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Abstract
CMV-specific CD4+ and CD8+ T cell IFNγ expression and proliferation were measured in healthy
volunteers by flow cytometry after CMV lysate or CMV pp65 or IE peptide pool stimulation. Cutoff
values were set to maximize specificity (i.e., no false positive CMV-seronegatives). Sensitivity
(defined as a positive response in CMV-seropositives to at least one of the 3 antigen preparations
used) was 100% for CMV-specific CD4+ and CD8+ T cell IFNγ expression and CD4+ T cell
proliferation and 95.4% for CMV-specific CD8+ T cell proliferation. All 22 CMV-seropositive
individuals had positive responses by at least three of these four measurements. These findings
support the concept that a multiplicity of antigen-specific functional immune responses and
persistence of robust virus-specific CD4+ T cells are important components of protective immunity
in this chronic viral infection.

INTRODUCTION
Human cytomegalovirus (CMV) is a significant cause of morbidity and mortality in
immunocompromised patients and neonates (1). In contrast, healthy immunocompetent people
infected with CMV develop protective humoral and cell-mediated viral-specific immune
responses that control viral replication sufficiently well enough to prevent the development of
end organ disease (1). However, CMV does establish life-long latency in such healthy CMV
seropositive individuals, and periodic episodes of sub-clinical viral reactivation can occur
throughout life (2,3). Nevertheless, immunocompetent CMV seropositive individuals do not
develop CMV end-organ disease, and they also appear to have some degree of immune
protection in terms of resisting re-infection with exogenous CMV strains (4). The laboratory
correlates of this immune protection in healthy CMV seropositive individuals are not fully
understood. Although previous studies have suggested that viral-specific CD4+ and CD8+ T
cell cytokine expression and proliferation responses are each important in immune protection
for CMV disease as well as disease caused by other chronic viral infections (2,5–9), there have
been no studies that have examined both types of CMV-specific responses for both CD4+ and
CD8+ T cells in the same group of healthy CMV-seropositive individuals. A more complete
characterization of the immune response to CMV in normal healthy seropositive individuals
could help to define what is lacking in the immune responses of patients with CMV end organ
disease. Furthermore, the comparison of responses in healthy CMV-seropositive donors with
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those in CMV-seronegative donors or patients with CMV disease might help to establish the
laboratory correlates of immune protection for the evaluation of potential CMV vaccines.

To this end, we characterized two functional assays of both CMV-specific CD4+ and CD8+ T
cells (IFNγ expression and proliferation) in CMV-seropositive and CMV-seronegative donors
by ex vivo stimulation using three CMV antigens: a CMV whole virus preparation (viral lysate)
that can rapidly engender a CD4+ T cell response and two pools of overlapping 15mer peptides
spanning the immunodominant CMV proteins pp65 and IE that can rapidly stimulate a
CD8+ T cell response. The large number of epitopes in each of these three antigen preparations
were suitable for stimulating CMV-specific immune responses from a group of individuals
with a variety of different HLA haplotypes.

MATERIALS AND METHODS
Subjects and specimens.

Samples were collected from subjects who had serum CMV IgG measured at screening for a
study of CMV vaccination or as part of a laboratory control study. These studies were approved
by the University of California Committee on Human Research, and informed consent was
obtained from all subjects. The human experimentation guidelines of the U.S. Department of
Health and Human Services and of participating institutions were followed in conducting this
research. Fresh whole blood or peripheral blood mononuclear cells (PBMC) freshly-separated
from whole blood by Ficoll-Hypaque (Sigma, St. Louis, MO), density gradient centrifugation,
were used directly in the assays.

Antigens.
Lysate of whole CMV was obtained from Advanced Biotechnologies (Columbia, MD) and
used at a final concentration of 3 μg/mL. Peptide pools of 15 amino acid (aa) long peptides
with 11 aa overlaps were used of CMV pp65 matrix protein (138 peptides) and IE protein (120
peptides). Peptides were synthesized by standard solid-phase chemistry, with free N and C
termini. Peptide stocks were dissolved in DMSO and kept at −70°C at 0.6–2.1 mg/mL. Final
concentrations of 1.75 μg/mL for pp65, and 1 μg/mL for IE were used in these assays. The
pp65 peptides were a gift from BD Biosciences (San Jose, CA). IE peptide was obtained from
Jerini Peptide Technologies (Berlin, Germany). Staphylococcal enterotoxin B (SEB, Sigma-
Aldrich, St. Louis, MO) at 10 μg/mL was used as a positive control. Negative controls included
no stimulation (NS) or addition of DMSO only.

