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A limiting-dilution analysis technique was developed which enumerates human T cells with the capacity to
secrete T-cell growth factors such as interleukin 2 after contact with herpes simplex virus type 1 (HSV-1) or

cytomegalovirus (CMV) antigens (operationally defined as virus-reactive helper T cells [HTL]). By using this
limiting-dilution analysis technique, the peripheral blood of HSV-seropositive individuals was analyzed for the
frequency of HSV antigen-reactive HTL and for the ability either to proliferate or to secrete detectable T-cell
growth factors in conventional HSV antigen-stimulated lymphocyte cultures. We found that the magnitudes of
the latter two responses did not correlate directly with the frequency estimates of HSV antigen-reactive HTL.
The study was expanded to analyze both HSV and CMV reactivities within individuals. Those who were

seropositive for HSV or CMV were found to have relatively high HTL frequencies for the viral antigens to
which they were sensitized. However, those who were seronegative for one of the viruses often had HTL
reactive with that virus in their peripheral blood. These latter HTL frequencies were highly variable and
ranged from undetectable to quite prominent, even within the same individual at different times. In general,
it was found that viral antigen-reactive serologic activity does not necessarily reflect the status of viral
antigen-reactive cell-mediated immunity in humans and that viral antigen-induced T-cell responses may be
unexpectedly complex, rather than absent, in individuals who are seronegative for a particular virus.

Herpes group viruses can cause severe, life-threatening
complications in individuals whose viral immunity is genet-
ically (44) or pharmacologically (22) compromised. Clinical
assessment of immunity to herpes simplex virus (HSV)
usually involves a serologic analysis of peripheral blood for
the presence of HSV-reactive antibodies. In general, the
presence of such antibodies (i.e., a seropositive response) is
considered to be evidence of existing antiviral immunity. In
contrast, a seronegative response is generally considered to
indicate an individual who is susceptible to a viral infection
due to an apparent lack of protective antiviral immunity.
Although specific antibodies can protect against a subse-
quent viral challenge (1), humoral immunity (serologic sta-
tus) does not reflect the ability to recover from established
infections (11) or to protect against reactivation of latent
herpesviruses (28). Furthermore, clinical observations have
implicated cell-mediated immunity as an essential compo-
nent for recovery from viral infections caused by herpes
group viruses (14). The extent to which viral antigen-reactive
cell-mediated immunity correlates with serologic status is
even more uncertain (39, 46).
T cells appear to play a major role in the resolution of viral

infection. In vitro studies have shown that (i) human periph-
eral blood mononuclear cells (PBMC) from sensitized indi-
viduals can be induced to proliferate after exposure to viral
antigen (19, 34, 39, 46), (ii) viral antigen-specific cytolytic T
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lymphocytes can be generated from sensitized PBMC (32,
36) and have been cloned (45), and (iii) PBMC from sensi-
tized individuals secrete lymphokines, including interleukin
2 (IL-2), after contact with viral antigens (8, 15). Thus, in
vitro evidence suggests that the cellular immune responses
to these viruses involve both helper T lymphocytes (HTL)
and cytotoxic T lymphocytes (12, 17).

In most of these studies, assessment of T-lymphocyte
reactivity has been nonquantitative, due primarily to the
technical design of the available assays. For example, de-
tection of proliferation, lymphokine secretion, or cytotoxic
activity in mixed lymphocyte-virus cultures demonstrates
the presence of viral antigen-reactive lymphocytes but pro-
vides little information regarding the size or efficiency of the
responding T-cell population. Furthermore, active T lym-
phocytes are not detectable in such cultures if they did not
constitute a relatively large proportion of the responding
population (31), and their detection may be influenced by
suppressive multicellular interactions (23). An assay of T-
lymphocyte behavior which would circumvent these prob-
lems is limiting-dilution analysis (LDA). LDA can detect T
lymphocytes with defined antigen specificity and functional
capacity even when they are present in very small numbers.
In addition, some (20, 23, 24) but not all (40) LDAs have
been shown to be insensitive to regulatory mechanisms
functioning in other culture systems. Furthermore, the LDA
is a quantitative immunologic technique that monitors T-cell
numbers and thus allows analysis of changes in the sizes of
specific T-lymphocyte subpopulations.
Although LDAs of antigen-specific cytotoxic T lympho-

