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Summary: The Society for Biological Therapy held a Workshop last fall devoted to
immune monitoring for cancer immunotherapy trials. Participants included members
of the academic and pharmaceutical communities as well as the National Cancer
Institute and the Food and Drug Administration. Discussion focused on the relative
merits and appropriate use of various immune monitoring tools. Six breakout groups
dealt with assays of T-cell function, serologic and proliferation assays to assess B cell
and T helper cell activity, and enzyme-linked immunospot assay, tetramer, cytokine
flow cytometry, and reverse transcription polymerase chain reaction assays of T-cell
immunity. General conclusions included: (1) future vaccine studies should be designed
to determine whether T-cell dysfunction (tumor-specific and nonspecific) correlated
with clinical outcome; (2) tetramer-based assays yield quantitative but not functional
data (3) enzyme-linked immunospot assays have the lowest limit of detection (4)
cytokine flow cytometry have a higher limit of detection than enzyme-linked immu-
nospot assay, but offer the advantages of speed and the ability to identify subsets of
reactive cells; (5) antibody tests are simple and accurate and should be incorporated to
a greater extent in monitoring plans; (6) proliferation assays are imprecise and should
not be emphasized in future studies; (7) the reverse transcription polymerase chain
reaction assay is a promising research approach that is not ready for widespread
application; and (8)there is a critical need to validate these assays as surrogates for
vaccine potency and clinical effect. Current data and opinion support the use of a
functional assay like the enzyme-linked immunospot assay or cytokine flow cytometry
in combination with a quantitative assay like tetramers for immune monitoring. At
present, assays appear to be most useful as measures of vaccine potency. Careful
immune monitoring in association with larger scale clinical trials ultimately may
enable the correlation of monitoring results with clinical benefit. Key Words: Cancer
vaccines—Immunologic monitoring—Immunotherapy.
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IMMUNE MONITORING:
A DEVELOPMENTAL AND

REGULATORY PERSPECTIVE

On November 8, 2001, the Society for Biological
Therapy sponsored a 1-day workshop on immunologic
monitoring of cancer vaccine trials that was held at the
Natcher Auditorium on the campus of the National In-
stitutes of Health in Bethesda, MD, U.S.A. The purpose
of the workshop, which was organized by Michael At-
kins, M.D., Ulrich Keilholz, M.D., and Jeffrey Weber,
M.D., Ph.D. was to have an in-depth discussion about the
roles various immune assays play in the monitoring of
cancer vaccine trials. The organizers wished to address
what state of the art assays were available for immune
monitoring, discuss their methodology in depth, deter-
mine the usefulness, advantages, and disadvantages of
each of the assays, and assess if there was a consensus
for preparing guidelines for the most useful immune
monitoring tools for evaluation of cancer vaccine trials.
The Workshop had 120 participants, including academic
clinical investigators and bench scientists, members of
the biopharmaceutical industry, and representatives of
the National Cancer Institute and the Food and Drug
Administration (See Appendix 1).

The Workshop was felt to be a timely endeavor. Since
the discovery of the first T-cell defined tumor antigen in
Thierry Boon’s laboratory a decade ago, numerous early
phase clinical trials have been conducted with antigen-
specific vaccine approaches. A wide variety of immune
assays have been used in these trials without standard-
ization of either approach or technique. The establish-
ment of common methodologies and agreed upon assays
for the measurement of immune responses in patients
with cancer receiving vaccine therapy was felt to be criti-
cal to the assessment of immunologic effectiveness of
these various approaches and to enable comparison of
the results of different trials. Various nonantigen-specific
vaccines are currently being tested in phase III trials, and
the time was felt to be rapidly approaching when anti-
gen-specific vaccine approaches would be sufficiently
refined to justify their being evaluated in a similar set-
ting. The ability of laboratory assays to function as sur-
rogate markers for clinical benefit or at least indicators of
immune response was felt to be a critical factor in per-
forming such trials and in cancer vaccine development in
general.

The format of the Workshop included lectures on im-
portant issues in the field of cancer vaccines and six
breakout sessions to discuss specific immune monitoring
modalities (Appendix 1). A number of questions and
issues were to be addressed by each breakout group.

These included a brief review of the principles of the
specific assay, a discussion of the methodology, how
well developed and reliable the assay was, a summary of
how the assay has been used to measure immune re-
sponses in vaccine trials, a discussion of whether clinical
relevance has been established for the assay, a descrip-
tion of the clinical scenarios for which the assay would
best be suited, and a comparison of the assay with other
assays. The breakout-session leaders then reported on the
consensus reached within their session regarding these
issues. A panel discussion ensued in which the conclu-
sions presented in the current document, particularly
those in the summary, were developed. The Workshop
included lectures on two issues felt to be of importance
to cancer-vaccine development. Dr. Norman Letvin dis-
cussed lessons learned from HIV-vaccine development, a
field that might allow cancer-vaccine researchers to learn
from the lessons and mistakes of medical history. Dr.
James Finke and Dr. Dmitry Gabrilovich addressed the
critical issue of tumor-related immune suppression, cov-
ering aspects of T-cell and dendritic cells (DC) dysfunc-
tion. Although much effort in the field has focused on the
generation of potent and long-lasting immune responses
in patients with cancer, emerging data indicate that the
success of any immune strategy in tumor bearers de-
pends on the ability to overcome active and passive im-
mune suppression. Summaries of Dr. Finke’s and Dr.
Gabrilovich’s lectures are included in this document.

The six breakout sessions each discussed an immune
assay that was felt to be important for cancer-vaccine
development. Breakout session leaders then wrote con-
clusions of their session for publication in this document
(Appendix 2 lists the authors of the specific sections of
this document). The reports establish some common
guidelines for the performance and interpretation of
these assays and describe the relative merits of each par-
ticular assay. Assays fell into one of three groups: (1) an
assay that has promise but needs further development;
(2) an assay that is unlikely to be of great usefulness in
monitoring cancer vaccine trials; and (3) an assay that,
either alone or combined with others, has the greatest
likelihood of providing important information in a can-
cer-vaccine trial. Relatively little information was avail-
able to the participants on the clinical value or relevance
of any assay. Such data can only derive from large trials
with long follow-up examinations, which are mostly
lacking in this field. Thus, any conclusions reached on
the clinical relevance of these assays will be tentative at
best. However, significant information was available to
discuss the scientific importance of each assay and its
ability to provide valid information regarding specific
immune activation.
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As our understanding of the immunologic basis of
vaccines used for the treatment of patients with malig-
nancy becomes more refined, critical questions that need
to be addressed include an assessment of those strategies,
which are most efficacious and a consideration of the
optimal patient populations to be enrolled in vaccine
studies. Whereas most tumor vaccines have been, or are
being evaluated in patients with advanced or end-stage
malignancies, it is possible that patients with minimal
residual disease would be most likely to demonstrate a
robust antitumor immune response. In addition, the tu-
mor-vaccine community will need to address those com-
ponents of vaccine development that will be necessary to
gain U.S. registration, namely tests of identity, purity,
potency of the vaccine product, as well as the demon-
stration of safety and efficacy (1). The development of
reproducible immunologic assays might result in the ap-
plication of these techniques in product potency assays
as well as the use of the assays as an immune “pharma-
cokinetic” measurement to help prioritize strategies for
larger scale clinical trials.

Relevant issues that manufacturers of tumor vaccines
face in formulating a final product for human adminis-
tration are the: generation of a consistent product from
inconsistent starting material; qualification of the source
and characterization of the cell substrate used to produce
the vaccine; evaluation of the effect of cryopreservation
on yield, viability, and activity of the vaccine; timing and
methods of sterility testing; and lot release specifications
for identity, purity, and potency.

Potency carries a strict regulatory definition: “the spe-
cific ability or capacity of the product, as indicated by
appropriate laboratory tests or by adequately controlled
clinical data obtained through the administration of the
product in the manner intended, to effect a given result”
(CFR 21.600.3). Potency assays serve as measures of
quality control and ensure that patients receive a stan-
dardized and reproducible vaccine dose on each treat-
ment. Even though there are no U.S. Food and Drug
Administration standards at this time, the Food and Drug
Administration is formulating recommendations for each
vaccine class. Surrogates for potency may be established
using either an in vitro cell-based assay or an in vivo
animal model “to affect a given result.” In the context of
drug development, it is important to develop reliable
measures of potency before conducting pivotal (Phase 3)
clinical trials to assure that all study patients receive
similar vaccine doses throughout the trial and that a con-
sistent product can be guaranteed for a wider patient
population after licensing approval.

In assessing potency, immunoassays or tests that mea-
sure a predesignated immunologic parameter may be

useful, but will require adherence to standard operating
procedures, standardization, and validation to be deemed
reliable. Assay validation will require an evaluation of
assay accuracy, precision, limit of detection, limit of
quantitation, specificity, linearity and range, ruggedness,
robustness, and system suitability.

Clinicians have an expectation that with each labora-
tory test they employ, the result is backed by a rigorous
analysis of a reference population to define baseline re-
sponses as well as validation of the reproducibility of the
result. These data are rarely published or discussed in
reporting results from cancer-vaccine trials; however, the
steps needed for assay-validation are well defined. Qual-
ity control monitoring and assay validation is composed
of several analytical measures. These measures are rou-
tine, for the most part, for serologic studies, but have not
been consistently applied to T cell-based methods of im-
munologic monitoring. First, is an assessment of “accu-
racy.” Accuracy refers to the correctness and exactness
of the test result. It is defined as the closeness of a test
result to the true value and can only be calculated by
comparison with a standard. Definitions of standards are
difficult for T-cell assays. However, the use of known
foreign disease antigens and the generation of T-cell
clones specific for positive control antigens such as cy-
tomegalovirus (CMV) and influenza (FLU) may provide
standards for determining the accuracy of T-cell meth-
odologies to be evaluated. A second important measure
is “precision” or the reproducibility of the test. Precision
is defined as the closeness of the test results to one an-
other when using the same specimen. Precision is ex-
pressed as a standard deviation and coefficient of varia-
tion of multiple sample runs. The same sample can be
run multiple times on the same plate or on the same day,
defining interassay precision; or the same sample can run
multiple times over several days, defining intraassay pre-
cision (within run and within day). Identification and
assessment of known positive specimens is essential for
this type of analysis. The “limit of detection” of a method
is the capacity of the method to detect small amounts of
a substance with some assurance and can be assessed by
spiking a negative sample with known quantities of well-
characterized T cells, for example, CMV clones in a
CMV negative human leukocyte antigen (HLA) matched
donor. The limit of detection of an assay is distinct from
its “sensitivity,” which is the proportion of true positives
that test positive (i.e., high sensitivity equates to a low
amount of false negatives). The sensitivity of an assay is
the measurement most affected by background “noise.”
“Specificity” reflects the ability of a method to measure
true negatives as negative (i.e., high specificity equates
to a low amount of false positives). Interference assays
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that dilute a defined T-cell population with one of an-
other specificity (e.g., diluting a specific number of FLU
T-cell clones with CMV clones and analyzing FLU-
specific responses) would allow an estimation of the
specificity of the analysis.

The “reliability” of a method describes the ability of
the test to maintain accuracy, precision, sensitivity, and
specificity despite changes in external factors such as
technicians, instruments, or reagents. An assessment of
reliability can be made using a well-characterized refer-
ence population. The reference population is the group of
individuals assessed to determine the parameters of a
“normal” value. If the well-defined values of this group
fluctuate significantly with changes in the test, then, the
assay is probably not reliable enough for repetitive use or
application to the measurement of large numbers of
samples.

In developing standard operating procedures, a work-
ing standard, controls, and acceptance criteria for each
parameter should be provided. Even though it is not nec-
essary at phase 1 or 2 (unless used for determination of
patient trial eligibility), immunoassays will normally re-
quire validation at the time of initiation of phase 3 trials.
This is not a trivial issue. From the Food and Drug Ad-
ministration perspective, lack of a validated immunoas-
say for potency testing could lead to the nonapproval of
a biologic licensing application.

Immunoassays or bioactivity endpoints may also
prove relevant as surrogate markers in tumor-vaccine
efficacy trials; however, these will only be of value if an
effect on the surrogate does in fact correlate with a real
clinical benefit. From the regulatory perspective, the
strict definition of a surrogate endpoint is: “a laboratory
measurement or a physical sign used as a substitute for a
clinically meaningful endpoint that is a direct measure of
how a patient feels, functions, or survives and which is
expected to predict the effect of therapy” (57 Federal
Register 13234 and 13235, April, 1992). A new meth-
odology or measurement will have to stand the test of
time, because demonstration of substantial correlation
with clinical benefit generally will include validation
from adequate and well-controlled trials. The emergence
of new technologies, some of which may have clear ad-
vantages over earlier assays, may compromise the inter-
pretation of studies based on older methods. Further-
more, several disadvantages may accompany the use of
surrogate endpoints as the basis for tumor-vaccine ap-
proval. For example, in compressing the extent and du-
ration of phase 3 trials, important treatment related side
effects may be masked. Such adverse events could un-
favorably influence the final outcome of the trial and
conclusions drawn about the therapy, especially when

tumor vaccines are given chronically. At this time, im-
mune-response parameters are more relevant as pharma-
codynamic endpoints than as correlates of clinical re-
sponse.

MECHANISMS OF IMMUNE DYSFUNCTION

Mechanisms of T-Cell Dysfunction in Cancer

T-Cell Dysfunction and Impaired Tumor Immunity

Although a number of immunotherapy strategies have
resulted in increased frequency of tumor-specific T cells
in the blood and in tumors, the generation of antitumor
immunity has not correlated with clinical response. Tu-
mors may evade immune surveillance by distinct mecha-
nisms. Some of these are directed towards altering the
signaling and function of T cells including T-cell anergy
(antigen-specific unresponsiveness), TH2 bias, T-cell
unresponsiveness (generalized dysfunction), and T-cell
deletion (apoptosis). One or more of these mechanisms
may represent a barrier to the development of an effec-
tive antitumor immune response.

T-Cell Anergy

T-cell anergy is induced in multiple murine tumor
models as shown by defective interferon (IFN)-� pro-
duction and proliferation in response to specific and non-
specific stimuli. This appears to be an early event in
tumor progression (2). The functional status of tumor-
specific T cells has been examined in patients with can-
cer. Tetramer analysis has facilitated detection of tumor
reactive T cells in blood and tumor. The combined use of
tetramers and cytokine gene expression (real time PCR)
or protein production has provided some insight into the
functional activity of these cells. To date, a few studies
have evaluated the functional activity of tumor-specific
T cells in the blood after vaccination with melanoma
antigen-derived peptides (3,4). The findings have been
mixed. One study demonstrated that antigen-specific
CD8+ T cells in peripheral blood did not produce cyto-
kines, whereas other vaccine studies showed that te-
tramer-positive cells were capable of producing IFN-� in
response to peptide (3,4).

Antigen-specific T cells have also been detected by
tetramer binding within melanoma tumors after peptide
vaccination. Immunization was apparent in 8 of 11 le-
sions as shown by IFN-� mRNA expression that ap-
peared to correlate with high expression of the gp100
antigen by tumors (5). However, IFN-� expression was
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not accompanied by a significant inflammatory response
or CD4/CD8 T-cell accumulation (5,6). Detection of
these antigen-reactive T cells in the tumor did not cor-
relate with clinical response. There are also data showing
that MART-1 specific CD8+ T cells can traffic to tumor
and be detected in lesions after adoptive transfer of an-
tigen-specific T-cell clones (7,8); however, the func-
tional status of these cells was not assessed.

The detection of tumor antigen-specific T cells in the
blood and tumor in the absence of clinically detectable
tumor regression, demonstrates the need for further func-
tional analysis of these effector cells. Even though these
studies and others demonstrate that tumor-specific T
cells can infiltrate human tumors after immunotherapy, it
is not clear whether these cells are typically activated and
functional, in an anergic state, or undergoing apoptosis.

If there are functional defects and altered signaling in
tumor antigen-specific T cells from patients with cancer,
are they similar to those described for classic anergic T
cells (9,10)? Anergic T cells display a proliferation de-
fect and impaired production of interleukin (IL)-2. There
are also data suggesting that anergy is characterized by
alterations in T-cell signaling (11). Anergic cells have a
lack of activation of lck, ZAP-70, Ras, ERK, AP-1, and
NFAT molecules. The anergizing stimulus also appears
to activate the protein tyrosine kinase fyn, increase in-
tracellular calcium levels, and activate RAP1. There is
upregulation of the cyclin-dependent kinase inhibitor
p27kip1 that may block cell-cycle progression (11).
Whether T cells that are unresponsive in patients with
cancer fit this functional and signaling profile of anergic
T cells has not been well addressed, nor has the differ-
ence in the functional status of tumor-specific T cells
within tumors after vaccination versus adoptive trans-
ferred T-cell clones been studied. This is partly a result
of the difficulty of assessing signaling events in tumor-
specific T cells because of their low numbers. There are
also data to suggest that although IFN-� mRNA is ex-
pressed in tumors after vaccination, there is an absence
of mRNA for IL-2, a critical growth factor for T cells (5).
Additional techniques that allow assessment of function
and signaling on small numbers of cells are needed. A
summary of the mechanisms that may play a role in the
induction of T-cell anergy in patients with cancer is pro-
vided in Table 1.

Defective DC-induced signaling of T cells caused by
lack of costimulation or CD40 ligation accounts for an-
ergy induction in murine tumors (12). In these animal
models, antigen-presenting cells (APC) can mediate T-
cell tolerance to self-antigens caused, in part, to a failure
to activate APC via CD40. Tolerance of tumor-specific

CD4 T cells can be reversed with in vivo ligation of
CD40 (13). What role a defect in CD28 signaling and/or
CD40 ligation plays in T-cell tolerance in patients with
cancer is not known, because it has been difficult to
detect tumor-specific CD4 T-cell responses. Recent stud-
ies in transgenic mice demonstrate that expression of a
tolerizing antigen does not prevent the in vitro stimula-
tion and recovery of T cells capable of mediating tumor
destruction (14). Even though defective APC and CD40
signaling may be important to the induction of T-cell
anergy in human cancers, other mechanisms are likely to
account for the inability of activated effectors cells to
induce tumor destruction.

Dysfunction of antigen-specific T cells has been de-
tected and studied in persistent infections where high
doses of virus are thought to cause clonal exhaustion
(15). The use of major histocompatability complex
(MHC) tetramers has revealed a complex process where
there is activation-induced cell death of T cells that rec-
ognize the nucleoprotein 396 of lymphocytic choriomen-
ingitis virus. These cells become dysfunctional (loss of
cytokine production), annexin V positive, and disappear.
In contrast, T cells reactive against the glycoprotein
GP33 become anergized, but do not undergo activation-
induced cell death; their persistence (15) is a result of the
different degree of antigen stimulation. Continuous an-
tigenic stimulation by tumors may contribute to immune
dysfunction in antigen-specific T cells in patients with
cancer, although this possibility must be examined in
detail.

Interleukin-10 plays a role in the induction of T-cell
anergy by inhibiting the CD28 costimulatory pathway
(16). However, IL-10 only blocks T cells stimulated by
low numbers of triggered TCRs, a condition that is de-
pendent on CD28 costimulation. Interleukin-10 does not
affect T cells that receive a strong TCR signal and are

TABLE 1. Causes of anergy or Th2 biasing of the T cells
from patients with cancer

Defective DC stimulation of T cells:
No costimulation
No CD40 ligation; tolerance reversible with in vivo ligation of

CD40
Persistent antigenic stimulation of T cells by tumor:

TGF-�
Drive the balance to Th2 via IL-10 as an intermediate
Inhibit Th1-type responses directly

IL-10
Downregulates the expression of Th1 cytokines
Regulates expression of TGF-� type II receptor

Clearance of antigen-specific IFN-� producing T cells via Fas
mediated-apoptosis

DC, dendritic cells; IFN, interferon; IL, interleukin; TGF, transform-
ing growth factor; Th, T helper cell.
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independent of CD28 cosignaling. Yet, there are no com-
pelling data to suggest that this is a mechanism of toler-
ance induction in patients with cancer.

Shift to a TH2 Rather Than a TH1 Response

In animal studies, TH1 cytokines promote the devel-
opment of an antitumor cell-mediated immune response
(17). The production of IFN-� is linked to the generation
of an effective immune response responsible for reject-
ing tumors. Interleukin-2 is required for T-cell prolifera-
tion and acquisition of cytotoxic effector function. Inter-
leukin-4 and IL-10 on the other hand, promote a TH2
response that is necessary for humoral immunity.

In animal models and human neoplasms, there is evi-
dence that the tumor microenvironment can shift the bal-
ance to a predominately TH2 response. In animal studies,
immunotherapeutic approaches that favor a shift back to
a TH1 response can result in the development of an
effective tumor-immune response (18). In patients with
cancer, including those with renal cell or pancreatic car-
cinoma, there is also evidence that a TH2 response pre-
dominates in the peripheral blood with increased produc-
tion of TH2 compared with TH1 cytokines as assessed
by enzyme-linked immunosorbent assay (ELISA)
(19,20). Measurement of intracellular levels of cytokines
in patients with renal cell carcinoma (RCC) by flow cy-
tometry demonstrated a change from a TH1 to a TH2
response with increasing stage (21). Preliminary findings
also suggest that patients with RCC with progressive
disease before therapy have a TH2 bias in MAGE-6 spe-
cific CD4+ T cells in the peripheral blood as assessed by
enzyme-linked immunospot (ELISPOT) assay (Storkus,
et al., unpublished data). A TH2 bias and barely or un-
detectable IFN-� expression by the bulk CD4 population
may reflect the regulatory influence of tumor antigen-
specific CD4+ T cells in patients with cancer. It will be
of interest to test whether vaccination can induce a TH1
response in the tumor-specific T cells, and what impact
this might have on the clinical response.

Although factors causing a TH2 response in patients
with cancer are not well defined, animal studies suggest
that transforming growth factor (TGF)-beta and IL-10
may be involved in this process (Table 1). Transforming
growth factor-beta may drive the balance to TH2 via
IL-10 as an intermediate. Transforming growth factor-
beta may also inhibit TH1-type responses directly in cer-
tain animal models (22,23). Interleukin-10 is known to
play a role in down regulating the expression of TH1
cytokines and may augment the immunosuppressive ac-

tivity of TGF-beta by regulating expression of TGF-beta
type II receptors (17,24).

The ability of IL-10 to enhance TH2 responses and
suppress antitumor immunity in certain animal models is
confounded by observations indicating that IL-10 may
promote antitumor immunity under other conditions (25–
27). Thus, the role of IL-10 as an inhibitor of TH1 im-
munity is not entirely clear from the animal studies.
However, in a limited number of studies in patients with
cancer, there is correlative data linking IL-10 and TGF-
beta expression and the presence of a TH2-type response
in peripheral blood T cells. In patients with pancreatic
carcinoma, coexpression of TGF-beta and IL-10 in tumor
tissue was associated with elevated levels of both cyto-
kines in the sera and with the predominance of a TH2
cytokine pattern in response to antiCD3 antibody stimu-
lation (20). Serial sampling of fine-needle aspirates of
identical metastases from patients with melanoma re-
ceiving IL-2-based vaccinations has been performed to
assess changes in expression of IL-10, TGF-beta, and
IFN-� mRNA levels by quantitative reverse transcription
polymerase chain reaction (RT-PCR). Decreased levels
of IL-10 in pretreatment tissues of responding lesions
were noted, and IFN-� transcript levels were found to
increase after treatment in regressing as compared with
nonregressing lesions (28). Studies like these will pro-
vide information on whether pretreatment expression of
cytokines in the tumor will influence responses to im-
munotherapy. The use of array technology should also
help define patterns of cytokine gene expression in tu-
mors and their relation to treatment and treatment effect.

It is also possible that the shift to a Th2 response in
tumor-bearing hosts, in some cases, is caused by the
clearance of antigen-specific IFN-� producing T cells. In
an animal model, the elimination of TH1 cells was at-
tributable to Fas-receptor mediated clearance (29).
Whether clonal deletion of TH1-specific T cells occurs
in patients with cancer and contributes to the TH2 phe-
notype has not been addressed.

Unresponsive T Cells in Patients With Cancer With
Functional and Signaling Defects

Global immune dysfunction has been described in ani-
mal tumor models and in patients with cancer and is
typically associated with advanced tumor burden. This
dysfunction is characterized by a hyporesponsiveness to
challenge with common recall antigens (30). This dys-
function is also defined by diminished T-cell function
most pronounced in TIL and is characterized by impaired
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proliferation and reduced cytotoxic effector function
(31). There are also in vivo data that show that there is
minimal induction of an inflammatory response involv-
ing expression of IFN-� and IL-2 mRNA in the tumor
microenvironment (31). Diminished T-cell function has
also been observed in peripheral blood T cells. This is
associated with reduced production of TH1 cytokines
after stimulation of peripheral blood T cells with mito-
gens or antiCD3 antibody (31,32).

Alteration in the expression and/or function of T-cell
receptor (TCR)-linked signaling events has been shown
to occur in patients with cancer. The most studied defect
in T-cell signaling is the reduction in expression of the
TCR complex � chain, which is part of the TCR proximal
signaling pathway that is necessary for T-cell activation
and effector function (33). Reduced expression of the �
chain has been observed in T cells from patients with a
variety of tumors, including melanoma, ovarian and cer-
vical cancers, and Hodgkin’s disease (31,32). Reduced �
chain levels have been detected by Western blotting and
are reliably assayed by quantitative flow cytometry using
intracellular antibody staining. Reduction in � chain ex-
pression has been correlated in some studies with a de-
crease in either cell proliferation or TH1-cytokine pro-
duction (31,32). Data from several laboratories, but not
all, suggest that decreased levels of � chain in T cells
correlated with disease progression and diminished over-
all survival (34–36). Thus, � chain expression levels in T
cells may be useful as a predictor for survival. However,
current data suggest that � chain levels are not consis-
tently useful for monitoring immunologic responses.

Several mechanisms have been proposed to explain
the reduction in � chain levels as seen in Table 2. Hy-
drogen peroxide produced by activated granulocytes
(blood) and macrophages (tumor) can decrease � chain
expression in T cells, and decreased � chain expression
can be prevented by the addition of hydrogen-peroxide
scavengers (37,38). It is also possible that � chain deg-
radation is partly caused by caspase activity induced in
apoptotic T cells. In vitro studies have shown that induc-
tion of apoptosis in T cells coincides with � chain deg-
radation that is blocked by the addition of a pan-caspase
inhibitor and that the zeta chain can be a substrate for

caspase-3 (39,40). A small subset of T cells in the pe-
ripheral blood and variable numbers in the tumor have
been shown to have caspase activity and are annexin V
positive (41,42). Even though apoptosis may partly ex-
plain � chain loss, it is not the only mechanism, because
the number of T cells with low � expression is higher
than the number of T cells that are apoptotic. Zeta chain
downregulation has been reported in CD8+ T cells that
proliferate in response to acute viral infections (43). In
vitro studies have also shown that repeated stimulation
via the TCR or by TNF can reduce the expression of �
chains in T cells (32,44). Whether this occurs in patients
with cancer remains to be determined.

