Intensity of the Vaccine-Elicited Immune Response Determines
Tumor Clearance
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Tumor Ag-specific vaccines used for cancer immunotherapy can generate specific CD8 responses detectable in PBMCs and in
tumor-infiltrating lymphocytes. However, human studies have shown that detection of a systemic vaccine-induced response does
not necessarily correlate with the occasional instances of tumor rejection. Because this discrepancy might partially be attributable
to the genetic heterogeneity of human cancers, as well as to the immunosuppressive effects of previous treatments, we turned to
a mouse model in which these variables could be controlled to determine whether a relationship exists between the strength of
vaccine-induced immune responses and tumor rejection. We challenged mice with the ␤-galactosidase (␤-gal)-expressing tumor
cells, C25.F6, vaccinated them with ␤-gal-carrying viral vectors, and used quantitative RT-PCR to measure the vaccine-induced
immune response of splenocytes directly ex vivo. We found that the strength of the response increased with increasing doses of
␤-gal-carrying vector and/or upon boosting with a heterologous ␤-gal-carrying virus. Most importantly, we found that the
strength of the detected immune response against this foreign Ag strongly correlated with reduction in the number of lung
metastases. The results from this mouse model have major implications for the implementation of tumor vaccines in humans. The
Journal of Immunology, 2002, 168: 338 –347.

F

ollowing the identification of tumor-associated Ags recognized by T cells (1–3) tumor Ag-specific cancer vaccines
have been developed which, in some cases, have succeeded in generating anti-tumor immune responses detectable in
PBMC by in vitro (4) and, more recently, ex vivo assays (5, 6).
However, the generation of detectable Ag-specific CD8 responses
only occasionally results in clinical tumor rejection (7–9). Several
possibilities might explain these conflicting results: 1) Ag-specific
CD8⫹ T cells might be unable to leave the peripheral circulation
and reach the tumor; 2) vaccine-elicited CD8⫹ T cells might be
functionally inactive; and 3) the immune responses elicited by the
vaccine might be qualitatively inappropriate or quantitatively insufficient. The first two possibilities are unlikely, as functional vaccine-induced CD8⫹ T cell responses have been documented at the
tumor site (10 –13). The third is more likely. Although tumorreactive T cells effectively producing Th type-1 cytokines have
been documented in vaccine-naive patients with cancer (14) as
well as in response to vaccination (15), the immune responses to
vaccination might be below a required quantitative threshold or
they might be of the wrong effector class for immune rejection of
tumors. This obvious question has remained unanswered largely
due to a lack of direct methods able to accurately assess the magnitude of functional immune responses ex vivo. In fact, methods
for the monitoring of vaccine-induced immune responses have
generally aimed at enhancing sensitivity by amplifying the cognate
CTL populations using in vitro sensitization and/or expansion
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steps (16 –18). Recent work from our group has shown that direct
ex vivo methods for enumeration of immune responses usually
detect vaccine-induced immunity less frequently than methods that
include in vitro expansion with arbitrary doses of epitope and immune-proliferative stimuli such as IL-2 (12, 19). Thus, it is likely
that the immune response to vaccines in vivo may be weaker than
in vitro sensitization assays had previously suggested. Therefore,
one might expect that ex vivo measures of the strength of vaccineinduced immunity might correlate more closely with tumor rejection than previous in vitro measures. However, in preliminary clinical trials we found that this was not the case and that ex vivo
measures of vaccine-induced immunity also lacked predictive value
with regard to the desired clinical outcome (19). It is also possible that
the lack of clinical response despite cellular immune response may
reflect escape of tumor cells from immune recognition. We postulated
that further efforts to measure a correlation between the magnitude of
immune response to vaccination and the clinical outcome might be
hampered in human subjects by the extreme variability of late-term
cancer patients, the heterogeneity of their tumors, and the immunosuppressive effects of previous treatments.
Thus, to determine, in principle, whether tumor rejection depends on the strength of a vaccine-induced response as opposed to
its mere presence, we developed a mouse model in which the recipients are immunologically functional and where other factors
can be standardized by homogeneity of the reagents and procedures adopted. In this simplified model, we assessed whether the
strength of the immune response to an Ag expressed by tumor cells
could be used as a marker to predict the clinical outcome. By
implanting known numbers of a stable tumor clone into a set of
inbred animals, heterogeneity due to the genetic instability of neoplasia, or to the variability of the host, was minimized. We chose
a ␤-galactosidase (␤-gal)2-transduced tumor, in which two
Abbreviations used in this paper: ␤-gal, ␤-galactosidase; qRT-PCR, quantitative
RT-PCR; FDG, fluorescein di-␤-galactopyranoside; ␤VV, ␤-gal expressing recombinant vaccinia virus; ␤FPV, ␤-gal expressing recombinant fowl pox virus; cVV,
control recombinant vaccinia virus; cFPV, control recombinant fowl pox virus; Ct,
cycle threshold; Flu, peptide from influenza.
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heterologous fowl pox-based viral vectors carrying the ␤-gal Ag
were able, in previous studies, to cure lung metastases in 80% of
mice (20). In this model, specific CD8⫹ T cells that recognize an
H-2Ld restricted epitope (TPHPARIGL) appear essential for tumor
rejection. We then developed various sets of primers and probes
suitable for real-time quantitative RT-PCR (qRT-PCR)-based direct quantification of ␤-gal-specific CD8⫹ T responses in splenocytes of vaccinated mice. Using this model, we observed that the
strength of the response, as measured directly ex vivo, does indeed
correlate with tumor rejection.