Cytokine flow cytometry.
The CFC assay was performed using fresh whole blood (10). One mL of blood was stimulated
with either CMV lysate, pp65 peptide pool, IE peptide pool or SEB. Purified anti-CD28/CD49d
(1 μg/mL of each, BD Biosciences) was included for co-stimulation. For the negative control,
only co-stimulatory antibodies were added. After 2 h at 37¡C, brefeldin A (Sigma-Aldrich)
was added at a concentration of 10 μg/mL, and the cells were incubated for an additional 4 h
in a programmable water bath then held at 18¡C overnight. The cells were washed,
FACSLysing Solution (BD Biosciences) added to remove red blood cells, and cells were
permeabilized with FACS Permeabilizing Solution (BD Biosciences). Cells were then stained
for flow cytometry with fluorescein isothiocyanate (FITC)-conjugated anti-IFNγ,
allophycocyanin (APC)–conjugated anti-CD3, R-phycoerythrin (PE)-conjugated anti-CD69
(BD Biosciences) and Phycoerythrincyanin 5.1 (PC5)–conjugated anti-CD4 (Beckman
Coulter, Inc., Fullerton, CA) for 50 min in the dark at room temperature. Following staining,
the cells were washed, fixed in 0.5% paraformaldehyde, and collected on a FACSCal-ibur
instrument using CellQuest software and an Auto-loader with Worklist Manger software (BD
Biosciences). For acquisition, a large lymphocyte gate excluding granulocytes and most
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monocytes was used, and only events falling within the gate were collected. To acquire
sufficient CD4+ T cells, a gate was drawn on CD3+CD4+ events and at least 12,000 events
were collected. Data was analyzed post-acquisition using FlowJo software (Tree Star, Ashland,
OR). The percentage of CD4+ and CD8+ T cells that expressed IFNγ was measured by gating
on CD3+ CD4+ and CD3+CD4− events, respectively, then displaying dot plots of IFNγ versus
CD69 expression. IFNγ bright cells were defined by setting the positive gate 3 logs above the
IFNγ-negative cells and including CD69 positive events (11). IFNγ bright events were
quantified as a percentage of the gated CD4+ and CD8+ populations, respectively. Background
signal was subtracted in each experiment.

Lymphocyte proliferation flow cytometry.
Carboxy-fluorescein diacetate, succinimidyl ester (CFSE) labeling was modified from the
method of Aandahl et al. (12). PBMC were labeled in 1 μM CFSE (Molecular Probes, Eugene,
OR) for 5 min at 37¡C/5%CO2, washed and resuspended in AIM-V serum free media with
2.5% HEPES, then plated at a concentration of 5 × 105 cells per well in a 96-well plate
containing either CMV lysate, pp65 or IE peptide pools or SEB for 4 days. Harvested cells
were stained with anti-CD3-APC, -CD4-PerCP-Cy5.5 and -CD14-PE and analyzed on a
FACSCalibur using the Multiwell Autosampler (MAS) and MP3 software (BD Biosciences).
Cells were stimulated, stained, and collected in one 96-well u-bottom plate, reducing the loss
of cells.

In order to quantitate proliferating (CFSElo) CD4+ and CD8+ T cells we used the following
schema illustrated in Figure 1a. Because cells that have proliferated have a high forward scatter,
CD14 was used to exclude monocytes from the forward scatter gate and a large lymph/blast
gate was then drawn on CD14− PBMC. From this gate CD4+ cells were identified as
CD3+CD4+ cells, while CD8+ cells were defined as CD3+CD4−. Antigen-stimulated CD4+

cells included a population of CD4hi cells; many of the proliferating cells were found within
this population. Because proliferating cells have high forward scatter (FS), we displayed CFSE
against FS and drew a gate on the CFSElo events that excluded the forward scatter low (FSlo)
events, as illustrated in Figure 1a. A small number of PBMC fail to become labeled following
CFSE incubation and can contaminate the CFSElo population; most of these cells have low
forward scatter and can therefore be excluded using this strategy. Experiments in which CFSE
labeled cells were stained and run the same day or one day later confirmed that CFSEloFSlo