cytes (5, 30) and HTL (26, 29) have been reported (5, 30),
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histocompatibility antigens, rather than viral antigens, have
been the topic of these studies. Since HTL apparently
orchestrate a variety of immune responses, including cyto-
toxic T-lymphocyte generation, we have developed an LDA
technique which enumerates HSV type 1 (HSV-1) antigen-
reactive or cytomegalovirus (CMV) antigen-reactive T lym-
phocytes that can secrete T-cell growth factors (TCGF) and
are thus operationally defined as HTL. Using this technique,
we have found that approximately 0.1 to 0.01% of PBMC
from individuals who are seropositive for HSV-1 have the
capacity to secrete TCGF upon contact with viral antigen.
However, seronegativity did not necessarily preclude cellu-
lar HSV antigen reactivity in the LDA. Similar observations
were made regarding reactivity to CMV antigen.

MATERIALS AND METHODS
Virus. Stock HSV-1 strain F, produced in human epider-

moid carcinoma no. 2 cells, was kindly provided by Patricia
Spear of the University of Chicago, Chicago, Ill. CMV strain
Towne that was grown in human foreskin fibroblasts, su-
crose gradient purified, and heat inactivated was kindly
provided by Richard Gehrz, Virology Research Laboratory,
St. Paul Children's Hospital, St. Paul, Minn.

Viral antigens. Purified HSV-1 was prepared by using the
methods described by Gehrz et al. (13) and Spear and
Roizman (38). Briefly, human foreskin fibroblast cells were
infected with stock HSV-1 lysate (109 PFU/ml) at a multi-
plicity of infection of 2 PFU per cell and were incubated at
37°C until the cytopathic effect involved 90% of the mono-
layer. Supernatants from infected cells and the cytoplasmic
extracts obtained after disruption of infected cells in a
Dounce homogenizer were pooled and clarified by centrifu-
gation at 7,500 x g for 20 min. The virus was sedimented
from the clarified medium and concentrated by centrifuga-
tion at 131,000 x g for 1 h and then purified by rate zonal
centrifugation in a 10 to 50% sucrose gradient at 131,000 x g
for 1 h. The opalescent band containing the virions was
aspirated and stored at -80°C until used. Control (mock)
antigen was prepared in the same manner by using unin-
fected human foreskin fibroblast cultures. The purified HSV-
1 antigen and mock antigen preparations contained 850 and
600 lig of protein per ml, respectively, as determined by the
method of Lowry et al. (20). All viral antigen preparations
(purified virus and cell lysates) were inactivated by exposure
to UV irradiation from two G15T8 germicidal bulbs (General
Electric Co., Waterford, N.Y.) for 4 min at a distance of 5
cm. No plaques were detected on a human foreskin fibro-
blast monolayer after inactivation. Viral antigens were then
titrated to determine the optimal dilution for induction of
lymphocyte proliferation.

Viral antibody determinations. Viral antibody titers to
CMV and HSV-1 in normal donors were determined by the
Clinical Immunology Laboratory at the Ohio State Univer-
sity by using a microdilution enzyme-linked immunosorbent
assay. Serum antibodies determined by enzyme-linked im-
munosorbent assay were calculated from a standard curve,
with values of >0.22 indicating sensitization.

Culture medium. The tissue culture medium (RPMI com-
plete medium) used for these experiments was RPMI 1640
medium (GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 25 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) buffer, 2 mM L-glutamine, 100 U
of penicillin per ml, 100 ,ug of streptomycin per ml, 5 x 10-5
M 2-mercaptoethanol, and 15% (vol/vol) human serum (heat-
inactivated pooled human serum from nontransfused males)
unless otherwise indicated.

Isolation of human PBMC. Mononuclear cells were iso-
lated from the heparinized blood of normal individuals after
Ficoîl-Hypaque gradient centrifugation (4). The cells were
washed three times with phosphate-buffered saline (PBS)
and resuspended in RPMI complete medium.
Human monocytes. Human monocytes were isolated from

