The steps involved in the reverse immunology strategy for tetanus toxoid or nonnatural epitopes proven to be strong
the identification of T-cell epitopes from TAA, which ulti- antigens for HTL$3%¢ In theory, the HTLs involved at this
mately lead to vaccine development, are shown in Figure 3.stage of the immune response do not necessarily have to be
Our laboratory has been successful in identifying numerousspecific for the tumor, as long as they are activated and
peptides derived from various TAAs, all capable of inducing become functional at the same site where the tumor-reactive
tumor-reactive CTLs and HTL*8222°However, we are well  naive CTLs reside. Nevertheless, emerging information sug-
aware that this is only the first step toward developing vac- gests that HTLs may play an important role, not only during
cines that can be tested in humans for immunogenicity andthe induction of CTLs but also during the effector phase of

for their capacity to limit tumor growth. CTL responses, which occurs at the tumor site.

We recently found that activated HTLs potentiate the
Second Challenge: Selection of the Most Appropriate proliferation, survival, and effector function of CTLs, al-
T-Cell Epitopes as Vaccine Candidates lowing them to increase their antitumor activity.

A large number of CTL epitopes from various Although the exact mechanism of HTL enhancement of
TAAs have been identified using 1 of the 3 methods de- CTL function is still under study, activated CTLs and
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reported anecdotally, no clear evidence of the induction of
T-cell activity to the immunizing peptides could be sub-
stantiated. The lack of induction of T-cell responses by
these vaccines is not surprising since the immune system
has evolved throughout millions of years in most species to
respond to threats posed by invading infectious agents and
not against aseptic synthetic peptides.

To initiate an immune response, the injected peptide
must be preferentially delivered to professional APCs such
as DCs because, if the peptide is presented to naive T cells
by non-APCs, it most likely will be ignored. In addition,
even if the injected peptide has found its way to the DCs, an
immune response will not occur unless these cells also

receive signals that activate them and induce them to mi-
grate into secondary lymphoid organs, where their job is to
present the peptide to the naive T cells. Presentation of
peptide/MHC complexes to naive T cells by non-APCs or
by nonactivated APCs could actually induce a non-

Assay with peptide pulsed targets

<

CTLs recognized tumor cells expressing TAA

+ responsiveness state (anergy) or may even result in elimi-
nation of the T cells, which could lead to enhanced tumor
Vaccine to test in vivo growth#0-42

The types of signals that induce DCs to become stimula-
Figure 3. Critical path of the “reverse immunology” approach tory APCs are usually derived from components of micro-
toward the identification of tumor-associated antigen (TAA) T-cell organisms that are recognized by the innate immune sys-
epitopes for the development of peptide vaccines. CTL = cytotoxic tem as foreign threats, such as bacterial DNA, double-
T lymphocyte; MHC = major histocompatibility complex. stranded viral RNA, and bacterial lipopolysaccharides,
which have been termed thathogen-associatetiolecu-
HTLs can directly interact with each other through lar patternor PAMP? Another type of signal that activates
costimulatory molecules such as CD27/CD70 and 4-1BB/the DCs to become functional APCs are “danger signals”
4-1BBL. Under this scenario, only tumor-reactive HTLs that cells in distress send out to the immune system to
can enhance the function of the antitumor CTLs becauseinform it of an imminent problerff. These danger signals
both sets of T lymphocytes require activation by antigen. can be proinflammatory cytokines such as IL-1, tumor
While tumor-reactive HTLs could be stimulated at the necrosis factoo (TNF-a), and type | interferons, which
tumor site by APCs that have managed to capture andend to be produced as a consequence of infections. Other
process TAA (or dead tumor cells), HTLs reactive to irrel- danger signals are derived from necrotic cells that release
evant antigens (eg, tetanus toxoid) have less chance of besome of their components, such as DNA, heat shock pro-
coming activated by their corresponding antigen at this site.teins, and mitochondria, which act as a warning sign that
Aware of these possibilities, several groups, including the organism is under attatkinterestingly, the use of
ours, are addressing the challenge of identifying HTL antibodies that react with the CD40 molecule expressed on
epitopes from TAA, with the purpose of increasing vaccine DCs are capable of mimicking the danger signals, activat-
effectiveness by including them in peptide-based vaccinesing these APCs to become potent stimulators for CT#s.
designed to elicit antitumor CTLs. Animal model systems have been valuable in the study
of the requirements to produce immunogenic peptide vac-
Third Challenge: Immunogenicity or the Lack Thereof cines. Several studies have demonstrated that peptide anti-
(The Role of Adjuvants) gens must be prepared (formulated) with appropriate adju-
With this knowledge in hand, clinical studies have been vants to facilitate their delivery to DCs and at the same time
initiated in cancer patients with the goal of inducing T-cell to activate these APCs to trigger marked T-cell responses.
immunity, with the hope that it would lead to antitumor In most instances an injected peptide in solution is rapidly
responses and increased survival. The first generation oflegraded and eliminated before it reaches an APC. Thus,
peptide-based vaccines consisted of administration of puri-peptides have been incorporated or conjugated into micro-
fied synthetic peptides via subcutaneous or epidermal in-scopic particles such as alum precipitates, microspheres,
jections33:35:363839 Although some tumor responses were liposomes, and immunostimulating complexes or in oil-
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Peptides . Pﬂp_t'_idl:!!i'-
in sterile
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Figure 4. The 2 potential outcomes of peptide vaccination. [1] Peptides prepared in sterile endotoxin- and
pathogen-free formulations are usually ignored by antigen-presenting cells (APCs) such as dendritic
cells (DCs) because they do not represent a threat. [2] On the other hand, peptides formulated with the
appropriate adjuvants will attract DCs to the injection site, allowing the capture of the antigen by these
APCs. [3] The adjuvants, mimicking “danger signals” derived from infectious pathogens, will activate
the DCs and induce them to travel to secondary lymphoid organs where [4] they will present peptide/
major histocompatibility complexes to naive cytotoxic T lymphocytes (CTLs) and helper T lymphocytes
(HTLs). [5] Activated CTLs will migrate to the tumor site to recognize the antigen presented by the
tumor cell, triggering their effector function.