Materials and Methods
Mice
Female BALB/c mice, 6 –10 wk old, were obtained from the Animal Production Colonies, National Cancer Institute-Frederick Cancer Research and
Development Center, National Institutes of Health (Frederick, MD). The
mice received care in accordance with the guidelines set forth by the Animal Research Advisory Committee of the National Institutes of Health.
The National Institutes of Health is an American Association for the Accreditation of Laboratory Animal Care-accredited institution.

Tumor cell lines
CT26 is a colon carcinoma of BALB/c origin. CT26.CL25 is a ␤-galexpressing cell line previously described (21). C25.F6 (F6) is a stable clone
expressing high levels of ␤-gal obtained as follows. High expressing ␤-gal
CT26.CL25 cells were sorted and cultured at 1 cell/well without G418.
After a first screening, we again sorted the highest expressing ␤-gal cells
from the positive clones and cultured them in the absence of G418 to assess
genetic stability. After a second screening, F6 was selected among other
clones because of its stable expression of high levels of ␤-gal. Cell lines
were maintained in complete medium consisting of RPMI 1640, 10% heatinactivated FCS (Biofluids, Rockville, MD), 0.03% L-glutamine, 100
g/ml streptomycin, 100 U/ml penicillin, and 50 g/ml gentamicin sulfate
(National Institutes of Health Media Center).

Detection and sorting of ␤-gal-expressing cells by FACS
To detect and sort ␤-gal-expressing tumor cells, we used the fluorescein
di-␤-galactopyranoside (FDG) assay procedure (22).

Peptides
The peptide TPHPARIGL, a ␤-gal epitope presented by H-2Ld Ags (aa
876 – 884), was synthesized by Macromolecular Resources (Colorado State
University, Fort Collins, CO) to a purity of ⬎95%. The influenza nucleoprotein peptide (QL9) QLSPFPFDL, also presented by H-2Ld, was synthesized using standard F-moc (N-a-9-fluorenylmethoxycarbonyl)
chemistry.

Recombinant viruses
The ␤-gal-expressing recombinant vaccinia (␤VV) and recombinant fowl
pox (␤FPV) viruses have been previously described (20). As control vaccination, we used the same recombinant viruses, but lacking the LacZ gene
(cVV and cFPV, respectively).

In vivo treatment of lung nodules
BALB/c mice were challenged i.v. with 105 F6 tumor cells to establish
lung nodules. Three days later, the mice were primed with either no immunogen (untreated mice), 107 PFU of cFPV, or serial 10-fold dilutions of
␤FPV administered i.v. or i.p. as described in each experiment. Fifteen
days after tumor inoculation, each group was boosted with the same
amount of either no immunogen, cVV, or ␤VV. Seven days after the second vaccination, mice were sacrificed and metastatic lung nodules were
enumerated in a randomized manner. Splenocytes from randomly chosen
individual mice from each experimental group were analyzed for ex vivo
quantification of anti-␤-gal-specific reactivity by qRT-PCR.

Ex vivo quantification of anti-␤-gal-specific reactivity by realtime qRT-PCR
Splenocytes from untreated or vaccinated mice (5 ⫻ 105 cells) were plated
in 100 l of medium in U-bottom 96-well plates and incubated overnight
at 37°C in 5% CO2. Peptide (1 M) or tumor cells (1 ⫻ 105) were then
added in a total volume of 200 l/well and incubated at 37°C in 5% CO2
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for 2 h. The cells were then harvested for RNA isolation with RNeasy mini
kits (Qiagen, Santa Clarita, CA) and cDNA transcription, with cDNA transcription reagents (PerkinElmer, Foster City, CA) using random hexamers.
qRT-PCR was performed for IL-2, IL-4, IL-10, TNF-␣, and IFN-␥ mRNA
expression and normalized to copies of CD8 mRNA, e.g., the number of
copies of cytokine mRNA/the number of copies of CD8 mRNA.

Real-time qRT-PCR
Quantification of gene expression was performed using the ABI prism
7700 sequence detection system (PerkinElmer) as previously described
(12). TaqMan probes were labeled at the 5⬘ end with the reporter dye
molecule 6-carboxyfluorescein and at the 3⬘ end with the quencher dye
molecule 6-carboxytetramethylrhodamine. RT-PCR of cDNA test specimens and cDNA standards were conducted in a total volume of 25 l with
2⫻ TaqMan master mix (PerkinElmer) and primers and probes at optimized concentrations (200 and 100 nM, respectively). Real-time monitoring of fluorescence emission from cleavage of sequence-specific probes by
Taq polymerase allowed definition of the cycle threshold (Ct, the cycle at
which fluorescence exceeds 10 times the SD above the mean of the background) during the exponential phase of amplification (23). Standard
curves were generated for each gene quantified and the reagents were
found to have excellent PCR amplification efficiency as determined by the
slope of the standard curves. Linear regression analysis showed that all
standard curves had R ⱖ 0.99. Standard curve extrapolation of a copy
number was performed for the gene of interest as well as for the endogenous reference gene (CD8) for each sample. Normalization of samples was
performed by dividing the copies of the gene of interest by the copies of the
CD8 reference gene. All PCR assays were performed in duplicate and their
Ct values (SD ⬍ 0.5) are reported as the average.

Statistical analysis
The mean and the SD of the number of lung metastases and the ratio of
IFN-␥ for each group of mice were calculated. Statistical significance of
the observed differences was assessed by two-tailed Student’s t test.