PBMC after centrifugation on a discontinuous Percoll (Phar-
macia Fine Chemicals, Uppsala, Sweden) gradient by using
a modification of the method of Ulmer and Flad (42). Briefly,
PBMC (50 x 106 to 100 x 106) were suspended in 2.25 ml of
Percoll solution (density, 1.080 g/ml) in a 17- by 100-mm
sterile polypropylene tube (U600; Fisher Scientific Co.,
Pittsburgh, Pa.). The cell suspension was then overlaid with
1.5-ml portions of Percoll solutions of decreasing densities
(1.070, 1.068, 1.066, 1.064, and 1.062 g/ml) followed by 0.75
ml of lx Hanks balanced salt solution. Density gradient
centrifugation was carried out at 390 x g for 30 min at room
temperature in a swing-out rotor with an IEC table centri-
fuge (Fisher). The upper band located at the interface above
the Percoll solution with a density of 1.062 g/ml contained
the majority of the monocytes. These cells were carefully
removed with a sterile Pasteur pipette, washed at 4°C with
1 x Hanks buffered saline solution, suspended in RPMI
complete medium containing 15% human serum, and kept on
ice before experimental testing. This cell preparation con-
tained >90% OKM1-positive accessory cells and <1.5%
contaminating CD3-positive lymphocytes, with approxi-
mately 70% staining positive for nonspecific esterase.
Primary mixed leukocyte-virus culture. PBMC from HSV-

seropositive or -seronegative donors were isolated as above.
Responder cells (105) were cultured in complete medium
alone or with various dilutions of UV-inactivated HSV-1
antigen in 200 ,ul of complete medium in U-bottomed micro-
dilution wells. The cultures were incubated at 37°C in 5%
C02 for 6 days, which was the optimum period as deter-
mined by preliminary kinetic studies. After an 8-h terminal
pulse with [3H]thymidine (1 ,uCi per well), the cells were
harvested and counted, and the results from triplicate wells
were expressed as mean counts per minute.

Assay for human TCGF production. TCGF production was
detected in virus-stimulated cultures using TCGF-dependent
murine CTLL-20 cells. This cell line is known to respond to
human IL-2, but, like other lymphokine-dependent cell lines,
its pattern of lymphokine reactivity is not completely under-
stood. We presume that all lymphokines which are mitogenic
for CTLL-20 cells are TCGF. Hence, we defined the lym-
phokine(s) detected in this study as TCGF without attempt-
ing to document the production of a particular growth factor,
such as IL-2.
The CTLL-20 cells were maintained by weekly transfer of

104 viable cells to upright 25-cm2 (Corning T4160) tissue
culture flasks containing 10 ml of Dulbecco modified Eagle
medium (GIBCO) supplemented with 5 x 10-5 M 2-mercap-
toethanol, additional amino acids (35), 2% (vol/vol) fetal calf
serum, and 5% supernatant from rat concanavalin A-induced
splenocytes. Mixed leukocyte-virus cultures were set up in
U-bottomed microdilution plates as indicated above, except
in 100 pl of medium. After 24 h of incubation at 37°C in 5%
C02, the plates were gamma irradiated (2,500 R) and 100 ,ul
of Dulbecco modified Eagle medium containing 5% human
serum and 103 CTLL-20 cells was added to each well of the
irradiated plates, which were then reincubated for 24 h,
including an 8-h terminal pulse with [3H]thymidine (1 ,uCi
per well). Control plates received no CTLL-20 cells. Thy-
midine incorporation was measured as indicated above.

Limiting-dilution microculture conditions. The limiting-
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FIG. 1. Contribution of the various culture components to [3H]thymidine incorporation in HSV antigen-reactive LDA microcultures.
Various components of LDA microcultures were tested alone or in combination with other components for [3H]thymidine incorporation.
Timing of component additions (including [3H]thymidine) and irradiation schedule were as described in Materials and Methods. The LDA
components include responder cells (R; 20,000 PBMC per microwell), irradiated autologous monocytes (M0; 500 Percoll-purified PBMC per

microwell), HSV-1 antigen (0.8 p.g of protein per ml), IL-2-dependent CTLL-20 cells (1,000 cells per microwell), and IL-2 (10% [vol/vol]
human IL-2; Cell Products, Inc.). Shown is the level of [3H]thymidine incorporation observed in each of the replicate microwells under each
experimental condition.