Defects in downstream TCR signaling have been dem-
onstrated in T cells from patients with cancer along with
reduced tyrosine phosphorylation of multiple substrates,
including phospholipase C gamma (31,45). Quantitation
of free intracellular calcium concentrations after mitogen
stimulation revealed less mobilization of calcium com-
pared with normal T cells. Whether these alterations are
linked to defective � chain expression is not clear.

Studies in animal models and patients with RCC have
demonstrated defective activation of the transcription
factor NF�B in TIL and peripheral blood derived T cells
(31,32,46). This leads to a failure in the nuclear accu-
mulation of RelA/p50 dimers after T-cell activation as
determined by Western blotting and by �B binding ac-
tivity (gel mobility shift assays) (31). This defect is noted
in T cells from 50% of patients with RCC but in less than
5% of patients with no evidence of disease after treat-
ment and normal individuals (47). The absence of a
quantitative flow-based method to detect NF�B has lim-
ited the assessment of whether defective activation of
NF�B and other transcription factors correlates with
clinical outcome. Studies from knockout mice defective
in NF�B proteins demonstrate that NF�B is a cell sur-
vival factor that regulates expression of various anti-
apoptotic genes (48). There is also evidence for a pref-
erential role of NF�B in TH1, but not TH2, T-cell re-
sponses (49). Whether the NF�B defect in patients’ T
cells is related to increased sensitivity to apoptosis or to
a bias for a TH2 response needs to be assessed. Inhibition
of NF�B activation may be partly caused by the presence
of soluble products in the tumor microenvironment. Hy-
drogen peroxide production inhibited NF�B primarily in
memory T cells, which correlated with reduced expres-
sion of TH1 cytokines (50). Gangliosides present in su-
pernatants from RCC also suppressed NF�B activation
in T cells (51). Moreover, tumor-induced inhibition of
the lytic activity of tumor-specific T-cell lines correlated
with suppression of NF�B translocation (52). Finally, in
a transgenic animal model, the induction of tolerance to

TABLE 2. Mechanisms by which tumors reduce zeta
chain levels

Hydrogen peroxide production by activated granulocytes and
macrophages

Caspase activity in apoptotic T cells
Repeated stimulation through TCR or TNFR

TCR, T-cell receptor; TNFR, tumor necrosis factor receptor.
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self-antigens coincided with lack of AP-1 and NF�B
activation (53). Whether impairment in transcriptional
activity is noted in tumor specific T cells and is related to
defective T cell function is not known.

Role of Apoptosis in T-Cell Dysfunction

Apoptosis of antigen-specific T cells is a major
mechanism by which T-cell responses are downregulated
after antigenic exposure (54). Repeated antigen stimula-
tion of T cells increases their sensitivity to apoptosis.
There is also growing evidence that apoptotic mecha-
nisms regulate the development of an effective immune
response to tumor cells. Varying numbers of tumor in-
filtrating T cells (5%–20%) show DNA breaks as defined
by in situ terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assays (55,56) (Fig. 1). A
greater percentage of TIL appear to be sensitive to ap-
optosis after in vitro culture for 24 hours (57,58). Apop-
totic T cells have been reported in several different tumor
types, and it is not clear whether the level of apoptosis
relates to stage, grade, or clinical outcome. Spontaneous
apoptosis of a small subset of T cells in the peripheral
blood of patients with advanced melanoma and gastric

cancer has been observed (31,41,42). Increased levels of
T cells that are sensitive to activation-induced cell death
have also been reported in the blood of patients with
cancer (56).

Mechanisms for the observed apoptosis of T cells in
patients with cancer are being investigated. While the
Fas/FasL pathway appears to play an important role in
the deletion of activated tumor-reactive T cells (59),
FasL expression by specific tumor types has not been
consistently observed. For example, melanoma-specific
T cells are induced to undergo activation-induced cell
death after MHC class I-restricted recognition of the tu-
mor in a Fas-dependent fashion (60), notwithstanding the
FasL-negativity of the melanoma lines used in the assays
(60,61). Apoptosis of these tumor-specific T cells was
prevented and normal immune functions maintained by
the addition of pan-caspase inhibitors to the cultures,
suggesting a role for T-cell fratricide in this process.

Some tumors do express FasL and are capable of in-
ducing apoptosis of Fas-bearing T cells (62). Activated T
cells as well as Fas death-receptor sensitive Jurkat cells
undergo apoptosis when cocultured with allogeneic tu-
mor-cell lines that are FasL positive (62). These T cells
do not recognize the tumor in a MHC-restricted manner,
though they are still susceptible to FasL-mediated kill-
ing. This mechanism is unlikely to be relevant for some
tumor types, because not all express FasL (60,61). It is
also possible that other tumor-derived products, includ-
ing gangliosides, can increase the sensitivity of T cells to
activation-induced cell death in the tumor microenviron-
ment (58).

The spontaneous apoptosis of T cells reported in the
peripheral blood of some patients may also occur via the
Fas pathway (41,42). This is supported by the observa-
tion that the majority of apoptotic T cells express the Fas
receptor (41). It is unclear whether Fas+ apoptosis-
sensitive cells in the blood of patients with cancer in-
clude tumor-specific T cells.

There is evidence for immune dysfunction in T cells
from patients with cancer, which is likely to be caused by
multiple mechanisms. Functional and signaling abnor-
malities that affect a high percentage of the T-cell pool in
the tumor and peripheral blood are often seen in patients
with advanced disease. The functional status of tumor-
specific T cells has been difficult to assess as a result of
the relatively low numbers of these cells in the blood and
tumor. Nevertheless, the utilization of techniques such as
tetramer analysis, real time PCR, and ELISPOT have
revealed that in certain cases, but not all, these cells may
be functionally impaired. More effort should be made to
develop methods to assess the functional- and signaling-
pathway status of antigen-specific T cells in the tumor

FIG. 1. In situ staining of renal cell carcinoma for DNA breaks. A
tissue array was made containing clear cell and papillary tumors. The
top figures are 4x magnification of a clear cell (left) and papillary
kidney cancer (right). The bottom figures are the same tumors showing
40x magnification. Tissue sections were stained for DNA fragmenta-
tion using the TdT-FragEL (Oncogene, Boston, MA, U.S.A.) assay kit.
The dark brown stained cells represent apoptotic lymphocytes.
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before and after immunotherapy. Whether there is evi-
dence for T-cell anergy (functional and signaling levels),
a TH2 bias or increased sensitivity to apoptosis among
tumor-specific T cells is not known. It will be important
to determine which pathways of dysfunction are present
in a given cancer, whether there is a common pattern in
different tumor types, and whether there is evidence that
the tumor- or antigen-specific T cell population is dys-
functional. Future vaccine studies should be designed to
determine more precisely whether T-cell dysfunction (tu-
mor specific and nonspecific) correlates with clinical
outcome.

Defective Dendritic Cell Differentiation in Cancer

Failure of T cells from tumor-bearing hosts to recog-
nize and eliminate tumor cells is a factor in tumor escape
from immune control. The induction of an effective an-
titumor immune response requires host antigen present-
ing cells (APC) (63). Dendritic cells are the most potent
APC. Dendritic cells, macrophages, and granulocytes
arise from common myeloid progenitors. It appears that
impaired balance between mature and immature myeloid
cells is one of the hallmarks of cancer. There is now
ample evidence that tumor growth in humans and mice is
associated with accumulation of immature myeloid cells,
monocyte/macrophages, and decreased number and
function of DC. Accumulation of immature myeloid cells
capable of inhibiting T-cell responses, could be a major
factor responsible for immune suppression in patients
with cancer.

The growth of many murine carcinomas, such as
Lewis lung carcinoma (64), CT-26 (65), MCA-26 (66),
and MCA-38 (SK, unpublished), colon carcinomas,
Ehrlich (67), and D1-DMBA-3 (68) mammary adenocar-
cinomas, and at a lesser extent MethA, C3 (69), or CMS5
(70) sarcomas are associated with splenomegaly, extra-
medullary hematopoiesis, and marked accumulation of
immature myeloid cells in lymphoid organs. Similar
findings have been reported in patients with cancer. De-
creased numbers of DC in the peripheral blood of pa-
tients with cancer has been associated with accumulation
of cells lacking markers for mature myeloid and lym-
phoid lineages (71). Approximately one-third of these
cells were shown to be immature macrophages and DC,
and the remaining cells were immature myeloid cells at
earlier stages of differentiation (71). The presence of
these cells was dramatically increased in patients with
advanced-stage cancer, but dropped considerably within
3–4 weeks after surgical resection of the tumor. This
decrease is consistent with the generation of immature
myeloid cells caused by the production of soluble factors

by tumors. Resection of tumors also resulted in an in-
creased number of immature Gr-1+/Mac-1+ myeloid cells
and a decrease in the number and function of CD3+ T
cells in the spleen (70).

Several cytokines produced by tumors such as vascu-
lar endothelial growth factor (VEGF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), M-
CSF, IL-6, and IL-10 have been implicated in defective
DC maturation and impairment of myelopoiesis in tu-
mor-bearing hosts. Vascular endothelial growth factor is
produced in large amounts by most tumors, and its pro-
duction is closely associated with poor prognosis. Vas-
cular endothelial growth factor stimulates the prolifera-
tion of endothelial cells and plays an important role in
the formation of tumor neovasculature (72). AntiVEGF
neutralizing antibodies block the negative effects of tu-
mor-cell supernatants on DC maturation in vitro (73).
Furthermore, an inverse correlation between the presence
of DC and the expression of VEGF has been demon-
strated within the tumor tissue (74) and peripheral blood
(75,76) of patients with cancer. Vascular endothelial
growth factor inhibits activation of the transcription fac-
tor NF-�B in hematopoietic progenitor cells, which is
associated with alterations in the development of differ-
ent hematopoietic lineages (77,78). Administration of re-
combinant VEGF to naïve mice resulted in an inhibition
of DC development, associated with an increase in pro-
duction of B cells and immature Gr-1+ myeloid cells
(78).

Granulocyte-macrophage colony-stimulating factor is
another factor shown to be responsible for the stimula-
tion of myelopoiesis in tumor-bearing hosts. Approxi-
mately 30% of 75 tested human tumor-cell lines sponta-
neously secrete this cytokine (79). Early studies have
demonstrated that several experimental tumors can pro-
duce colony-stimulating factors that induce expansion of
immature myeloid cells capable of inhibiting T cell-
mediated immune response in vitro. Administration of
antiGM-CSF and antiIL-3 antibodies in vivo abrogated
accumulation of tumor-induced immune suppressive
granulocyte-macrophage progenitor cells in mice with
Lewis lung carcinoma. Recently, it was shown that long-
term administration of GM-CSF to mice resulted in the
generation of a cell population that morphologically re-
sembled granulocyte-monocyte progenitor cells and ex-
pressed the granulocyte-monocyte markers Mac-1 and
Gr-1 (79). These Gr-1/Mac-1 double positive cells can be
differentiated in vitro into mature and fully functional
APC in the presence of IL-4 and GM-CSF. It is likely
that the combination of GM-CSF and VEGF may have a
much stronger effect on inhibiting DC function than ei-
ther of these growth factors alone. Granulocyte-
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macrophage colony-stimulating factor stimulates myelo-
poiesis, whereas VEGF blocks maturation of hematopoi-
etic precursor cells. Together they can impact on
differentiation of myeloid cells and thereby contribute to
tumor escape from immune control.

Other tumor-derived factors like M-CSF, IL-6, IL-10,
and gangliosides have been also shown to be involved in
defective DC differentiation in vitro (73,80–83); how-
ever, it appears that these factors do not stimulate my-
elopoiesis and mostly affect mature cells. Incubation of
CD34+ progenitor cells with IL-6 and M-CSF shifted cell
differentiation from DC to monocytes (82); IL-10 pre-
vents the differentiation of monocytes to DC but pro-
motes their maturation to macrophages (80). Professional
APC derived from IL-10 transgenic mice were found to
have significantly suppressed capacity to induce MHC
allo reactivity, cytotoxic T-lymphocytes (CTL) re-
sponses, and IL-12 production (84).

Dramatic accumulation of immature myeloid cells in
tumor-bearing hosts raises the question about their role
in cancer. Several groups recently have studied the func-
tional significance of these cells. Gr-1+ immature my-
eloid cells accumulated in tumor-bearing mice were able
to inhibit IFN-� production by CD8+ T cells in response
to a specific peptide presented by MHC class I in vitro
and in vivo (69). This effect was not mediated by soluble
factors, and blockade of MHC class I molecules on the
surface of Gr-1+ cells completely abrogated the observed
inhibitory effect. These tumor-induced Gr-1+ cells were
not able to inhibit the proliferative response of T cells to
Con A or specific peptide presented by MHC class II
molecules. This could be explained by expression of
MHC class I molecules but lack of MHC class II and
costimulatory molecules by Gr-1+ cells. Stimulation of T
cells in the absence of costimulation may result in T-cell
anergy.

To investigate whether immature myeloid cells ob-
tained from patients with cancer affect MHC class I-
restricted responses, a CTL line specific for a FLU virus-
derived peptide was generated from an HLA-A2-positive
healthy volunteer (71). Addition of Lin- HLA-DR- im-
mature myeloid cells isolated from the peripheral blood
of HLA-A2-positive patients with cancer specifically in-
hibited production of IFN-� by CD8+ T cells restimu-
lated with DC pulsed with the specific peptide. Even
though cancer progression is associated with increased
production of immature myeloid cells as well as imma-
ture DC, this could be one of the mechanisms by which
growing tumors may induce antigen-specific CD8+ T-
cell tolerance in the tumor-bearing host.

Bronte et al. described a similar mechanism of immu-
nosuppression in mice (85,86). Immunization of naïve

mice with tumor antigens resulted in loss of cytolytic
activity and apoptosis of CD8+ T cells upon restimula-
tion in vitro with the same antigen. Depletion of Gr-1+

cells prevented the apoptosis and restored the CTL ac-
tivity. The induction of CD8+ T-cell apoptosis was as-
sociated with adherent Gr-1+ cells cultured for several
days. In these conditions, immature myeloid cells ac-
quire the F4/80 marker of monocyte/macrophages. Not
only tumor growth but also acute, intense, antigenic
stimulation may cause a dramatic alteration in CD8+ T-
cell function. Primarily, this may serve as a mechanism
that limits expansion of activated T cells and prevents the
development of autoimmunity. However, growing tu-
mors may secrete factors like VEGF, GM-CSF, M-CSF,
IL-6, and IL-10 that stimulate abnormal myelopoiesis,
which results in immune unresponsiveness.

These results may have direct implication for cancer
immunotherapy. Immature myeloid cells accumulated in
patients with cancer can present antigen and inhibit im-
mune responses to the antigens used for vaccination.
This makes it necessary to not only measure immature
myeloid cells in patients with cancer during immuno-
therapy, but also search for methods to overcome this
inhibition. The most effective way to eliminate immature
myeloid cells would be to differentiate them using
growth factors and differentiation agents. One example
of such an approach is all-trans-retinoic acid. It has been
recently demonstrated in experiments in vitro that in pa-
tients with cancer, all-trans-retinoic acid eliminates im-
mature myeloid cells and promotes DC differentiation
(71). Similar effects were observed in tumor-bearing
mice (69). This may provide a promising opportunity to
improve the efficacy of cancer immunotherapy.

MEASURING T-CELL RECEPTOR FUNCTION

T-Cell Receptor/CD3 Complex Stimulation Analysis

Interaction between the antigen-MHC complex and
the TCR/CD3 complex on the surface of T cells triggers
a chain of molecular events resulting in T-cell activation
(87). In vitro stimulation of T cells with antiCD3 mono-
clonal antibodies (mAbs) mimics APC-induced T-cell
priming and leads to activation in an antigen-nonspecific
manner.

It is well established that cancer is associated with
T-cell dysfunction. Tumor-infiltrating and, to a lesser
extent, peripheral blood lymphocytes from patients with
advanced cancer demonstrate significant reduction in T-
cell function and activation via the TCR/CD3 complex.
Impaired production of IFN-�, IL-2, and TNF-� by T
cells in response to simulation with antiCD3 mAbs was
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reported in patients with cancer (88–90). However, the
production of IL-10 after stimulation with antiCD3
mAbs was normal or increased (89).

These data suggest that analysis of T-cell responses
(proliferation and cytokine production) to stimulation
with antiCD3 mAbs may be useful in evaluating T-cell
function during vaccination. The limitations of this
method are its lack of antigen specificity and variability
in the sources of antibodies and other conditions of the
assay, which may significantly affect the result.

The procedure for this assay includes activation of
purified T cells for 3–4 days on plates coated with an-
tiCD3 mAbs and detection of cell proliferation using
incorporation of [3H]-thymidine. In parallel, cytokines
(IL-2, GM-CSF, IFN-�, etc.) in cell supernatants can be
measured using ELISA. The variability of the method is
caused by different sources and concentrations of anti-
bodies used by different laboratories. High concentra-
tions of antibodies often result in hyperactivation of T
cells, which would negate any differences between con-
trol and test samples. It is advisable to use suboptimal
concentration of antibodies (0.5–1 �g/mL of antiCD3
mAbs). Another possible way to standardize the result of
the assay is to report proliferation and cytokine produc-
tion as folds-increase over background with no antibody.
This would decrease the fluctuation of the data and make
comparison between different laboratories easier.

This assay cannot determine whether a patient re-
sponded to the specific therapy or not; however, it may
serve as a surrogate marker to determine whether T cells
from patients are functionally competent. Consequently,
it may be used in determining eligibility for vaccination
and for monitoring of the progress of therapy.

At this time, there are few reports about the use of
antiCD3 stimulation of T cells during clinical trials. Kim
et al. (91) used antiCD3 stimulation to evaluate the re-
sponse of patients with metastatic colorectal carcinoma
to cellular treatment with expanded autologous lymph
node cells. The responding patients’ cells had higher lev-
els of GM-CSF and IL-4 secretion in response to stimu-
lation with immobilized antiCD3 in vitro (91). In a recent
study, Li et al. (92) investigated immunologic effects of
Bacille Calmette-Guerin as an adjuvant in autologous
tumor vaccines (92). In patients with RCC, irradiated
tumor cells alone or with Bacille Calmette-Guerin were
inoculated intradermally. Seven–10 days later, draining
vaccine-primed lymph nodes were excised. Lympho-
cytes from both groups were activated with antiCD3
mAbs and stimulated with irradiated autologous tumor.
AntiCD3-activated T cells from patients treated with
Bacille Calmette-Guerin admixed with tumor cells had
greater release of IFN-� without upregulation of IL-10

production than T cells from patients treated with tumor
cells alone. Analysis of correlation between T-cell re-
sponse to antiCD3 mAbs and clinical response to the
treatment was not possible because of the limited number
of patients enrolled.

Analysis of T-cell responses to antiCD3 mAbs may be
useful. This test is relatively easy to perform and stan-
dardize. It can potentially help in the evaluation of T-cell
function before treatment (eligibility criteria) and in the
monitoring of T-cell function during treatment. How-
ever, because it cannot be used for analysis of a specific
immune response, its role will be rather limited. More
data from clinical trials are needed to make a conclusion
about its ultimate usefulness.

T-Cell Receptor Zeta Chain Analysis

The � chain is the signal-transducing chain of the
TCR-CD3 complex expressed on T cells. Expression of
the � chain is required for T-cell activation, and reduced
levels or absence of � chain indicates defective T-cell
activation (93). Reduced expression of the � chain has
been identified in a large percentage of patients with
different tumor types (94). In contrast to T cells isolated
from inflammatory sites, tumor-infiltrating lymphocytes
(TIL) have been shown to be hyporesponsive in prolif-
eration and cytotoxicity assays, when used directly after
isolation from the patient. These data suggested that the
tumor microenvironment has negative effects on infil-
trating T cells (95,96). Others have found decreased �
chain expression after exposure to hydrogen peroxide
produced by activated granulocytes and macrophages
that was prevented by addition of hydrogen peroxide
scavengers (37,38). The downregulation of � chains in T
cells is not limited to TIL, but can also be measured in
peripheral blood lymphocytes (PBL) and natural killer
(NK) cells of tumor-bearing patients (97,98). Studies on
� expression in PBL of patients with cervical intraepi-
thelial neoplasia or cervical cancer (34) and Hodgkin’s
disease (35) have indicated that the � chain expression
may correlate with disease progression, but this hypoth-
esis could not be confirmed in the analysis of PBL from
patients with breast cancer at early stages of their disease
(99). A correlation between the expression of the � chain
in the TIL of patients with head and neck carcinoma and
their overall survival has been described (36). These data
indicate that � chain expression in TIL may be a marker
for survival in some tumor types. Additionally, � chain
expression in PBL may be used as a marker for general
immune function in patients with cancer and provides a
potential stratification criterion for immunotherapy trials
that use T-cell activation strategies (94). Finally, identi-
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fication of � chain expression has been suggested as a
tool for immunologic monitoring of patients receiving
immunotherapy (100).

The most reliable detection method for � chain expres-
sion is quantitative flow cytometry (fluorescent-activated
cell sorter [FACS]) using intracellular antibody staining.
Flow cytometry can be performed on TIL or PBL, re-
quires 105 CD3-expressing cells and can detect changes
of � chain expression in small subpopulations of T cells.
This method requires a flow cytometry apparatus with
the ability to detect two fluorochromes. One will be re-
quired for detection of CD3 expression and specific gat-
ing of these cells; the other will be used to detect � chain
expression. The flow cytometry data are expressed as
mean fluorescence intensity and should be compared
with an isotype-matched control monoclonal antibody
that serves as an internal standard. The ratio between the
mean fluorescence intensity of the � chain and isotype
control can be reported as a normalized � chain expres-
sion level of an individual sample. All data should be
obtained in patients before and after therapy and com-
pared with � chain expression levels in T cells of normal
sex and age matched healthy individuals. Zeta chain ex-
pression detection does not permit determination of im-
mune specificity.

There is a lack of consistency in measurement of �
chain expression in different patient studies performed to
date. Different laboratories use different techniques and
different cell samples (PBL, TIL, and TAL) that are ei-
ther fresh or frozen. All of these factors contribute to the
inability to compare results from different groups. Fur-
thermore, no cross testing has been done by different
labs; therefore, no interlab quality assurance is available.

The lack of � chain measurement validation may be a
result of the unclear clinical relevance of the assay. De-
spite the suggestion that � chain levels could be used as
a tool for immunologic monitoring (100), it is unlikely to
be a marker for therapy outcome. Several studies did not
show a predictive value for � chain expression regarding
immune responsiveness. For example, patients with a
complete tumor response after therapy have been shown
to downregulate their � chain expression levels in PBL
during therapy. In another study, there was no correlation
between � chain levels and immune responses to a hu-
man papillomavirus peptide vaccine (101).

As stated previously, � chain expression levels in T
cells may be useful as a population based epidemiologi-
cal predictor and as a predictor for survival or disease
progression (34,36). Although a definitive statement on
the usefulness of TCR � chain analysis cannot be made
without studying larger numbers of patients with differ-
ent types of cancer, clinical data from patients with in-

fectious and autoimmune diseases and theoretical argu-
ments do not support the use of � chain expression analy-
sis for the monitoring of immune responses during
vaccine trials.

T-Cell Receptor Downstream Events

A critical downstream signaling event after T receptor
engagement is the activation of transcription factors that
regulate the expression of genes important to T-cell func-
tion and survival (102). Studies in patients with RCC as
well as breast cancer have demonstrated that the activa-
tion of NF�B is impaired after CD3 stimulation (32,103,
104). Defective NF�B activation is also seen with
PMA/ionomycin stimulation, showing that the decrease
in NF�B activation is not simply a consequence of im-
pairment in early signaling events in patients’ T cells.
Defective NF�B has been observed in T cells isolated
from the tumor and peripheral blood.

The inhibition of NF�B may be caused by the tumor
microenvironment. Tumor-induced inhibition of cyto-
lytic activity correlated with suppression of NF�B trans-
location in a tumor-specific T-cell line (105). Hydrogen
peroxide production by infiltrating macrophages and
granulocytes inhibited NF�B in T cells and correlated
with reduced Th1 cytokine production (37). Tumor-
derived gangliosides from patients with RCC also sup-
press NF�B activation in normal T cells (51).

An issue that has not been adequately addressed is
whether the defect in transcriptional activation (i.e.,
NF�B) correlates with immune dysfunction in T cells
from tumor bearers. In patients with cancer, there is one
report that showed no correlation between impaired
NF�B activation in peripheral T cells and the induction
of IL-2 production (21), but additional studies are needed
using more quantitative methods (e.g., RT-PCR) to test
whether defective transcription factor activation is linked
to the reduced Th1 cytokine response (IFN-�) that is
observed in some patients with cancer (21).

Any attempt to establish a correlation between defec-
tive transcriptional activity, T cell function/survival, and
clinical outcome is limited by the assay used to measure
transcription function. Prior studies have used DNA
binding to radiolabeled probes in an electrophoretic mo-
bility shift assay to measure transcriptional activity. This
assay requires approximately 8 million stimulated or un-
stimulated T cells. The probes correspond to NF�B, AP-
1, and NFAT sites within regulatory regions of the ap-
propriate genes. Standardization within a laboratory is
achieved by the inclusion of a positive control in each gel
and performing densitometry readings on the bands for
comparison of data on multiple gels. Even though this
assay is reproducible within a single laboratory, it would
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be difficult to compare data from multiple groups. West-
ern blotting of nuclear and cytoplasmic extracts from
unstimulated and activated T cells has been used to de-
tect translocation of NF�B (RelA) and p50 (106). The
signal obtained in the cytoplasm before and after stimu-
lation should be compared with the signals present in the
nucleus. Standardization and quality control for Western
blotting make it difficult to use this method for monitor-
ing. The absence of a quantitative flow-based method is
an obstacle to assessing whether any defect in NF�B
nuclear translocation correlates with clinical outcome.
However, nuclear translocation of NF�B can be assessed
in small numbers of cells by immunostaining with puri-
fied IgG anti-p65 (RelA) antibody followed by incuba-
tion with Alexa Fluor 488 GAR (105). Nuclei are stained
with propidium iodide and then analyzed by laser scan-
ning confocal microscopy. It is possible that this assay
can be used to assess transcriptional activity in small
numbers of antigen-specific T cells derived from the
blood and tumor of patients with cancer but at this time
it is unclear that this analysis could yield sufficiently
quantifiable results to warrant its inclusion as a recom-
mended immune monitoring assay.

ANTIBODY ASSAYS

Background Information

Serologic methods for monitoring B cell function are
more established and less complex than analysis of T-
cell responses. However, cancer-vaccine monitoring has
focused on the generation of cellular immunity. Even
though infectious diseases have well defined serologic
immunologic correlates of vaccine efficacy, serologic
correlates have not been clearly demonstrated for tumor
antigens in most cancer-vaccine systems. A comprehen-
sive approach to the development of quantitative assays,
which measure the amount of antigen-specific antibody
and function of the antibody generated against a specific
tumor antigen may serve as an adjunct to T-cell moni-
toring or even a predictor of the development of a T-cell
response.