Results
The measurement system: ex vivo quantification of cytokine
mRNA production by qRT-PCR
To develop a method for the quantitative ex vivo measurement of
␤-gal-specific responses generated in mice, we designed primers
and probes for mouse IL-2, IL-4, IL-10, TNF-␣, IFN-␥, and CD8
genes (Fig. 1a) to be used in qRT-PCR. Fig. 1b shows a sample of
the plots for 10-fold dilutions of the standard for TNF-␣. Samples
containing high concentrations of cDNA (large circles) reach the
threshold cycle earlier than samples with low amounts of cDNA
(smaller circles). We designated Ct, on the linear portion of the
curve, as that cycle in which the fluorescence reaches 10 SD above
the mean of the general background (Fig. 1b). A Ct of 40 means
that there was no fluorescence detected in that sample after 40
cycles of PCR, therefore the gene of interest was not present in the
sample or was too low to be detected. The formula for the standard
curves is Ct ⫽ m ⫻ (log10 copies) ⫹ b, where the slope (m) reflects
the efficiency of replication for a particular pair of primers and the
Y-intercept (b) reflects the sensitivity of detection for a particular
probe. When we plotted the Ct for each sample of our gene standards against the log10 of the copy number, the curves had a slope
between ⫺3.18 and ⫺3.32 (Fig. 1c) approaching the maximal theoretical efficiency of the PCR (perfect doubling at each cycle ⫽
⫺3.33). This indicated that our chosen primers were nearly maximally efficient. Further, the extrapolated Y-intercepts lay near 40
cycles, indicating that the lower level of detection for each combination of primers and probes was between one and one hundred
copies of the relevant gene.
To test the ability of this technique to measure ␤-gal-specific
immune reactivity in the absence of any expansion or in vitro
culture steps, we injected two mice i.v. with 107 PFU of ␤FPV and
two mice with the same amount of non-␤-gal-carrying cFPV,
boosted them 14 days later with 107 ␤VV or cVV, respectively,
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FIGURE 1. Primers and probes designed for
quantitative RT-PCR of murine IL-2, IL-4, IL-10,
TNF-␣, IFN-␥, and CD8 genes. a, F, forward primers, and R, reverse primers were used at 200 nM; P,
probe was used at 100 nM and was labeled at the 5⬘
end with the reporter dye molecule 6-carboxyfluorescein and at the 3⬘ end with the quencher dye molecule 6-carboxytetramethylrhodamine. The figure
shows the position of the primers and probes with
respect to the exon (e)-intron junctions and the base
pair number of each amplicon. b, Amplification plot
obtained after quantitative PCR of 10-fold dilutions
of TNF-␣ amplicon used to generate its standard
curve. Dilutions (from 108 to 103 copies of templates
per sample) were amplified in duplicate and are represented as gradually diminishing open circles, the
largest corresponding to 108 and the line without
circles to 103 copies per sample. c, Standard curves
from quantitative PCR of serial dilutions of standard
template copies of each gene. Overlapping points on
standard curves represent templates assayed in duplicate. The equations represent the regression lines
for each gene.
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and harvested the splenocytes 7 days later. We rested 5 ⫻ 105
splenocytes/well overnight in 96-well plates in the absence of
growth factors and stimulated the splenocytes the following day
for 2 h with the H-2Ld-restricted ␤-gal peptide or the ␤-gal-expressing tumor F6 cells. As controls, the splenocytes were stimulated with a peptide from influenza (Flu) that is also presented by
H-2Ld Ags or with the ␤-gal-negative parental tumor cells, CT26.
We calculated ␤-gal-specific reactivity as the ratio of IFN-␥
mRNA to CD8 mRNA in ␤-gal-stimulated wells vs control (Flu or
CT26)-stimulated wells.
Table I shows the cytokine production pattern in splenocytes
from one representative mouse of two tested, after 2 h of in vitro
sensitization with ␤-gal or Flu peptide. No ␤-gal-specific IL-2,
TNF-␣, or IFN-␥ mRNA production could be detected in mice
vaccinated with control viruses (ratios ␤-gal/Flu were ⬍2). However, a significant amount of ␤-gal-specific IFN-␥ transcript was
detected in splenocytes of ␤-gal-vaccinated mice. For example, the
number of copies of mRNA found in the ␤-gal stimulated sample
of a vaccinated mouse (247,035), when normalized to the copies of
mRNA detected for CD8 in the same well (25,442), equals 9.7.
This number represents the IFN-␥ production, with respect to the
number of CD8 cells, upon stimulation with the ␤-gal CD8
epitope. When compared with the IFN-␥ production in splenocytes
from the same mouse stimulated with the control Flu CD8 epitope
(5,705 copies of IFN-␥:20,339 copies of CD8 ⫽ 0.28), it is clear
this vaccinated mouse makes a 35-fold stronger response to ␤-gal
than to Flu. The ratio of ␤-gal-Flu calculated for the second ␤-gal
vaccinated mouse was 51. Production of IL-2 and TNF-␣ in the
␤-gal and Flu stimulated samples were calculated in the same way
using their own standard curves (Fig. 1c) to extrapolate the cytokine gene copy number from the Ct. As previously seen in PBMCs
from vaccinated patients (12), IL-2 and TNF-␣ mRNA were also
specifically produced by splenocytes of ␤-gal vaccinated mice, although to a lower degree than IFN-␥ (ratios of 4.8 and 4.0 ␤-gal
specific-Flu specific, respectively, for the first mouse, and ratios of
25 and 3.3, respectively, for the second mouse). As expected for
responses to FPV, no specific IL-10 or IL-4 production was
detectable.
Because none of the presently used ex vivo methods to detect
the immune response tests the susceptibility of tumor cells to immune recognition and destruction, we designed primers and probes