dilution microculture conditions were adapted from a

method of TCGF detection described previously (7, 8).
Briefly, 25 ,uI of a dilution of responder PBMC in RPMI
complete medium (usually in replicate sets of 24 microwells
for each of eight twofold serial responder cell dilutions
starting with 20 x 103 cells per well) were incubated with 5
x 102 autologous, Percoll-purified, gamma-irradiated (7,500
R) monocytes per well plus an appropriate dilution of viral
antigen in a total volume of 75 ,uI. After 4 to 6 h, the
microculture plates were gamma irradiated with 2,500 R and
incubated overnight at 37°C in 5% C02. The following
morning, 103 CTLL-20 cells in 25 pI of medium were added
to each microdilution well. After 6 h of incubation, each
microwell received 0.25 ptCi of [3H]thymidine. The micro-
cultures were incubated for 8 h, and the contents of each
well were aspirated onto glass fiber filters. The [3H]thy-
midine incorporation was determined by scintillation spec-
trophotometry in a beta counter.
LDA. Minimal estimates of the HTL frequency were

calculated by analysis of the Poisson distribution relation-
ship between the number of responder cells added to the
limiting-dilution microwells and the percent replicate mi-
crowells which failed to produce detectable TCGF (41).
Limiting-dilution microcultures were considered positive for
IL-2 production if [3H]thymidine incorporation by CTLL-20
cells was greater than the [3H]thymidine incorporation
(mean plus 3 standard deviations) observed in 24 replicate
microwells which contained LDA stimulator cells and
CTLL-20 cells but no responder cells. Frequency calcula-
tions were made by using the zero-order term Poisson
equation linearized to the form In Y = -Fx + ln A, where x

is the number of responder cells per well, Y is the percentage
of negative microwells, F is the HTL frequency defined as

the negative of the slope of the line, and A is the y-axis
intercept. Experimental x and y values were fitted to the
equation by chi-square minimization analysis (41). This
analysis results in a frequency estimate (1/J), a frequency
range corresponding to the 95% confidence limits of the
frequency estimate (range), and the chi-square estimate of
probability (P) for the frequency estimate. In these studies,
a P value of >0.05 indicates that the data conform to the
zero-order term Poisson equation and that the frequency
estimate is statistically acceptable.

RESULTS

Description of the analytic system. We have described
elsewhere (29) a limiting-dilution culture system that enables
detection and quantitation of alloantigen-reactive HTL. We
have adapted this protocol to allow detection of HTL
(defined operationally by the capacity to secrete TCGF
regardless of cell surface phenotype) that are reactive with
specific viral antigens. The general design of the protocol
was as follows. Dilutions of responder cells were cultured
with viral antigens for a period sufficient to allow initial
T-cell activation events to occur. The responder cells were
then gamma irradiated to impair their ability to proliferate (9)
while allowing them to continue lymphokine secretion (7,
43). To detect lymphokine secretion, CTLL-20 cells were

added to the cultures and allowed to compete with responder
cells for TCGF. When TCGF was present, the CTLL-20
cells proliferated, which could be detected by [3H]thymidine
incorporation. Since the responder cells were irradiated,
they did not incorporate significant amounts of [3H]thymi-
dine. Hence, [3H]thymidine incorporation in the LDA mi-
crocultures is indicative of TCGF production by the viral
antigen-stimulated HTL, and thus is indicative of the pres-
ence of activated HTL.

In the allogeneic LDA, alloantigens are presented via
foreign monocytes. Since the accessory cell requirement for
alloantigen-driven responses can be met with either autolo-
gous or allogeneic monocytes (25), accessory cells are never
limiting, even at high dilutions of the responder cell popula-
tion. In contrast, T cells respond to viral antigen only in the
presence of MHC-compatible accessory cells (18). Since
accessory cells are usually present in lower numbers than T
cells in human PBMC, accessory cells, rather than re-

sponder T cells, could theoretically become the limiting
factor for T-cell function at high PBMC dilutions. To cir-
cumvent this problem, viral LDAs were supplemented with
a concentration of autologous accessory cells that would not
impair HTL function (6) but would facilitate TCGF produc-
tion.
These theoretical considerations are supported by the data

in Fig. 1, for which each component of the LDA microcul-
ture was tested alone or in combination with other compo-
nents for the ability to contribute to [3H]thymidine incorpo-
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ration by CTLL-20 cells. In this series of experiments,
PBMC from HSV-seropositive individuals were used as a
source of responding lymphocytes. We observed no signifi-
cant CTLL-20 cell proliferation in the presence of either
responding PBMC alone (indicating lack of detectable spon-
taneous TCGF production) or isolated monocytes plus HSV
antigen. Substantial [3H]thymidine incorporation by CTLL-
20 cells was observed in the presence of responding PBMC
plus HSV antigen; responding PBMC plus gamma-irradi-
ated, autologous monocytes and HSV antigen; or exogenous
IL-2. At the relatively low responder cell dilution used in this
experiment, autologous monocytes were not limiting, so
HSV antigen-induced TCGF production occurred in the
absence of additional monocytes. Nonetheless, the presence
of additional monocytes did not interfere with TCGF pro-
duction, but rather facilitated production and/or detection of
TCGF in these microcultures. These data indicate that these
culture conditions can be used to detect HSV antigen-
induced TCGF production by human PBMC from HSV-
seropositive individuals.