Immunologic correlates of efficacy for several infec-
tious disease vaccines have been established. For some
infectious diseases, especially those with relatively long
incubation periods, seroconversion induced by vaccina-
tion is paralleled by the induction of immunologic
memory. It is the induction of a memory response that
provides the mechanisms for long-term protection even
as antibody levels wane (107). Antibody levels, in some
instances, may even serve as a reflection of a T-cell
response. In many infectious disease models, the total

level of antigen-specific immunoglobulin (Ig)G or A has
been shown to correlate with protection from disease
(107). A classic example is that of diphtheria vaccine
antigen. The degree of protection against disease has
been shown to correlate with the level of serum antibody
against the toxin (107). Assays that measure antibodies
are stringently standardized and although a level of 0.01
IU antiD/mL is accepted as protective, levels > 0.05 IU
antiD/mL are considered to indicate optimal protection
(108).

Immunologic correlates for viral antigen systems have
also been developed. The induction of > 10-mIU
antiHBs/mL has become accepted as a correlate of effi-
cacy for Hepatitis B vaccines. This level of antibody has
been associated with the generation of T-cell memory
more than 5 years after primary immunization as vali-
dated by ELISPOT analysis and by the ability of a
booster shot to elicit a rapid antiHBs response (109).
Thus, the total quantitative level of antibody induced,
particularly a class of antibody that indicates an Ig class
switch and cognate T-cell help such as IgG or IgA, may
serve as a surrogate for the development of a T-cell
response and memory as well as a clinical measure of
therapeutic immunity.

A “clinically effective” immune response to a tumor
antigen is expected to be a T-cell response, historically,
a cytotoxic T-cell response. Cancer-vaccine studies that
seek to immunize with an antigen that is carbohydrate-
based and, thus, may induce a predominantly humoral
response, often measure tumor-specific antibody genera-
tion as a primary immunologic endpoint. Serologic re-
sponses to some cancer-restricted antigens (e.g. ESO-1)
have been shown to be frequently associated with a de-
tectable underlying T-cell response (110). Many clinical
studies of cancer vaccines targeting specific antigens that
are not carbohydrate based do not include analysis of
humoral immunity. The assessment of a tumor-specific
antibody response should be part of any cancer-vaccine
study for several reasons. As has been proposed with
infectious disease antigens, an antibody response may
serve as a surrogate for the development of a T-cell
response, particularly IgG and IgA, which require T-cell
help for Ig class switching. Secondly, clinical studies
indicate that antibodies to HER-2/neu or carcinoembry-
onic antigen (CEA) may be a marker for or can elicit a
therapeutic response (111–113). Finally, an antibody di-
rected to even an internal antigen, if it can bind the Fc
receptor, may affect the developing immune response in
a tumor bed through interaction with local APC. There-
fore, the tumor antigen-specific antibody response that
develops after active immunization is a worthwhile mea-
sure for analysis.
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Antibody assays can be adapted in ELISA to measure
a variety of parameters. First is the measurement of a
polyclonal antibody response to a particular tumor anti-
gen. Secondly, the identification of the antibody class
involved in the initiation of the response, IgG, IgM, or
IgA can be made. By changing the secondary antibody
used for analysis, the IgG isotype may be determined,
which has been shown in animal models to predict the
T-helper phenotype involved in initiating the response.
Finally, ELISA can be adapted to determine antibody
avidity through one of several antibody dissociation
methods. The ELISA can be adapted to impure sources
of antigen via a “capture” method or can use purified
antigen bound directly on the plate. Large numbers of
patient serum samples can be analyzed for cancer-
specific antibodies using ELISA. A sandwich-type
ELISA is most commonly used. This technique requires
a monoclonal or polyclonal antibody specific for the pro-
tein of interest and a source of protein. The antibody is
fixed to solid support, generally by adsorption to a com-
mercially available plate. A source of impure protein,
such as a cellular lysate, is then incubated with the bound
antibody. The protein of interest will be bound to the
antibody on the plate while other impurities are washed
away. With this technique, a reasonably pure source of
cancer-related protein could then be probed with patient
sera. Serum antibodies directed towards the protein of
interest will bind to it and protein and become fixed to
the plate. Irrelevant serum antibody will be washed
away. After washing, wells on the plate are incubated
with a labeled second antibody that is specific for human
Ig. A substrate is then added that causes a photometric
reaction and the assay is analyzed using spectrophoto-
metric techniques. Capture ELISA has several benefits:
(1) human cell lines that contain the protein of interest
can be used as a source of protein as the initial step of the
ELISA, because bound antibody will serve to “purify”
the antigen, (2) assays are generally very specific, and (3)
sandwich ELISA methodology is adaptable to the devel-
opment of assays with newly determined antigens.

An alternative technique is known as indirect solid
phase ELISA and uses a purified source of protein bound
directly to the solid matrix. Patient antibody can bind
directly to the protein and then be quantitated. In addi-
tion, using a uniform source of recombinant protein en-
sures lot quality, decreased lot-to-lot variation and is
much more amenable to automation and the analysis of a
large number of samples. Classically, antibody responses
detected by ELISA are validated though direct visualiza-
tion via Western blot analysis. Western blot has been
used as a method to determine the presence of humoral

responses to whole tumor-cell populations, but is not
quantitative. An ELISA methodology for antibody analy-
sis allows highly quantitative estimates of the magnitude
of the humoral immune response.

Methodological Points to Consider When Evaluating
Serologic Results

The ELISA has been widely used for measuring the
concentrations of antibodies in human sera as a result of
its simplicity, ease of automation, and objective analysis.
The ELISA, including titers, international units, uses
various methods to quantitate antibody concentrations
and weight-based units (�g/mL). Variation in reporting
of values makes comparison of ELISA results from dif-
ferent laboratories difficult. Simply comparing antibody
concentrations expressed in titers may be misleading be-
cause the sensitivity of ELISA differ greatly depending
on numerous factors such as incubation times, ELISA
readers, and the quality of antibody conjugates (114).
Therefore, although an antigen-specific positive control
sera standard may be run on each plate, it is difficult to
standardize assays across antigen systems unless stan-
dard curves (weight-based units) are used (114).

Even though capture ELISA is a specific assay, the
sensitivity of the approach may be diminished for many
reasons: (1) the binding monoclonal antibody may block
the immunogenic epitope recognized by the patient’s se-
rum antibodies, and (2) human sera are known to have
heterophile antibodies, directed towards different spe-
cies, such as mouse and goat. Estimates of the prevalence
of antimouse antibodies in normal sera have been re-
ported to vary from 0.5%–40%. These naturally occur-
ring antibodies may interact with the monoclonal or
polyclonal binding antibody and thus, increase the back-
ground of the assay and decrease the sensitivity, e.g.,
patients with marginal but positive responses will be
missed (115), and (3) sensitivity is dependent on the
specific activity and affinity of the monoclonal and poly-
clonal antibodies available for that antigen. These prob-
lems can be overcome by utilizing a purified source of
protein bound directly to the solid matrix, e.g., indirect
solid-phase ELISA. However, the generation of large
amounts of highly purified recombinant proteins will in-
crease the cost of the assay and may not be possible for
certain constructs.

Evaluation of the Robustness of Serologic Assays

Three different methods have been used to monitor
antibody production in response to vaccination. Immu-
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noblotting is the least informative method when evalu-
ating antibodies against particular epitopes because it
provides only semi-quantitative data when used with a
densitometer. However, in the case of whole cell vacci-
nation, Western blotting can be a very useful tool for
identifying immunodominant proteins in vaccines that
are capable of inducing a humoral response. Recently,
ELISPOT has been used to evaluate levels of memory B
cells (116,117) and to make estimations of antigen-
specific B cell precursor frequencies. Enzyme-linked im-
munosorbent assay provides the best quantitative data
and together with ELISPOT can provide an excellent
picture on the generation of humoral responses to vac-
cines. Validation methods used to standardize antibody
analyses are straightforward and include accuracy and
precision measurements with a coefficient of variation of
10% or less.

Clinical Usefulness and History of Serologic Analyses

The generation of antibody responses has been as-
sessed in a number of cancer-vaccine trials. Many studies
have demonstrated that after vaccination, patients with
higher titers of antigen-specific antibodies had increased
disease-free and overall survival (118–123). Total quan-
titative IgG and IgM has been evaluated for a variety of
tumor antigen systems after immunization. There is some
suggestion that the generation of antibody immunity to
tumors may have a clinical effect (119,124). Larger clini-
cal trials have been conducted in situations where anti-
body responses have determined clinical efficacy of im-
munization strategies such as melanoma cell vaccines or
antiidiotype vaccines designed to elicit serologic immu-
nity. A recently reported trial of a comparison of high-
dose IFN-� with immunization with GM2-KLH/QS-21
in patients with melanoma demonstrated superiority in
survival for the interferon arm (125). However, the de-
velopment of antibody titers to GM2 � 1:80 after active
immunization were associated with a trend toward im-
proved relapse-free and overall survival. In addition to
the measurement of total antibody generated, additional
measurements such as isotype of the antibody response,
affinity, avidity, epitope recognition, and functional tests
such as neutralization and opsonization have been shown
to be useful in predicting protection from clinical disease
in various infectious diseases (107).

The functional characteristics of antibodies are also
dependent on their isotype. IgG1 and IgG2a for example,
differ in their abilities to fix complement and to bind to
IgG Fc receptors (126). Determination of the functional
capabilities of antibody isotypes is an area of intense

investigation. For example, a recent analysis of the cor-
relation between IgG concentration, isotype, and avidity
to opsonophagocytic activity against Strep pneumoniae
was made in infants after immunization with a variety of
pneumococcal vaccines (127). Most of the antibodies
generated were IgG1, known to more efficiently activate
the classic pathway of complement than IgG2. In fact, an
increased ratio of IgG2:IgG1 predicted little opsoniza-
tion. Positive correlation of a particular isotype with a
global measure of antibody function, such as avidity,
would provide a rapid serologic system for potentially
assessing outcome after active immunization.

Comparison of Serologic Analysis With Cellular
Cancer Immune Monitoring

Assessment of antibody immunity is an underutilized
immunologic monitoring tool. Cytokines induced in the
immune environment play a major role in selecting the
isotypes of antibody that are produced during an immune
response (126). Two dominant cytokines influencing the
generation of specific antibody responses are IL-4 and
IFN-�. Studies have demonstrated that IL-4 can induce
activated B cells to secrete IgE as well as IgG1 and
that IFN-� can inhibit that secretion (128). In addition,
IFN-� has been shown to effect Ig isotype selection in
T cell-dependent and T cell-independent systems by
stimulating IgG2a production (128). Most investigations
evaluating the correlation between T helper subsets and
IgG isotype have been performed in animal models. For
example, in one study, mice were immunized with
Hepatitis antigens and T helper cytokine secretion and
IgG isotypic antibody responses were evaluated (129).
A strong correlation between IFN-� production and
IgG2a, and IL-4 production and IgG1 was demonstrated.
Furthermore, T-cell cytokine production and associated
antibody responses could be modulated by in vivo
cytokine treatment. Other investigators proposed using
the development of a specific IgG isotype response as a
surrogate for the T-cell helper subset stimulated during
lipid vesicle immunization with ovalbumin antigen
(130). In these studies, not only did IFN-�/IgG2a and
IL-4/IgG1 correlate, but both responses could be manipu-
lated by the delivery vehicle of the antigen. No clear
parallel has been made in the human system to IL-4 and
IFN-� control of IgG1 and IgG2a as it has in the mouse.
Lack of established antigen systems with known corre-
lations and difficulty in establishing quantitative isotype
antibody analysis have contributed to the lack of data in
patients.
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T-CELL ASSAYS

General Methodological Aspects

Sample Requirements (Ex Vivo Analysis)

There is considerable interest in the use of
frozen/thawed PBMC samples for monitoring of immu-
nologic effects in clinical trials. These samples allow
blood to be collected, stored, and analyzed in batches or
shipped to a reference laboratory. This enables analysis
of longitudinally collected patient samples in single as-
says, thereby limiting variability associated with interas-
say assessment. The care with which cells are frozen and
thawed impacts the quality of the resultant data, particu-
larly for cytokine-secretion assays, but also for tetramer
staining. Tumor-specific T cells, especially those re-
cently stimulated by vaccination, may be activated ef-
fector T-cells containing intracellular granzymes B, and
thus, may be more susceptible to damage from freezing
and thawing. Although high frequencies of specific T-
cells (CD45RA+CCR7-GranzymeB+) can be detected in
frozen PBMC, there are no studies on the influence of
freezing on such T-cell populations. Furthermore, frozen
cells may be able to react well to some antigens but not
others; hence, there may be a need for testing and com-
paring fresh and frozen cells for each antigen to be stud-
ied. Encouragingly, aliquots of PBMC frozen in liquid
nitrogen from healthy donors exhibited little change in
precursor frequencies as measured by the ELISPOT as-
say when cells were thawed from various freezing times
ranging from 59 to 158 days (131). The Adult AIDS
Clinical Trials Group (ACTG) immunology website,
http://aactg.s-3.com/immmeth.html, contains a consen-
sus method for PBMC cryopreservation. Thawed cells
may be “rested” in complete media for times ranging
from several hours to overnight before analysis, because
it reduces nonspecific IFN-� release (132). The recovery
after overnight culture should be 80%, and the viability
should be at least 90%. If antigen-reactive T cells are
analyzed and additional APC are to be used, this over-
night culture should be performed in hydrophobic plastic
materials, e.g., polypropylene tubes, to avoid monocyte
adherence. Concern exists that specific CD8+ T cells in
patients with cancer, particularly those with advanced
stage disease, may exhibit heightened levels of “sponta-
neous” apoptosis ex vivo (133) depending on the thaw-
ing period after recovery. Furthermore, clumping of cells
may also occur if there is DNA released from thawed
cells. To compensate for these potential problems, viable
cells may be enriched by discontinuous gradient centrifu-
gation (Ficoll/Percoll) before staining, if necessary.

The cytokine flow cytometry (CFC) assay can be per-

formed with whole blood. Whole-blood samples should
be collected in sodium heparin, as other anticoagulants
chelate calcium and severely compromise lymphocyte
function. Whole blood should be stored at room tempera-
ture to avoid platelet activation and should be used
within 8 hours of collection to obtain maximal responses.
Longer storage times compromise antigen-presenting
cell function (required when using whole protein anti-
gens), and shipping can compound loss of function.
Fresh PBMC and viably frozen PBMC also suffer loss of
APC function over time, making stimulation with protein
antigens inaccurate. Major histocompatability complex
matched peptides, or peptide mixtures that do not require
processing for binding to host MHC molecules, however,
can still be used to successfully activate CD4+ and CD8+
T cells from previously frozen archived samples (134).

Use of Ex Vivo Restimulated Effector Cells

The threshold for IFN-� production has been shown to
be much higher shortly after restimulation with antigen
(135); therefore, effector cells (particularly cloned T
cells), should be used at the end of the restimulation
cycle when production of IFN-� is not detectable. Re-
sults from assays using fresh PBMC or T cells may be
repeated with ex vivo restimulated samples. The failure
to confirm the results after one stimulation would sug-
gest either that the original result was incorrect or that the
responding T-cells may be hyporesponsive to antigen or
unable to proliferate as has been observed in several
studies (136–138).

Assay Standardization and Quality Assurance

Enzyme-linked immunospot, CFC, and tetramer as-
says to identify tumor-specific T cells have beem refined
over the past several years and, provided uniform stan-
dard operating procedures can be developed, these assays
ultimately may be used for reliable immune monitoring
of patient T-cell responses. Standard operating proce-
dures should include a set of suggested controls for each
specific assay. Even with a uniform standard operating
procedures, however, it is still unclear whether data com-
piled from different laboratories involved in a multisite
clinical trial can be compared with a high-degree of con-
fidence. Barring the development of stringent validation
criteria, these assays may be limited to application within
reference laboratories at the current time.

Functional T-cell assays are subject to higher variation
than assays that use phenotypic staining by FACS, as a
result of assay complexity and the biologic variability
associated with in vitro cell activation. Nevertheless, re-
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cent evaluations have reported an overall coefficient of
variation in a CMV-specific CFC assay to be within 20%
in a multi-site study (see “Cytokine Flow Cytometry”).
Similarly, a comparative study was performed in four
European laboratories showing concordant frequencies
of FLU-reactive T-cells determined by ELISPOT assay
(139).

Limiting Dilution Analysis

Basic Principles

The two most commonly used in vitro methods for
measuring antigen-specific T-cell responses include as-
sessment of the proliferative T-cell response to antigen
and a measurement of the ability of T cells to lyse labeled
tumor. Incorporation of a radiolabel into DNA is used to
assess antigen-induced clonal expansion and lytic func-
tion of helper T cells and CTL. There are two mecha-
nisms by which CTL induce cell death in target cells.
One involves the secretion of molecules that induce pore
formation within the target cell membrane via perforin
and granzymes B, and the other involves the induction of
apoptosis via Fas-Fas ligand interactions (140). The most
established assay of CTL activity is the chromium re-
lease assay (CRA). In this assay system, T lymphocytes
are mixed with target cells that have been labeled with
51Chromium (Cr). Spontaneous release of 51Cr from the
target is slow and thus, rapid release indicates destruction
of the target-cell membrane. It is assumed that in vitro
target killing is a reflection of the ability of CTL to kill
in vivo although this assumption is difficult to prove. In
addition to 51Cr, cytotoxicity assays using fluorometric
or colorimetric techniques have been developed to assess
CTL activity. One such colorimetric compound that has
been widely used in lysis assays is the tetrazolium salt,
MTT, which is hydrolyzed by viable cells to form a blue
crystal measurable in a microtiter plate reader (141). The
use of florigenic compounds such as MUH (142) and
AlamarBlue have been recently incorporated into a CTL
assay giving exquisitely sensitive results compared with
51Cr assay (143). Fluorometric methods of lysis assess-
ment avoid the use of radioisotopes but are associated
with longer assay times and considerable cost outlays for
a microplate reader. No comparison of these two types of
lytic measurements has been reported.

Incorporation of a radiolabel in DNA is a common
method to assess a proliferative T-cell response to anti-
gen. The method relies on the antigen-induced clonal
expansion of T helper lymphocytes and CTL. Typically,
cells are incubated in the presence of soluble antigen for
5 days at which time 3H-thymidine is added for several

hours. Afterwards, the radioisotope associated with the
cells is measured, which represents DNA synthesis and
thus, the mitogenic potential of the antigen. The lectin
PHA is often added as a positive control, because of its
nonspecific T cell-activating ability. This assay contin-
ues to be used extensively, because clonal expansion of
a tumor antigen-specific T-cell population is the desired
outcome of any vaccination protocol. Many groups use
this assay as a surrogate for a Class II restricted response
as the incubation of APC with soluble antigen requires
antigen uptake and most likely, preferential processing of
that antigen in the Class II pathway.

Methodological Points to Consider When Evaluating
Limiting Dilution Analysis Results

In general, limiting dilution analysis (LDA) has some
major limitations. To adapt the assay to be more quan-
titative requires the use of replicates of PBMC at differ-
ent concentrations to generate enough data points for
analysis. As immune responses to tumor antigens require
estimation of precursor frequency along a wide range,
the assays can be extensive. In addition, cellular function
can be inhibited or blunted by cryopreservation. Further-
more, cell losses in cryopreservation compound the re-
quirements of these assays. Many LDA include an in
vitro culture step prior to the analysis. Thus, readouts
may not be a true reflection of the actual precursor fre-
quency. Finally, both assays require prolonged culture so
that issues pertaining to serum and media screening and
quality assurance programs as well as technician training
must be addressed. Results of both of these assays are
highly operator dependent.

The most common assay to measure CTL activity is
the CRA. The CRA has several limitations including lack
of reproducibility due to inconsistencies in choice and
labeling of targets. In its basic form, effector T cells are
mixed with labeled target cells at effector to target ratios
of 100:1 to 1:1. The cells are incubated together for 4–6
hours and release of 51Cr is measured in the supernatant.
This protocol is appropriate for detecting lytic reactivity,
but tells nothing about the cell type performing the kill-
ing other than that it is MHC class I restricted. Further-
more, when used in a nonLDA or bulk culture format, a
strong killing response could mean a robust population
of effectors or a larger population of weak effectors. The
targets themselves are also a problem. They must be
HLA matched and ideally one would use autologous tu-
mors. Unfortunately, for many solid tumors under evalu-
ation, autologous tumor cannot be easily obtained.

Proliferation based assays also have distinct limita-
tions, such as the inability to determine what T-cell type
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is responding, poor reproducibility, and a nonquantita-
tive readout. Although the assays can be adapted to a
LDA format, the number of PBMC needed to perform
this type of analysis would require the use of leukapher-
esis specimens. Finally, evaluation of the blastogenic re-
sponse requires that antigens used be exceptionally pure.
This is a problem as many recombinant proteins are
made in E. coli systems, and even small amounts of
endotoxin can result in T-cell proliferation. When
adapted to the LDA format, both of these assays require
a tremendous amount of effort and large numbers of
cells. Therefore, few studies have assessed the robust-
ness of either system. In addition, the cellular nature of
the assays makes it difficult to determine reproducibility
without well-defined positive controls.

Clinical Usefulness of the Limiting Dilution Analysis

The CRA has been used as a method to determine
immunogenicity and to monitor clinical trials. The limi-
tations of CRA have led to the development of other
methods of immunologic monitoring such as ELISPOT
and cytokine flow cytometry. Although we expect that
unimmunized volunteers or patients with cancer will not
have detectable tumor antigen- specific immunity, this is
not always the case. For example, a significant number
of individuals without cancer as well as some melanoma
patients can have immune responses to melanoma dif-
ferentiation antigens (144–146). An evaluation of volun-
teers without cancer and patients with cancer is needed to
assess the prevalence of immunity in an unimmunized
melanoma population. Similarly, analyses might be nec-
essary in patients with other malignancies. Immunologic
readout against helper peptides and tumor-specific pro-
tein antigens has focused on proliferative responses. Al-
though used as a measure to determine immunogenicity
of tumor-related proteins and as a method to monitor
immune responses in clinical trials, there has been no
good correlation of antigen-specific proliferation with
clinical benefit.

Enzyme-Linked Immunospot Assays

Principle of the Assay

The ELISPOT assay was originally established in
1983 for detection of antibody secreting cells (147) and
was later adapted for the detection of antigen-specific
T-cells (148,149). ELISPOT is not one assay but, in fact,
many distinct assays, depending on the format of the
assay selected. The ELISPOT assay is based on the prin-
ciple of the ELISA. A 96-well nitrocellulose-bottomed

microtiter plate is coated with an antibody that binds the
cytokine of interest. To detect antigen-specific T-cells,
either unseparated PBMC or isolated CD8+ or CD4+ T
lymphocytes are incubated in the antibody-coated wells
together with an antigen for 6–48 hours. In response to
recognition of the antigen, T-cells specifically release the
cytokine of interest, which is then bound by the well-
coated antibody. After a washing step, which removes
the cells from the wells, cytokine release is visualized by
an enzyme-labeled detection-antibody and its corre-
sponding chromogenic substrate, which has to be non-
soluble to become attached to the surface of a well. The
end result is a set of colored spots, each of which rep-
resents the area where one cell secreting the cytokine of
interest had been. The limit of detection by ELISPOT
was reported to be 10–200 times lower than ELISA per-
formed on culture supernatants (150). After short-term in
vitro stimulation of PBMC, however, the secretion of
cytokines in response to antigen recognition into the cul-
ture supernatants as detected with the ELISA can be used
as a semiquantitative measure for specific T-cells (151).

Plates

Most groups use sterile nitrocellulose-bottomed 96-
well plates; however, the use of Nylon-bottomed plates
or plastic-bottomed plates is also possible and is reported
to reduce background staining (152). The disadvantage
of plastic-bottomed plates is that the spots are not stable,
so the plates have to be analyzed immediately. Overlay-
ing wells with BCIP substrate in 1% low melting agarose
solves this problem (153). Leaking of the membrane on
the bottom of the plate may also be a problem.

Serum

T-cell coincubation with antigen in the ELISPOT plate
is usually performed in the presence of 10% serum. This
is a critical point because the serum alone can stimulate
IFN-� secretion in T cells. It is therefore recommended
that inactivated human serum be used not only for the
assay but also for freezing and overnight resting. Differ-
ent human serum batches should be tested before use to
ensure that the serum alone neither stimulates IFN- �
secretion in T cells nor suppresses antigen-induced IFN-
� secretion. Most laboratories use human group AB se-
rum; however, some use AIM-V serum-free media, as
serum may nonspecifically stimulate APC used in the
assay.
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Antibodies

The choice of the antibody pair used for trapping and
detection of cytokines is critical. Each antibody pair has
to be carefully titrated chessboard wise to determine the
optimal concentration. Several antibody pairs for
ELISPOT assays are now available commercially, but
not all are equally well suited.

Enzymes/Substrates

Most detection antibodies use alkaline-phosphatase or
peroxidase as the developing enzyme for the chromogen-
ic substrate. With the latter, endogenous peroxidase may
give some diffuse background staining if cell debris is
left on the membranes.

Read-Out Systems/Technical Requirements

Manual enumeration of spots can be laborious and is
subject to human error, especially if multiple cytokine
secreting cells are present in a single well or if the spots
are very small. Therefore, computer-assisted image
analysis systems have been adapted for an automated
evaluation of ELISPOT plates (154,155). Such systems
lead to a more objective analysis of spots and provide
helpful parameters, thus allowing one to discriminate be-
tween spots and possible color sediments and measure
the size of the spots reflecting the amount of cytokine
produced by a single cell, which can be a function of
T-cell avidity (135). Commercially available image
analysis systems adapted for the evaluation of ELISPOT
plates are still expensive, however, and not all of them
yield reproducible results.

Analysis of Results

There are different ways to analyze and report
ELISPOT results. Usually, frequencies of IFN-�-
secreting T-cells in unstimulated T-cells or in response to
a control peptide like HIV are subtracted from T-cells
reactive to the antigen of interest. If T-cell frequencies
against single epitopes in peripheral blood are analyzed,
usually 1 million PBMC are necessary to analyze wheth-
er the expected frequencies are < 100/1 million PBMC.
These cells must be seeded into five or six wells to get
optimal cell densities. One possible approach is to con-
sider a T-cell response positive if the number of spots in
six wells with peptide exceeds the number of spots in six
control wells by 10 and the difference between the single
values of the six wells containing peptide and the six
control wells is statistically significant at a level of p �

0.05 using the t test. Other groups consider individual
samples positive when at least a two- or three-fold in-
crease in T-cell precursor frequency is noted compared
with unstimulated samples. Samples taken after vaccina-
tion are considered positive when the frequency of post-
vaccinated peptide-specific T-cell precursors is at least
two or three times higher than the samples taken before
vaccination, or when samples taken after vaccination are
higher than ones taken before by at least two to three
standard deviations from the background value.