events were not a product of cell division, but are cells that fail to become labeled (data not
shown). In addition, CFSEloFSlo events do not vary between antigen-stimulated and non-
stimulated samples. Proliferating cells were quantitated as a percentage of the CD4+ and
CD8− T cell populations. Cells in the proliferation gate have gone through a number of cell
divisions, so the percentage of proliferating cells does not represent the original percentage of
cells stimulated by antigen, but rather an amplification of this population. We did not attempt
to correct the data for cell division. Typical antigen-specific proliferation responses to CMV
lysate, peptide pools and to no stimulation (NS) are shown in Figure 1b for both CD4+ and
CD8+ T cells. Since responses in NS and DMSO controls were similar, only NS controls are
shown in Figure 1b.

Statistical analysis.
Assay results from different subject groups were compared by the Mann-Whitney test. The
Spearman test was used to test for correlation between the two antigen-stimulation assays
performed on the same specimens. Differences in the proportion of responses by different
immunoassays were compared by the Fisher exact test.
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RESULTS
CFC and LPFC assays were respectively performed on fresh whole blood and fresh PBMC
from 22 CMV-seropositive and 24 CMV-seronegative donors.

IFNγ expression and proliferation in the absence of antigen stimulation.
Because CMV-seropositive donors have been reported to have high levels of spontaneous
cytokine production (2), we compared the NS controls of all CMV-seropositive and
seronegative donors for IFNγ expression and proliferation. The level of CD8+ T cell
spontaneous IFNγ expression was higher in the CMV-seropositives (median 0.085%, IQR
0.020–0.150%) than in the CMV-seronegatives (median 0.019%, IQR 0.003–0.048%, p =
0.0020). Although CD4+ T cells exhibited much lower levels of spontaneous IFNγ expression,
CMV-seropositives had higher values than higher than CMV-seronegatives (median 0.009%
vs. 0.003%). In the LPFC assay, NS controls did not differ between CMV-seropositive and
CMV-seronegative donors (CD4+ T cell median values of 0.033% and 0.021%, respectively;
CD8+ T cell median values 0.036% and 0.019%, respectively).

Frequency of antigen-specific IFNγ-expression and proliferation in response to CMV
antigens.

No significant differences were found in the SEB responses of CMV-seropositives and CMV-
seronegatives with either CFC or LPFC assays. In the CFC assays, the median CD4+ and
CD8+ T cell responses to SEB were 6.20% (IQR 2.91–8.35%) and 6.08% (IQR 4.33–7.93%),
respectively, in the CMV-seropositives and 4.07% (IQR 3.54–6.34%) and 3.56% (IQR 2.31–
5.96%), respectively, in the CMV-seronegatives. Median CD4+ T cell SEB responses in the
LPFC assay were 74.4% (IQR 64.3–76.7%) in the CMV-seropositive group and 68.6% (IQR
61.0–71.4%) in the CMV-seronegative group. Median CD8+ T cell proliferation responses
were lower than CD4+ T cell proliferation responses in both CMV-seropositives (33.7%, IQR
14.8–40.97%) and CMV-seronegatives (25.1%, IQR 15.7–32.8%).

The frequency of CMV antigen-specific IFNγbright and CFSElo cells detected in the CFC and
LPFC assays, after subtraction of the background responses, are shown in Figure 2. The CMV-
seropositive group had significantly higher responses than the CMV-seronegative group to all
3 CMV antigens (p < 0.0001 for both IFNγ production and proliferation). Median CD4+ T cell
IFNγ responses were highest to stimulation with the CMV lysate (1.67%, range 0.18–10.29%),
followed by the pp65 peptide pool (0.28%, range 0.015–2.69%) and lowest to the IE peptide
pool (0.06%, range 0.00–0.20%). CD4+ T cell proliferation responses showed the same pattern
with median (range) responses of 2.55% (0.065–5.88%), 1.07% (0.01–5.49%) and 0.22%
(0.00–7.52%) to lysate, pp65 and IE, respectively. The median CD8+ T cell IFNγ responses to
CMV lysate were lower than the CD4+ T cell IFNγ responses (0.25%, range 0.00–1.47 %).
The median CD8+ T cell IFNγ responses to pp65 were similar to CD4+ T cell IFNγ responses
(0.18%, range 0.00–3.32%) while the CD8+ T cell IFNγ responses to IE were higher (0.14%,
range 0.00–7.22%). Median CD8+ T cell proliferation responses were lower than CD4+ T cell
proliferation responses to lysate and pp65 peptide (0.48% [0.00–1.32%] and 0.26% [0.01–
3.04%] but similar in response to IE peptide pool (0.37% [0.00–17.98%]).