In the next series of experiments we used this protocol to
establish limiting-dilution microcultures. Various dilutions
of responding PBMC from HSV-seropositive individuals
were cultured with a constant number of gamma-irradiated,
autologous monocytes and a standard concentration of HSV
antigen or mock viral antigen (see Materials and Methods) as
a control. These microcultures were later gamma irradiated
and overlaid with CTLL-20 cells, pulsed with [3H]thymi-
dine, and tested for [3H]thymidine incorporation. The
[3H]thymidine incorporation in each microculture is shown
in Fig. 2. In microcultures containing HSV antigen, the
magnitude of [3H]thymidine incorporation was directly re-
lated to the number of responding PBMC present. As the
number of responding PBMC decreased, both the magnitude
of [3H]thymidine incorporation and the number of replicate
microwells that developed significant [3H]thymidine incor-
poration were diminished. The microwells were considered
positive if [3H]thymidine incorporation exceeded the mean
plus 3 standard deviations of the incorporation in replicate
microcultures containing all microculture components ex-
cept responding PBMC. In contrast to HSV antigen-induced
responses, few of the limiting-dilution microcultures con-
taining mock viral antigen displayed positive [3H]thymidine
incorporation. Analysis of these data by the chi-square
minimization method suggested by Taswell (41) yielded a
frequency estimate (J), a 95% confidence interval for the
estimate (range), and a chi-square evaluation of probability
(P). The frequency of HSV-reactive PBMC in the individual
under study was 1 cell per 12,390 PBMC, whereas the
frequency of cells in the same PBMC population that could
respond to the mock viral antigen was 1 cell per 536,407
PBMC (Fig. 3).
We next determined the relationship between the fre-

quency of HSV antigen-reactive HTL in a PBMC population
and the ability of that PBMC population to proliferate or
secrete detectable TCGF in conventional lymphocyte cul-
tures. For these experiments, PBMC from different HSV-
seropositive individuals were concurrently evaluated for
HSV-reactive HTL frequency by LDA and for HSV antigen-
induced proliferation in conventional lymphocyte cultures.
Some populations were also evaluated for HSV antigen-
induced TCGF production in conventional lymphocyte cul-
tures as detected by a procedure described elsewhere (8).
Contact of PBMC with HSV antigen induced significant
TCGF production and prominent proliferative responses in
conventional lymphocyte cultures (Table 1). However, the
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FIG. 2. [3H]thymidine incorporation in HSV antigen-reactive
limiting-dilution microcultures. Various dilutions of human PBMC
from donor 5, ranging from 40,000 to 600 cells per well, were
analyzed for HSV-1 antigen-induced IL-2 production according to
the LDA protocol in Materials and Methods. Shown are the levels of
[3H]thymidine incorporation in each responder cell dilution in 24
replicate microwells when the LDA cultures were stimulated with
HSV-1 antigen (0.8 pug of protein per ml) or mock antigen (0.8 ,ug of
protein per ml) as indicated. Microwells were considered positive
for [3H]thymidine incorporation when levels exceeded the mean
plus 3 standard deviations (X + 3SD) of [3H]thymidine incorpora-
tion observed in 24 replicate microwells that contained all LDA
microculture components except responder cells.

magnitude of these two responses did not directly correlate
with the estimated frequency of HSV antigen-reactive HTL
in the PBMC. This lack of correlation was not unexpected,
given the quantitative nature of the LDA and the qualitative
nature of the other two assays.