Markers Analyzed

As a read-out in the ELISPOT assay most investiga-
tors now use IFN-� production. For the detection of an-
tigen-reactive T-cells in PBMC samples, measurement of
IFN-� release has the advantage in that unstimulated
PBMC in many subjects do not secrete IFN-� spontane-
ously (132); a small fraction of PBMC constitutively
secrete TNF-� (149). Interleukin-2 and IL-4 are usually
not suited for “ex vivo” analysis of specific CD8+T-cells
because too few T-cells secrete these cytokines. Interleu-
kin-5 was reported to be a suitable cytokine to detect Th2
responses (156). The detection of granzymes B release
by ELISPOT assay is also possible (157). However,
some have maintained that granzymes B is not well
suited for “ex vivo” analysis because there is some spon-
taneous release and the spots are rather small (Scheiben-
bogen C, personal communication, November, 2001).

Effector Cells

T-cell responses can be analyzed in the whole PBMC
population or after separation of T-cell subpopulations. If
TAP-deficient T2 cells lacking endogenous MHC are
used as APC, before the separation of CD8+T-cells, they
may reduce the background IFN-� release. Data from
one multicenter trial suggest that concordant results are
obtained if T-cell responses are either analyzed using
whole PBMC or using CD8+ T-cells and peptide-
presenting T2 cells (158). The most readily available
source of lymphocytes for ELISPOT assays is the pe-
ripheral blood; however, data exist to suggest that T-cell
responses in the blood may not always accurately repre-
sent the responses evident in draining nodes or tumor
deposits. It is also possible to perform ELISPOT assays
with lymphocytes obtained from these other sites.
(159,160).

Antigen/Antigen-Presenting Cells

Most investigators analyze T-cell responses against
MHC class I-restricted peptide epitopes. If T-cell re-
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sponses are analyzed using PBMC, free peptide that is
presumably presented by monocytes can be added di-
rectly. Variable frequencies of monocytes were shown to
have no significant influence on the detectable frequency
of peptide-specific T-cells (161). The TAP-deficient T2
cell line is frequently used as an APC, because this cell
line exclusively expresses HLA-A2 molecules. How-
ever, T2 cells themselves induce some T-cells or prob-
ably NK cells to secrete IFN- �. In a comparative study
assessing T-cell response against FLU peptide in blinded
samples with the IFN- � ELISPOT assay, similar results
were reported using PBMC and free peptide versus pep-
tide-loaded T2 cells and separated CD8+ T-cells (158).
The use of HLA-A2-matched allogeneic tumor-cell lines
as target T-cells is a also feasible approach, because little
or no alloreactivity is seen in a 20-hour ELISPOT assay
(162). Tumor cells can be used as APC but have signifi-
cant disadvantages. Tumors do not process or present
antigens in a “normal” way, and they also secrete immu-
noinhibitory factors. Pass et al. reported that the frequen-
cies of gp100 peptide-reactive T-cells detectable with the
IFN-� ELISPOT assay are 10–100 fold higher using T2
cells instead of tumor cells as APC (163). Investigators
have also used HLA-A2-transduced insect-cells (164)
and the C1R-A2 cell line as APC. The C1R cell line is a
human plasma leukemia cell line that does not express
endogenous HLA-A or B antigens. The C1R-A2 cell line
is composed of C1R cells that express a transfected ge-
nomic clone of HLA-A2.1 and is used when measuring
response to HLA-A2 peptides. There have been no prob-
lems with high backgrounds using C1R-A2, which cir-
cumvents the potential problem of defective APC com-
mon with autologous PBMC (131). Also being evaluated
is the use of autologous dendritic cells infected with
recombinant poxvirus vectors expressing full-length an-
tigen genes as targets to avoid the HLA restriction and
provide a wider range of antigenic epitopes for presen-
tation.

The ELISPOT assay is also suitable for determination
of T-cell frequencies against proteins (160). Exogenous
proteins are usually presented via the MHC class II path-
way to CD4+ T-cells. A preincubation of PBMC with
protein prior to plating the cells in the ELISPOT assay is
required for efficient antigen presentation. Protein con-
centrations of around 1 microgram/ml are optimal, but
this should be titrated for each protein. The concentration
of monocytes can influence T-cell frequencies, although
this is not seen when free peptide is added.

After in vitro sensitization, the APC in peripheral
blood (monocytes, macrophages, B cells) have been de-
pleted in culture. Instead of free peptide alone, autolo-
gous PBL or APC corresponding to the patient’s HLA

type, have to be used in ELISPOT assays with stimulated
lymphocyte samples. The addition of fresh APC enables
efficient presentation of peptide to all antigen-specific
cells in the lymphocyte populations being evaluated
(153,160). The impact of efficient antigen presentation in
ELISPOT assays with PBL samples after sensitization
with peptide is demonstrated in Figure 2.

Quality/Sensitivity of the Assay

Using T-cell clones it was shown that ELISPOT mea-
surements could be made with single-cell resolution
(135). Some initial attempts have been made to standard-
ize the quantitation of antigen-specific T-cells by
ELISPOT assay. An almost linear correlation between
the number of spots and the number of peptide-specific
T-cells either derived from peripheral blood or from a
short-term T-cell line was demonstrated showing that
ELISPOT quantification is reliable over a wide range
(132). To evaluate the reliability of T-cell frequency
analysis with the ELISPOT assay, a comparative study
was performed in four European laboratories (158).
Similar frequencies of FLU-reactive T-cells were re-
ported in the ELISPOT assay by all four laboratories.

Positive Controls

As a positive control for T-cell cytokine synthesis and
release, some groups have introduced mitogen-
stimulated T-cells in the ELISPOT assay. Pokeweed mi-
togen, which stimulates IFN-� release in a subset of
0.1%–1% of CD4+ and CD8+ T-cells, has proven to be
a suitable positive control to the ELISPOT assay (165).
Impairment or absence of pokeweed mitogen-induced
IFN-� release may indicate cell damage during the freez-

FIG. 2. Peripheral blood lymphocytes of VMM18 patients have been
sensitized with ALLAVGATK peptide (40 mg/mL) once. After 2
weeks in culture with IL-2 (20U/mL), inteferon-� enzyme-linked im-
munospot assay was performed using peptide alone or C1RA3 loaded
with ALLAVGATK (40 ug/mL). 112 ALLAVGATK specific T cells
were revealed when C1RA3 were used as antigen-presenting cells, but
only 30 when peptide was used alone.
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ing and thawing procedure prior to assaying. Phytohe-
magglutinin (PHA) is also a useful positive control mi-
togen. It stimulates IFN-� release in approximately
0.1%–0.2% of PBMC from all individuals with low in-
tra- (7%) and interassay (17%) variability. Several in-
vestigators use FLU-reactive T cells as a positive control
for the T-cell reactivity during the course of vaccination
in patients with cancer. Seventy-five percent of healthy
individuals had detectable T cells reactive with HLA
class I-restricted FLU peptide epitopes (165,166). Can-
dida has also been used as recall antigen control when
multiple HLA types are being assayed. A Candida re-
sponse was detected in 91% (n � 35) of women assayed
with cervical dysplasia regardless of HLA type (Lathey
JL, personal communication, November, 2001).

Reproducibility of the Enzyme-Linked
Immunospot Assay

Studies were conducted to validate the reproducibility
of the ELISPOT assay when using frozen PBMC that
were thawed and cultured overnight (i.e., for 18 hours)
before assay (131). Aliquots of PBMC from two healthy
HLA-A2 donors were frozen in liquid nitrogen to be
used as standards. As shown in Table 3, aliquots were
thawed from each of these donors at various times after

freezing. Enzyme-linked immunospot assays were used
to determine the reproducibility of measurement of a
FLU peptide-specific T-cell precursor frequency. The
mean ± standard deviation precursor frequencies for do-
nors 1 and 2 (from six and seven determinations, respec-
tively) were 1/20,197 ± 1/3054 (0.15-fold) and 1/7,657 ±
1/792 (0.10-fold), respectively. The results from both of
these groups show that determination of precursor fre-
quency for the FLU peptide, using this ELISPOT assay
for IFN-�, can be reproduced at different times after the
PBMC are thawed. Furthermore, these PBMC samples
from healthy donors have been used as internal controls
to validate assays reported when determining the precur-
sor frequency of PBMC obtained from cancer vaccine
trials.

Detection of Naturally Occurring Tumor-Specific
T-Cells in Unstimulated Peripheral Blood T-Cells of

Patients With Cancer

A number of studies have reported the detection of
tumor-reactive T-cells in the peripheral blood of patients
with tumors using the ELISPOT assay (Table 4). Taken
together these data suggest that the assay is suitable to
detect low frequency functional T-cell responses against
tumor antigens in PBMC.

Enzyme-Linked Immunospot Monitoring of
Tumor-Specific T-Cells in Vaccination Trials

Several vaccination trials have been published de-
scribing the use of the ELISPOT assay alone or in com-
bination with other assays for T-cell monitoring
(129,131,167–177). Most investigators have analyzed T-
cell responses against peptides (Table 5), but there are
also reports showing the suitability of melanoma cells

TABLE 3. Reproducibility of precursor frequency
determinations using the ELISPOT assay

Donor
Time before

thawing (days)*
Precursor

frequency†

1 59 1/21,739
63 1/19,718
77 1/20,588

116 1/16,280
131 1/17,857
158 1/25,000

2 59 1/6,931
76 1/7,692
84 1/7,954
96 1/6,816

129 1/6,931
130 1/8,695
133 1/8,571

* The time before thawing represents the number of days after the
sample was initially frozen in liquid nitrogen before being thawed for
the assay.

† Results are expressed as peptide-specific IFN-�-secreting PBMC.
Donor 1 mean ± SD � 1/20,197 ± 1/3,054; donor 2 mean ± SD �

1/7,657 ± 1/792. Healthy donors 1 or 2 were used simultaneously in
each ELISPOT assay with patient samples.

Reprinted from Cancer Immunology and Immunotherapy: 49, Arlen
et al., The use of a rapid ELISPOT assay to analyze peptide-specific
immune responses in carcinoma patients to peptide vs. recombinant
poxvirus vaccines: 521, Table 1: Copyright 2000, with permission from
Springer-Verlag.

ELISPOT, enzyme-linked immunospot; IFN, interferon; PBMC, pe-
ripheral blood mononuclear cells; SD, standard deviation.

TABLE 4. Detection of naturally occurring tumor-specific
T cells in peripheral blood by ELISPOT assay

Tumor Antigen Reference

Melanoma Tyrosinase/MART-1 Herr (149),
Scheibenbogen (165),
Bennouna (156)

Colon cancer CEA, EpCAM,
her2-neu

Marshall (172), Nagorsen
(178)

Melanoma various Griffioen (137),
Dhodapkar (138)

Melanoma MAGE-A10 Valmori (179)
Melanoma/sarcoma NY-ESO Jager (180)
CLL, melanoma surviving Andersen (181)
CEA-pos.

carcinomas
CEA Arlen (131)

CEA, carcinoembryonic antigen; CLL, chronic lymphocytic leuke-
mia; ELISPOT, enzyme-linked immunospot.
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(163,174) or idiotype protein in patients with myeloma
(175) for T-cell monitoring. For example, the ELISPOT
results from Figure 3 demonstrate that avipox-CEA can
be given at least four times with resulting increases in
CEA-specific T-cells.

Correlation With Clinical Outcome

Some information is available regarding the correla-
tion between T-cell response induction as demonstrated
by ELISPOT assay and clinical outcome (Table 4). In
patients immunized with a polyvalent melanoma vac-
cine, the induction of specific T-cells reactive with HLA
class I binding peptides derived from MAGE-3 and/or

MART-1 was found to correlate with prolonged freedom
from recurrence (174). In a phase I study with MART-1
peptide in high-risk melanoma patients, T-cell induction
against the vaccine peptide, determined by ELISA after
two in vitro stimulations but not by ELISPOT assay, was
associated with prolonged freedom from relapse (177).
In a randomized phase II trial conducted by the same
group with gp100 and tyrosinase peptides, IFA +/− IL-
12, no correlation between T-cell induction determined
by ELISA after one or two in vitro stimulations or by
tetramers and relapse-free survival was found (151).

A recent study in which 18 patients with melanoma
were vaccinated with peptide-loaded DC showed a good
correlation between tumor regression and T-cell re-
sponse analyzed by ex vivo and recall ELISPOT assay
(176). In a phase I clinical trial with ALVAC-CEA-B7,
three patients experienced clinically stable disease that
correlated with increasing CEA-specific precursor T-
cells, as shown by in vitro IFN-� enzyme-linked immu-
noassay spot tests (Fig. 4). In a phase II study vaccinating
patients with stage IV melanoma with tyrosinase pep-
tides and GM-CSF, specific T-cells were detectable in
four of fifteen patients, including the only patient with a
mixed response, one of two patients with stable disease,
and two patients with prolonged freedom from recur-
rence (139).

A recent study (172) examined whether changes in
CEA-specific T-cell responses (using the ELISPOT as-
say) as a result of CEA-based vaccination may be prog-
nostic for survival. Eighteen patients (12 HLA A2+)
were randomized to receive monthly vaccines with CEA-
vaccinia (V) as priming with CEA-avipox as a boost
(VAAA, n � 9, 6 A2+) or CEA-vaccinia as a boost
(AAAV, n � 9, 6 A2+). Eleven of 12 HLA A2+ patients

TABLE 5. Antigen-specific vaccination trials monitored by ELISPOT assay

Antigen/adjuvants
Correlation of T-cell
and tumor response Reference

MART-1/IFA ELISPOT no Wang (177)
ELISA yes (prolonged freedom from relapse)

Tyrosinase/QS21 no (no tumor response) Lewis (182)
Tyrosinase/GM-CSF yes Scheibenbogen (139)
Dendritic cells with various melanoma peptides yes Banchereau (176)
Dendritic cells with MAGE-1/MAGE-3 no Toungouz (183)
Dendritic cells with MAGE-3 peptide no (most patients mounted T-cell response) Jonuleit (184)
rV-CEA prime yes (increased survival) Marshall (172)
Avipox-CEA boosts yes (correlated with survival) Slack (185)
rV-PSA prime
Avipox-PSA boost

yes (PSA stabilization) Eder (170)

CEA
Avipox-CEA/B7

yes von Mehren (173)

Avipox-CEA/B7 yes Horig (171)

CEA, carcinoembryonic antigen; ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunospot; GM-CSF, granulcoyte-
macrophage colony-stimulating factor.

FIG. 3. The impact of carcinoembryonic antigen (CEA)-based vac-
cination on CEA-specific T-cell responses. Three patients received
rV-CEA (V) followed by three vaccinations with avipox-CEA (A).
Depicted are T-cell responses to the 9-mer influenza (FLU) peptide (�)
and to the 9-mer CEA peptide (�) using the enzyme-linked immu-
nospot assay. Reprinted from Journal of Clinical Oncology: 18, Mar-
shall et al., Phase I study in advanced cancer patients of a diversified
prime and boost vaccination protocol using recombinant baccinia virus
and recombinant nonreplacing avipox virus to elicit anti-carcinoem-
bryonic antigen immune responses, 3969, Table 3: Copyright 2000,
with permission from Lippincott, Williams & Wilkins.
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had complete immunologic data for analysis. Samples
for CEA-specific T-cell responses (analyzed with an
overnight ELISPOT assay) were obtained q28d before
each vaccination. To test the association between T-cell
responses and clinical outcomes in the A2+ patients, sev-
eral potential prognostic factors were explored separately
using Cox regression models with continuous data where
possible. Each model included one prognostic factors
controlling for disease status (NED or advanced) at the
time of study entry. These prognostic factors were (1)
pre- and (2) post-4 month values, (3) the ratio of post-
/pre-CEA-specific T-cell responses, and (4) treatment or-
der (VAAA versus AAAV). The analysis demonstrated
that both higher posttreatment levels of CEA-specific
T-cell responses as well as ratios of post-/pretreatment
levels were associated with increased survival after ac-
counting for disease status (p � 0.04 and p � 0.03,
respectively). Estimates of survival at 2 years are 67%
(+/− 19%) and 0% for patients with post-T-cell titers at
4 months of > 1/80000 and � 1/80000, respectively.
Patients with a ratio of T-cells post-/pre-treatment > 2.5
had survival estimates of 60% (+/− 22%) compared with
17% (+/− 15%) for ratios � 2.5. Treatment with VAAA
resulted in longer survival than treatment with AAAV
with five of nine patients randomized to the VAAA arm
still alive compared with zero of nine in the AAAV arm
(p � 0.05). The survival estimates for all patients treated
(n � 18) at 2 years are 56% (+/− 17%) and 11% (+/−
10%) for VAAA and AAAV, respectively. The im-
proved survival was independent of HLA A2 status. Sur-
vival duration was unrelated to pretreatment T-cell levels
(p � 0.77) or disease status at study entry (p � 0.66). In
summary, in a small sample of patients with colorectal
cancer, an association was shown between the interme-
diate endpoint-CEA-specific T-cell response using the
ELISPOT assay, the absolute number of T-cells, as well
as the ratio of pre- and posttreatment values and survival.

Cytokine Flow Cytometry: A method for Analysis
of Antigen-Specific T-Cell Subsets

Basic Principles

Cytokine flow cytometry or intracellular cytokine cy-
tometry (ICC) is based on direct detection of intracellular
cytokine expression with fluorochrome-conjugated anti-
cytokine antibodies after short periods of activation with
various stimuli (Fig. 5). Stimulation can be performed
with mononuclear cells isolated from PBMC (186),
whole blood (187,188), lymph nodes, or other biologic
fluids. A total incubation period of 6 hours is optimal for
achieving high levels of cytokine-secreting cells for IL-2,
IL-4, IFN-�, and TNF-�, as well as for achieving maxi-
mal cytokine staining intensity (188). Cytokine secretion
is disrupted during the latter portion of the incubation
(usually the last 4 hours) with the addition of drugs that
inhibit cytokine secretion such as monensin or brefeldin
A (189). The cells are then fixed using paraformaldehyde
or similar agents. Permeabilization of cell membranes is

FIG. 4. Sample of enzyme-linked immunospot assay results from three patients immunized with an ALVAC-carcinoembryonic antigen (CEA)-B7.1
virus. Note that none of the patients exhibit CEA-specific T cells before vaccination, whereas all three patients demonstrate significant precursors after
three vaccinations. Interestingly, these patients appear to lose the response after stopping treatment, but could be boosted with additional vaccinations.
All three patients exhibited stable clinical disease throughout the vaccination period. Reprinted from Cancer Immunology and Immunotherapy: 49,
Horig et al, Phase I clinical trial of a recombinant canarypoxvirus (ALVAC) vaccine expressing human carcinoembryonic antigen and the B7.1
co-stimulatory molecule: 510, Figure 4: Copyright 2000, with permission from Springer-Verlag.

FIG. 5. Schematic of cytokine flow cytometry procedure. Note the
optional stopping points that can be used to automate handling of
clinical samples and batch them for later staining and analysis.
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achieved using nonionic detergents, followed by intra-
cellular staining using mixtures of antibodies that recog-
nize determinants in fixed and permeabilized cells.

Unstimulated leukocytes normally do not express cy-
tokine. Because background constitutive cytokine ex-
pression is rare (usually � 0.05% of CD4 or CD8 T
cells), very low frequencies of positive stimulated cells
can be detected. In addition, because of the short incu-
bation time in the presence of a secretion inhibitor, by-
stander effects or cytokine absorption by soluble or cell-
surface receptors does not compromise the cytokine im-
mune profiles.

T-cell responses in antigen-specific CFC assays are
dominated by memory cells, as determined by phenotyp-
ing of cytokine positive cells for markers such as
CD45RA versus CD45RO, CD27, CD44, and CD95
(187). CD4+ T cells dominate the response to intact pro-
tein antigens, although some CD8+ responses can be de-
tected (187,190,191), particularly with higher antigen
doses. On the other hand, optimal peptide epitopes or
peptide mixtures can be used as antigens to efficiently
induce CD8+ T-cell responses (3,192–195). Figure 6 il-
lustrates CD4+ and CD8+ T cell cytokine responses in
normal whole blood cultures responding to whole protein
and peptide CMV antigens. Altered in vitro T cell cyto-
kine responses to nominal antigen as a consequence of
vaccination or disease status can be measured using this
procedure (134,196–203).

Significant Methodological Issues

Antibodies selected for intracellular staining (e.g. anti-
cytokine mAbs) need to possess high affinity and speci-
ficity for epitopes that survive the particular fixation and

permeabilization conditions used. Altering the fixation
and permeabilization conditions might alter the perfor-
mance and optimal titer of surface and intracellular stain-
ing antibodies. Many commonly used monoclonal anti-
bodies to cell surface determinants from a number of
vendors can be used with fixed and permeabilized cells
(e.g., CD3, CD4, CD8, CD69, and cytokine-specific an-
tibodies). In situations where antibodies to cell-surface
markers do not work well under fixation and permeabi-
lization conditions, it is necessary to add a separate sur-
face staining step prior to fixation and permeabilization.
Also essential is the use of highly purified fluorochrome
conjugates of antibodies used to detect intracellular tar-
gets. Particularly, the absence of free fluorochrome and
overly-conjugated antibody is important to minimize
backgrounds and retain the high avidity of antigen bind-
ing in intracellular staining necessary for optimal flow
cytometric detection of rare antigen-specific events.

Cytokine Flow Cytometry Assay Validation

Functional assays in general are subject to higher
variation than phenotypic staining, due to assay com-
plexity and the biologic variability associated with in
vitro cell activation. Nevertheless recent evaluations
have reported an overall coefficient of variation in a
CMV-specific CFC assay to be within 5% for intraassay
variability (188) and within 20% in a multi-site study
(Fig. 7). Interestingly, it was determined that much of the
interassay variability could be attributed to differential
gating during analysis. For example, CD4dim or CD8dim

lymphocytes can often be found as a very minor propor-
tion of the total CD4+ or CD8+ cells. However, these
cells tend to be highly enriched for activated cells, since

FIG. 7. Results of a multi-site study of cytokine flow cytometry
reproducibility. Whole blood from five donors (A-E) was shipped at
room temperature via overnight courier to four participating laborato-
ries. Each lab activated, processed, and analyzed the samples indepen-
dently and reported their results as percent cytokine-positive CD4+
cells responding to CMV lysate (symbols). Bars represent the means of
the four labs’ results for each donor and cytokine. Mean coefficients of
variation (CV) are shown.

FIG. 6. Typical example of cytokine flow cytometry responses with
various types of cytomegalovirus (CMV) antigens. CD3+CD4+ gated
lymphocytes are shown in the top row, and CD3+CD8+ gated lym-
phocytes are shown in the bottom row. “Peptide mix” refers to a mix-
ture of 138 overlapping 15-amino acid peptides spanning the CMV
pp65 protein. “A2 peptide” refers to the HLA-A2-restricted pp65-
derived peptide, NLVPMVATV. Reprinted from Journal of Immuno-
logical Methods: 255, Maecker et al., Use of overlapping peptide mix-
tures as antigens for cytokine flow cytometry: 30, Figure 1B: Copyright
2001, with permission from Elsevier Science.
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they have undergone down-modulation as a result of re-
cent antigenic stimulation. Thus, inclusion or exclusion
of these cells can result in a difference of up to 1.5-fold
in the percentage of cytokine-positive cells assessed.
With experience, however, consistent gating can cer-
tainly be achieved. In the future, automated gating algo-
rithms may also be available to minimize this source of
variability.

Application to Clinical Samples

Cytokine flow cytometry assays are a potentially pow-
erful tool for analyzing antigen-specific T-cell responses
in a quantitative manner. Standard functional assays tend
to rely on longer stimulation times to amplify specific
populations, allowing time for apoptosis and/or prolif-
eration, and thus compromising the ability to quantitate
precursor cell frequencies. In addition, the ability to per-
form CFC assays in whole blood within 8 hours, with
minimal hands-on time, make CFC assays highly fea-
sible as clinical monitoring tools. Finally, the multipara-
metric information obtained from flow cytometry allows
for qualitative as well as quantitative information about
the nature of immune responses to specific antigens.

The CFC assay has been used to characterize human T
cell responses to a number of infectious disease agents
including HIV (197,198,204–206), CMV (134,188,190,
193,195,196,199,200,207,213), EBV (214,215), and oth-
ers (190,216–222). The largest amount of published data
using CFC in clinical settings is in the area of HIV-
specific immune responses. Pitcher et al. (197) showed
that patients with HIV could be stratified into those that
maintain a detectable CD4 Th response to HIV antigens
by CFC assay and those that do not. All HIV+ nonpro-
gressors tested were in the former group, showing CD4+
Th cell IFN-� and TNF-� responses to HIV p55 gag of
0.1% or greater. About half of those with progressive
disease showed similar CD4+ Th responses, but half did
not; likewise with individuals who had been on highly
active antiretroviral therapy (HAART) for less than 6
months. Perhaps most interestingly, individuals treated
with long-term HAART were uniformly low (< 0.1%) in
their CD4 Th response to HIV antigens.

Another potential area of clinical application for CFC
assays is in the development of new vaccines, and the
refinement of existing vaccines. As part of a recent clini-
cal study of vaccination with a gp120-depleted inacti-
vated HIV immunogen, CD4+ T cell CFC responses to
HIV were followed in 18 patients (198). Dramatic in-
creases in the frequency of HIV-specific CD4 cells were
demonstrated in 15 of 18 patients after three vaccina-
tions. In another example, varicella immunization has

been shown to induce significantly lower CFC responses
in older adults than in young adults; and such responses
in older adults are not boosted by secondary immuniza-
tion (190).

Several studies have also demonstrated that CFC as-
says can be used to detect responses to tumor antigens:
MART-1 and tyrosinase epitopes in melanoma (3),
MUC-1 mucin in various solid tumors (203), and immu-
noglobulin idiotype in vaccinated multiple myeloma pa-
tients (201). These reports demonstrate that the sensitiv-
ity of CFC assays is sufficient to detect positive re-
sponses to tumor antigens, although the response
frequencies are often lower than with chronic infectious
disease antigens. It remains to be seen whether CFC
assays are predictive of clinical responses in vaccinated
patients with cancer. In part, this is dependent on the use
of these assays in studies with a vaccine that has at least
some clinical benefit. Because there are currently no
Food and Drug Administration-approved cancer vac-
cines, identifying vaccines that have the most potential
for clinical efficacy is of paramount importance.

Clinical Relevance of Cytokine Flow Cytometry Assays

The ability to quantitate frequencies of functional an-
tigen specific T cells has enabled investigators to assess
the relationship between the strength of CD4+ and CD8+
T cell responses and immune protection in a number of
disease models. Thus, the response to infection of Lym-
phocytic Choriomeningitis virus in mice is associated
with strong CD4 T cell cytokine responses, which are
correlated with long-term memory (223). In a murine
model of Leishmania, protective vaccination is associ-
ated with the development of IFN-�-producing CD8 T
cells, as measured by CFC (224,225). In a primate model
of AIDS, control of viral rebound after structured therapy
interruption is strongly correlated with anti-viral CD8 T
cell cytokine responses (226). Such responses are also
correlated with protection from mucosal challenge after
vaccination (227). In humans, susceptibility to CMV-
associated end organ disease in HIV-infected individuals
was shown to correlate with the loss of CD4+ T-cell
IFN-� responses to CMV antigens (196,199,200). Even
though such studies demonstrate correlation of CFC re-
sponses with disease outcome, there have been no proven
thresholds established for protective immunity as mea-
sured by a functional assay in any disease system. In fact,
the precise correlates of immunity are still poorly defined
for most disease and vaccine systems.