water emulsions (eg, incomplete Freund adjuvant [IFA]), tosine guanine (CpG) motifs. Our laboratory and other
all of which function as antigen deposits, protecting the groups have demonstrated that peptide vaccines containing
peptide from rapid clearance and allowing slow release intosynthetic oligodeoxynucleotides with CpG motifs are
the surrounding tissuésThese antigen deposits also func- strongly immunogenic in mice and have the capacity to
tion as foreign bodies creating a local inflammatory re- elicit antitumor responses and prolong surviV&.The
sponse that may attract APCs to the injection site (Figurecytokines that have added to peptide vaccines have been
4). Besides the depot effect, the particulate antigens havenumerous, but those most effective at increasing T-cell
the advantage of targeting the peptides to DCs becausgesponses have been IL-2, IL-12, interferons, and granulo-
these APCs are highly phagocytic and have the capacity tacyte-macrophage colony-stimulating factor (GM-CSF).
ingest large amounts of particles and deliver the peptides to  Although the information gathered from animal models
MHC molecules for their presentation to T cells. Since in for peptide vaccine development points us in the right
many cases the particulate peptide formulations do notdirection for improving vaccines for cancer patients, it also
provide sufficient activation signals to the APCs, research-raises concerns regarding the safety of vaccines that con-
ers have added compounds to their vaccines to persuade tHain the danger signals that activate APCs and the vaccine
DCs that the injected peptide represents a threat. The typegiay cause serious adverse events. In our view, lack of
of compounds that have been used to increase the vaccinesnmunogenicity constitutes one of the most significant
potency include PAMP and proinflammatory cytokines. challenges in peptide vaccine development. It must be
The type of PAMP used in vaccine formulations ranges accepted that, to generate a potent immune response to any
from dead mycobacteria (found in Freund complete adju- vaccine, some level of toxicity in the form of local inflam-
vant) to purified bacterial components or their synthetic matory reaction, sometimes spreading to the draining
counterparts such as lipopolysaccharide, muramyl dipep-lymph nodes, must occur to awaken the immune response.
tide, or bacterial DNA, which is rich in unmethylated cy- For example, in a recent clinical study at our institution
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able that mixtures of APC-activating compounds will yield
better results than will use of a single agent, but proving
this in a clinical setting will be a challenge.