for perforin and granzyme A to assess specific cytotoxic function
in vaccinated mice. These proteins are known to be involved in the
lytic function of CTL. In freshly isolated splenocytes, mRNA for
these genes was elevated in vaccinated mice. However, there was
no change in level in response to ␤-gal sensitization in an 8-h in
vitro kinetic study (data not shown), suggesting that in activated
CTL, the release of these effectors molecules is most likely modulated at the posttranscriptional level. Because of its response to
vaccination and to short-term in vitro stimulation, we selected
IFN-␥ as the most sensitive marker for the detection of ␤-galspecific responses ex vivo.
The vaccine system: anti-␤-gal reactivity rises in response to
gradual increases in vaccine dose and number
We next evaluated a spectrum of vaccine doses to determine
whether there is a range in which the response would vary proportionately with the dose. We vaccinated seven groups of mice
i.v. with different amounts of ␤FPV (three mice per group received
102 or 103 PFUs and five mice per group received from 104–108
PFUs). Seven days later, we tested the splenocytes from one
mouse per group to quantify specific ␤-gal reactivity by qRT-PCRbased measurement of IFN-␥ expression after stimulation with
␤-gal peptide or the F6 tumor, as described above. To determine
whether a second dose would influence the response, we boosted
two mice from each experimental group i.v. 14 days after the first
vaccination. As it is thought that the Ab response to a viral vector
may inhibit its efficacy (20), we changed to a vaccinia recombinant, each boosted mouse receiving a dose of ␤VV equivalent to
the dose of ␤FPV with which it had been previously vaccinated
(from 102 to 108 PFUs). As controls, two mice from each experimental group that had received 104 to 108 PFUs of ␤FPV were
injected with corresponding PFUs of control cVV instead of ␤VV.
Seven days after the last vaccination, we measured the specific
␤-gal response from the splenocytes of these mice.
We found that, after a single vaccination, the magnitude of the
immune response began to increase with incrementally increasing
viral doses above 105 PFUs and had not yet reached a plateau at
doses of 108 PFUs (Fig. 2a); this did not improve, and may have
been somewhat inhibited by, boosting with a control vaccinia vector (Fig. 2b). In response to a second vaccination with ␤VV,
groups given 105 or more PFUs reached plateau levels of IFN-␥

Table I. Ex vivo quantification of cytokine mRNA production in control and ␤-gal-vaccinated mice after peptide sensitization of splenocytes
␤-galb

Flub

Ctc

Copies cDNAd

Copies cytokine/CD8e

Ctc

Copies cDNAd

Copies cytokine/CD8e

Ratio
␤-gal/Fluf

␤-gal vector
IL-2
TNF-␣
IFN-␥
IL-4
IL-10
CD8

33.7
32.1
27.8
40
37
30.8

1,229
207
247,035
0
175
25,442

0.048
0.008
9.709

35.6
33.9
33.7
40
38.1
31.1

204
42
5,705
0
83
20,339

0.01
0.002
0.281

4.8
4.0
34.6

0.004

1.8

Control vector
IL-2
TNF-␥
IFN-␥
CD8

34.6
33.3
34.1
29.4

529
74
2,909
60,915

0.009
0.001
0.048

34.7
33.4
34.4
30.4

458
64
3,665
33,390

0.014
0.002
0.11

0.6
0.5
0.4

Vaccinea

0.007

Mice were vaccinated twice with control virus or ␤-gal-carrying virus and sacrificed 7 days after the second vaccination.
Splenocytes were stimulated for 2 h with 1 M of flu or ␤-gal peptide after which the RNA from the different wells was extracted and qRT-PCR was performed.
Ct, average of duplicates.
d
Number of cDNA copies obtained from extrapolation of the Ct number to the standard curve for each gene.
e
Copy number of the cytokine divided by the copy number of the reference gene (CD8) in each sample.
f
Represents how many times the cytokine gene was expressed in the ␤-gal vs control (Flu)-stimulated samples after normalization for CD8 expression.
a
b
c
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FIGURE 2. Ex vivo detection of ␤-gal reactivity after one or two vaccinations with a gradually increased dose of ␤-gal-carrying vectors. Thirty-one mice
were divided into seven groups receiving i.v. different amounts of ␤FPV (three mice per group receiving 102 or 103 PFUs and five mice per group receiving
from 104 to 108 PFUs). Seven days later, one mouse per group was sacrificed to ex vivo quantify ␤-gal reactivity in the spleen. Fourteen days after the
first vaccination, two mice from each experimental group were boosted i.v. with ␤VV by administering the same PFUs that they had received when
vaccinated previously with ␤FPV (from 102 to 108). The rest of the mice (from groups vaccinated previously from 104 to 108 PFUs of ␤FPV) were injected
with corresponding PFUs of cVV. Seven days after the last vaccination, mice were sacrificed to ex vivo quantify ␤-gal reactivity in the spleen. ␤-gal
reactivity was quantified by stimulating 5 ⫻ 105 splenocytes with ␤-gal epitope (1 M) or with the ␤-gal-positive clone C25.F6 (105 cells). As controls,
splenocytes were incubated with the same concentration or number of Flu epitope or the ␤-gal negative cell line CT26, respectively. After 2 h of
sensitization, RNA was extracted from every well and qRT-PCR was conducted to determine whether IFN-␥ mRNA production normalized to CD8 mRNA
for each well. Stimulation was conducted for 2 h either with peptide or tumor cells, based on previous kinetic studies suggesting that the peak of IFN-␥
transcript expression occurs within 2–3 h (data not shown). Ratio IFN-␥ was calculated as described in Table I. a, The ratio of IFN-␥ from one mouse per
group after ␤FPV vaccination. b, The ratio of IFN-␥ from two mice per group after a second vaccination with cVV. c, The ratio of IFN-␥ from two mice
per group after a second vaccination with ␤VV. Circles and triangles represent the ratio of IFN-␥ after peptide and tumor sensitization, respectively.