The determination of a positive CFC response is de-
pendent upon the level of background in the negative
control sample, and upon the sample size. In fact, a sta-
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tistical calculation can be made using these variables,
such that a given difference between sample and control
can be deemed significant with a particular power and
confidence level (228). In other words, one obtains great-
est sensitivity in the presence of low backgrounds and
large sample sizes. For example, a sample size of 25000
events is sufficient to distinguish a 0.1% population as
positive over a background of 0.03%, with 90% power
and p < 0.05. However, at a background of 0.05%, more
than 50000 events would be needed to distinguish the
same positive population with the same power and con-
fidence. In practice, achieving backgrounds of less than
0.05% is practical, save for the occasional donor who
presents with a significant spontaneous cytokine-
secreting population. Thus, it is not impossible to rou-
tinely identify positive populations on the order of 0.1%
or even slightly less. On the other hand, populations
significantly lower, on the order of 0.01%, will not be
distinguishable from background, because they approach
the average level of spontaneous cytokine-secreting cells
in peripheral blood.

One factor that could still compromise the ability to
detect significant antigen-specific T-cell responses after
vaccination in clinical samples is the suboptimal timing
of sample acquisition. This issue is being addressed in
experiments examining the dynamics of the tetanus tox-
oid (TT-)-specific T-cell recall response (229). In these
studies, healthy volunteers were vaccinated with TT, and
CFC measured the TT-specific T-cell response directly
in the peripheral blood after vaccination. The CD4 T-cell
response peaked 1 week after vaccination at 0.4% of
CD4+ T cells. Remarkably, we also noted a CD8 T-cell
response, which peaked at about 0.5% of CD8+ T cells;
however, this response peaked as much as 3 weeks later
than that of the CD4 response. These data provide a time
frame for sampling the peripheral blood to examine an-
tigen-specific T-cell responses to vaccines and support
the hypothesis that clinically significant T-cell immunity
should be detectable directly from peripheral blood. The
detection of spontaneous cytokine secreting cells, in fact,
has the lowest limit of detection for any functional assay.

Exploration of the clinical use of CFC assays has been
most extensive in HIV disease, where it has been shown
to correlate with disease stage (197), and where it has
been used to follow vaccine responses (198). Cytokine
flow cytometry has also been used to detect responses to
cancer vaccines (201,203). The use of CFC with either
specific antigens or polyclonal stimuli to assess T cell
responsiveness in other disease settings is less well ex-
plored. However, the opportunities to enhance patient
care by more carefully monitoring the immune system

should encourage future studies aimed at validating the
use of such monitoring.

Major Histocompatability Complex-Peptide
Tetramer Analysis for Cancer-Vaccine Monitoring

Basic Principles of the Tetramer Assay

Soluble recombinant MHC-peptide tetramers are be-
coming an increasingly useful tool capable of not only
identifying and enumerating antigen-specific T cells, but
also of providing functional information when combined
with other methodologies. Tetramers may be generated
using now well-established procedures (http://www.emory.
edu/WHSC/TETRAMER/protocol.html). Briefly, re-
combinant MHC class I heavy chains that incorporate a
short C-terminal substrate peptide for BirA-mediated
biotinylation are produced in E. coli, purified from in-
clusion bodies, folded in the context of synthetic peptides
and �2-microglobulin and biotinylated. Based on the
specific application, fluorochrome-labeled (FITC, PE,
PerCP, etc.) streptavidin is then added to purified (gel
filtration and anion exchange) MHC/peptide “mono-
mers” to form soluble tetrameric complexes. Fluorescent
MHC/peptide tetramers when incubated with a poly-
clonal mixture of T cells, under the right conditions, will
bind those T cells bearing MHC/peptide-specific TCRs
and may be detected by fluorescent imaging systems,
such as flow cytometry. While most published informa-
tion has been gathered using MHC class I-peptide te-
tramers for CD8+ T cell screening, MHC class II-peptide
tetramers have also been developed for the assessment of
CD4+ T cell responses (230–232). The ability to monitor
CD4+ and CD8+ tumor-specific T-cell responses, par-
ticularly in the face of active therapy, will likely prove
critical to efforts to define appropriate laboratory surro-
gates in the cancer setting.

Factors Affecting Major Histocompatability
Complex-Peptide Tetramer Staining

In practice, each new tetramer must be tested for
specificity and titered before use. It is important to use
tetramers at optimal concentrations to maximize the sig-
nal-to-noise ratio determined via flow cytometry, par-
ticularly when looking for rare T cell populations (<
0.1%). In general, the consensus is that the lower limit of
detection for currently used tetramer-based assays is ap-
proximately 1/8000–1/10000 (i.e., 0.01%–0.0125%)
(221,233–236). In most cases, quality-control requires
the generation of specific T cell lines or clones to vali-
date the specificity and high signal-to-noise ratio re-
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quired for optimal performance of tetramer-based analy-
ses. Because MHC/peptide tetramers are noncovalent
complexes (i.e., MHC heavy chain, �2-microglobulin,
peptide, and streptavidin), they “degrade” at variable
rates that appear to depend in large part on MHC-peptide
affinity (Lee P, personal communication, November,
2001). Hence, a given lot of MHC-peptide tetramer may
be stable anywhere from 2 years (for most viral peptide
antigens) to as little as 3 months (for certain low-affinity
“self” peptides), necessitating periodic retesting of the
reagent’s efficacy by retitration analyses on a regular
(every 6–8 weeks) basis.

There are a number of technical factors that may im-
pact on the quality of tetramer data. In addition to the
inherent instability of the peptide-MHC interaction, the
concentration of cells and tetramer used, timing and tem-
perature used for staining, the counterstain (fluoro-
chrome labeled antiCD8, antiCD3, etc.) implemented in
multiparameter analyses, and contaminant non-T-cell
populations present in bulk populations may dictate the
interpretation of results.

Typically, at least one million PBMCs are used per
staining condition and as many events as possible (105–
106) are collected for analysis. Staining proceeds using
tetramers (often PE-conjugated) at their “optimal” qual-
ity-controlled concentrations, generally for 15–30 min-
utes at room temperature, together with, or followed by,
addition of anti-CD8-FITC (and anti-CD4/14/19-Cy5PE,
optional probes for “negative” selection of events). Cells
are then washed extensively (2–3 times). Propidium io-
dide (PI) may be added before FACS analysis (optional)
to exclude dead cells. Multiparameter analyses are gen-
erally performed using flow cytometry. Lymphocytes are
gated based on their forward and side-scatter, dead and
“sticky” cells are excluded based on PI staining and/or
with “dump” (negative selecting) antibodies, and the re-
maining cells are assessed for CD8 verus tetramer stain-
ing status. As the percentage of CD8+ T cells in total
PBMC can vary widely between samples, tetramer-
positive events are generally “normalized” as a percent-
age of total CD8+ T cells or data may be reported as the
absolute number of tetramer+/CD8+ cells per quanta
(i.e., �l-mL) of donor blood. Only cell populations that
are clustered well and display a clear separation from the
CD8+/tetramer-negative T-cell population in two param-
eter analyses are considered to be “real” events for
“higher” avidity T-cell populations. In contrast to patho-
gen-specific T cell systems, however, cancer-reactive T
cells may be of lower overall avidity perhaps due to
tolerance mechanisms invoked against “self” epitopes
that tumor cells frequently present in their MHC com-
plexes. As a result, some caution should be taken so as

not to discard events at or near the level of background
as “noise,” since they may indeed be informative of
“low” avidity antitumor T cells. As described below, the
specificity of tetramer staining of T cells may be con-
firmed by inclusion of “competitors” such as antiCD3
antibodies (127).

The concentration of tetramers used to stain cells is
critical in determining the optimal signal-to-noise range
for a given probe. Importantly, the percentage and fluo-
rescence intensity of tetramer-positive events appear to
increase in proportion to tetramer concentration, until a
plateau is reached. Thus, staining with suboptimal te-
tramer concentrations may lead to an inaccurate assess-
ment of specific T-cell frequencies. This is particularly
important when making comparisons between samples
or across multiple tetramers.

Based on an expanding literature, the staining tem-
perature appears to significantly impact the degree of
specific tetramer staining (235–237). Tetramer staining
of T cells on ice (or at 4°C) appears to allow for signifi-
cant formation of low avidity (frequently cross-reactive)
interactions, thus decreasing the signal-to-noise ratio. In
contrast, tetramer staining performed at room tempera-
ture (23°C) or 37°C, appears to favor predominantly
higher avidity tetramer-TCR interactions, thereby reduc-
ing background staining of low avidity (specific or cross-
reactive) T cells.

Another important variable is the specific “counter-
staining” antiCD8 (or CD4) antibody used in multipa-
rameter analyses. Several reports have suggested that te-
tramer staining may be affected by the concentration of
antiCD8 (or CD3) antibodies used, and even by the par-
ticular clone of antibody used (234,235,238,239). In-
deed, depending on the CD8 determinant recognized by
the antibody, antiCD8 counterstaining might block, have
little impact on, or even augment the intensity of
MHC/peptide tetramer staining of T cells (236,238,239).
In careful titration experiments, the percentage of regis-
tered tetramer-positive events may vary depending on
the concentration and type of antiCD8 antibodies con-
centration. Clearly, this provides another major area of
variability when comparing data obtained between
samples tested at unrelated laboratories using nonidenti-
cal reagents and protocols. The recent development of
MHC/peptide tetramers based on mutant class I heavy
chains that fail to bind to the CD8 coreceptor (Gammon
S, personal communication, November, 2001) may re-
duce “noise” affiliated with low-avidity or cross-reactive
T cells and should provide a clearer resolution for at least
higher avidity (CD8-independent) specific T cell clono-
types in a bulk population.

As mentioned above, exclusion of certain non-T cell
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types is also important to the resolution of tetramer-
based analyses. Certain cells (such as monocytes) appear
to “stick” to tetramer reagents, and can significantly in-
crease the population “background” staining observed in
flow cytometry testing. To reduce the severity of this
practical problem, one typically includes antibodies to
markers not present on cells of interest to exclude these
cells in data interpretation.

Tetramer Analyses: Healthy Donors Compared
with Patients

While early studies of substituted “heteroclytic”
MHC/peptide tetramers (particularly the HLA-
A2.1/MART-1 26–35 tetramer) indicated arguably
“high” frequencies of “specific” peripheral blood CD8+
T cells in HLA-A2.1+ donors (240), this result appears to
represent an exception, rather than a rule for most te-
tramer-based testing in the cancer setting. In general,
MHC/tumor peptide tetramers detect only low back-
ground frequency events (< 0.01%) when used to stain
freshly isolated normal donor peripheral blood T cells
(157,235,237). In marked contrast, tumor-specific T cells
can be frequently detected directly from the blood of
patients with cancer ([3] and Storkus et al., unpublished
data), and these frequencies can be significantly en-
hanced as a result of patient vaccination (151,159,184,
237,241,242).

Clinical Relevance of Tetramer-Based Assays

What is the clinical relevance of this assay? At pre-
sent, it is too early to say, given the limited number of
clinical trial reports using MHC-peptide tetramers for
immune monitoring. Even though it is clear that te-
tramer-based analyses can detect and quantify pre- ver-
sus posttherapy changes in specific peripheral T-cell fre-
quencies, this differential only infrequently correlated
with clinical outcome in cancer-vaccine trials (4,151).
However, there are also exceptions (228), which clearly
support the more extensive and systematic evaluation of
“optimized” tetramer-based immune monitoring. Based
on our current understanding, it would be expected that
clinical responders derive from the cohort of patients that
display increases in their tetramer+ T-cell frequencies
after treatment; however, the mere circulation of high
frequencies of tumor-reactive T cells does not guarantee
tumor regression (4,6,242). There is clear promise for the
application of tetramers as a “front-line” clinical immune
monitoring system; however, many more prospective tri-
als employing these assays will need to be performed to

determine the clinical relevance of tetramer-based analy-
ses.

Limitations of the Assay

Two points should be emphasized. First, MHC-
peptide tetramers stably bind to TCR exhibiting a certain
minimal avidity. Hence, functional and potentially clini-
cally important T cells may be missed in these assays,
depending on the staining conditions (temperature, con-
centration of tetramers, anti-CD8 antibodies, etc.). In-
deed, there have been reported cases where epitope-
specific T cells fail to be effectively imaged using the
appropriate MHC/peptide tetramers (Gajewski T, per-
sonal communication, November, 2001). Secondly,
many clinically important peptide epitopes may bind
MHC with sufficiently low affinity that precludes the
technical production of tetramer probes (ineffective fold-
ing, etc.) (243). Under these conditions, TCR cross-
reactive peptide “super”-agonists must be pursued to
construct stable tetramers in order that effective screen-
ing might be accomplished.

Major histocompatability complex-peptide tetramers
may ultimately serve as the foundation for a legitimate
laboratory monitoring system for T-cell responses in pa-
tients with cancer; however, current enthusiasm for this
possibility must be moderated by the lack of stringent
validation in a large number of clinical trials. At the
current time, MHC-peptide tetramers must be considered
a highly promising research tool with clinical intent. The
ability to produce an “off-the-shelf” probe, combined
with the high-throughput and sensitivity of flow cytom-
etry, clearly makes this assay system attractive for po-
tential application in future trials involving large patient
populations. Based on anticipated inter-assay variability
at the current time, particularly in multiparameter analy-
ses, this monitoring system may be best applied by a
central screening laboratory supporting the single- or
multi-site performance of immunotherapeutic ap-
proaches.

Quantitative Reverse Transcription Polymerase
Chain Reaction Assays

Principle of the Quantitative Reverse Transcription
Polymerase Chain Reaction Assay

The qRT-PCR assay is based on the principle that
amplification of cDNA by the polymerase chain reaction
follows a strict mathematical equation whereby with
each cycle of amplification two copies are made from
each individual. Thus, the amount of cDNA amplified
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after a given number of cycles will be directly propor-
tional to the log2 of the starting amount of template. It
follows that, if the amount of amplified cDNA through-
out various amplification cycles could be quantitated, the
starting amount of template could be extrapolated. This
quantitation is achieved with a gene-specific nucleotide
probe complementary to a region of DNA nested be-
tween the PCR primers. This probe is labeled with a
fluorochrome and also with a quencher that can absorb
fluorescence. During amplification the probe is removed
from the DNA strand and degraded by the 5�-3� exo-
nuclease activity of Taq DNA polymerase and the fluo-
rochrome is separated from the quencher yielding one
unit of fluorescence for each cycle of amplification. By
recording incremental fluorescence at each PCR cycle it
is, therefore, possible to calculate the starting amount of
cDNA template. In particular, by titrating known
amounts of the relevant cDNA used as templates a stan-
dard curve can be constructed that allows quantitation of
the number of cDNA and, indirectly, RNA copies in a
given specimen (244). The use of a recombinant standard
is strongly recommended because this gives absolute in-
formation about a given transcript copy number and,
therefore, simplifies comparisons among different labo-
ratories. Thus, by qRT-PCR it is possible to gather quan-
titative information about gene expression in any given
specimen assuming that the tissues were handled prop-
erly so as to preserve the quality and quantity of RNA.

Quality, Sensitivity, and Validation of the Assay

Among the technical variables to be considered in the
interpretation and standardization of qRT-PCR results
are: first, the selection of a reference gene against which
to normalize the test results and, second, the strategy
adopted for discriminating a positive from a negative
result. Even though �-actin or other classic “house-
keeping” proteins may be suitable reference genes for the
study of cancer tissues, they may not be appropriate for
studying the response of specific T-cell subsets to im-
mune stimulation because they do not take into account
variations in frequency of the cells targeted by the stimu-
lus. For example, if the targets of the stimulus are CD8+
T cells, possible variations in the numbers relative to
other cell subsets in a given population (i.e., PBMC)
could be normalized using CD8 mRNA as reference that
is likely not to be sensitive to the stimulus applied within
the time frame of the assay. The selection of the normal-
izing factor and knowledge of its kinetics should be tai-
lored according to the particular experimental conditions.

The other point still debated is the definition of a
“positive result”. Kammula et al. considered a positive

result to be a 2–3-fold increase above the mean expres-
sion of test genes in a relatively large number of irrel-
evant specimens. This was found to be > 5 standard
deviations above the mean expression in irrelevant speci-
mens (5). Independent from its definition, most labora-
tories agree that a positive result should be confirmed by
reproducing the same experiment at least once. Other
technical issues related to the application of qRT-PCR to
the field of immunogenetics and immune monitoring
have been recently discussed (245).

Advantages and Disadvantages of Quantitative Reverse
Transcription Polymerase Chain Reaction Assays

Since this method is dependent on logarithmic ampli-
fication, qRT-PCR allows detection of minimal amounts
of RNA in small samples. In addition, by being a se-
quence-based method, it allows the study of the expres-
sion of any gene for whom the sequence is known inde-
pendent of the availability of antibodies or other markers
specific for individual gene products. Therefore, qRT-
PCR can be considered the method of choice for the
rapid and reproducible measurement of gene expression
in small samples (246,247). In addition to its sensitivity,
qRT-PCR also provides flexibility of analysis since
cDNA is quite stable and it is possible to preserve clini-
cal material almost indefinitely for the future analysis of
expression of genes whose relevance to the clinical situ-
ation was not known at the time of the original analysis.
A further improvement in the sensitivity of this method
came from the recent development of an mRNA ampli-
fication method that maintains the proportional expres-
sion of various genes within a given sample (248). The
addition of this preliminary step allows analysis of the
expression of a practically infinite number of genes pre-
sent in any tissue sample without causing significant dis-
tortion of their relative expression (249). This improve-
ment has rendered qRT-PCR an extremely valuable tool
for the validation of gene expression estimates derived
from cDNA arrays (250).

Compared with other methods, qRT-PCR has some
specific disadvantages. One important limitation of this
method is the lack of discrimination among cell subsets
present in a given sample responsible for differential
gene expression. Theoretically, this could be overcome
under special conditions. For instance, by using purified
cell specimens or micro-dissected material (251), it is
possible to improve the cellular specificity of the analy-
sis. Unfortunately, this is not always feasible or practical
and, therefore, other strategies need to be implemented to
address this problem. Kammula et al. have suggested the
use of cell specific reference genes to normalize the cal-
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culated expression of a gene believed to be expressed
only by a particular cell population (5). For example,
peripheral blood mononuclear cells (PBMC) could be
directly stimulated ex vivo with the same peptide used
for vaccination, allowing antigen presentation to occur
among the sample cells. Since the peptide in question has
only HLA class I binding characteristics it could be pos-
tulated that the main affect of such stimulation would
occur on CD8 expressing cytotoxic T cells. Upon cog-
nate stimulation, cytokine (i.e., IFN-�) transcript expres-
sion is theoretically induced only in the vaccine-induced
T cells. Thus, IFN-� expression could be estimated as a
proportion of copies of cytokine messenger RNA over
that of general house-keeping genes such as �-actin but
also normalized according to the abundance of expres-
sion of CD8 messenger RNA more directly proportional
to the frequency of the cells targeted by the test in this
particular case (5). This complex strategy gives an ap-
proximate estimation of gene expression for a cell popu-
lation but does not yield information about gene expres-
sion in individual cells within the population. For in-
stance, Neilsen et al. noted that only a small percent of
vaccine-induced T cells (as enumerated by tetrameric
HLA/epitope complexes) produce IFN-� upon cognate
stimulation (as demonstrated by intracellular FACS
staining for cytokine expression) (6). This detail could
not have been obtained using qRT-PCR. This limitation
may have particular significance in some studies where
such level of discrimination is relevant, whereas in other
monitoring circumstances it might not be as important. In
particular, qRT-PCR may be useful when semi-
quantitative analysis of gene expression is sufficient but
a broad range of genes need to be analyzed for whom no
antibodies are available for surface or intra-cellular stain-
ing. An important issue to be taken into account is the
kinetics of expression of different transcripts in response
to a given stimulation. For example, Kammula et al.
noted that IFN-�, GM-CSF, and IL-2 have very similar
kinetics of expression with a peak transcript level by
qRT-PCR approximately 3 hours after stimulation. This,
however, does not apply to other genes such as TNF-�
whose peak expression occurs at a later time point (5).
Thus, the kinetics of expression of various genes (wheth-
er test genes or putative housekeeping genes) needs to be
assessed in relevant experimental conditions before the
test is applied.

Another major limitation of qRT-PCR is that it does
directly measure the expression of proteins but of mRNA
encoding proteins. This problem may not be significant
in certain situations where the expression of a given gene
is used more as a marker of cellular activation in re-
sponse to a given stimulus rather than for estimation of

its down-stream effects. For instance, Kammula et al
have noted that several gene transcripts are rapidly and
specifically upregulated on cognate stimulation of T cells
(5). Such genes include not only cytokines such as IFN-
�, GM-CSF, TNF-�, IL-2, etc., but also surface markers
such as CD25 and CD69. Although estimation of mes-
senger RNA expression does not guarantee expression of
the corresponding proteins, it yields accurate information
about the level of responsiveness of a given cell popu-
lation to a cognate stimulus through transcriptional acti-
vation of the responsive gene.

Application of Quantitative Reverse Transcription
Polymerase Chain Reaction to Measuring T-Cell

Responses Against Tumor-Associated Antigens

The qRT-PCR technique was originally used to mea-
sure virus loads in patients for diagnosis in different
diseases such as CMV, EBV, and HBV (252–254) and
for monitoring viral infections in transplanted patients
(255,256). Others have used qRT-PCR in follow-up ex-
aminations for treating patients with hematological can-
cers (257). Still others have looked for evidence of mi-
cro-metastases in blood, lymph nodes and bone marrow,
by measuring the expression level of cancer specific
markers (258). However, little information, is available
in the literature about the utilization of qRT-PCR for
immune monitoring, as this methodology as been only
recently applied to this field. Although various authors
have applied this technology to the analysis of immune
related markers in vivo in small samples, most of these
studies were not specifically related to immune monitor-
ing of vaccinated patients (246,247,259–261). Investiga-
tors at the National Cancer Institute Surgery Branch
identified T-cell reactivity toward epitopes used for ac-
tive-specific vaccination of melanoma patients by mea-
suring IFN-� transcript levels in PBMC obtained before
and after treatment and stimulated ex vivo with the vac-
cine-relevant epitope (5). Evidence of vaccine induced
sensitization of circulating lymphocytes obtained with
qRT-PCR correlated with results obtained with classic in
vitro sensitization methods (244) as well as T-cell phe-
notyping with tetrameric HLA/epitope complexes and
intra-cellular cytokine detection by FACS analysis
(6,241). A significant advantage to the use of qRT-PCR
for immune monitoring is its flexibility. In addition to
monitoring immune reactivity against individual tumor-
associated peptides restricted by specific HLA mol-
ecules, qRT-PCR can also be applied to analyze immune
reactivity against whole proteins, mixtures of proteins or
even whole tumor cells without knowledge of the rel-
evant peptides or restriction elements. For instance, to
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monitor reactivities raised in patients with cancer of vari-
ous HLA types by immunization against a tumor-
associated protein, autologous antigen presenting cells
manipulated to transiently express the protein of interest
have been used to stimulate cytokine mRNA production
from PBL collected from patients before, during and af-
ter therapy (Topalian et al., manuscript in preparation).

An important application of qRT-PCR in our experi-
ence has been the analysis of tumor specimens obtained
from fine-needle aspirates. With this strategy, Morcellun
measured dynamic changes in expression of tumor anti-
gens (249), cytokines and other immune cell specific
markers (262) during immunization. Although some of
these markers could have been assessed by immunohis-
tochemistry, for others there was no available antibody.
In addition, the limited amount of material obtainable
with fine needle aspiration would not have allowed the
preparation of a sufficient number of cytology slides to
study more than a few markers, while the RNA extracted
from individual fine needle aspirates and amplified ac-
cording to Wang’s method (248) allowed the study of a
virtually unlimited number of genes (263).

In conclusion, the qRT-PCR represents a useful tool
for the monitoring of patients with cancer undergoing
immune manipulation. This tool offers unique advan-
tages and should be considered as part of a repertoire
used to design a comprehensive immune monitoring
strategy.

COMPARISON OF DIFFERENT
T-CELL ASSAYS

Comparison of the Limiting Dilution Analysis With
Other Methods Of Cancer Immune Monitoring

There have been several comparative studies of LDA
with newer methods of immunologic monitoring. One
limited study comparing chromium-based LDA with
ELISPOT demonstrated a high degree of correlation
(158). In a single-center study, frequencies of FLU-
reactive T-cells determined with the IFN-� ELISPOT
assay correlated with frequencies derived from the LDA
(166), but were several-fold higher than the CTL precur-
sor frequencies determined by LDA in this study. An
explanation for this discrepancy may be that the expan-
sion of precursor CTL in the LDA is extremely sensitive
to the culture conditions used to propagate the T-cells.

A number of studies have compared tetramer analysis
with (LDA) (264–268). Typically, tetramer analyses
have provided frequency estimates that exceed those de-
tected using LDA, although tetramer analysis provides
enumeration without functional information.

Although LDA will likely be replaced by immuno-
logic monitoring methods that use less clinical material
and are more amenable to standardization, such assays
may have usefulness as secondary tools for analyzing
immunity. As an example, in a recent trial employing a
MAGE 3 peptide vaccine, LDA culture was used to iso-
late low-level antigen specific precursors and then quan-
titate the T-cell response by tetramer (168). A MAGE 3
specific precursor frequency of 1:40000 was detected in
a patient showing a partial regression of bulky tumor
after vaccination suggesting that low level T-cell re-
sponses can potentially result in clinical benefit.

Comparison of the Proliferation Assay With
Enzyme-Linked Immunospot Assay

Flanagan et al. compared responses to multiple ma-
larial peptides using ex vivo ELISPOT, cultured
ELISPOT, and lymphoproliferation assays (156). All
three assays demonstrated immune responses; however,
different peptide recognition patterns were observed in
the three assays with little correlation between them.
There was a trend for the lymphoproliferation, but not
the ELISPOT data to correlate with antibody responses.
Thus, ELISPOT and lymphoproliferation assays appear
to measure different aspects of the immune response.

Comparison of the Newer Methods of Cancer
Immune Monitoring

Newer assays of T-cell specificity and function have
been introduced that have distinct advantages over pro-
liferation and cytotoxicity assays. Immunofluorescent
staining with MHC-peptide tetramers is a simple and
rapid method for enumerating T cells specific for single
epitopes. However, it is not a functional test, as it reveals
only the specificity of a population of T cells as deter-
mined by their ability to recognize a peptide bound to a
particular MHC molecule. This limits the clinical use-
fulness of tetramers as monitoring tools, because they are
restricted by epitope and by MHC allele, and because
specificity does not always correlate with function espe-
cially in patients with advanced malignancies (3,185,
269).