Another approach to improve the immunogenicity of
peptide immunization in cancer patients has been the use of
DC-based vaccines, which are prepared by ex vivo loading
of these APCs with peptides corresponding to T-cell
epitopes. In animal model systems, this strategy showed
the induction of strong antitumor immunity, which corre-
lated with remarkable antitumor effects in established dis-
ease?® As a consequence of these studies, several clinical
trials have been performed in cancer patients with use of
vaccines consisting of autologous DCs, which are pulsed
with T-cell peptide epitopes:#? Although the results ap-
pear promising, data are insufficient to indicate that these
vaccines are better than peptide vaccination alone. More-
Figure 5. Local inflammatory skin reactions (painless) resulting gyer, pecause it is cumbersome and costly to prepare DCs

from vaccination with peptides and adjuvants. A, Skin reaction . . .
observed 7 days after injection of peptide emulsified in incom- from cancer patients to produce these vaccines, this ap-

plete Freund adjuvant (IFA). B, Skin reaction observed 7 days proach may not be feasible for the ge'neral patient popula-
after injection of peptide and granulocyte-macrophage colony- tion. Nevertheless, if DC-based vaccines prove to be the
stimulating factor (GM-CSF) mixture, emulsified in IFA. C, most effective way of treating cancer patients, the chal-

Long-lasting skin reactions derived from vaccination with pep- |enge will be to develop simpler and cost-effective methods
tide, GM-CSF mixtures in IFA. Melanoma patient was vaccinated to produce these vaccines.

every 3 weeks, for 4 consecutive times with peptide and GM-CSF
emulsified in IFA. Photo was taken 7 days after the fourth injec- ) )
tion (numbers represent order of injections). Fourth Challenge: Immune Tolerance vs Autoimmunity

As stated previously, in many cases TAAs that will be
(unpublished data), we observed that peptides formulatediargeted for immune intervention are also expressed in
as an emulsion with GM-CSF in IFA induced long-lasting some normal tissues. As a consequence of this, many of the
local skin reactions at the injection site, which could be an T lymphocytes reactive with epitopes derived from these
indication of T-cell reactivity against the peptide epitope TAAs may have been eliminated through various mecha-
(Figure 5). It is possible that more serious systemic effectsnisms involved in the development of immune tolerance.
such as fever, myalgia, headache, nausea, and lymphadddowever, the existence of autoimmune disorders is clear
nopathy, all commonly observed in acute infections, may evidence thatimmune tolerance is not always perfect. Nev-
also be generated by such immunogenic vaccines. In canertheless, it becomes evident that the magnitude and qual-
cer patients, these symptoms may be a small price to payty of T-cell responses to most “self” TAA will not be as
particularly compared with severe toxic effects produced high as those induced by foreign pathogen—associated anti-
by more aggressive chemotherapy and radiation. Even withgens, in which tolerance is not an issue. The quality of the
these potential problems in mind, clinical studies in cancer T-cell response will be reflected by the affinity of the
patients using a second generation of peptide-based vact CR—peptide/MHC interaction, and in many cases peptide
cines, which included some of the above-mentioned APC-epitopes from TAA are only capable of stimulating low-
activating compounds, have been evaluated. Rosenberg edffinity CTLs and HTLs because tolerance is likely to be
al’® reported that vaccination of melanoma patients with developed to the high-affinity ones. Nonetheless, research-
synthetic peptides emulsified in IFA in combination with ers hope that low-affinity T cells may still exhibit antitu-
systemic administration of IL-2 produced tumor responsesmor activity in those cases in which the TAA is over-
in 42% of the patients, whereas in the absence of IL-2, noexpressed on the tumor cells, as occurs with HERZnd
notable responses were observed. Other attempts have us€2EA, and that normal cells, which express lower amounts
GM-CSF or IL-12 in peptide vaccination protocols, admin- of the TAA, will be spared (ignored) by the T cells. Be-
istered either systemically close to the vaccination site orcause most TAA-derived T-cell epitopes will be generally
mixed together with the peptid&$®Although the consen-  weaker immunogens than the typical infectious agent—de-
sus is that these vaccines are superior to similar ones lackrived epitopes, other strategies besides the ones addressed
ing cytokines, statistically significant data are insufficient in the third challenge are being explored to increase the
to substantiate these assumptions. Furthermore, it is probpotency of these epitopes. Most notably, the substitution of
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some of the amino acid residues of the peptide epitope cartan be used in a broad patient population. It has been
increase their antigenicity and immunogenicity. calculated that vaccines containing CTL epitopes restricted
There are 2 ways by which these reengineered peptideoy HLA-AL, -A2, -A3, -A24, and -B7 would offer cover-
analogues can become more potent than the original counage to approximately 80% of individuals of most ethnic
terparts. In many cases substitutions of residues at MHCbackgrounds* Furthermore, population coverage is prob-
binding anchor positions can improve dramatically the ably greater since some diverse MHC alleles such as HLA-
binding affinity of the peptide for the MHC molecule, AS3, -Al1, -A31, -A33, and -A68 can bind similar sets of
which can turn a poorly immunogenic peptide into one peptides®’® A parallel problem exists with regard to the
capable of inducing strong antitumor respori$&gnimal use of MHC class Il-restricted HTL epitopes in vaccines
model systems have shown that the immunogenicity of with broad applicability for the cancer patient population.
peptides is directly correlated to their MHC binding affin- Researchers are focusing on identifying HTL epitopes re-
ity.%* The other approach has been to create heterocliticstricted by HLA-DR1, -DR3, -DR4, and -DR7, which are
epitopes by substituting residues that interact with the TCRthe most frequently found MHC class Il allelésn some
in order to improve the capacity of the peptide/MHC com- cases it has been observed that the same peptide may bind
plex to activate the T-cell resporf8€’ One caveat of both  to several of these alleles. Thus, the identification of these
approaches is that the modified peptides may trigger T-cell“promiscuous” MHC binding peptides for a TAA would
responses that fail to cross-react with the original unmodi- certainly simplify development of a vaccine. Our group has
fied epitope, which will be the one expressed by the tumorbeen successful in identifying several promiscuous HTL
cells, making these responses therapeutically us€less.  epitopes from TAA such as HER®uY CEA, gp100, and
Ironically, the triumph in breaking tolerance and elicit- MAGE3.26:28:2
ing strong T-cell responses to some TAAs may have detri-
mental consequences in the overall health of the vaccinate®ixth Challenge: The Requirement for Multiepitope
patient. One of the major concerns of tumor immuno- Vaccines
therapy is whether a pathological autoimmune response Paradoxically, the successful identification of the neces-
may be triggered by the vaccine, resulting in the destruc-sary CTL and HTL epitopes to ensure population coverage
tion of normal cells. It is well documented that melanoma creates another challenge for vaccine development. Fur-
patients receiving immunotherapy based on the use ofthermore, to allow disease coverage and prevent the emer-
TAAs also expressed in normal melanocytes often developgence of tumor escape mutants more than 1 TAA per
vitiligo.®8°7%In the case of melanoma, this level of toxicity malignancy type should be included in each vaccine. Thus,
would be deemed acceptable if the therapy was successfubecause there is no universal TAA, only by including
in slowing down or eliminating the tumor. However, more epitopes from various TAAs will it be possible to surmount
serious toxic effects could be produced such as those obthe problem imposed by the antigenic heterogeneity of
served in paraneoplastic syndrome in which antigens com-each tumor type. For example, for breast cancer a vaccine
monly found in lung tumors, also expressed by cells from containing CTL and HTL epitopes restricted by the most
the nervous system, elicitimmune responses that can causeommon HLA alleles, for TAA such as HER2U (ex-

