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Analysis of C57BL/6 mice acutely infected with lymphocytic choriomeningitis virus (LCMYV) by using
intracellular cytokine staining revealed a high frequency (2 to 10%) of CD4" T cells secreting the Thl-
associated cytokines interleukin-2 (IL-2), gamma interferon (IFN-vy), and tumor necrosis factor alpha, with no
concomitant increase in the frequency of CD4™ T cells secreting the Th2-associated cytokines IL-4, IL-5, and
IL-10 following stimulation with viral peptides. In LCMV-infected C57BL/6 CD8 '~ mice, more than 20% of
the CD4™ T cells secreted IFN-y after viral peptide stimulation, whereas less than 1% of the CD4* T cells
secreted IL-4 under these same conditions. Mice persistently infected with a high dose of LCMYV clone 13 also
generated a virtually exclusive Th1 response. Thus, LCMYV induces a much more profound virus-specific CD4™
T-cell response than previously recognized, and it is dramatically skewed to a Th1 phenotype.

Many viruses are potent inducers of T-cell responses (1, 3,
22), and the infection of mice with lymphocytic choriomenin-
gitis virus (LCMV) is one of the most well-characterized model
systems for studying T-cell responses to viruses. Most work in
the LCMV system has focused on CD8" T cells, but by day 7
of an acute LCMV infection, approximately 25% of the CD4™*
T cells are blast sized and 20 to 30% express activation markers
and adhesion molecules (16, 18). Interleukin-2 (IL-2)-based
LDA of LCMV-specific CD4" T-cell frequencies account for
only a small percentage (<1%) of the activated CD4" T cells
(17, 18), but intracellular gamma interferon (IFN-vy) staining
following stimulation with either of only two LCMV-encoded
major histocompatibility complex (MHC) class II-restricted
peptides (10) has revealed that as many as 10% of the CD4*
T cells can be defined as LCMV specific (17). CD4™ T cells
may be separated into distinct subsets based on the cytokines
that they secrete, with Thl responses characterized by the
production of IL-2, IFN-y, and tumor necrosis factor B (TNF-
B), and Th2 responses characterized by the production of IL-4,
IL-5, IL-6, IL-10, and IL-13 (7-9). In this study we sought to
examine the frequencies and phenotypes of acute and memory
LCMV-specific CD4™ T cells capable of making Th1 cytokines
versus those of cells capable of making Th2 cytokines. We
show here that LCMV induces exclusively a Thl cytokine re-
sponse.

Intracellular cytokine analysis during acute LCMV infec-
tion into memory. Intracellular cytokine staining was per-
formed as described previously (17), except that monensin
instead of brefeldin A was used in some experiments to allow
cytokines to accumulate intracellularly. Table 1 shows the fre-
quencies of CD4" T cells that produce the Thl-associated
cytokines IL-2, IFN-y, or TNF-a when stimulated with the
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FIG. 1. Intracellular IL-2 expression of LCMV peptide-specific CD4* T
cells. Splenocytes from LCMV-infected (day 9) C57BL/6 mice were stimulated in
the presence of IL-2 (Pharmingen, San Diego, Calif.) and monensin (Sigma, St.
Louis, Mo.) with or without one of the twvo LCMV MHC class II-restricted
peptides, GP61-80 and NP309-328. The cells were subsequently harvested,
blocked with purified anti-FcyRII/III MAb (clone 2.4G2; Pharmingen), and
stained with fluorescein isothiocyanate- or PerCP-conjugated anti-CD4 (clone
RM4-5; Pharmingen). After fixation the cells were stained for intracellular cy-
tokines using directly conjugated anti-cytokine MAbs or the appropriate isotype-
matched control MADb (all from Pharmingen) in buffer containing 0.5% saponin
(Sigma). Control cells known to express IL-2, IL-4, IL-10, or IFN-y (MiCK-1 and
MiCK-2; Pharmingen) were used in all experiments as positive controls. The
percentages shown each indicate the number of CD4* T cells that stained
positive for intracellular IL-2 as represented by the R1 gate. Data shown are
representative of five experiments, with two mice per experiment.
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FIG. 2. Thl (A) and Th2 (B) cytokine expression of LCMV peptide-specific CD4* T cells. Splenocytes from LCM V-infected (day 9) C57BL/6 mice were prepared
and analyzed by flow cytometry after stimulation with the GP61-80 peptide as described in the legend for Fig. 1. For panel A, the cells were gated on CD4 ™ cells, and
the numbers shown represent the percentage of CD4" cells that fall into each quadrant. Data shown are representative of five experiments, with two mice per
experiment. For panel B, the percentages shown each indicate the number of CD4™ T cells that stained positive for the indicated cytokine. Data shown for IL-4 are
representative of two experiments, with two individual mice per experiment, and the data shown for IL-5 and IL-10 are from one experiment with two mice.