Enzyme-linked immunospot and CFC assays are simi-
lar in that they both measure the production of cytokines
by individual T cells as a surrogate for function. They
differ in the cell processing requirements for assay set-up
(CFC can be performed on whole blood; ELISPOT re-
quires isolation of PBMC or even CD4- or CD8-depleted
PBMC). These assays also differ in their turnaround time
(8 hours for CFC and 24–48 hours for ELISPOT). Fi-
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nally, the detection systems of the two assays differ (flow
cytometry for CFC versus microscopy for ELISPOT).
Enzyme-linked immunospot assays can achieve low lim-
its of detection, up to 1 in 300000 in one report (270). If
spontaneously activated cytokine-producing cells are in
fact present at 0.01%–0.02% (1 in 5000–1 in 10000),
such limits of detection should not be possible in an
assay that measures cytokine production. However, it is
possible that such spontaneous cytokine secretion is tran-
sient in nature and is therefore detected in CFC but not
detected in the longer duration ELISPOT assays. If the
above assumptions are true, in the absence of back-
ground-reducing strategies for CFC assays, ELISPOT
could represent a potentially more sensitive assay than
CFC. However, a lower limit of detection is not useful if
the assay underestimates the positive responses to an
antigen.

Comparison of Cytokine Flow Cytometry and
Enzyme-Linked Immunospot Assay

In comparative studies, the frequencies of cytokine-
positive cells obtained by CFC have been several-fold
higher than those obtained by ELISPOT (214,271). Us-
ing T-cell clones, peptide-reactive T-cells found to be
positive by intracytoplasmatic staining were also de-
tected by ELISPOT, and the lower detection limit was
moderately in favor of the ELISPOT approach (155). In
one study, PBMC samples from six subjects were ana-
lyzed for the frequency of FLU-reactive CD8+ T-cells by
flow cytometry detecting either intracellular IFN-� (IC-
FC) or secreted IFN-� (S-FC) and by IFN-� ELISPOT
assay. The frequency of FLU peptide-reactive T-cells
determined by IC-FC and ELISPOT assay showed a high
interassay reproducibility and a close correlation be-
tween both assays. Little or no IFN-� production was
observed in unstimulated PBMC samples using intracel-
lular IFN-� FC or ELISPOT assay. In contrast, using
S-FC, a high number of IFN-�-secreting CD8+ T-cells
were detected in unstimulated PBMC. The frequency of
FLU-reactive CD8+ T-cells determined by S-FC did not
correlate with those detected by IC-FC or ELISPOT as-
say (272).

Comparison of Cytokine Assays With
Tetramer Staining

A number of studies have extensively compared te-
tramer and cytokine ELISPOT analyses (265–268,273).
Typically, tetramer analyses have provided frequency es-
timates that exceed those detected by ELISPOT. Even
though this may, in part, be a result of issues of “higher

backgrounds” associated with certain MHC-peptide te-
tramers, it may also be a result of the fact that cytokine
ELISPOT assays detect functional memory/effector T
cells that responded to cognate antigen. Because this
population of “primed” T cells represents a subset of all
T cells bearing TCR that can bind a MHC-peptide com-
plex, while MHC-peptide tetramers can detect “nonre-
sponsive” (i.e., naïve, anergic, or hyporesponsive”) and
“functional” T cells, it is not surprising that tetramer
assays provide a higher estimate. When combined with a
functional readout (intracellular or membrane captured
cytokines) in multiparameter assessments, however, te-
tramer estimates fall more in line with the results of LDA
and ELISPOT assays. A study by Rubio-Godoy et al.
(273) showed that a tyrosinase 368–376 peptide-specific
T-cell clone detected by IFN-� ELISPOT in patients
with melanoma was not detectable by staining with the
corresponding A2/peptide multimers, but was cytolytic.
This was explained by a faster TCR/pMHC complex
dissociation rate of this clone.

Cytokine flow cytometry frequencies, in the absence
of anergic cells, tend to be similar to those obtained by
MHC tetramer analysis (266,274).

PERSPECTIVES

Current Recommendations for Trial Monitoring

In summary, each assay has advantages and disadvan-
tages. The recommendations agreed on for monitoring of
cancer-vaccine trials during the Workshop are listed in
Table 6. These recommendations take into account the
principles of the assays as well as the current state of
development of individual assays towards standardiza-
tion and validation. The latter is expected to change over
the coming years. These recommendations are further
limited by the paucity of vaccine trials that have system-
atically used two or more immune monitoring assays, an
approach that would facilitate comparison of results.
This situation also is likely to change in the near future.
In principle, three situations with cancer vaccines have to
be considered separately when devising a suitable im-
mune-monitoring plan: (1) vaccinations aiming to induce
a response against defined CD8 T cell epitopes, (2) vac-
cinations aiming to induce a response against a specific
protein, and (3) vaccinations with antigens that are at
least partially undefined.

The immune monitoring recommendations for these
three situations are discussed separately below.

Before including a patient in a vaccine trial, the ability
of the individual patient to mount an immune response
should be assessed. This could be accomplished with
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assays measuring general T-cell function such at � chain
expression (see “T-Cell Receptor Dysfunction in Can-
cer”). While providing potentially useful information,
these assays are at present insufficiently standardized
and validated to be used as eligibility criteria for vaccine
trials. Additional prospective assessments of the ability
of these assays to predict for the robustness of an im-
mune response to a cancer vaccine need to first be per-
formed.

Monitoring of T-Cell Responses Against Defined
CD8 T-Cell Epitopes

The assays that are principally suitable for this pur-
pose include ELISPOT, CFC, tetramer, qRT-PCR, and
LDA assays. The recommendation from the Immune
Monitoring Workshop is to use, whenever possible, a
combination of two of the following assays: ELISPOT,
CFC, and tetramer assays.

The ELISPOT assay is currently the best character-
ized. One inter- and numerous intralaboratory compara-
tive studies have been published, as detailed above. Fur-
thermore, the ELISPOT assay has the highest reported
sensitivity to detect a T-cell response against most tumor
antigens, although this may not be the case with T cells
producing low levels of cytokines (Keilholz U, unpub-
lished data). Reliable analysis is relatively easy to per-
form, but requires constant care because several critical
reagents can vary from batch-to-batch. Furthermore, an
automated plate reader is required for objective analysis.

The CFC assay exploits the same T-cell properties as

the ELISPOT assay, however considerably fewer studies
analyzing T-cell responses to tumor antigens are pub-
lished with the CFC. Most of the current experience with
the CFC assay is with viral diseases, which may not be
relevant to many of the less immunogenic tumor-derived
self-antigens. Cytokine flow cytometry commonly em-
ploys multicolor staining. Therefore there is a need for a
dedicated and specially trained person to perform the
flow analysis, because gating of cells during event ac-
quisition and setting of markers to discriminate negative
and positive staining requires experience and a high level
of expertise. Theoretically, intelligent interactive soft-
ware solutions could be developed to ease this process
and reduce operator variability.

The tetramer assay is currently less well standardized
and is less sensitive than the ELISPOT assay and prob-
ably the CFC. For each T-cell epitope an individual te-
tramer has to be produced and characterized. However,
once a specific tetramer is available, the assay has the
advantage over ELISPOT and CFC assays that it allows
the detection of specific T-cells regardless of their ability
to produce cytokines. For the same reason, however, the
tetramer assay is unable to distinguish between func-
tional and dysfunctional T cells, or between T cells pro-
ducing Th1 or Th2 type cytokines. Therefore, it is cur-
rently recommended that the tetramer assay be used in
conjunction with one of the two functional cellular as-
says (ELISPOT or CFC).

The qRT-PCR assays are also of great interest because
they require the least in-vitro manipulation. Two hours of
stimulation are sufficient to elicit cytokine transcription,
but not cytokine release, making intercellular variability
during the incubation period unlikely. Furthermore,
qRT-PCR is very flexible. Once the cDNA is generated
a large number of different cytokines can be tested using
the material obtained from a single experiment. A major
disadvantage of the qRT-PCR assay is that it is not a
single cell assay and therefore cannot quantitate T cell
frequencies or characterize specific T cells. Because of
the lack of standardization, qRT-PCR assays cannot cur-
rently be recommended as a sole assay for monitoring of
T cells in peripheral blood. On the other hand, the use of
the qRT-PCR assay for assessment of tissue samples is
of special interest, since the number of cells recovered
from tissue is usually insufficient to allow the perfor-
mance of ELISPOT or CFC assays. Consequently, the
combination of qRT-PCR to assess for reactive cells and
peptide specific cell quantification via tetramer staining
may ultimately prove to be extremely valuable for in situ
analysis of tissue specimens.

The disadvantage of the LDA is the requirement of
several rounds of in vitro restimulation resulting in quan-

TABLE 6. Assays recommended for trial monitoring

ELISPOT
Lowest limit of detection (1/105 PBMC with tumor antigens)
Several reagents are critical
Needs dedicated readout equipment

CFC
Low limit of detection (1/104 PBMC with tumor antigens)
Needs skilled person to perform analysis

Tetramer + functional assay
Intermediate limit of detection (1/103–4 PBMC with tumor

antigens)
T-cell subset analysis is optimal
Needs skilled person to perform analysis

Antibody
Useful for protein responses

PCR
Needs more data, very flexible, least in-vitro manipulation, least

material requirements
TCR dysfunction

Additional information provided, but relevance needs to be
proven

CFC, chlorofluorocarbons; ELISPOT, enzyme-linked immunospot;
PBMC, peripheral blood mononuclear cells; PCR, polymerase chain
reaction; TCR, T-cell receptor.
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titative and functional biases. Also the amount of work
required to perform the analysis represents a major prac-
tical limitation. For these reasons, the LDA is not rec-
ommended for trial monitoring.

In summary, if single epitope-specific T cells are to be
monitored in peripheral blood, the ELISPOT assay is
recommended as a sensitive assay to detect functional T
cells. If possible, all samples should be further analyzed
with a second assay, either CFC or tetramers. The CFC
assay would be a confirmatory assay, and the tetramer
assay would allow detection of the antigen specific T-
cells that didn’t produce the cytokine used in the read-out
of the ELISPOT assay. Cytokine flow cytometry as well
as tetramer analyses allow, in cases where there is a
T-cell response of sufficient magnitude, detailed further
characterization of epitope specific T cells (see “Current
Developments”).

Monitoring of a Response Against a Specific Protein

In protein vaccine trials, antibody responses, CD4 T-
cell responses, and CD8 T-cell responses may be in-
duced, signifying a higher level of complexity. The role
of each of these components for tumor rejection is cur-
rently unknown and may vary from one protein to an-
other. Therefore, in protein vaccine trials, all three types
of immune responses are of interest. For analyzing anti-
body responses, the specific recommendations given in
the “Antibody Assays” section of this work are appli-
cable. Assessment of CD4 responses is usually per-
formed with proliferation assays, with the limitations dis-
cussed in the section describing LDA (see “Limiting Di-
lution Analysis”). Variations of the ELISPOT and the
CFC assay have been developed to enable assessment of
CD4 responses and will likely replace the proliferation
assay in the future. Vaccination with proteins may also
induce (albeit usually with low efficacy) CD8 responses,
which can be monitored in a way analogous to what was
recommended for monitoring of responses against de-
fined CD8 T-cell epitopes. No further recommendations
were made during the Workshop because of the limited
availability of published information on immune moni-
toring for clinical trials utilizing protein vaccines.

Monitoring of Responses Against Partially
Undefined Antigens

In case of vaccination with modified tumor cells, with
tumor-cell lysates, or with DC-tumor cell fusions, a va-
riety of antigens may differentially induce immune re-
sponses, including antibody responses, CD4, and CD8
T-cell responses. Under these circumstances the prin-

ciples detailed under the “Current Recommendations for
Trial Monitoring” section apply, with the vaccine prepa-
ration used as the target material rather than a specific
protein. To dissect the immune response to complex vac-
cines, efforts should be undertaken to characterize at
least a limited number of antigens in the vaccine prepa-
ration as a way of monitoring the specific components of
the immune response. Furthermore, it should be noted
that under the conditions described in the respective sec-
tions the ELISPOT and CFC assays might also work
with whole cellular targets.

Current Developments

The workshop and this report are oriented toward the
quantitatation of CD8 T-cell responses towards tumor
antigens presented by MHC class I. In addition to the
quantitation of a T-cell response, further characteristics
of antigen-specific T cells are important, namely their
level of functional differentiation, including lymph node
homing, proliferative capacity and lytic effector func-
tion, and their expression of receptors governing T-cell
migration into specific peripheral tissues. Reagents to
investigate these parameters are becoming increasingly
available and are likely to be incorporated into future
immune monitoring strategies.

For functional T-cell differentiation, three CD8 T-cell
subsets can be distinguished by virtue of expression of
the lymph node homing receptor CCR7 and the CD45
isoform RA as proposed in a model by Sallusto and
Lancavecchia (275). Naive T cells are typically
CCR7+CD45RA+, central memory T cells are
CCR7+CD45RA−, and peripheral memory T cells are
CCR7-CD45RA−. According to this model, naive T cells
home to T-cell areas of lymph nodes and require antigen
priming by DC to become functionally active. The cen-
tral memory T cells are capable of directly migrating into
inflamed tissue and proliferating upon antigen exposure,
but lack immediate effector function. Peripheral memory
T cells also can migrate directly into inflamed tissue and
can then respond directly to antigen exposure with pro-
duction of IFN-� and IL-4. A fourth T-cell subset,
termed terminally differentiated lytic effector T cells, has
recently been added to this model (276,277). These T
cells are CCR7−CD45RA+, are able to migrate into in-
flamed tissues, and are capable of efficiently lysing tar-
get cells without further stimulation. The classification of
T-cell subsets according to their level of functional dif-
ferentiation may provide very useful information and
may differ from one vaccination protocol to the other and
even from one antigen to the other. The respective anti-
bodies necessary to perform these subset analyses are
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available and can easily be incorporated into CFC and
tetramer assays.

A far less well-defined topic is the expression of hom-
ing and chemokine receptors on T cells. The degree of
expression of these receptors appears to determine tissue
migration (278). This expression of homing and chemo-
kine receptors on T cells may be of great importance.
Because immune monitoring is usually performed using
peripheral blood T cells, determining their capacity to
specifically extravasate into other compartments may be
critical to understanding the clinical efficacy of a par-
ticular vaccine.

For the future, the organizers and authors hope that
these Workshop proceedings will help provide a uniform
language and a common experimental approach for clini-
cal and translational research in the field of cancer vac-
cines. The Society for Biological Therapy is dedicated to
providing forums for discussion of further advances in
this area and is planning to organize a second Immune
Monitoring Workshop in the future.

APPENDIX 1

Immune Monitoring Workshop Participants by
Breakout Session Group

Flow Cytometry for Cytokine Secretion:

Herbert Kim Lyerly, M.D. (Co-Chair), Vernon Maino,
Ph.D. (Co-Chair), Paul Chapman, M.D., Thomas Davis,
M.D., Robert Dillman, M.D., Susan Doleman, Susan
Hand, Ph.D., Eddy Hsueh, M.D., Michael Lotze, M.D.,
James Mier, M.D., John Neefe, M.D., Sattva Neelapu,
M.D., Craig Slingluff, Jr., M.D., Paul Sondel, M.D.,
Ph.D., Edwin Walker, Ph.D., Louis Weiner, M.D., and
Jon Wigginton, M.D.

Enzyme-Linked Immunospot/Enzyme-Linked
Immunosorbent Assay:

Carmen Scheibenbogen, M.D. (Co-Chair), Ulrich
Keilholz, M.D. (Co-Chair), Jeffrey Schlom, Ph.D. (Co-
Chair), Jean-Claude Bystryn, M.D., Carter Cliff, John
Dunne, Ph.D., Lawrence Fox, M.D., Ph.D., Frank
Haluska, M.D., Ph.D., Stephen Hodi, M.D., Lori Jones,
Ph.D., Howard Kaufman, M.D., Janet Lathey, Ph.D.,
Jonathan Lewis, M.D., Ph.D., Philip Livingston, M.D.,
Cristina Musselli, M.D., Ph.D., Laurie Stephen, Ph.D.,
Crystal Sung, Ted Trimble, M.D., Theresa Whiteside,
Ph.D., and Robert Wiltrout, Ph.D.

Real Time Polymerase Chain Reaction:

Francesco Marincola, M.D. (Co-Chair), Kathleen
Beach, M.D., David Essayan, M.D., Jared Gollob, M.D.,
Elizabeth Jaffee, M.D., Reiner Laus, M.D., Mike Perri-
cone, Ph.D., Knut Sturmhoefel, Ph.D., Suzanne Topa-
lian, M.D., Pierre Triozzi, M.D., Nancy Valente, M.D.,
and Frank Valone, M.D.

T-Cell Receptor Function:

James Finke, Ph.D. (Co-Chair), Dmitry Gabrilovich,
M.D., Ph.D. (Co-Chair), W. Martin Kast, Ph.D. (Co-
Chair), Keith Douglas, Jeff Edelson, M.D., Stephen
Fields, Ph.D., Oscar Kashala, M.D., Ph.D., Stephanie
Kenis, Samir Khleif, M.D., Robert Martell, M.D., Ph.D.,
Augusto Ochoa, M.D., Nicholas Restifo, M.D., Steven
Rosenberg, M.D., Ph.D., Scott Saxman, Ph.D., and Peter
Wettstein, Ph.D.

T-Helper and Antibody Assays/Limiting
Dilution Analysis:

John Kirkwood, M.D. (Co-Chair), Nora (Mary) Disis,
M.D. (Co-Chair), Mark Albertini, M.D., Priscilla Ayers,
Neil Berinstein, M.D., Soldano Ferrone, M.D., Ph.D.,
Bernard Fox, Ph.D., James Mulé, Ph.D., Rathinam Sel-
van, Ph.D., Vernon Sondak, M.D., Michael Vascon-
celles, M.D., and Hassan Zarour, M.D.

Tetramer Analyses:

Peter P. Lee, M.D. (Co-Chair), Walter Storkus, Ph.D.
(Co-Chair), Thomas Gajewski, M.D., Ph.D., Susan Gam-
mon, Ph.D., MBA, Cheryl Guyre, Peter Hersey, M.D.,
Ph.D., Barb Hickingbottom, Tina Kuus-Reichel, Ph.D.,
Ping Law, Ph.D., Bill Rees, Jeffrey Sosman, M.D., John
Thompson, M.D.

APPENDIX 2

List of Authors for Specific Sections
Lecture Summaries

Mechanisms of T-Cell Dysfunction:

James H. Finke, Charlie Tannenbaum, Patricia Ray-
man, Amy Richmond, Eric His, and Ronald Bukowski

Defective Dendritic Cell Differentiation in Cancer:

Sergei Kusmartsev and Dmitry I. Gabrilovich
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Breakout Session Reports

Measuring T-Cell Receptor Function in Cancer:

W. Martin Kast, Dmitry I. Gabrilovich, and James H.
Finke

Antibody Assays and Limiting Dilution Analysis:

Mary L. Disis and John M. Kirkwood

Enzyme-Linked Immunospot Assays:

Carmen Scheibenbogen and Jeff Schlom

Cytokine Flow Cytometry:

Vernon C. Maino, Holden T. Maecker, Paul J. Mosca,
and Herbert Kim Lyerly

Tetramer Assays:

Peter P. Lee and Walter Storkus

Real Time Polymerase Chain Reaction Assays:

Francesco M. Marincola and Suzanne Topalian

REFERENCES

1. Razzaque A, Dye E, Puri RK. Characterization of tumor vaccines
during product development. Vaccine 2000;19:644–7.

2. Staveley-O’Carroll K, Sotomayor E, Montgomery J, et al. Induc-
tion of antigen-specific T cell anergy: an early event in the course
of tumor progression. Proc Natl Acad Sci USA 1998;95:1178–83.

3. Lee PP, Yee C, Savage PA, et al. Characterization of circulating
T cells specific for tumor-associated antigens in melanoma pa-
tients. Nat Med 1999;5:677–85.

4. Lee KH, Wang E, Nielson MB, et al. Increased vaccine-specific
T cell frequency after peptide-based vaccination correlates with
increased susceptibility to In Vitro stimulation but does not lead
to tumor registration. J Immunol 1999;163:6292–6300.

5. Kammula US, Lee KH, Riker AI, et al. Functional analysis of
antigen-specific T lymphocytes by serial measurement of gene
expression in peripheral blood mononuclear cells and tumor
specimens. J Immunol 1999;163:6867–75.

6. Nielsen MB, Marincola FM. Melanoma vaccines: the paradox of
T cell activation without clinical response. Cancer Chemother
Pharmacol 2000;46:S62–6.

7. Yee C, Thompson JA, Roche P, et al. Melanocyte destruction
after antigen-specific immunotherapy of melanoma: Direct evi-
dence of T cell-mediated vitiligo. J Exp Med 2000;192:1637–44.

8. Yee C, Riddell SR, Greenberg PD. In vivo tracking of tumor-
specific T cells. Curr Opin Immunol 2001;13:141–6.

9. Schwartz, RH. T cell clonal anergy. Curr Opin Immunol 1997;
9:351–7.

10. Mondino A, Khoruts A, Jenkins MC. The anatomy of T-cell acti-
vation and tolerence. Proc Natl Acad Sci USA 1996;93:2245–52.

11. Appleman LJ, Tzachanis D, Grader-Beck T, et al. Helper T cell

anergy: from biochemistry to cancer pathophysiology and thera-
peutics. J Mol Med 2001;78:673–83.

12. Boussiotis VA, McArthur JG, Gribben JG, et al. The role of
B7–1/B7–2:CD28/CTLa-4 pathways in the prevention of anergy,
induction of production immunity and downregulation of the im-
mune response. Immunol Rev 1996;153:5–26.

13. Sotomayor EM, Borello I, Tubb E, et al. Conversion of tumor-
specific CD4+ T-cell tolerance to T-cell priming through in vivo
ligation of CD40. Nat Med 1999;5:780–7.

14. Ohlen C, Kalos M, Hong DJ, et al. Expression of a tolerizing
tumor antigen in peripheral tissue does not prelcude recovery of
high-affinity CD8+ T Cells or CTL immunotherapy of tumors
expressing the antigen. J Immunol 2001;166:2863–70.

15. Welsh RM. Assessing CD8 T Cell number and dysfunction in the
presence of antigen. J Exp Med 2001;193:F19–22.

16. Akdis CA, Blaser K. Mechanisms of interleukin-10-mediated im-
mune suppression. Immunology 2001;103:131–6.

17. Lucey DR, Clerici M, Shearer GM. Type 1 and type 2 cytokine
dysregulation in human infectious, neoplastic, and inflammatory
diseases. Clin Microbiol Rev 1996;9:532–62.

18. Hu MM, Urba WJ, Fox BA. Gene-modified tumor vaccine with
therapeutic potential shifts tumor-specific T cell response from a
type 2 to a type 1 cytokine profile. J Immunol 1998;15:3033–41.

19. Goto S, Sato M, Kaneko R, et al. Analysis of Th1 and Th2
cytokine production by peripheral blood mononuclear cells as a
parameter of immunologic dysfunction in advanced cancer pa-
tients. Cancer Immunol Immunother 1999;48:435–42.

20. Bellone G, Turletti A, Artusio E, et al. Tumor-associated trans-
forming growth factor-beta and interleukin-10 contribute to a
systemic Th2 immune phenotype in pancreatic carcinoma pa-
tients. Am J Pathol 1999;155:537–47.

21. Onishi T, Onishi Y, Goto H, et al. An assessment of the immu-
nologic status of patients with renal cell carcinoma based on the
relative abundance of T-helper 1- and 2- cytokine-producing
CD4+ cells in peripheral blood. BJU Int 2001;87:755–9.

22. Maeda H, Shiraishi A. TGF-beta contributes to the shift toward
TH2-type responses through direct and IL-10-mediated pathways
in tumor-bearing mice. J Immunol 1996;156:73–8.

23. Shah AH, Lee C. TGF-�-based immunotherapy for cancer:
breaching the tumor firewall. Prostate 2000;45:167–72.

24. Cottrez F, Groux H. Regulation of TGF-beta response during T cell
activation is modulated by IL-10. J Immunol 2001;167:773–8.

25. Adris S, Klein S, Jasnis M, et al. IL-10 expression by CT26 colon
carcinoma cells inhibits their malignant phenotype and induces a
T cell-mediated tumor rejection in the context of a systemic Th2
response. Gene Ther 1999;6:1705–12.

26. Huang S, Ullrich SE, Bar-Eli M. Regulation of tumor growth and
metastasis by interleukin-10: the melanoma experience. J Inter-
feron Cytokine Res 1999;19:697–703.

27. Groux H, Cottrez F, Rouleau M, et al. A transgenic model to
analyze the immunoregulatory role of IL-10 secreted by antigen-
presenting cells. J Immunol 1999;162:1723–9.

28. Mocellin S, Ohnmacht GA, Wang E, et al. Kinetics of cytokine
expression in melanoma metastases classifies immune respon-
siveness. Int J Cancer 2001;93:236–42.

29. Ribas A, Butterfield LH, Hu B, et al. Immune deviation and
Fas-mediated deletion limit antitumor activity after multiple den-
dritic cell vaccinations in mice. Cancer Res 2000;60:2218–24.

30. Klugo RC. Diagnostic and therapeutic immunology of renal cell
cancer. Henry Ford Med J 1979;27:106–9.

31. Uzzo RG, Rayman P, Novock A, et al. Molecular mechanisms of
immune dysfunction in renal cell carcinoma. In: Bukowski RM, Novick
A, eds. Renal Cell Carcinoma: Molecular Biology, Immunology, and
Clinical Management. Totowa: Humana Press, 2000:63–78.

32. Ochoa AC, Longo DL. Alteration of signal transduction in T cells
from cancer patients. In: DeVita VT, Hellman S, SA Rosenberg,
eds. Important Advances in Oncology. Philadelphia: JB Lippin-
cott Company, 1995:43–54.

33. Chan AC, Irving BA, Weiss A. New insights into T-cell antigen

U. KEILHOLZ AND J. WEBER ET AL.132

J Immunother, Vol. 25, No. 2, 2002



receptor structure and signal transduction. Curr Opin Immunol
1992;4:246–52.

34. Kono K, Ressing ME, Brandt RMP, et al. Decreased expression of
signal-transducing zeta chain in peripheral T cells and natural killer cells
in patients with cervical cancer. Clin Cancer Res 1996;2:1825–8.

35. Frydecka I, Kaczmarek P, Bocko D, et al. Expression of signal-
transducing zeta chain in peripheral blood T cels and natural killer
cells in patients with Hodgkin’s disease in different phases of the
disease. Leuk Lymphoma 1999;35:545–54.

36. Reichert TE, Day R, Wagner EM, et al. Absent or low expression of
the s chain in T cells at the tumor site correlates with poor surival in
patients with oral carcinoma. Cancer Res 1998;58:5344–7.