severe neurologic pathology’® pressed on approximately 30% of tumo@EA (approxi-
mately 50% of tumors), and MAGE3 (approximately 30%)

Fifth Challenge: Implications of MHC Restriction in would be most desirable. This additional requirement cre-

Patient Population Coverage ates the following dilemma: Should vaccines containing

Besides immunogenicity, another major challenge for multiple epitopes be composed of peptide mixtures or a
the development of effective peptide-based vaccines re-single peptide consisting of linked epitopes? For those
lates to their limitations on patient population coverage familiar with the field of drug development, it is evident
imposed by the rules of MHC restrictidin most cases, a  that a peptide mixture would create numerous nightmares
single-peptide epitope will be useful only for treating a since each peptide would have to undergo separate manu-
small subset of patients who express the MHC allele prod-facturing, quality control, and safety testing. Then the pep-
uct that is capable of binding that specific peptide. For thattide mixture itself would have to undergo extensive testing to
reason, researchers have focused their attention on identiensure that each component is present at the stated concen-
fying peptide epitopes restricted by the most common tration and that interactions between the components do not
MHC class | alleles, in particular HLA-A2, which is found affect their solubility, biological activity, and stability.
in approximately 40% of the human population. Neverthe-  On the other hand, the use of a single construct contain-
less, it is clear that, sooner rather than later, additional CTLing multiple epitopes would avoid these problems but
epitopes will need to be identified to design vaccines thatwould create other uncertainties such as those related to the
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limitations in size of peptides produced by organic chemis- e ————