It has been reported that PBMC from seronegative indi-
viduals fail to proliferate when incubated in conventional
lymphocyte cultures with appropriate viral antigens (3, 46).
Our previous studies have shown that PBMC from HSV-
seronegative individuals which fail to proliferate when stim-
ulated in vitro with HSV antigen also fail to produce detect-
able levels of TCGF in high-density lymphocyte cultures (8).
This suggests that HSV-seronegative individuals may lack
HSV antigen-reactive HTL. If so, PBMC from individuals
who are HSV seropositive should have LDA-detectable
HTL, while PBMC from HSV-seronegative individuals
should not. However, when the PBMC from two HSV-
seronegative individuals were analyzed, the frequency of
HSV-reactive HTL for one individual (no. 8) was signifi-
cantly reduced relative to the number of HSV-reactive HTL
detectable in the peripheral blood of HSV-seropositive indi-
viduals (Table 2). In contrast, a high HSV-reactive HTL
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FIG. 3. Frequency analysis of [3H]thymidine incorporation in
limiting-dilution microwells. Data illustrated in Fig. 2 are redis-
played in a graph showing responder cells per microwell (linear
scale) versus percent negative microwells (logarithmic scale). As
determined by chi-square minimization analysis, these data result in
the following frequency estimates. HSV-1 antigen: f, 1/12,390;
range, 1/9,665 to 1/17,253; P, 0.2062. Mock antigen: f, 1/536/407;
range, 1/260,695 to 1/9,312,016; P, 0.9879.

frequency was determined for the second seronegative indi-
vidual (no. 9) in separate experiments and could not be
attributed to variable LDA culture conditions. Repeated
serum testing by enzyme-linked immunosorbent assay con-

sistently failed to detect anti-HSV antibodies in the HSV-
seronegative individuals (data not shown).

Analysis of the relationship between serologic status and
HTL frequency. In order to examine the relationship be-
tween serologic status and HTL frequency more closely, we
monitored the frequency of HTL with reactivity to CMV
antigen along with the frequency of HSV antigen-reactive
HTL. Since HSV and CMV are closely related herpes group

viruses but are not cross-reactive with each other in conven-
tional lymphocyte cultures (13, 46), individuals who are
HSV seropositive and CMV seronegative should have LDA-

TABLE 1. Relationship between viral antigen-induced
proliferative response, IL-2 production, and HTL

frequency in human peripheral blood

Expt Donor Proliferationa IL-2 HTL
no. (patient no.) (cpm, 103) production frequency

1 1 25.8 12.0 1/432
2 2 27.4 13.5 1/4,481
3 3 16.4 6.1 1/2,090
4 4 8.3 NDd 1/1,442
5 5 7.7 ND 1/3,515
6 6 21.5 ND 1/3,485
7 7 32.8 ND 1/5,501
a [3H]thymidine incorporation determined in primary mixed leukocyte-

virus culture as described in Materials and Methods.
b [3H]thymidine incorporation by CTLL-20 cells determined as described

for assay of human IL-2 production in Materials and Methods and in reference
14.

C Determined as described for limiting-dilution microculture conditions and
analysis in Materials and Methods.

d ND, Not determined.

TABLE 2. Detection of HSV-reactive T cells in peripheral
blood of HSV-seronegative individuals

Expt HSV donor HSV-reactive HTL frequency
no. (patient no.) serum statusa fl)

1 5 + 12,390
8 - 319,740

2 6 + 2,727
9 - 12,736

3 6 + 3,485
9 - 5,519

a Determined as described for viral antibody determination in Materials and
Methods.

detectable, HSV antigen-reactive HTL but not CMV anti-
gen-reactive HTL. The reciprocal relationship should exist
for individuals who are HSV seronegative and CMV sero-
positive. Experimental data confirming these relationships
would also demonstrate the viral antigen specificity of the
HTL that are detected by LDA.
To verify serologic status, sera from a number of healthy

individuals were analyzed for HSV-reactive and CMV-
reactive antibodies by using an enzyme-linked immunosor-
bent assay method. The PBMC from some of these individ-
uals were then tested by LDA for frequency of HSV-reactive
and CMV-reactive HTL. The optimal concentrations of
CMV antigen (0.9 ,ug of protein per ml) and HSV antigen (0.8
,ug of protein per ml) used in the limiting-dilution microcul-
tures were determined in advance in separate experiments
(data not shown). The PBMC were also tested for frequency
of alloantigen-reactive HTL by using a protocol described in
a separate communication (29).
The results of these experiments are shown in Table 3. In

general, we observed that PBMC from individuals who were
seropositive for either virus contained relatively high num-
bers of HTL that could react to appropriate viral antigens.
However, in several experiments PBMC from individuals
who were seronegative for either virus also had detectable
numbers of HTL that could react to appropriate viral anti-
gens. When these data were examined more closely, the