production that were 5–20 times higher than mice given a single
vaccination (Student’s t test, p ⫽ 0.05 for PFU ⱖ5; Fig. 2c). Thus,
using direct ex vivo measurements, we found that doses between
103 and 107 PFUs of ␤-gal-carrying vectors represented a frequency and range of vaccination that resulted in significant differences in vaccine-specific immune responsiveness, as measured directly ex vivo.
Tumor regression correlates with ex vivo detection of vaccineelicited immune responsiveness
To test whether the incremental changes in vaccine-induced responsiveness, as measured by IFN-␥ production ex vivo, have any
meaningful correlation with in vivo anti-tumor activity, we tested
our vaccine protocols on mice carrying a tumor that expresses
␤-gal. Previous studies with the ␤-gal-expressing tumor
CT26.CL25 have shown that vaccination with ␤-gal-expressing
viral vectors can have some effect on tumor growth. However, the
effects were not complete, as 20% of the tumors eventually grew
out, despite vaccination (20). After analyzing these studies, we
considered the possibility that the ␤-gal-transfected cell line that
had been used might not have comprised a clone of stably transfected cells but a mixed population from which nontransfected
cells, or perhaps loss variants, might have escaped from the vaccine-induced immune response. This might have obscured the relationship between vaccination and tumor rejection. In fact, when
we looked at ␤-gal expression in cell line CT26.CL25 cultured in
the presence (Fig. 3a) or absence (Fig. 3b) of selection medium,
we detected a cell population that completely lost ␤-gal expression
when line CT26.CL25 was cultured without G418 (Fig. 3b).
Therefore, we set out to determine whether we could select for a
stable ␤-gal expressing clone of CT26.CL25 with which to continue our vaccination study. We first selected, by FACS sorting
and single cell cloning, several cells among the top 1% of the
highest ␤-gal expressors. We grew the resulting clones without
G418 selection medium to allow unstable clones to lose expression, then we sorted again. Fig. 3, c and d, demonstrates the levels
of ␤-gal expression by clone CT26.CT25.F6 7 days and 2 mo after
the second sorting when cultured in the absence of selection me-

dium. Although the level of ␤-gal expression dropped somewhat,the cells did not completely lose ␤-gal expression, even after prolonged in vitro culture without selective agents, suggesting a
decreased likelihood that it would lose ␤-gal expression during a
similar period of in vivo growth. Therefore, we chose clone F6 to
continue our vaccination study.
To test whether the vaccine-induced immune response, as measured by ex vivo IFN-␥ production, correlates with tumor rejection, we injected incrementally increasing primary and boosting
doses of ␤-gal vectors, as in Fig. 2c, into mice bearing 3-day-old
pulmonary metastases of clone F6. Seven days after the last vaccination, we sacrificed the mice, counted the number of pulmonary
metastases, and measured the IFN-␥ response against ␤-gal from
their splenocytes. Results from two similar experiments (Fig. 4)
show that there was a clear dose response in effective tumor clearance, as the number of metastases dropped with escalating doses of
␤-gal-carrying vaccine vectors. Moreover, this correlated with a
concomitant increase in specific IFN-␥ production against ␤-gal
peptide and the F6 tumor that was measured in randomly selected
mice from each treatment group. Notably, there was a significant
amount of variability in specific IFN-␥ production among mice in
the same treatment group and this variability revealed that the
strength of the measured ex vivo response correlated more closely
with in vivo tumor immunity than we might have expected from a
simple dose escalation trial. For example, in experiment one, one
mouse in the group vaccinated with 102 PFUs (designated by ‚)
made no specific IFN-␥ in response to ␤-gal (Fig. 4b; a ratio of
1.1) and had 35 metastases whereas another in the same group (E)
had a specific IFN-␥ ratio of 2.8 and no metastases. Such correlations suggest that different individuals respond differently to a
particular dose of vaccine and that ex vivo IFN-␥ production is a
good representation of the in vivo response to the tumor.
Because the route of administration can affect the immune response to a vaccine, we also tested the i.p. route. Again the responses titrated with escalating doses of vaccine (Fig. 5), although
i.p. injection was ⬃10-fold less efficient than i.v. administration.
As measured by direct ex vivo IFN-␥ mRNA expression, the response to ␤-gal was first detected in mice vaccinated with 104
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FIGURE 3. Stable ␤-gal expression by the F6 clone compared with the
CT26.CL25 cell line. The CT26.CL25 cell line, derived from the CT26 cell
line after transfection with the ␤-gal gene, and the F6 clone, derived from
the CT26.CL25 cell line after two consecutive rounds of sorting, were
analyzed by FACS for ␤-gal expression using FDG staining after being in
culture in the presence (CT26.CL25) or absence (both) of selection medium. a, ␤-gal expression of CT26.CL25 cell line cultured in presence of
G418. b, ␤-gal expression of the same line after 15 days of in vitro culture
without G418. c, ␤-gal expression of clone F6 7 days after the second
round of FACS sorting of high ␤-gal-positive cells from a. d, ␤-gal expression of the same clone after 2 mo of in vitro culture without selection
medium. The empty continuous line represents the FDG-stained CT26 cell
line. The discontinuous line represents unstained F6 clone. Numbers in the
upper right corner of the histograms represent the percentage of ␤-galpositive cells.