37. Kono K, Salazar-Onfray F, Petersson M, et al. Hydrogen peroxide
secreted by tumor-specific T cell-and natural killer cell-mediated
cytotoxicity. Eur J Immunol 1996;26:1308–13.

38. Schmielau J, Finn OJ. Activated granulocytes and gralulocyte-
derived hydrogen peroxide are the underlying mechanism of sup-
pression of T-Cell function in advanced cancer patients. Cancer
Res 2001;61:4756–60.

39. Gastman BR, Johnson DE, Whiteside TL, et al. Tumor-induced
apoptosis of T lymphocytes: elucidation of intracellular apoptotic
events. Blood 2000;95:2015–23.

40. Gastman BR, Johnson DE, Whiteside TL, et al. Caspase-mediated deg-
radation of T-cell receptor zeta-chain. Cancer Res 1999;59:1422–7.

41. Saito T, Dworacki G, Gooding W, et al. Spontaneous apoptosis of
CD8+ T lymphocytes in peripheral blood of patients with ad-
vanced melanoma. Clin Cancer Res 2000;6:1351–64.

42. Takahashi A, Kono K, Amemiya H, et al. Elevated caspase-3
activity in peripheral blood T cells coexists with increased degree
of T-cell apoptosis and downregulation of TCR Zeta molecules in
patients with gastric cancer. Clin Cancer Res 2001;7:74–80.

43. Trimble LA, Kam LW, Friedman RS, et al. CD30 and CD28
down-modulation on CD8 T cells during viral infection. Blood
2000;96:1021–9.

44. Isomaki P, Panesar M, Annenkov A, et al. Prolonged exposure of T
cells to TNF downregulates TCR and expression of the TCR/CD3
complex at the cell surface. J Immunol 2001;166:5495–5507.

45. Morford LA, Elliott LH, Carlson SL, et al. T cell receptor-
mediated signaling is defective in T cells obtained from patients
with primary intracranial tumors. J Immunol 1997;159:4415–25.

46. Ghosh P, Komschilies KL, Cippitelli M, et al. Gradual Loss of
T-Helper 1 populations in spleen of mice during progressive tu-
mor growth. J Natl Cancer Inst 1995;87:1478–83.

47. Uzzo RG, Clark PE, Rayman P, et al. Alterations in NF�B acti-
vation in T lymphocytes of patients with renal cell carcinoma. J
Natl Cancer Inst 1999;91:718–21.

48. Hatada EN, Krappmann D, Scheidereit C. NF-kappaB and the
innate immune response. Curr Opin Immunol 2000;12:52–8.

49. Aronica MA, Mora AL, Mitchell DB, et al. Preferential role for
NF-�B/Rel signaling in the type 1 but not type 2 T cell-dependent
immune response in vivo. J Immunol 1999;163:5116–24.

50. Malmberg K-J, Arulampalam V, Ichihara F, et al. Inhibition of
activated/memory (CD45RO+) T cells by oxidative stress associated
with block of NF�B activation. J Immunol 2001;167:2592–2601.

51. Uzzo RG, Rayman P, Klenko V, et al. Renal cell carcinoma-
derived galgliosides suppress nuclear factor-kB activation in T
cells. J Clin Invest 1999;104:769–76.

52. Gati A, Guerra N, Giron-Michel J, et al. Tumor cells regulate the
lytic activity of tumor-specific cytotoxic T lymphocytes by
modulating the inhibitory natural killer receptor function. Cancer
Res 2001;61:3240–4.

53. Guerder S, Rincon M, Schmitt-Verhults A-M. Regulation of ac-
tivator protein-1 and NF-�B in CD8+ T cells exposed to periph-
eral self-antigens. J Immunol 2001;166:4399–4407.

54. Dhein J, Walczak H, Baumler C, et al. Autocrine T-cell suicide
mediated by APO-1/(Fas/CD95) Nature 1995;373:438–41.

55. Reichert TE, Rabinowich H, Johnson JT, et al. Mechanisms re-
sponsible for signaling and functional defects. Immunotherapy
1998;21:295–306.

56. Uzzo RG, Rayman P, Kolenko V, et al. Mechanisms of apoptosis
in T cells from patients with renal cell carcinoma. Clin Cancer
Res 1999;5:1219–29.

57. Radoja S, Saio M, Frey AB. CD8+ tumor-infiltrating lympho-
cytes are primed for Fas-mediated activation-induced cell death
but are not apoptotic in situ. J Immunol 2001;166:6074–83.

58. Finke JH, Rayman P, George R, et al. Tumor-induced sensitivity
to apoptosis in T cells from patients with renal cell carcinoma:
role of nuclear factor-kappaB suppression. Clin Cancer Res
2001;7(3 Suppl):940s–6s.

59. Sharma K, Wang RX, Zhang LY, et al. Death the Fas way:
regulation and pathophysiology of CD95 and its ligand. Pharma-
col Ther 2000;88:333–47.

60. Zaks TZ, Chappell DB, Rosenberg SA, et al. Fas-mediated suicide
of tumor-reactive T cells after activation by specific tumor: selective
rescue by caspase inhibition. J Immunol 1999;162:3272–9.

61. Chappell DB, Zaks TZ, Rosenberg SA, et al. Human melanoma cells
do not express Fas (Apo-1/CD95) ligand. Cancer Res 1999;59:59–62.

62. Whiteside TL, Rabinowich H. The role of Fas/FasL in immuno-
suppression induced by human tumors. Cancer Immunol Immu-
nother 1998;46:175–84.

63. Huang AY, Golumbek P, Ahmadzadeh M, et al. Role of bone
marrow-derived cells in presenting MHC class I-restricted tumor
antigens. Science 1994;264:961–5.

64. Young MR, Newby M, Wepsic HT. Hematopoiesis and suppres-
sor bone marrow cells in mice bearing large metastatic Lewis
lung carcinoma tumors. Cancer Res 1987;47:100–5.

65. Jaffe M, Arai H, Nabel G. Mechanisms of tumor-induced immu-
nosuppression: evidence for contact-dependent T cell suppression
by monocytes. Mol Med 1996;2:692–701.

66. Kusmartsev SA, Li Y, Chen SH. Gr-1+ myeloid cells derived from
tumor-bearing mice inhibit primary T cell activation induced
through CD3/CD28 costimulation. J Immunol 2000;165:779–85.

67. Ruiz de Morales J, Velez D, Subiza JL. Ehrlich tumor stimulates
extramedullar hematopoiesis in mice without secreting identifi-
able colony-stimulating factors and without engagement of host T
cells. Exp Hematol 1999;27:1757–67.

68. Fu YX, Watson G, Jimenez JJ, et al. Expansion of immunoreg-
ulatory macrophages by granulocyte-macrophage colony-
stimulating factor derived from a murine mammary tumor. Can-
cer Res 1990;50:227–34.

69. Gabrilovich DI, Velders MP, Sotomayor EM, et al. Mechanism of
immune dysfunction in cancer mediated by immature Gr-1+ my-
eloid cells. J Immunol 2001;166:5398–406.

70. Salvadori S, Martinelli G, Zier K. Resection of solid tumors re-
verses T cell defects and restores protective immunity. J Immunol
2000;164:2214–20.

71. Almand B, Clark JI, Nikitina E, et al. Increased production of
immature myeloid cells in cancer patients. A mechanism of im-
munosuppression in cancer. J Immunol 2001;166:678–89.

72. Ferrara N, Davis-Smyth T. The biology of vascular endothelial
growth factor. Endocr Rev 1997;18:4–25.

73. Gabrilovich DI, Ciernik IF, Carbone DP. Dendritic cells in anti-
tumor immune responses: defective antigen presentation in tu-
mor-bearing hosts. Cell Immunol 196;170:101–10.

74. Saito H, Tsujitani S, Ikeguchi M, et al. Relationship between the
expression of vascular endothelial growth factor and the density
of dendritic cells in gastric adenocarcinoma tissue. Br J Cancer
1998;78:1573–7.

75. Almand B, Resser J, Lindman B, et al. Clinical significance of
defective dendritic cell differentiation in cancer. Clin Cancer Res
2000;6:1755–66.

76. Lissoni P, Malugani F, Bonfanti A, et al. Abnormally enhanced
blood concentrations of vascular endothelial growth factor
(VEGF) in metastatic cancer patients and their relation to circu-
lating dendritic cells, IL-12 and endothelin-1. J Biol Regul Ho-
meost Agents 2001;15:140–4.

77. Dikov M, Oyama T, Cheng P, et al. Vascular endothelial growth

CANCER VACCINE THERAPY 133

J Immunother, Vol. 25, No. 2, 2002



factor effects on nuclear factor-kappa B activation in hematopoi-
etic progenitor cells. Cancer Res 2001;61:2015–21.

78. Oyama T, Ran S, Ishida T, et al. Vascular endothelial growth
factor affects dendritic cell maturation through the inhibition of
nuclear factor-kappaB activation in hemopoietic progenitor cells.
J Immunol 1998;160:1224–32.

79. Bronte V, Chappell DB, Apolloni E, et al. Unopposed Production
of Granulocyte-Macrophage Colony-Stimulating Factor by Tu-
mors Inhibits CD8+ T Cell Responses by Dysregulating Antigen-
Presenting Cell Maturation. J Immunol 1999;162:5728–37.

80. Allavena P, Piemonti L, Longoni D, et al. IL-10 prevents the
differentiation of monocytes to dendritic cells but promotes their
maturation to macrophages. Eur J Immunol 1998;28:359–69.

81. Buelens C, Verhasselt V, De Groote D, et al. Human dendritic cell
responses to lipopolysaccharide and CD40 ligation are differentially
regulated by interleukin-10. Eur J Immunol 1997;27:1848–52.

82. Menetrier-Caux C, Montmain G, Dieu M, et al. Inhibition of the
differentiation of dendritic cells from CD34(+) progenitors by
tumor cells: role of interleukin-6 and macrophage-colony-
stimulating factor. Blood 1998;92:4778–91.

83. Shurin G, Aalamian M, Pirtskhalaishvili G, et al. Human prostate
cancer blocks the generation of dendritic cells from cd34+ hema-
topoietic progenitors. Eur Urol 2001;39(suppl 4):37–40.

84. Sharma S, Stolina M, Lin Y, et al. T-cell-derived IL-10 promotes
lung cancer growth by suppressing both T cell and APC function.
J Immunol 1999;163:5020–8.

85. Bronte V, Wang M, Overwijk W, et al. Apoptotic death of CD8+
T lymphocytes after immunization: induction of a suppressive
population of Mac-1+/Gr-1+ cells. J Immunol 1998;161:5313–20.

86. Bronte V, Apolloni E, Cabrelle A, et al. Identification of a
CD11b(+)/Gr-1(+)/CD31(+) myeloid progenitor capable of acti-
vating or suppressing CD8(+) T cells. Blood 2000;96:3838–46.

87. Lenshow D, Walunas T, Bluestone J. CD28/B7 system of T cell
costimulation. Annu Rev Immunol 1996;14:233–58.

88. Zea AH, Ochoa MT, Ghosh P, et al. Alterations in T cell receptor
and signal-transduction molecules in melanoma patients. Clin
Cancer Res 1995;1:1327–35.

89. Lai P, Rabinowich H, Crowley-Nowic PA, et al. Alterations in
expression and function of signal-tranducing proteins in tumor-
associated T and natural killer cells in patients with ovarian car-
cinoma. Clin Cancer Res 1996;2:161–73.

90. Takahashi A, Kono K, Amemmiya H, et al. Elevated caspase-3
activity in peripheral blood T cells coexists with increased degree
of T-cell apopotosis and downregulation of TCR zeta molecules
in patients with gastric cancer. Clin Cancer Res 2001;7:74–80.

91. Kim J, Bresler H, Martin EJ, et al. Cellular immunotherapy for
patients with metastatic colorectal carcinoma using lymph node
lymphocytes localized in vivo by radiolabeled monoclonal anti-
body. Cancer 1999;86:22–30.

92. Li Q, Normolle D, Sayre D, et al. Immunological effects of BCG
as an autologous tumor vaccines. Clin Immunol 2000;94:64–72.

93. Chan AC, Irving BA, Weiss A. New insights into T-cell antigen
receptor structure and signal transduction. Curr Opin Immunol
1992;4:246–51.

94. Whiteside TL. Signaling defects in T lymphocytes of patients
with malignancy. Cancer Immunol Immunother 1999;48:346–52.

95. De Gruijl TD, Bontkes HJ, Peccatori F, et al. Expression of CD3-zeta
on T-cells in primary cervical carcinoma and in metastasis-positive and
-negative pelvic lymph nodes. Br J Cancer 1999;79:1127–32.

96. Taylor DD, Bender DP, Gercel-Taylor C, et al. Modulation of
TcR/CD3-zeta chain expression by a circulating factor derived
from ovarian cancer patients. Br J Cancer 2001;84:1624–9.

97. Finke JH, Zea AH, Stanley J, et al. Loss of T-cell receptor zeta
chain and p56lck in T-cells infiltrating human renal cell carci-
noma. Cancer Res 1993;53:5613–6.

98. Nakagomi H, Petersson M, Magnusson I, et al. Decreased ex-
pression of the signal-transducing zeta chains in tumor-
infiltrating T-cells and NK cells of patients with colorectal car-
cinoma. Cancer Res 1993;53:5610–2.

99. Nieland JD, Loviscek K, Kono K, et al. PBLs of early breast carcinoma
patients with a high nuclear grade tumor unlike PBLs of cervical car-
cinoma patients do not show a decreased TCR-zeta expression but are
functionally impaired. J Immunother 1998;21:317–22.

100. Gratama JW, Zea AH, Bolhuis RL, et al. Restoration of expres-
sion of signal-tranduction molecules in lymphocytes from pa-
tients with metastatic renal cell cancer after combination immu-
notherapy. Cancer Immunol Immunother 1999;48:263–9.

101. Muderspach L, Wilczynski S, Roman L, et al. A phase I trial of
a human papillomavirus (HPV) peptide vaccine for women with
high-grade cervical and vulvar intraepithelial neoplasia who are
HPV 16 positive. Clin Cancer Res 2000;6: 3406–16.

102. Ullman KS, Northrop JP, Verweij CL, et al. Transmission of
signals from the T lymphocytes antigen receptor to the genes
responsible for cell proliferation and immune function: the miss-
ing link. Annu Rev Immunol 1990;8:421–52.

103. Uzzo RG, Clark PE, Rayman P, et al. Alterations in NFkB acti-
vation in T lympocytes of patients with renal cell carcinoma. J
Natl Cancer Inst 1999;91:718–21.

104. Kurt RA, Urba WJ, Smith JW, et al. Peripheral T lymphocytes
from women with breast cancer exhibit abnormal protein expres-
sion of several signaling molecules. Int J Cancer 1998;78:16–20.

105. Gati A, Nadia G, Giron-Michel J, et al. Tumor cells regulate the
lytic activity of tumor-specific cytotoxic T lymphocytes by
modulation the inhibitory natural killer receptor function. Cancer
Res 2001;61:3240–4.

106. Barkett M, Gilmore TD. Control of apoptosis by Rel/NFkB tran-
scription factors. Oncogene 1999;18:6910–24.

107. Ellis RW. Immunological Correlates for Efficacy of Combination Vac-
cines. In: Ellis RW, ed. Combination Vaccines: Development, Clinical
Research, and Approval. Totowa: Humana Press, 1999:107–31.

108. Volk V, Gottchal RY, Anerson HD, et al. Antigenic responses to
booster dose of diptheria and tetanus toxoids: Seven to thirteen
years after primary inoculation of noninstitutionalized children.
Public Health Rep 1962;77:185.

109. Van Hattum J, Poel J, deGast GC, et al. In vitro anti-HBs pro-
duction by indiviual B cells of responders to hepatitis B vaccine
who subsequently lost antibody. In: Hollinger FB, Margolis HS,
eds. Viral Hepatitis and Liver Disease. Baltimore: Williams &
Wilkins, 1991:774.

110. Jaeger E, Bernhard H, Romero P, et al. Generation of cytotoxic
T-cell responses with synthetic melanoma- associated peptides in
vivo: implications for tumor vaccines with melanoma-associated
antigens. Int J Cancer 1996;66:162–9.

111. Baselga J, Tripathy D, Mendelsohn J, et al. Phase II study of weekly
intravenous recombinant humanized anti-p185HER2 monoclonal
antibody in patients with HER2/neu-overexpressing metastatic
breast cancer [see comments]. J Clin Oncol 1996;14:737–44.

112. Disis ML, Pupa SM, Gralow JR, et al. High titer HER-2/neu
protein specific antibody immunity can be detected in patients
with early stage breast cancer. J Clin Oncol 1997;15:3363–7.

113. Foon KA, John WJ, Chakraborty M, et al. Clinical and immune
responses in resected colon cancer patients treated with anti-
idiotype monoclonal antibody vaccine that mimics the carcino-
embryonic antigen. J Clin Oncol 1999;17:2889–95.

114. Gupta RK, Siber GR. Method for quantitation of IgG subclass
antibodies in mouse serum by enzyme-linked immunosorbent as-
say. J Immunol Methods 1995;181:75–81.

115. Rose N, Macario E, Folds J, et al. Enzyme-linked immunoassays.
In: Rose N, Hamilton R, Detrick B, eds. Manual of Clinical
Laboratory Immunology. Washington: ASM Press, 1997:20–9.

116. Mascart-Lemone F, Gerard M, Libin M, et al. Differential effect of
human immunodeficiency virus infection on the IgA and IgG antibody
responses to pneumococcal vaccine. J Infect Dis 1995;172:1253–60.

117. Slifka MK, Ahmed R. Limiting dilution analysis of virus-specific
memory B cells by an ELISPOT assay. J Immunol Methods 1996;
199:37–46.

118. Okamoto T, Irie RF, Fujii S, et al. Anti-tyrosinase-related pro-
tein-2 immune response in vitiligo patients and melanoma pa-

U. KEILHOLZ AND J. WEBER ET AL.134

J Immunother, Vol. 25, No. 2, 2002



tients receiving active-specific immunotherapy. J Invest Derma-
tol 1998;111:1034–9.

119. Hsueh EC, Gupta RK, Qi K, et al. Correlation of specific immune
responses with survival in melanoma patients with distant metas-
tases receiving polyvalent melanoma cell vaccine. J Clin Oncol
1998;16:2913–20.

120. Jones RC, Kelley M, Gupta RK, et al. Immune response to poly-
valent melanoma cell vaccine in AJCC stage III melanoma: an
immunologic survival model. Ann Surg Oncol 1996;3:437–45.

121. Takahashi T, Johnson TD, Nishinaka Y, et al. IgM anti-ganglioside
antibodies induced by melanoma cell vaccine correlate with survival
of melanoma patients. J Invest Dermatol 1999;112:205–9.

122. Livingston PO, Wong GY, Adluri S, et al. Improved survival in
stage III melanoma patients with GM2 antibodies: a randomized
trial of adjuvant vaccination with GM2 ganglioside. J Clin Oncol
1994;12:1036–44.

123. Richards ER, Devine PL, Quin RJ, et al. Antibodies reactive with the
protein core of MUC1 mucin are present in ovarian cancer patients
and healthy women. Cancer Immunol Immunother 1998;46:245–52.

124. Quan WD, Mitchell MS. Immunology and immunotherapy of
melanoma. Cancer Treat Res 1993;65:257–77.

125. Kirkwood JM, Ibrahim JG, Sosman JA, et al. High-dose inter-
feron alfa-2b significantly prolongs relapse-free and overall sur-
vival compared with the GM2-KLH/QS-21 vaccine in patients
with resected stage IIB-III melanoma: results of intergroup trial
E1694/S9512/C509801. J Clin Oncol 2001;19:2370–80.

126. Finkelman FD, H. J, Katona IM, et al Lymphokine control of in vivo
immunoglobulin isotype selection. Annu Rev Immunol 1990;8:303–33.

127. Anttila M, Voutilainen M, Jantti V, et al. Contribution of sero-
type-specific IgG concentration, IgG subclasses and relative an-
tibody avidity to opsonophagocytic activity against Streptococcus
pneumoniae. Clin Exp Immunol 1999;118:402–7.

128. Coffman RL, Ohara J, Bond MW, et al. B cell stimulatory fac-
tor-1 enhances the IgE response of lipopolysaccharide-activated
B cells. J Immunol 1986;136:4538–41.

129. Milich DR, Schodel F, Hughes JL, et al. The hepatitis B virus
core and e antigens elicit different Th cell subsets: antigen struc-
ture can affect Th cell phenotype. J Virol 1997;71:2192–2201.

130. Brewer JM, Tetley L, Richmond J, et al. Lipid vesicle size de-
termines the Th1 or Th2 response to entrapped antigen. J Immu-
nol 1998;161:4000–7.

131. Arlen P, Tsang KY, Marshall JL, et al. The use of a rapid
ELISPOT assay to analyze peptide-specific immune responses in
carcinoma patients to peptide versus recombinant poxvirus vac-
cines. Cancer Immunol Immunother 2000;49:517–29.

132. Schmittel A, Keilholz U, Scheibenbogen C. Evaluation of the
interferon-gamma ELISPOT-assay for quantification of peptide
specific T lymphocytes from peripheral blood. J Immunol Meth-
ods 1997;210:167–74.

133. Saito T, Dworacki G, Gooding W, et al. Spontaneous apoptosis of
CD8+ T lymphocytes in peripheral blood of patients with ad-
vanced melanoma. Clin Cancer Res 2000;6:1351–64.

134. Maecker HT, Dunn HS, Suni MA, et al. Use of overlapping
peptide mixtures as antigens for cytokine flow cytometry. J Im-
munol Methods 2001;255:27–40.

135. Hesse MD, Karulin AY, Boehm BO, et al. A T cell clone’s avidity
is a function of its activation state. J Immunol 2001;167:1353–61.

136. Flanagan KL, Lee EAM, Gravenor MB, et al. Unique T cell
effector functions elicited by Plasmodium falciparum epitopes in
malaria-exposed Africans tested by three T cell assays. J Immunol
2001;167:4729–37.

137. Griffioen M, Borghi M, Schrier PI, et al. Detection and quanti-
fication of CD8(+) T cells specific for HLA-A*0201-binding
melanoma and viral peptides by the IFN-gamma-ELISPOT assay.
Int J Cancer 2001;93:549–55.

138. Dhodapkar MV, Young JW, Chapman PB, et al. Paucity of func-
tional T-cell memory to melanoma antigens in healthy donors and
melanoma patients. Clin Cancer Res 2000;6:4831–8.

139. Scheibenbogen C, Schmittel A, Keilholz U, et al. Phase 2 trial of

vaccination with tyrosinase peptides and granulocyte-
macrophage colony-stimulating factor in patients with metastatic
melanoma. J Immunother 2000;23:275–81.

140. Berke, G. The binding and lysis of target cells by cytotoxic lym-
phocytes: molecular and cellular aspects. Annu Rev Immunol
1994;12:735–73.

141. Mosmann, T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 1983;65:55–63.

142. Virag L, Kerekgyarto C, Fachet J. A simple, rapid and sensitive
fluorimetric assay for the measurement of cell-mediated cytotox-
icity. J Immunol Methods 1995;185:199–208.

143. Nociari MM, Shalev A, Benias P, et al. A novel one-step, highly
sensitive fluorometric assay to evaluate cell- mediated cytotoxic-
ity. J Immunol Methods 1998;213:157–67.

144. Pittet MJ, Valmori D, Dunbar PR, et al. High frequencies of naive
Melan-A/MART-1-specific CD8(+) T cells in a large proportion
of human histocompatibility leukocyte antigen (HLA)-A2 indi-
viduals. J Exp Med 1999;190:705–15.

145. Loftus DJ, Castelli C, Clay TM, et al. Identification of epitope
m i m i c s r e c o g n i z e d b y C T L r e a c t i v e t o t h e
melanoma/melanocyte-derived peptide MART-1(27–35). J Exp
Med 1996;184:647–57.

146. Coulie PG, Somville M, Lehmann F, et al. Precursor frequency
analysis of human cytolytic T lymphocytes directed against au-
tologous melanoma cells. Int J Cancer 1992;50:289–97.

147. Czerkinsky CC, Nilsson LA, Nygren H, et al. A solid-phase en-
zyme-linked immunospot (ELISPOT) assay for enumeration of spe-
cific antibody-secreting cells. J Immunol Methods 1983;65:109–21.

148. Miyahira Y, Murata K, Rodriguez D, et al. Quantification of
antigen specific CD8+ T cells using an ELISPOT assay. J Im-
munol Methods 1995;181:45–54.

149. Herr W, Schneider J, Lohse AW, et al. Detection and quantification
of blood-derived CD8+ T lymphocytes secreting tumor necrosis
factor alpha in response to HLA-A2.1-binding melanoma and viral
peptide antigens. J Immunol Methods 1996;191:131–43.

150. Tanguay S, Killion JJ. Direct comparison of ELISPOT and
ELISA-based assays for detection of individual cytokine-
secreting cells. Lymphokine Cytokine Res 1994;13:259–63.

151. Lee P, Wang F, Kuniyoshi J, et al. Effects of interleukin-12 on the
immune response to a multipeptide vaccine for resected meta-
static melanoma. J Clin Oncol 2001;19:3836–47.

152. Rönnelid J, Klareskog L. A comparison between ELISPOT meth-
ods for the detection of cytokine producing cells: greater sensi-
tivity and specificity using ELISA plates as compared with ni-
trocellulose membranes. J Immunol Methods 1997;200:17–26.

153. Slingluff CL, Jr., Yamshchikov G, Neese P, et al. Phase I trial of
a melanoma vaccine with gp100280–288 peptide and tetanus helper
peptide in adjuvant: immunologic and clinical outcomes. Clin
Cancer Res 2001;7:3012–24.

154. Cui Y, Chang LJ. Computer-assisted, quantitative cytokine en-
zyme-linked immunospot analysis of human immune effector cell
function. Biotechniques 1997;22:1146–9.

155. Herr W, Linn B, Leister N, et al. The use of computer-assisted
video image analysis for the quantification of CD8+ T lympho-
cytes producing tumor necrosis factor-� spots in response to pep-
tide antigens. J Immunol Methods 1997;203:141–52.

156. Bennouna J, Hildesheim A, Chikamatsu K, et al. Application of
IL-5 ELISPOT assays to quantification of antigen-specific T
helper responses (In press, J Immunol Methods, 2002).

157. Rininsland FH, Helms T, Asaad RJ, et al. Granzyme B ELISPOT
assay for ex vivo measurements of T cell immunity. J Immunol
Methods 2000;240:143–55.

158. Scheibenbogen C, Romero P, Rivoltini L, et al. Quantitation of
antigen-reactive T cells in peripheral blood by IFN-� ELISPOT
assay and chromium-release assay: a four-center comparative
trial. J Immunol Methods 2000;244:81–9.

159. Yamshchikov G, Thompson L, Ross WG, et al. Analysis of a
natural immune response against tumor antigens in a melanoma

CANCER VACCINE THERAPY 135

J Immunother, Vol. 25, No. 2, 2002



survivor: lessons applicable to clinical trial evaluations. Clin Can-
cer Res 2001:7(3 Suppl)909–16s.