TABLE 3. Relationship between serologic
status and HTL frequency

Serologic HTL frequency
Expt Date (mo/ Patient status for: (f1)
no. day/yr) no.a

HSV CMV HSVb CMVC Allod

1 11/5/87 6 + - 5,758 25,538 6,805
5 + + 4,193 2,191 3,564

2 11/19/87 6 + - 3,485 8,003 4,183
7 + + 5,501 3,519 2,168

3 12/8/87 6 + - 2,498 6,366 ND'
4 12/15/87 6 + - 2,727 34,954 7,203
5 12/3/87 4 + - 1,442 <200,228 818

5 + + 3,515 2,558 ND
6 4/15/88 10 + - 555 5,369 ND

4 + - 1,267 20,903 ND
7 4/20/88 il + + 2,042 568 ND

12 - - 40,191 34,994 ND
13 - - 78,957 13,154 ND

a Untreated PBMC donors.
b HSV-1 antigen; 0.8 ,ug of protein per ml plus 500 autologous monocytes.
C CMV antigen; 0.9 p.g of protein per ml plus 500 autologous monocytes.
d A total of 5,000 irradiated (7,500 R) allogeneic PBMC-derived monocytes

added to LDA microcultures in the absence of additional autologous mono-
cytes or viral antigens (29).

e ND, Not determined.

J. CLIN. MICROBIOL.



LDA FOR HUMAN, VIRAL ANTIGEN-REACTIVE HELPER T CELLS

following relationships became apparent. (i) The three indi-
viduals (no. 5, 7, and 11) who were seropositive for both
HSV and CMV had relatively high HSV antigen-reactive and
CMV antigen-reactive HTL frequencies. (ii) The two indi-
viduals (no. 12 and 13) who were seronegative for both HSV
and CMV had moderate but detectable HSV antigen-reac-
tive and CMV antigen-reactive HTL frequencies. (iii) The
three individuals (no. 4, 6, and 10) who were seropositive for
only HSV and seronegative for CMV had consistently higher
frequencies of HTL reactive with HSV compared with those
observed for CMV within the same experiment. Interest-
ingly, these three latter individuals had highly variable but
usually detectable frequencies of HTL reactive with CMV,
for which they were seronegative. For example, one HSV-
seropositive, CMV-seronegative individual (no. 6), who was
tested four times in a 1-month period, had variable sequen-
tial CMV antigen-reactive HTL frequencies of 1/25,538,
1/8,003, 1/6,366, and 1/34,954 while displaying nearly con-
stant simultaneous HSV antigen-reactive (1/5,758, 1/3,485,
1/2,498, and 1/2,727) and alloreactive (1/6,805, 1/4,183, and
1/7,203) HTL frequencies. This latter observation was unex-
pected and raises some interesting questions regarding the
immunobiology of antiviral activity.

DISCUSSION

The participation of HTL in immune responses to viral
infection has been difficult to evaluate or monitor, due
primarily to a lack of suitable immunologic techniques. The
immunologic techniques that have been available to date are
all based on conventional lymphocyte culture techniques.
Hence it is possible to detect lymphocyte proliferation,
lymphokine secretion, and CTL generation in vitro when
lymphocytes are cultured with viral antigens. However,
detection of these responses demonstrates only the presence
or absence of viral antigen-reactive T cells in the lymphocyte
population but provides little information regarding the size
of the viral antigen-reactive population. Without this infor-
mation, it is not possible to understand the dynamics of viral
immunity before, during, or after viral infection.

Unlike other assays of cellular immunity, LDA enumer-
ates antigen-reactive lymphocytes and thus allows monitor-
ing of dynamic changes in the sizes of various lymphocyte
populations. Although one published report made use of a
modified LDA to determine the frequency of human viral
antigen-specific, proliferating T lymphocytes (16) that were
assumed to be CD4+ HTL (10), we are unaware ofpublished
reports describing LDA techniques for detection of human
viral antigen-reactive, lymphokine-secreting T cells. There-
fore, we developed an LDA that could enumerate T cells
which secrete TCGF after contact with viral antigens. Virus-
induced TCGF was detected via a bioassay involving murine
CTLL-20 cells. These cells proliferate in response to human
or murine IL-2 and murine IL-4, but not human IL-4 (27).
Since the pattern of lymphokine reactivity of CTLL-20 cells
appears to be complex and incompletely understood, we
used CTLL-20 cell proliferation to indicate the presence of
TCGF without defining the particular growth factor(s) in
question. For the purposes of the studies discussed here,
antigen-induced TCGF production is considered to be the
operational definition of an HTL. Since recent LDA studies
utilizing lectins and alloantigens suggest that there is no
absolute correlation between the surface phenotype and the
functional potential of human peripheral blood T lympho-
cytes (26), our operational definition of HTL is independent
of considerations regarding cell surface phenotype or any

collateral T-lymphocyte functions of the TCGF-secreting
cells.