PFUs. By this route of vaccination, the ex vivo test again correlated very well with tumor rejection, as those groups responding
more strongly also contained fewer tumor metastases.
Finally, we pooled data from different experiments to study the
relationship between tumor disappearance and the two variables
under study in these experiments: vaccine dose and the ex vivo
detection of specific IFN-␥ mRNA production. To better compare
the antitumoral effect among mice from different experiments, we
normalized the number of metastases carried by each mouse to the
average of metastases in the untreated control group from the same
experiment. Fig. 6a shows the relationship between tumor treatment and vaccine dose in mice vaccinated twice i.v. (F) or i.p. (E)
with ␤-gal-carrying vectors, while Fig. 6b shows the relationship
between tumor treatment and ex vivo-specific IFN-␥ production.
This plot includes mice vaccinated with different doses and numbers of ␤-gal vaccines and using different routes of administration
(i.p., E; i.v., F). Overall, it is clear that there is a strong correlation
between the dose of administered vaccine, the ex vivo IFN-␥ response, and the reduction in tumor metastases, whether the vaccine
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was given i.v. or i.p. There are two noteworthy features apparent
in this summary. The first is that (perhaps not surprisingly), the
route of vaccination had a strong impact, both on ex vivo responsiveness, and on reduction of tumor load. i.v. administration was
10 to 100-fold more effective than i.p. The second is that individual
animals reacted quite differently to the same dose of vaccine, even
though they were age-matched members of the same inbred strain.
This variation underscored the value of measuring the ex vivo
production of IFN-␥, as it showed that IFN-␥ production correlates
more closely with tumor reduction than does vaccine dose, number, or route of administration. For example, the mouse inside an
open diamond made an Ag-specific ratio of 2.8 IFN-␥ units and
completely rejected the tumor, although it had only received the
lowest dose of 102 PFU of ␤-gal-viruses. In contrast, the mice
inside open triangles showed poor anti-tumor effect (lung metastases ⫽ 81 and 80% of controls), although one received 102 PFU
of ␤-gal viruses (small triangle) and the other one received 10
times more (large triangle). However, their specific IFN-␥ responses were similarly low (ratio IFN-␥ ⫽ 0.5 and 0.9, respectively). The correlation is equally striking in mice vaccinated by
the i.p. route. Although this form of vaccination was 10 to 100-fold
less effective than i.v. administration, the correlation with IFN-␥
production was indistinguishable from that of mice that had been
vaccinated i.v. For example, though the two mice delineated by
circles were given 103 PFU i.v. (small circle) or 105 PFU i.p. (large
circle), they made similar ratios of 2.8 and 3.1 IFN-␥ units and
rejected their tumors. In the middle ranges, though the two mice
delineated by squares were given 102 PFU i.v. (small square) or
104 PFU i.p. (big square), they showed weak ex vivo specific
IFN-␥ production of 1.4 and 1.7 units, respectively, and weak antitumor effectiveness with 65 and 30% of lung metastases, respectively. These data show that the immediate ex vivo measurement
of Ag-specific IFN-␥ production is an excellent representation of
the effective in vivo anti-tumor response.

Discussion
Clinicians have long sought an in vitro assay that accurately represents the in vivo immune response of vaccinated patients. In
previous studies, we had found that the immediate ex vivo measurement of tumor-specific production of IFN-␥ did not seem to
correlate with the progression of tumors in vaccinated patients. In
many cases, the tumors persisted despite measurable vaccine-induced immunity while in others, the tumors remained static or
regressed in the absence of a large IFN-␥ response (12). Although
the possibility existed that there truly was no connection between
our in vitro measurement and the in vivo response, we hypothesized that other confounding features (such as patient variability,
tumor heterogeneity, and the immunosuppressive effects of prior
anti-tumor therapies) might be obscuring the picture. To determine, in principle, whether the strength of the in vivo response to
a tumor vaccine can be measured by an immediate ex vivo assay,
whether this measurement has any relevance to tumor clearance
and whether the response can be manipulated by varying the parameters of vaccination, we created a simple mouse model in
which several technical details allowed us to minimize the kind of
variability that is seen with human patients. First, we used agematched inbred (BALB/c) mice to minimize host variability. Second, we used a cloned and recloned ␤-gal-transfected tumor to
minimize tumor heterogeneity. Transfected cell lines are initially
notoriously unstable and, in some previous studies, the transfected
tumors may have been mixed populations at the time of injection
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FIGURE 4. Mice with higher ␤-gal-specific immune responses reject ␤-gal-expressing tumors. Two experiments were performed in a similar way with
slight variations in the number of mice per group and treatment groups. Forty-four and 34 mice (experiment one and two, respectively) were challenged
i.v. with 105 F6 tumor cells. Three days later, the mice in experiment one were divided into eight treatment groups: untreated (n ⫽ 6); vaccinated with 107
PFUs of control virus, cFPV (n ⫽ 6); vaccinated i.v. with increasing doses of ␤FPV (n ⫽ 6 for doses of 102 and 104 PFUs and n ⫽ 5 for doses of 103,
105, 106, and 107 PFUs). The mice in experiment two were divided into seven treatment groups: untreated (n ⫽ 5); vaccinated i.v. with increasing doses
of ␤FPV (n ⫽ 5 for doses of 103, 105, 106, 107, and 108 and n ⫽ 4 for 104). Twelve days after the primary vaccination, the vaccinated mice were boosted
with the same dose of ␤VV (for ␤FPV primed mice), or of cVV for the control group. Seven days later, the mice were sacrificed, their lungs were coded,
and metastases were enumerated by an observer ignorant of the code. Spleens from between one and three mice per treatment group were removed and
analyzed for ex vivo specific IFN-␥ mRNA production as described in the Materials and Methods section. a, The number of lung metastases per mouse
in each treatment group. The horizontal line represents the average of lung metastases. ⴱ or ⴱⴱ, Treatment group with significantly (p ⬍ 0.05) or very
significantly (p ⬍ 0.01) fewer metastases than the untreated group. b, The ratio of IFN-␥ between ␤-gal and Flu peptide-sensitized cells. c, The ratio of
IFN-␥ between F6 and CT26 tumor-sensitized cells. The ratio of IFN-␥ was calculated as described in Table I. In each experiment, the same kind of open
symbol (triangle, square, or circle) per treatment group represents the same mouse, where both lung metastases and ex vivo anti-␤-gal activity (against CD8
epitope and F6 clone) in the spleen were quantified.