Sensitivity of CFC and LPFC assays for the detection of CMV antigen-specific responses.
CMV-seronegative responses were used to define a positive level of response for both CFC
and LPFC assays. Cutoff values were set to maximize specificity (no false positives) at 0.03%
for CMV-specific CD4+ T cell IFNγ response, 0.07% for CMV-specific CD8+ T cell IFNγ
response, 0.2% for CMV-specific CD4+ T cell proliferation, and 0.1% for CMV-specific
CD8+ T cell proliferation. The sensitivities of the different antigens in each assay are compared
in Table 1. The sensitivity of the LPFC assay was similar to that of the CFC assay, although
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there was a trend for fewer false negatives (CMV-seropositive individuals lacking a positive
response) detected with CFC. The lowest proportion of positive responders were detected with
the IE peptide pool in both assays. CMV viral lysate was the most sensitive antigen for detecting
CD4+ T cell response in both assays and (surprisingly) for CD8+ T cell responses in the CFC
assay. For detection of CD8+ T cell responses in the proliferation assay, pp65 gave the highest
sensitivity. Defining sensitivity as a positive response to either of the two peptide pools
increased the sensitivity of CMV-specific CD8+ T cell responses in both the CFC and LPFC
assays to >85%, while defining sensitivity as a positive response to any of the three antigen
preparations used increased the sensitivity of CD4+ and CD8+ T cell CFC and CD4+ T cell
LPFC responses each to 100% and of CD8+ T cell LPFC responses to 95.4%.

Distribution of CFC and LPFC antigen-specific responses.
Table 2 shows the antigen-specific responses of each CMV-seropositive subject. The antigen
preparation that stimulated the highest response in each assay (i.e., dominant response) is
indicated by an asterisk; negative responses (below the cut-off value for the assay) are
highlighted in gray. CFC CD4+ T cell responses were highest to CMV lysate stimulation in
100% of subjects while CFC CD8+ T cell responses were highest to this antigen in only 23%.
More CFC CD8+ T cell responses than CD4+ T cell responses were highest to pp65 peptide
pool (32% vs. 0%) and IE peptide pool (45% vs. 0%) stimulation. In the LPFC assay, the
antigen preparations that induced the highest response were similarly distributed for CD4+ and
CD8+ T cell proliferation responses. CMV lysate was the antigen to which most donors had
the highest response (73% and 45% for CD4+ and CD8+ T cell responses, respectively);
followed by pp65 peptide pool (18% and 27%) and IE peptide pool (9% and 23%).

In the CFC assay, all CMV-seropositive subjects had CD4+ and CD8+ T cell IFNγ responses
to at least one of the three antigen preparations, and the majority responded to two of three. A
CD4+ or CD8+ T cell IFNγ response to all three antigens was present in 59% and 41%,
respectively. In the LPFC assay, one subject, A65, did not have a CD8+ T cell response to any
of the three antigens. The majority of these CMV seropositive subjects had CD4+ and CD8+

T cell proliferation responses to at least two of three antigens (73% and 91%) or all three
antigens (55% and 59%). Of particular note, if a true positive result is defined as a positive
response to any one of the three antigen preparations, then all of the CMV-seropositive
individuals had true positive responses in at least three of the four measurements (CD4+ CFC,
CD8+ CFC, CD4+ LPFC, and CD8+ LPFC) and by the cut-off value definition, none of the
CMV-seronegative individuals had a false positive result in any assay with any antigen
preparation.

The IE peptide pool was the antigen preparation that most frequently failed to elicit a positive
response among CMV-seropositive subjects in both the CFC and LPFC assays. However, a
positive response to IE peptide pool was observed in some individuals who did not respond to
pp65 peptide pool stimulation (i.e., subjects A13, A44, and CIL41 by CFC and A44 and A53
by LPFC in Table 2). Of note, subject A44 showed no response to pp65 in either assay but had
a CD8+ T cell IFNγ response to IE peptide pool stimulation and both CD4+ and CD8+ T cell
proliferation responses to IE.