try synthesis, whether the epitopes should be directly Preclinical studies and GMP reguirements |

joined to each other or through linkers and whether the +

prder the epitopes occupy within the peptide cons.tru'ct' may Poptide safety tests and quality control

influence the strength of immune response to the individua! e e -

epitopes. Another uncertainty is whether large peptide con-

structs will be processed correctly by APCs to produce all s ]

the T-cell epitopes contained within the construct. R R B Ancillary 1.-.:;r-:.
One approach to address some of the potential barriers o eEL § * T cell cytotoxicity

the multiepitope constructs could be through the use of [l ST . il

“Trojan antigens.” Our laboratory recently reported that it is

possible to deliver peptide constructs from the extracellular [ERLESEE AL

milieu directly into the endoplasmic reticulum andttiaas-

Golgi apparatus of APCs, where antigen processing to creatd

T-cell epitopes can occtitThese Trojan antigens are made

by linking a positively charged amino acid segment into Figure 6. Later stages in the development of peptide-based vac-

either end of a peptide construct containing a single T-cel|Cines. Subsequent to the identification and selection of T-cell

it ltible T-cell epit The or ing in th epitopes from tumor-associated antigens, synthetic peptides must
epitope or muftiple 1-cell epitopes. 1he processing €S€he prepared and finished (vialed) under Good Manufacturing

cellular compartments does not require the usual cytoplaspractices (GMP) before they can be administered to humans.
mic proteasomal degradation and transport to the endoplasThese products must also undergo extensive quality control test-

mic reticulum, which could limit the production of some of ing and safety evaluation to ensure identity, purity, quantity,

the epitopes contained in a multiple-epitope construct thatSterility, and lack of endotoxin. The approved released product
would requir nventional pr in can then be tested in patients for its safety (toxicity) in phase 1
ould require conventional processing. trials and at later time points for its efficacy (antitumor effects) in

o ) ] phase 2 and phase 3 studies. Ultimately, a vaccine will be evalu-
Seventh Challenge: Clinical Evaluation of the Vaccine ated clinically for its ability to improve patient survival and for its

Thus far we have addressed what we consider the mos€apacity to reduce or stabilize disease. Laboratory and ancillary

important challenges related to the design of peptide-basedests are valuable for determining the immunogenicity of the
. vaccine, which should correlate with its clinical effectiveness.

vaccines for cancer. prever, there are also numerous chaly = delayed-type hypersensitivity.
lenges related to testing the safety, immunogenicity, and
antitumor effectiveness of these vaccines in clinical trials
(Figure 6). Most of these challenges are not only related tostudies since most experimental therapies are usually tested
peptide-based vaccines but also are applicable to other kindfirst in patients suffering from advanced disease. Unfortu-
of tumor vaccines and types of immune-based therapies. nately in these patients, the tumor vaccines are not only

First, any attempt to induce an immune response, espeevaluated for their safety but also are expected to demon-
cially against weak antigens such as those TAAs that represtrate some sort of biological activity such as immunoge-
sent “self-components,” will be futile if the immune system nicity and sometimes even antitumor effects. We believe
of the cancer patient has been compromised. It is unfortu-that immunotherapy trials in patients with advanced cancer
nate that many of the conventional second-line anticancemwill provide little valuable information and may even sway
treatments such as chemotherapy and radiation can beesearchers to abandon promising treatments that could be
highly immunosuppressive; thus, it becomes important to effective in patients with early-stage disease. Conversely,
administer any kind of vaccine once the immune systemclinical studies in patients with early-stage disease or in the
has recuperated from the effects caused by these treatadjuvant setting (after surgery) in the absence of measur-
ments. Even in the absence of chemotherapy and radiatiomble disease will be conducive to determine the immunoge-
and mostly in hematologic malignancies, many patients nicity of the vaccines but may not allow critical evaluation
with advanced cancer become hyporesponsive to immuneof objective antitumor responses. In these circumstances,
challenges, possibly because of their poor general state obther clinical end points such as time to recurrence and
health or because their tumors may produce immune supsurvival would be ideal to determine the effectiveness of
pressor factors such as transforming growth fagtand the vaccines, but it is obvious that these studies could
IL-10 (see eighth challenge). Thus, therapeutic antitumorbecome lengthy and expensive.
vaccines are likely not to be as effective in these patients Demonstrating that a vaccine is immunogenic consti-
compared with cancer patients in early stages of diseasetutes one of the major challenges for clinical researchers.
This creates a serious challenge in the design of clinicalSince peptide-based epitope vaccines are designed to elicit