(20, 24 –26). Thus, tumor outgrowth might as easily have been due
to escape by cells that had never expressed the transfected gene as
to mutants that had lost expression. By selecting a stable transfectant and recloning it several times, we minimized the outgrowth of
non-Ag-expressing tumors. Third, to minimize the potentially suppressive effect of Ab to the viral vectors, we used different viral
vectors for the primary and secondary vaccinations. Fourth, we
took advantage of the sensitivity of real-time qRT-PCR to measure
the ex vivo response of vaccinated cells after only 2 h of stimulation in vitro. We used spleens as the source of T cells because
they are the closest mouse source to human PBL (the ones generally tested in vaccinated patients) that gave us the required number
of cells for this assay. Unlike standard in vitro assays, this short
period is insufficient to allow naive T cells to become producers of

IFN-␥ or to allow cell division and is thus likely to be a fairly
accurate measure of the number and/or frequency of currently active vaccine-induced tumor-specific cells.
With this system, we found that 1) effective in vivo antitumor
immunity can indeed be manipulated by changing the dose, incidence, or route of vaccination; 2) regardless of the route, frequency, or dose, and despite great variability in the responses of
individual animals to any particular vaccination protocol, the ex
vivo production of IFN-␥, as measured by qRT-PCR after a 2-h Ag
pulse, correlated very well with the in vivo anti-tumor response;
and 3) low responses, though easily detectable ex vivo, were often
not sufficient to clear the tumor.
The single most important feature of this study was the finding
that the simple presence of a measurable immune response was not
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FIGURE 5. Mice with higher specific immune responses generated by
i.p. vaccination reject ␤-gal-expressing tumors. Thirty-two mice were challenged i.v. with 2 ⫻ 105 F6 tumor cells. Three days later, mice were
divided into six treatment groups: untreated (n ⫽ 6), and vaccinated i.p.
with increasing doses of ␤-gal viruses (n ⫽ 5 for doses of 103, 104, 105, and
106 cells; n ⫽ 4 for 107 PFUs). One small group (n ⫽ 3) received two i.v.
vaccinations with 107 PFUs of ␤-gal viruses as a positive control. The rest
of the experiment was performed in the same manner as described in Fig.
4. a, The number of lung metastases per mouse in each treatment group.
The horizontal line represents the average of lung metastases. ⴱ, The treatment group with significantly less numbers of metastases (p ⬍ 0.05) than
the untreated group. b, The ratio of IFN-␥ between ␤-gal and Flu peptidesensitized splenocytes from two mice from each group, except from untreated and i.v.-treated groups, where one mouse was tested. The ratio of
IFN-␥ was calculated as described in Table I.

always sufficient to clear a tumor, but that the strength of the response was critical. Tumor outgrowth in the presence of immunity
is not a new finding. For example, tumor-infiltrating lymphocytes
can be isolated from growing tumors and shown to have anti-tumor
specificity; tumor-specific immunity can be shown in vaccinated
patients, though their tumors continue to grow and many vaccine
strategies have failed to clear tumors, though immunity was clearly
established. These failures of immunity have been variously attributed to outgrowth by tumor Ag or MHC Ag loss variants (27),
to tumor expression of immune response inhibitory cytokines like
TGF-␤ (28) or apoptotic signals like Fas ligand (29), and to the
establishment of a resistant tumor microenvironment (30). However, in our study, the instability in tumor Ag expression by the
tumor was minimized and none of the other factors seemed to be
major problems. Although we allowed the tumor to establish itself
before vaccinating, we did not find that it was able to establish a
protected microenvironment in 3 days. Instead, we saw that, if the
immune response was strong enough, as measured by ex vivo production of IFN-␥ the tumors were almost invariably cleared.
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FIGURE 6. Ex vivo tumor Ag-specific CD8 activity better correlates
than the vaccine dose with tumor rejection. a, The number of metastases
with respect to the vaccine dose in mice vaccinated with ␤-gal-carrying
vectors i.v. (n ⫽ 75, filled circle) or i.p. (n ⫽ 50, open circle) in data pooled
from three individual experiments (Figs. 4 and 5). Horizontal lines represent the average of lung metastases in vaccinated mice. b, Number of
metastases with respect to ex vivo-specific IFN-␥ mRNA production in 49
mice from 4 individual experiments where the route and dose of vaccination varied. The ratio of IFN-␥ refers to ex vivo ␤-gal peptide sensitization
and was calculated as described in Table I. The percentage of lung metastases with respect to the average metastases in untreated mice is the number
obtained after dividing the number of metastases found in each mouse by
the average number of metastases in untreated mice from the same experiment and multiplying by 100. The same delineating symbol in a and b
represents the same mouse.