Robust CMV-specific T cell responses in CMV seropositives.
Defining a robust response as >10 times the cutoff value, all 22 CMV seropositives had a robust
CMV-specific response by at least one of the four CMV-specific T cell measurements
(CD4+ CFC, CD8+ CFC, CD4+ LPFC, or CD8+ LPFC), and 18 (82%) of 22 had a robust
response by two or more of these measurements. The dominant CD4+ T cell IFNγ expression
response to the three different CMV antigens was robust in 20 (91%) of 22 seropositives, but
the dominant CD8+ T cell IFNγ response was robust in only 12 (55%) of 22 (p = 0.016, two-
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tailed Fisher exact test). A similar difference was observed between dominant CD4+ and
CD8+ T cell proliferation responses which were robust in 15 (68%) of 22 for the CD4+ T cell
response but in only seven (32%) of 22 for the CD8+ T cell response (p = 0.034, two-tailed
Fisher exact test).

Correlation between CFC and LPFC assays.
To test for correlation between the two assays, CD4+ and CD8+ T cell IFNγ responses to each
of the three antigens were correlated to the corresponding LPFC responses. The CD4+ T cell
CFC and LPFC responses to CMV lysate and pp65 were significantly correlated (r = 0.48, p
= 0.0165; r = 0.53, p = 0.0120, respectively), while the correlation between CFC and LPFC
for CD4+ T cell responses to IE was not significant (r = 0.30). CD8+ T cell responses in the
two assays approached significance for the IE peptide pool (r = 0.38, p = 0.0779) but not for
the other two antigens (r = −0.004 for CMV lysate and r = 0.098 for pp65).

DISCUSSION
CD4+ and CD8+ T cell IFNγ expression in response to stimulation with CMV lysate, pp65
peptide pool and IE peptide have previously been characterized by flow cytometry (CFC) in
healthy CMV-seropositive individuals by several groups (2,10,13–16). We now extend these
observations to include simultaneous analysis of CMV-specific CD4+ and CD8+ T cell
proliferation in response to these same three antigen preparations using the CFSE proliferation
flow cytometry (LPFC) assay, which has been shown to give equivalent results to the standard
tri-tiated thymidine uptake assays but is considerably easier to perform and allows phenotypic
characterization of proliferating cells (17–20). Using the LPFC assay, our results exceeded the
sensitivity previously reported by most groups who have used standard tritiated thymidine
uptake assays for measuring CMV-specific T cell proliferation in healthy CMV seropositive
individuals (21–24). Combining the results from the CFC and LPFC assays for responses to
three different CMV antigen preparations, we observed that all 22 immunocompetent CMV-
seropositive volunteers (i.e., individuals with protective immunity against CMV end-organ
disease and re-infection with exogenous CMV strains [1,4]) had positive T cell IFNγ and
proliferation responses in at least three of the four measurements performed (CD4+ T cell
IFNγ expression, CD8+ T cell IFNγ expression, CD4+ T cell proliferation, and CD8+ T cell
proliferation). Our observation that correlation between the CFC and LPFC assays for
responses to different CMV antigens was variable does suggest that these assays are examining
functionally different, though overlapping, populations of CD4+ and CD8+ T cells. Thus, these
findings are consistent with the concept that protective immunity in chronic viral infections
requires a multiplicity of different antigen-specific immune functions (25).

We also observed that CMV-specific CD4+ T cell responses were more robust than CMV-
specific CD8+ T cell responses in healthy CMV seropositives. In contrast, Asanuma, et al,
using similar flow cytometry methods found no differences in CMV-specific CD4+ and
CD8+ T cell IFNγ or TNF expression in healthy CMV-seropositives (16). Although these
investigators used only an infected cell lysate preparation for antigen stimulation, our
observation of more a robust CMV-specific CD4+ T cell response was most apparent in the
cytokine and proliferation responses to stimulation with a similar lysate antigen preparation.
Of note, we recently reported that HIV/CMV co-infected patients who have HIV replication
controlled with antiretroviral therapy had CD8+ T cell IFNγ responses to CMV pp65 peptide
pool stimulation that were substantially more robust than the CD4+ T cell IFNγ response to
this antigen (26). The importance of the persistence of robust virus-specific CD4+ T cell
responses to protective immunity in chronic viral infections requires more clarification and
may be determinant-specific.
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Viral antigen-specific CD4+ T cells have traditionally been detected using whole viral proteins
or viral lysates that are processed by the exogenous pathway and presented by MHC II. Viral
antigen-specific CD8+ T cells recognize antigens processed by the endogenous pathway and
presented by MHC class I. Viral vector constructs that express intracellular proteins, and more
recently peptide pools which do not require processing and bind directly to MHC I, are normally
used to stimulate such CD8+ T cell responses. Dunn et al., found that CMV lysate was optimal
for stimulating IFNγ responses from CD4+ T cells and the pp65 peptide pool was optimal for
stimulating CD8+ T cell IFNγ expression (2). In our study, the CD4+ IFNγ response to CMV
lysate was considerably higher than the response to either peptide pool and was the most
sensitive single measurement (considering CMV IgG seropositivity as the standard for defining
CMV protective immunity in immunocompetent volunteers).