Clinical avalisation

Discase stabilization § = T cell proliferation
1 BESaY

= OTH skin neacton
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used, the main problem is that these methods rely on the
presumption that the antigen-reactive T cells will be
present in the blood at the time of sampling. The reality is
that T lymphocytes, once activated by antigen, leave the
circulation and travel to the peripheral tissue sites where
they are meant to perform their function. For this reason,
some researchers have decided to evaluate delayed-type
hypersensitivity skin reactions induced by injection of
small amounts of antigefh®+57.80-62

Eighth Challenge: Immune Evasion by Tumor Cells

Tumor escape mechanisms from immune destruction
constitute another type of challenge for the development of
effective vaccines (Figure 7). As mentioned previously,
Figure 7. Tumors can evade immune destruction. A, Frequently, SOMe tumors produce immunosuppressor factors that either
mutations result in tumors ceasing to express cell surface majoparalyze the function of antitumor CTLs or may even in-
histocompatibility complex/peptide complexes, escaping immune duce their death. Among these factors, Tg&Ad 1L-10
detection and destruction by cytotoxic T lymphocytes (CTLS). B, 5re potent inhibitors of the induction and maintenance of

Tumors are capable of producing immune suppressor factors suc 86 -
as transforming growth factd®, interleukin 10, and Fas-ligand, rtTL response¥: In addition, some tumors have been

which can block the induction of immune responses by affecting 'eported to produce Fas-ligand, which is capable of induc-
antigen-presenting cells and naive T cells or may also inhibit theing death of CTLs and APCs.
effector function of mature CTLs. DC = dendritic cell; HTL = Another major mechanism of immune evasion used by
helper T lymphocyte. tumors is decreasing or eliminating their expression of the
antigenic epitopes recognized by the CTLs (Figure 7).
CTL and HTL responses to TAA, the goal has been to Tumor cells can escape from CTL attack by decreasing the
prove that such responses are indeed induced or augmentezkpression of cell surface MHC molecules, by decreasing
as a consequence of vaccination. Thus, quantifying thethe production of the tumor peptide epitope through an
numbers of antigen-specific T cells and assessing theiralteration of the antigen-processing pathway, or simply by
function for each of the epitopes in the vaccine is impor- ceasing to express the TAA protein, if it is not required to
tant. Typically, blood lymphocytes are sampled before vac- maintain tumor cell growtF:® It is worrisome that the
cination and at various time points after vaccination and areselection of tumor escape mutants that cease to express
then evaluated in vitro for CTL and HTL reactivity against specific TAAs has been observed in several clinical studies
the TAA-derived epitopes. Many conventional laboratory using peptide vaccines corresponding to CTL epité{s.
tests have been used in vaccine studies to measure antigeithis problem could be minimized to some degree by incor-
specific CTL and HTL function such as the cytotoxicity porating multiple T-cell epitopes to more than 1 TAA in
(*'Cr release), antigen-induced cell proliferatiéH-thy- each vaccine. In addition, because the emergence of tumor
midine incorporation), and lymphokine release assays.escape mutants probably correlates with the tumor burden
More recently, the enumeration of antigen-specific T-cell (hnumber of tumor cells), this problem should be minimal in
frequencies has been done with use of MHC tetramer stainearly stages of disease.
ing, intracellular cytokine staining, and enzyme-linked
immunospot assay$’® Regardless of the type of assay CONCLUSION
In this article we have enumerated some of the challenges
Table 1.The 8 Challenges for Developing that we currently face in the development of peptide-based
Peptide Vaccines for Cancer vaccines for treating cancer patients (Table 1). At first
glance these challenges may appear to be insurmountable

; EE:LOC?;;dgpﬂggtL%Tevam epitopes a_md could even disc'ourage some rgsearchers workjng in the
3. Lack of immunogenicity field. quever, the |nd|sputaplg ewdenge that the immune
4. Immune tolerance vs autoimmunity system is capable of recognizing and fighting tumors and
5. Major histocompatibility complex restriction the prospect of developing an alternative therapeutic ap-
6. Multiepitope vaccines proach to radiation and chemotherapy that would not com-
7. Clinical evaluation promise so severely the patient’s quality of life provide us
8.

Immune evasion with a strong incentive to succeed in our mission.
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