The relationship between strength of response and its efficacy at
rejecting a tissue has been known for some time in transplant situations, where grafts that differ by a “weak” minor histocompatibility Ag can take a very long time to reject and are often accepted
by a proportion of recipients, even though these recipients clearly
become immunized and are able to rapidly reject subsequent grafts
(31, 32). In these cases, small grafts are rejected more often than
large ones. In the case of a rapidly growing tumor, a weak immune
response, though measurable ex vivo, would simply not be able to
catch up.
Thus, it is clear that any vaccine programs designed to treat
tumors should not rely simply on measurements of the presence or
absence of vaccine-elicited immunity. They must take into account
the strength of the elicited immune response in vivo and design the
vaccination route and schedule to bring the response up to an effective level. This requires assays that accurately measure the
strength of an ongoing response, but the majority of assays in
current use do not do that. There are three major classes of such
assays: 1) those that measure the number of cells that can bind to
a particular Ag (such as MHC/Ag tetramer binding assays). These
assays, while useful in determining the number of Ag-specific
cells, may or may not reflect the functional status of those cells,
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nor do they measure the number of cells able to recognize other
Ags on a tumor; 2) assays that measure the precursor frequency of
Ag-specific memory cells for a particular function (such as limiting dilution CTL assays). These types of assays, with their long
culture periods, are a measure of clonable memory cells that do not
give a clear picture of the currently ongoing activity state of the
responding cells in vivo; and 3) assays that attempt to measure the
level of currently active lymphocytes immediately ex vivo (such as
short-term intracellular cytokine assays, short-term ELISPOT assays, and short-term qRT-PCR). These latter assays have the potential to represent, reasonably accurately, the ongoing in vivo response and therefore can give the type of information needed to
determine whether the elicited response is strong enough or needs
to be enhanced. Although in this study we did not compare the
real-time PCR-based assessment of immune response with other
methods, we have previously noted a good correlation with results
obtained in clinical settings using tetrameric HLA/epitope complexes and intracellular cytokine staining (15).
Although the production of IFN-␥ correlated well with tumor
clearance in this study and an IFN-␥-dependent mechanism has
also been shown to be effective against the B16 melanoma cells
(33), there are several reasons why assays of other cytokines may
be best in other situations. First, some tissues are exquisitely sensitive to Th1 cytokines such as TNF-␣ and IFN-␥ like pancreatic
islets (34), placenta (35), and eye (36), whereas others are more
resistant. Thus, a vaccine-elicited IFN-␥ response may be entirely
appropriate to clear some tumors, but useless against others. Second, though IFN-␥ and CTL often occur concomitantly, there is
evidence that the two can also occur independently (37). For tumors where a CTL response is necessary, measurement of IFN-␥
may give an accurate assessment in some patients and not in others. In these cases, direct measurement of the killing function, or
of granzyme or perforin, might be more appropriate. In the present
study, we found that the levels of these molecules were indeed
higher in vaccinated than in control animals. However, they did
not increase in a 2-h stimulus with Ag or with tumor, suggesting
that effector cells control their release by other, posttranscriptional,
means. Thus, it may be necessary to find the best correlate for each
vaccine protocol and each type of tumor. In each case, it will be
important to insure that the assay measures the strength of the
ongoing in vivo response rather than its mere presence.
Our study shows that, in principle in mice, the strength of a
vaccine-elicited response is critical to its efficacy in clearing a
tumor, that it can be manipulated by varying the dose, frequency
and route of vaccination, and that it can be accurately measured by
an immediate ex vivo method. In light of these data, we re-examined our earlier study on vaccinated human patients. Though the
overall correlation between tumor regression and ex vivo response
was low, we did find that there was tumor regression and/or stasis
in the small number of patients who made very strong IFN-␥ responses. In addition, data from various immunization methods
tested at our institution suggest that the vaccination schedule associated with the highest success rate in inducing ex vivo immune
responses is also the most effective clinically (Ref. 38 and unpublished data). Thus, although at the individual patient level it might
be difficult to directly relate the intensity of immune response to
clinical outcome, larger population-based studies may yield information comparable to the mouse model. Inaccuracy in the correlation between in vitro immunity and clinical effects in human
studies may reflect different suitability of tumor cells as targets for
effector T cells as tumors are quite heterogenous in HLA and/or
tumor Ag expression (27). Finally, the timing in which immune
responses have been documented in human studies has been quite

arbitrary, as knowledge of the kinetics of vaccine-induced cellular
responses in humans has not been comprehensively studied.
Recently, we followed the kinetics of TCR use in response to
repeated epitope-specific vaccination in a limited cohort of patients. This preliminary study suggested that increasing the number
of vaccinations broadens and intensifies the extent of the immune
response (39). Based on this human study and the findings described in this mouse model, we have begun a trial in which patients with advanced cancer are repeatedly boosted to test whether
1) higher precursor frequency of cancer-specific T cells can be
generated and 2) improved clinical outcome will follow this enhancement of the immune response.
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