The frequencies of CD8+ T cell IFNγ responses to pp65 and IE peptide pools that we observed
in healthy CMV-seropositives were lower than those reported by another group who used
PBMC preparations with antigen stimulation rather than whole blood as we did (14,15).
However, our results are similar to those of Dunn et al., who similarly stimulated whole blood
with CMV peptide pool and lysate (2). It is possible that use of whole blood may underestimate
the frequency of CMV specific T cells as recently reported by Hoffmeister et al. (27), although
others have not observed significant quantitative differences in CMV-responses using these
two types of specimens (28). The frequencies of CD8+ T cell IFNγ responses may also be lower
in the present study due to the stringency in the cutoffs used.

Surprisingly, for CD8+ T cell IFNγ expression, we observed that response to CMV lysate was
a more sensitive measurement than response to either of the CMV peptide pools. Recent
evidence suggests that proteins processed by the exogenous pathway can bind to MHC I and
be cross-presented to CD8+ T cells (29,30). Although this process is generally considered
inefficient, differences in sample processing may explain the higher efficiency of cross-
presentation in this study compared to the results of Dunn et al. (2).

Mitogens and large antigen preparations have been the most commonly used stimulants for
measuring T cell proliferation by either the tritiated thymidine uptake or CFSE-based flow
cytometry assays (7,19) (results have been assumed to be mainly due to CD4+ T cell
proliferation in the thymidine uptake assay). We now demonstrate that overlapping CMV
peptide pools (previously used to simultaneously detect CMV-specific CD4+ and CD8+ T cell
IFNγ expression responses [10]) and CMV whole virus lysate can also be used to
simultaneously detect CMV-specific CD4+ and CD8+ T cell proliferation responses. As
expected, CMV-specific CD4+ T cell proliferation responses were highest in magnitude and
in sensitivity to stimulation with CMV lysate. The magnitude of CMV-specific CD8+ T cell
proliferation responses to pp65 peptide pool and CMV lysate stimulation were considerably
lower than the CD4+ T cell responses. Surprisingly, CD8+ T cell proliferation responses were
generally highest with CMV lysate stimulation; although sensitivity was greatest with pp65
peptide pool stimulation, and sensitivity of combined responses to pp65 or IE peptide pools
was considerably greater than that of the response to CMV lysate. Although CD8+ T cells have
been shown to undergo limited division in response to a single immunodominant pp65 peptide,
this proliferation can be enhanced in the presence of antigens or cytokines that stimulate
CD4+ T cell help (31). This may explain the magnitude of the CD8+ T cell proliferation
response to CMV lysate that we observed. Additional factors that may affect comparisons of
responses to lysate versus peptide pools are that there are many more determinants from
additional viral proteins present in lysate preparations and that some proteolytic processing
must occur before the peptides in the pools engage T cell receptors.

Spontaneous-cytokine producing cells have been detected by CFC in CMV-seropositive but
not seronegative donors in the absence of in vitro antigen stimulation. These cells were found
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to be largely CMV-specific (2) and thus may be responding to episodes of CMV reactivation.
In the present study, spontaneous cytokine production was detected from both CMV-
seropositive and seronegative donors, although responses were higher in the seropositive
donors. Our larger sample size, or perhaps the different subject pool in this study, may have
included donors infected with other viruses that can cause in vivo cytokine production
detectable by CFC.