160. Yamshchikov GV, Barnd DL, Eastham S, et al. Evaluation of pep-
tide vaccine immunogenicity in draining lymph nodes and peripheral
blood of melanoma patients. Int J Cancer 2001;92:703–11.

161. Schmittel A, Keilholz U, Bauer S, et al. Application of the IFN-
�-ELISPOT assay to quantify T cell responses against proteins. J
Immunol Methods 2001;247:17–24.

162. Letsch A, Keilholz U, Schadendorf D, et al. High frequencies of
circulating melanoma-reactive CD8+ T cells in patients with ad-
vanced melanoma. Int J Cancer 2000;87:659–64.

163. Pass HA, Schwarz SL, Wunderlich JR, et al. Immunization of
patients with melanoma peptides vaccines: immunologic assess-
ment using the ELISPOT assay. Cancer J Sci Am 1998;4:316–23.

164. Janetzki S, Song P, Gupta V, et al. Insect cells as HLA-restricted
antigen-presenting cells for the IFN-gamma elispot assay. J Im-
munol Methods 2000;234:1–12.

165. Scheibenbogen C, Lee KH, Mayer S, et al. A sensitive ELISPOT
assay for detection of CD8+ T lymphocytes specific for HLA
class I-binding peptide epitopes derived from influenza proteins
in the blood of healthy donors and melanoma patients. Clin Can-
cer Res 1997;3:221–6.

166. Lalvani A, Brookes R, Hambleton S, et al. Rapid effector function
in CD8+ memory T cells. J Exp Med 1997;186:859–65.

167. Asai T, Storkus WJ, Whiteside TL. Evaluation of the modified
ELISPOT assay for gamma interferon production in cancer patients
receiving antitumor vaccines. Clin Diagn Lab Immunol 2000;7:145–54.

168. Meidenbauer N, Harris DT, Spitler LE, et al. Generation of PSA-
reactive effector cells after vaccination with a PSA-based vaccine
in patients with prostate cancer. The Prostate 2000;43:88–100.

169. Whiteside TL. Monitoring of antigen-specific cytolytic T lym-
phocytes in cancer patients receiving immunotherapy [minire-
view]. Clin Diagn Lab Immunol 2000;7:327–32.

170. Eder JP, Kantoff PW, Roper K, et al. A phase I trial of a recom-
binant vaccinia virus expressing prostate specific antigen in ad-
vanced prostate cancer. Clin Cancer Res 2000;6:1632–8.

171. Horig H, Lee DS, Conkright W, et al. Phase I clinical trial of a
recombinant canarypoxvirus (ALVAC) vaccine expressing hu-
man carcinoembryonic antigen and the B7.1 co-stimulatory mol-
ecule. Cancer Immunol Immunother 2000;49:504–14.

172. Marshall JL, Hoyer RJ, Toomey MA, et al. Phase I study in
advanced cancer patients of a diversified prime and boost vacci-
nation protocol using recombinant vaccinia virus and recombi-
nant nonreplicating avipox virus to elicit anti-carcinoembryonic
antigen immune responses. J Clin Oncol 2000;18:3964–73.

173. von Mehren M, Arlen P, Gulley J, et al. The influence of granulocyte
macrophage colony-stimulating factor and prior chemotherapy on the
immunologic response to a vaccine (ALVAC-CEA B7.1) in patients
with metastatic carcinoma. Clin Cancer Res 2001;7:1181–91.

174. Reynolds SR, Oratz R, Shapiro RL, et al. Stimulation of CD8+
T-cell responses to MAGE-3 and Melan A/MART-1 by immuniza-
tion to a polyvalent melanoma vaccine. Int J Cancer 1997;72:972–6.

175. Österborg A, Yi Q, Henriksson L, et al. Idiotype immunization
combined with granulocyte-macrophage colony-stimulating fac-
tor in myeloma patients induced type I, major histocompatibility
complex-restricted, CD8- and CD4-specific T-cell responses.
Blood 1998;91:2459–66.

176. Banchereau J, Palucka AK, Dhodapkar M, et al. Immune and clini-
cal responses in patients with metastatic melanoma to CD34(+) pro-
genitor-derived dendritic cell vaccine. Cancer Res 2001;61:6451–8.

177. Wang F, Bade E, Kuniyoshi C, et al. Phase I trial of a MART-1
peptide vaccine with incomplete Freund’s adjuvant for resected
high-risk melanoma. Clin Cancer Res 1999;5:2756–65.

178. Nagorsen D, Keilholz U, Rivoltini L, et al. Natural T-cell re-
sponse against MHC class I epitopes of epithelial cell adhesion
molecule, her-2/neu, and carcinoembryonic antigne in patients
with colorectal cancer. Cancer Res 2000;60:4850–4.

179. Valmori D, Dutoit V, Rubio-Godoy V, et al. Frequent cytolytic

T-cell responses to peptide MAGE-A10254–262 in melanoma.
Cancer Res 2001;61:509–12.

180. Jager E, Jager D, Karbach J, et al. Identification of NY-ESO-1 epitopes
presented by human histocompatibility antigen (HLA)-DRB4*0101–
0103 and recognized by CD4(+) T lymphocytes of patients with NY-
ESO-1-expressing melanoma. J Exp Med 2000;191:625–30.

181. Andersen MH, Pedersen LO, Capeller B, et al. Spontaneous cy-
totoxic T-cell responses against survivin-derived MHC class I-
restricted T-cell epitopes in situ as well as ex vivo in cancer
patients. Cancer Res 2001;61:5964–8.

182. Lewis JJ, Janetzki S, Schaed S, et al. Evaluation of CD8+ T-cell
frequencies by the Elispot assay in healthy individuals and in
patients with metastatic melanoma immunized with tyrosinase
peptide. Int J Cancer 2000;87:391–8.

183. Toungouz M, Libin M, Bulte F, et al. Transient expansion of pep-
tide-specific lymphocytes producing IFN-gamma after vaccination
with dendritic cells pulsed with MAGE peptides in patients with
mage-A1/A3-positive tumors. J Leukoc Biol 2001;69:937–43.

184. Jonuleit H, Giesecke-Tuettenberg A, Tuting T, et al. A compari-
son of two types of dendritic cell as adjuvants for the induction of
melanoma-specific T-cell responses in humans after intranodal
injection. Int J Cancer 2001;93:243–51.

185. Slack R, Ley L, Chang P, et al. Association between CEA-sepcific
T-cell responses (TCR) after treatment with vaccinia-CEA (V) and
Alvac-CEA (A) and survival in patients (Pts) with CEA-bearing
cancers Proceedings Am Soc Clin Oncol 2001;20:272a.

186. Picker LJ, Singh MK, Zdraveski Z, et al. Direct demonstration of
cytokine synthesis heterogeneity among human memory/effector
T cells by flow cytometry. Blood 1995;86:1408–19.

187. Suni MA, Picker LJ, Maino VC. Detection of antigen-specific T
cell cytokine expression in whole blood by flow cytometry. J
Immunol Methods 1998;212:89–98.

188. Nomura LE, Walker JM, Maecker HT. Optimization of whole
blood antigen-specific cytokine assays for CD4(+) T cells. Cy-
tometry 2000;40:60–8.

189. Nylander S, Kalies I. Brefeldin A, but not monensin, completely
blocks CD69 expression on mouse lymphocytes: efficacy of in-
hibitors of protein secretion in protocols for intracellular cytokine
staining by flow cytometry. J Immunol Methods 1999;224:69–76.

190. Asanuma H, Sharp M, Maecker HT, et al. Frequencies of memory
T cells specific for varicella-zoster virus, herpes simplex virus,
and cytomegalovirus by intracellular detection of cytokine ex-
pression. J Infect Dis 2000;181:859–66.

191. Maecker HT, Ghanekar SA, Suni MA, et al. Factors affecting the
efficiency of CD8+ T cell cross-priming with exogenous anti-
gens. J Immunol 2001;166:7268–75.

192. Kern F, Surel IP, Brock C, et al. T-cell epitope mapping by flow
cytometry. Nat Med 1998;4:975–8.

193. Kern F, Surel IP, Faulhaber N, et al. Target structures of the CD8(+)-
T-cell response to human cytomegalovirus: the 72-kilodalton major
immediate-early protein revisited. J Virol 1999;73:8179–84.

194. Zajac AJ, Blattman JN, Murali-Krishna K, et al. Viral immune
evasion due to persistence of activated T cells without effector
function. J Exp Med 1998;188:2205–13.

195. Kern F, Faulhaber N, Frommel C, et al. Analysis of CD8 T cell
reactivity to cytomegalovirus using protein- spanning pools of over-
lapping pentadecapeptides. Eur J Immunol 2000;30:1676–82.

196. Komanduri KV, Viswanathan MN, Wieder ED, et al. Restoration
of cytomegalovirus-specific CD4+ T-lymphocyte responses after
ganciclovir and highly active antiretroviral therapy in individuals
infected with HIV-1. Nat Med 1998;4:953–7.

197. Pitcher CJ, Quittner C, Peterson DM, et al. HIV-1-specific CD4+ T
cells are detectable in most individuals with active HIV-1 infection, but
decline with prolonged viral suppression. Nat Med 1999;5:518–25.

198. Maino VC, Suni MA, Wormsley SB, et al. Enhancement of HIV
type 1 antigen-specific CD4+ T cell memory in subjects with
chronic HIV type 1 infection receiving an HIV type 1 immuno-
gen. AIDS Res Hum Retroviruses 2000;16:539–49.

199. Komanduri KV, Feinberg J, Hutchins RK, et al. Loss of cyto-

U. KEILHOLZ AND J. WEBER ET AL.136

J Immunother, Vol. 25, No. 2, 2002



megalovirus-specific CD4+ T cell responses in human immuno-
deficiency virus type 1-infected patients with high CD4+ T cell
counts and recurrent retinitis. J Infect Dis 2001;183:1285–9.

200. Komanduri KV, Donahoe SM, Moretto WJ, et al. Direct mea-
surement of CD4+ and CD8+ T-cell responses to CMV in HIV-1-
infected subjects. Virology 2001;279:459–70.

201. Maecker HT, Auffermann-Gretzinger S, Nomura LE, et al. De-
tection of CD4 T-cell responses to a tumor vaccine by cytokine
flow cytometry. Clin Cancer Res 2001;7:902s–8s.

202. Maecker HT, Maino VC, Picker LJ. Immunofluorescence analy-
sis of T-cell responses in health and disease. J Clin Immunol
2000;20:391–9.

203. Karanikas V, Lodding J, Maino VC, et al. Flow cytometric mea-
surement of intracellular cytokines detects immune responses in
MUC1 immunotherapy. Clin Cancer Res 2000;6:829–37.

204. Appay V, Nixon DF, Donahoe SM, et al. HIV-specific CD8(+) T
cells produce antiviral cytokines but are impaired in cytolytic
function. J Exp Med 2000;192:63–76.

205. Betts MR, Casazza JP, Patterson BA, et al. Putative immunod-
ominant human immunodeficiency virus-specific CD8(+) T- cell
responses cannot be predicted by major histocompatibility com-
plex class I haplotype. J Virol 2000;74:9144–51.

206. Gea-Banacloche JC, Migueles SA, Martino L, et al. Maintenance of
large numbers of virus-specific CD8+ T cells in HIV- infected progres-
sors and long-term nonprogressors. J Immunol 2000;165:1082–92.

207. Suni MA, Ghanekar SA, Houck DW, et al. CD4(+)CD8(dim) T
lymphocytes exhibit enhanced cytokine expression, proliferation
and cytotoxic activity in response to HCMV and HIV-1 antigens.
Eur J Immunol 2001;31:2512–20.

208. Waldrop SL, Pitcher CJ, Peterson DM, et al. Determination of
antigen-specific memory/effector CD4+ T cell frequencies by
flow cytometry: evidence for a novel, antigen-specific homeo-
static mechanism in HIV-associated immunodeficiency. J Clin
Invest 1997;99:1739–50.

209. Waldrop SL, Davis KA, Maino VC, et al. Normal human CD4+
memory T cells display broad heterogeneity in their activation
threshold for cytokine synthesis. J Immunol 1998;161:5284–94.

210. Kern F, Faulhaber N, Khatamzas E, et al. Measurement of anti-
human cytomegalovirus T cell reactivity in transplant recipients
and its potential clinical use: a mini-review [In Process Citation].
Intervirology 1999;42:322–4.

211. Ghanekar SA, Nomura LE, Suni MA, et al. Gamma interferon
expression in CD8(+) T cells is a marker for circulating cytotoxic
T lymphocytes that recognize an HLA A2-restricted epitope of
human cytomegalovirus phosphoprotein pp65. Clin Diagn Lab
Immunol 2001;8:628–31.

212. Jacobson MA, Schrier R, McCune JM, et al. Cytomegalovirus
(CMV)-specific CD4+ T lymphocyte immune function in long-term
survivors of AIDS-related CMV end-organ disease who are receiv-
ing potent antiretroviral therapy. J Infect Dis 2001;183:1399–1404.

213. Bitmansour AD, Waldrop SL, Pitcher CJ, et al. Clonotypic struc-
ture of the human CD4(+) memory T cell response to cytomeg-
alovirus. J Immunol 2001;167:1151–63.

214. Kuzushima K, Hoshino Y, Fujii K, et al. Rapid determination of
Epstein-Barr virus-specific CD8(+) T-cell frequencies by flow
cytometry. Blood 1999;94:3094–3100.

215. van Baarle D, Hovenkamp E, Callan MF, et al. Dysfunctional
Epstein-Barr virus (EBV)-specific CD8(+) T lymphocytes and
increased EBV load in HIV-1 infected individuals progressing to
AIDS-related non-Hodgkin lymphoma. Blood 2001;98:146–55.

216. Lechner F, Wong DK, Dunbar PR, et al. Analysis of successful
immune responses in persons infected with hepatitis C virus. J
Exp Med 2000;191:1499–1512.

217. Tilley PA, Menon JN. Detection of Mycobacterium-specific in-
terferon-gamma-producing human T lymphocytes by flow cy-
tometry. Apmis 2000;108:57–66.

218. Kumaraguru U, Rouse BT. Application of the intracellular gamma
interferon assay to recalculate the potency of CD8(+) T-cell re-
sponses to herpes simplex virus. J Virol 2000;74:5709–11.

219. Turner J, Corrah T, Sabbally S, et al. A longitudinal study of in vitro
IFNgamma production and cytotoxic T cell responses of tuberculo-
sis patients in the gambia. Tuber Lung Dis 2000;80:161–9.

220. Matsumura S, Yamamoto K, Shimada N, et al. High frequency of
circulating HBcAg-specific CD8 T cells in hepatitis B infection:
a flow cytometric analysis. Clin Exp Immunol 2001;124:435–45.

221. He XS, Rehermann B, Lopez-Labrador FX, et al. Quantitative
analysis of hepatitis C virus-specific CD8(+) T cells in peripheral
blood and liver using peptide-MHC tetramers. Proc Natl Acad Sci
USA 1999;96:5692–7.

222. He XS, Rehermann B, Boisvert J, et al. Direct functional analysis
of epitope-specific CD8+ T cells in peripheral blood. Viral Im-
munol 2001;14:59–70.

223. Whitmire JK, Asano MS, Murali-Krishna K, et al. Long-term
CD4 Th1 and Th2 memory after acute lymphocytic choriomen-
ingitis virus infection. J Virol 1998;72:8281–8.

224. Gurunathan S, Prussin C, Sacks DL, et al. Vaccine requirements
for sustained cellular immunity to an intracellular parasitic infec-
tion. Nat Med 1998;4:1409–15.

225. Gurunathan S, Stobie L, Prussin C, et al. Requirements for the
maintenance of Th1 immunity in vivo after DNA vaccination: a
potential immunoregulatory role for CD8+ T cells. J Immunol
2000;165:915–24.

226. Lori F, Lewis MG, Xu J, et al. Control of SIV rebound through
structured treatment interruptions during early infection. Science
2000;290:1591–3.

227. Amara RR, Villinger F, Altman JD, et al. Control of a mucosal
challenge and prevention of AIDS by a multiprotein DNA/MVA
vaccine. Science 2001;292:69–74.

228. Motulsky, H. Intuitive biostatistics. Oxford: Oxford Univ. Press, 1995.
229. Mosca PJ, Hobeika AC, Clay TM, et al. Direct detection of cellular

immune responses to cancer vaccines. Surgery 2001;129:248–54.
230. Meyer AL, Trollmo C, Crawford F, et al. Direct enumeration of

Borrelia-reactive CD4 T cells ex vivo by using MHC class II
tetramers. Proc Natl Acad Sci USA 2000;97:11433–8.

231. Novak EJ, Masewicz SA, Liu AW, et al. Activated human epit-
ope-specific T cells identified by class II tetramers reside within
a CD4high, proliferating subset. Int Immunol 2001;13:799–806.

232. Kwok WW, Liu AW, Novak EJ, et al. HLA-DQ tetramers iden-
tify epitope-specific T cells in peripheral blood of herpes simplex
virus type 2-infected individuals: direct detection of immunod-
ominant antigen-responsive cells. J Immunol 2000;164:4244–9.

233. Molldrem JJ, Lee PP, Wang C, et al. A PR1-human leukocyte
antigen-A2 tetramer can be used to isolate low-frequency cyto-
toxic T lymphocytes from healthy donors that selectively lyse
chronic myelogenous leukemia. Cancer Res 1999;59:2675–81.

234. Hoffmann TK, Donnenberg VS, Friebe-Hoffmann U, et al. Com-
petition of peptide-MHC class I tetrameric complexes with anti-
CD3 provides evidence for specificity of peptide binding to the
TCR complex. Cytometry 2000;41:321–8.

235. Whelan JA, Dunbar PR, Price DA, et al. Specificity of CTL
interactions with peptide-MHC class I tetrameric complexes is
temperature dependent. J Immunol 1999;163:4342–8.

236. Youde SJ, Dunbar PR, Evans EM, et al. Use of fluorogenic his-
tocompatibility leukocyte antigen-A*0201/HPV 16 E7 peptide
complexes to isolate rare human cytotoxic T-lymphocyte-
recognizing endogenous human papillomavirus antigens. Cancer
Res 2000;60:365–71.

237. Fong L, Hou Y, Rivas A, et al. Altered peptide ligand vaccination
with Flt3 ligand expanded dendritic cells for tumor immuno-
therapy. Proc Natl Acad Sci USA 2001;98:8809–14.

238. Denkberg G, Cohen CJ, Reiter Y. Critical role for CD8 in binding
of MHC tetramers to TCR: CD8 antibodies block specific binding
of human tumor-specific MHC-peptide tetramers to TCR. J Im-
munol 2001;167:270–6.

239. Daniels MA, Jameson SC. Critical role for CD8 in T cell receptor
binding and activation by peptide/major histocompatibility com-
plex multimers. J Exp Med 2000;191:335–46.

240. Anichini A, Molla A, Mortarini R, et al. An expanded peripheral

CANCER VACCINE THERAPY 137

J Immunother, Vol. 25, No. 2, 2002



T cell population to a cytotoxic T lymphocyte (CTL)-defined,
melanocyte-specific antigen in metastatic melanoma patients im-
pacts on generation of peptide-specific CTLs but does not over-
come tumor escape from immune surveillance in metastatic le-
sions. J Exp Med 1999;190:651–67.

241. Monsurro V, Nielsen MB, Perez-Diez A, et al. Kinetics of TCR
use in response to repeated epitope-specific immunization. J Im-
munol 2001;166:5817–25.

242. Ranieri E, Kierstead LS, Zarour H, et al. Dendritic cell/peptide
cancer vaccines: clinical responsiveness and epitope spreading.
Immunol Invest 2000;29:121–5.

243. Anderton SM, Radu CG, Lowrey PA, et al. Negative selection
during the peripheral immune response to antigen. J Exp Med
2001;193:1–11.

244. Kammula US, Marincola FM, Rosenberg SA. Real-time quanti-
tative polymerase chain reaction assessment of immune reactivity
in melanoma patients after tumor peptide vaccination. J Natl Can-
cer Inst 2000;92:1336–44.

245. Provenzano M, Rossi CR, Mocellin S. The usefulness of quantitative
real time PCR in immunogenetics. ASHI Quarterly 2001;25:89–91.

246. Blaschke V, Reich K, Blaschke S, et al. Rapid quantitation of
proinflammatory and chemoattractant cytokine expression in
small tissue samples and monocyte-derived dendritic cells: vali-
dation of a new real-time TR-PCR technology. J Immunol Meth-
ods 2000;246:79–90.

247. Yin JL, Shackel NA, Zekry A, et al. Real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) for measurement of
cytokine and growth factor mRNA expression with fluorogenic
probes or SYBR Green I. Immunol Cell Biol 2001;79:213–21.

248. Wang E, Miller L, Ohnmacht GA, et al. High fidelity mRNA
amplification for gene profiling using cDNA microarrays. Nature
Biotech 2000;17:457–9.

249. Ohnmacht GA, Wang E, Mocellin S, et al. Short-term kinetics of
tumor antigen expression in response to vaccination. J Immunol
2001;167:1809–20.

250. Wang E, Marincola FM. cDNA microarrays and the enigma of
melanoma immune responsiveness. Cancer J Sci Am 2001;7:16–23.

251. Emmert-Buck MR, Bonner RF, Smith PD, et al. Laser capture
microdissection [see comments]. Science 1996;274:998–1001.

252. Tanaka N, Kimura H. Quantitative analysis of cytomegalovirus
load using a real-time PCR assay. J Med Virol 2000;60:455–62.

253. Gault E, Michel Y. Quantification of human cytomegalovirus
DNA by real time PCR. J Clin Microbiol 2001;39:772–5.

254. Brechtuehl K, Whalley S. A rapid real time quantitative polymerase
chain reaction for hepatitis B virus. J Virol Methods 2001;93:105–13.

255. Ohga S, Kubo ENA. Quantitative monitoring of circulating Epstein-
Barr virus DNA for predicting the development of posttransplanta-
tion lymphoproliferative disease. Int J Hematol 2001;73:323–6.

256. Limaye A, Huang MLW. Cytomegalovirus (CMV) DNA laod in
plasma for the diagnosis of CMV disease before engraftment in hema-
topoietic stem cell transplant recipients. J Inf Disease 2001;183:377–82.

257. Chen XPQ, Stow P. Quantification of minimal residual disease in T-
lineage acute lymphoblastic leukemia with the TAL-1 deletion using a
standardized real time PCR assay. Leukemia 2001;15:166–70.

258. Tokunaga E, Maehara Y. Application of quantittative RT-CR using
Taqman technology to evaluate the expression of CK 18 mRNA in
various cell lines. J Exp Clin Cancer Res 2000;19:375–81.

259. Patel L, Charlton SJ, Chambers JK, et al. Expression and func-
tional analysis of chemokine receptors in human peripheral blood
leukocyte populations. Cytokine 2001;14:27–36.

260. Weiser TS, Ohnmacht GA, Guo ZS, et al. Induction of MAGE-3

expression in lung and esophageal cancer cells. Ann Thor Surg
2001;71:295–301.

261. Das H, Koizumi T, Sugimoto T, et al. Quantitation of Fas and Fas
ligand gene expression in human ovarian, cervical and endome-
trial carcinomas using real-time quantitative RT-PCR. Br J Can-
cer 2000;82:1682–8.

262. Mocellin S, Ohnmacht GA, Wang E, et al. Kinetics of cytokine
expression in melanoma metastases classifies immune respon-
siveness. Int J Cancer 2001;93:236–42.

263. Wang E, Marincola FM. A natural history of melanoma: serial
gene expression analysis. Immunol Today 2000;21:619–23.

264. Dunbar PR, Ogg GS, Chen J, et al. Direct isolation, phenotyping
and cloning of low-frequency antigen-specific cytotoxic T lym-
phocytes from peripheral blood. Curr Biol 1998;8:413–6.

265. Clay TM, Hobeika AC, Mosca PJ, et al. Assays for monitoring
cellular immune responses to active immunotherapy of cancer.
Clin Cancer Res 2001;7:1127–35.

266. He XS, Rehermann B, Boisvert J, et al. Direct functional analysis
of epitope-specific CD8+ T cells in peripheral blood. Viral Im-
munol 2001;14:59–69.

267. Tan LC, Gudgeon N, Annels NE, et al. A re-evaluation of the
frequency of CD8+ T cells specific for EBV in healthy virus
carriers. J Immunol 1999;162:1827–35.

268. Gajewski TF. Monitoring specific T-cell responses to melanoma
vaccines: ELISPOT, tetramers, and beyond. Clin Diagn Lab Im-
munol 2000;7:141–4.

269. Xiong Y, Luscher MA, Altman JD, et al. Simian immunodeficiency
virus (SIV) infection of a rhesus macaque induces SIV-specific
CD8(+) T cells with a defect in effector function that is reversible on
extended interleukin-2 incubation. J Virol 2001;75:3028–33.

270. Karulin AY, Hesse MD, Tary-Lehmann M, et al. Single-cytokine-
producing CD4 memory cells predominate in type 1 and type 2
immunity. J Immunol 2000;164:1862–72.

271. Moretto WJ, Drohan LA, Nixon DF. Rapid quantification of SIV-
specific CD8 T cell responses with recombinant vaccinia virus
ELISPOT or cytokine flow cytometry. Aids 2000;14:2625.

272. Asemissen AM, Nagorsen D, Keilholz U, et al. Flow cytometric
determination of intracellular or secreted IFN-gamma for quan-
tification of antigen reactive T cells. J Immunol Methods 2001;
251:101–8.

273. Rubio-Godoy V, Dutoit V, Rimoldi D, et al. Discrepancy between
ELISPOT IFN-gamma secretion and binding of A2/peptide mul-
timers to TCR reveals interclonal dissociation of CTL effector
function from TCR-peptide/MHC complexes half-life. Proc Natl
Acad Sci USA 2001;98:10302–7.

274. Murali-Krishna K, Altman JD, Suresh M, et al. Counting antigen-
specific CD8 T cells: a reevaluation of bystander activation dur-
ing viral infection. Immunity 1998;8:177–87

275. Sallusto F, Lenig D, Forster R, et al. Two subsets of memory T
lymphocytes with distinct homing potentials and effector func-
tions. Nature 1999;401:708–12

276. Champagne P, Ogg GS, King AS, et al. Skewed maturation of memory
HIV-specific CD8 T lymphocytes. Nature 2000;410:106–11

277. Valmori D, Scheibenbogen C, Dutoit V, et al. Circulating tumor-
reactive CD8+ T cells in melanoma patients contain a
CD45RA+CCR7- effector subset exerting ex-vivo tumor-specific
cytolytic activity. Cancer Res (revised manuscript).

278. von Andrian UH, Mackay CR. Advances in immunology: T-cell
function and migration—two sides of the same coin. New Engl J
Med 2000;343:1020–34.

U. KEILHOLZ AND J. WEBER ET AL.138

J Immunother, Vol. 25, No. 2, 2002