Using this LDA technique, we monitored HTL frequency
from HSV-seropositive individuals and compared these fre-
quencies with those obtained by using conventional assays
of viral antigen-induced proliferation and lymphokine secre-
tion (Table 1). Although we observed that there is little
correlation between the quantitative estimate of HTL num-
ber and the qualitative assessments of T-cell responses
based on proliferation or lymphokine secretion, this is not
surprising since murine studies (24) have shown that IL-2
production under limiting-dilution conditions was much
greater (on a per cell basis) than under conventional, high-
density culture conditions. Furthermore, these conventional
culture systems are particularly sensitive to multicellular
interactions that could be suppressive (23), causing a net
response that bears little relationship to the number of
precursor cells present. However, it was of interest to find
that PBMC from HSV-seronegative individuals contained
detectable HSV-reactive HTL (Table 2). Others have re-
ported that virus-reactive cell frequencies could only be
obtained in PBMC from individuals who were seropositive
for a particular virus (16). It should be noted that these
authors monitored the proliferation of T cells rather than the
production of TCGF as an index of HTL function in limiting-
dilution microcultures.
When the relationship between virus-reactive serologic

status and viral antigen-reactive HTL frequency was exam-
ined in greater detail by using CMV and HSV, we observed
that individuals who are seropositive for either virus have
relatively high (comparable with alloantigen-reactive HTL)
HSV antigen-reactive or CMV antigen-reactive HTL fre-
quencies (Table 3). This was not unexpected, since we had
previously observed that PBMC from seropositive individu-
als were efficient at producing lymphokines when cultured
with appropriate viral antigens (8). However, as found
initially with HSV, CMV-reactive HTL could still be de-
tected by LDA in PBMC populations from some CMV-
seronegative individuals (Table 3). These latter frequencies
appeared to be highly variable and ranged from undetectable
to quite prominent, even within the same individual at
different times.

Initially, HSV and CMV antigen reactivities were com-
pared in these experiments to verify the viral antigen spec-
ificity of the HTL responses that were detected in the
limiting-dilution microcultures. Because of the experimental
results, further investigations are necessary to provide de-
finitive data in this regard. Interestingly, murine studies
utilizing LDA techniques (23) detected HTL that displayed
patterns of cross-reactivity to influenza viral determinants
that differed markedly from specificities determined by con-
ventional culture systems (2). Furthermore, recent studies
using Western (immuno-) blot analysis and immunoprecipi-
tation techniques reported on antigenic cross-reaction be-
tween proteins of human HSV, CMV, and Epstein-Barr
virus (33) and between HSV and varicella-zoster virus (37).
This raises the possibility that cross-reactivity to herpesvirus
proteins could be reflected by the HTL themselves, with the
antigen specificity determined by antigen-specific regulatory
cells that are more effective at high densities, as suggested
by others (23). However, whether such cross-reactivities
could result in the highly variable HTL frequencies observed
for seronegative individuals is not known.

Theoretically, there are a number of immunologic expla-
nations for the seronegativity of a given individual for a
particular virus. Ranging from simplest to most complex,
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these include (i) lack of prior exposure to viral antigens, (ii)
lack of cellular ligands for viral binding and infection, (iii)
lack of viral antigen-reactive B-cell clones, (iv) lack of viral
antigen-reactive helper T-cell clones, and (v) presence of a
virus-responsive regulatory mechanism which actively im-
pairs the function of viral antigen-reactive B cells or HTL.
Our data appear to eliminate the fourth possibility. The other
possibilities require further investigation. Although the data
concerning HTL in seropositive and seronegative individu-
als are not definitive, there is certainly enough information to
warrant continued investigation in this area. Since these data
could not have been obtained with conventional lymphocyte
culture techniques, these experiments also illustrate the
effectiveness and utility of LDA as a research tool for
investigating some of the more subtle aspects of viral anti-
gen-induced T-cell behavior.
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