Studies of profoundly immunocompromised patients with advanced HIV disease or
undergoing bone marrow transplantation have reported that absence of CMV-specific CD4+

T cells that express IFN-γ or proliferate in response to in vitro CMV stimulation and absence
of CMV-specific CTL responses are each associated with increased risk of developing CMV
end organ disease (5–8). Reduced HIV-specific CD8+ T cell proliferation responses have been
associated with HIV progression [17], but the ability of CD8+ T cells to proliferate in response
to ex vivo CMV antigen stimulation has not been examined in the context of clinical CMV
immune protection. In our study, CD4+ and CD8+ T cell IFN-γ expression and proliferation
responses were all measured at the same time in healthy CMV-seropositive donors. All donors
had both CD4+ and CD8+ T cell IFNγ responses to at least one of the three antigen preparations,
and most responded to two of three preparations. Only one immunocompetent CMV-
seropositive individual lacked a CMV-specific CD8+ T cell proliferation response to all three
antigen preparations. By simultaneously testing for both CD4+ and CD8+ T cell CMV-specific
responses in the proliferation assay, all 22 healthy CMV-seropositives had a proliferation
response, and using just the combination of CMV lysate and pp65 would have been sufficient
to detect 100% of the seropositive donors by the LPFC assay.

The evaluation of vaccines to prevent clinically important chronic viral infections would be
facilitated by the availability of assays that correlate with protective immunity. Although the
relationship between T cell responses and protective immunity has not yet been fully defined,
viral antigen-specific T cell proliferation may be a useful immune function to measure. Flow
cytometric analysis of CFSE-labeled PBMC that have been stimulated with viral lysates or
peptide pools is easy to perform and a sensitive assay for the measurement of both CD4+ and
CD8+ T cell proliferation and, when combined with a cytokine expression assay, may give
additional information about the viral-specific immune response. More information about
virus-specific T cells that may correlate with immune protection in chronic viral infections
could be provided by simultaneous measurement of their IL-2 and IFNγ expression (32), by
definition of their maturational stage (9,33–35) and by the ability of CD8 cells to degranulate
(36). Also, finding true correlates of immunity may require a finer examination of the response
specificity (i.e., individual determinants). Measurement of these T cell markers in response to
specific viral determinant stimulation in future vaccine evaluation studies may help to
determine the laboratory correlates of immune protection for preventing chronic viral
infections.
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FIG 1.
Flow cytometric measurement of antigen-specific proliferation. In the gating strategy to
quantify the percentage of proliferating T cells (A), monocytes are excluded (upper left) before
a lymphocyte/blast gate is drawn (upper right), and then CD3+CD4+ and CD3+CD4− gates are
drawn (lower left). Proliferating cells are CFSElo with high forward scatter (lower right). (B)
Typical antigen-specific proliferation patterns in a CMV-seropositive donor are shown.
CD4+ T cell responses are shown on the right and CD8 (CD3+ CD4−) are shown on the right
in response to stimulation with pp65 peptide pool (i), IE peptide pool (ii), CMV lysate (iii),
and unstimulated (iv).
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FIG 2.
CD4+ and CD8+ T cell responses of CMV-seropositive and CMV-seronegative donors to
stimulation with CMV lysate (i), pp65 peptide pool (ii), and IE peptide pool (iii). CD4+ and
CD8+ T cell proliferation (A) was significantly higher in the CMV-seropositive donors,
compared with the CMV-seronegatives for all three antigens (p < 0.0001 for all comparisons
except CD8+ IE response, p = 0.0005). Likewise CD4+ and CD8+ T cell IFNγ expression,
measured in the CFC assay (B), was significantly higher in the CMV-seropositives (p <
0.0001). IFNγ expression and proliferation were quantified as a percentage of the total CD4+

(gated on CD3+CD4+) or CD8+ (gated on CD3+CD4−) T cell population.
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Table 1
Sensitivity of LPFC and CFC Assays for Stimulation with One Antigen and for Combined Results of Two or
Three Antigens (Percent of CMV-Seropositive Donors (n = 22) with Positive Response)

CMV lysate pp65 IE pp65/IEa 3 antigensb

CD4+ LPFC 90.9 77.3 59.1 81.2 100.0
CD8+ LPFC 81.8 86.4 77.3 95.4 95.4
CD4+ CFC 100.0 95.4 59.1 95.4 100.0
CD8+ CFC 81.8 72.7 63.6 86.4 100.0

a
Percentage of CMV-seropositive donors that responded to at least one of the two peptide pools.

b
Percentage of CMV-seropositive donors that responded to at least one of the three CMV antigens.
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