LCMV GP61-80 MHC class II-restricted peptide at various
times during the acute LCMYV infection and into the memory
state, and Fig. 1 shows that approximately 2% of the CD4™ T
cells from C57BL/6 mice at day 9 postinfection (p.i.) with
LCMYV produced IL-2 following stimulation with this peptide.
Others have failed to show IL-2 production in these assays (14,
19), but we were able to do so by substituting monensin for
brefeldin A. Multicolor flow cytometric analysis revealed that
those CD4™" T cells that expressed IL-2 also produced either
IFN-y or TNF-a, and most of the cells that expressed IFN-y
also produced TNF-a (Fig. 2A). However, we failed to detect
any increase, compared to the levels obtained with the appro-

TABLE 1. Frequency of cytokine-secreting CD4" T cells during the
acute LCMYV infection following GP61-80 peptide stimulation®

Frequency of CD4" cells secreting:

Days p.i.
IL-2 IFN-y TNF-a

0 <0.2 <0.2 03=*02

7 0.6 0.4 22x14 1409

9 1.7 0.7 42=*22 41=*0.7

11 1.3+1.0 31x1.7 29+1.1

15 0.6 0.5 1.1+08 1.1+05
180 03*x0.1 0.4 x0.2 0.5*0.3

¢ Intracellular cytokine assays were performed on splenocytes from the indi-
cated days p.i. with LCMV that were stimulated with the LCMV MHC class
II-restricted peptide GP61-80 in the presence of IL-2 and monensin for 5 h.
Background staining with the appropriate isotype-matched control MAb was not
included in the results. Data are the mean percentages of CD4™ T cells that
stained positive for the indicated cytokine * standard deviations from three
separate experiments with two mice per experiment (n = 6 per group).

priate isotype-matched control monoclonal antibody (MADb),
in the intracellular expression of the Th2 cytokines IL-4, IL-5,
and IL-10 in CD4" T cells during an acute LCMV infection
following viral peptide stimulation in the presence of monensin
(Fig. 2B) or following stimulation with phorbol myristate ace-
tate and ionomycin (reference 17 and data not shown).

The expression of intracellular IFN-y and IL-4 was also
examined following LCMYV infection of C57BL/6 mice genet-
ically deficient in CD8™ T cells; these mice mount a vigorous
LCMV-specific CD4™ T-cell response. Figure 3 shows a high
frequency of IFN-y-producing CD4* T cells at day 9 p.i., with
no increase in the frequency of IL-4-producing CD4™" T cells.
Thus, there is no significant increase in the frequency of IL-4-
secreting CD4™ T cells even in mice that develop a very strong
LCMV-specific CD4* T-cell response.

Cell surface phenotype of LCMV-specific memory CD4* T
cells. In order to analyze the LCMV-specific memory CD4™"
Thp cell phenotype, CD4" T cells obtained from LCMV-im-
mune mice were sorted for CD4™ T cells expressing one of a
panel of activation and memory markers (Table 2). We utilized
the TL-2-based LDA (18) to examine the memory CD4* T-cell
phenotype, as the LDA is able to detect lower frequencies of
virus-specific CD4™ T cells more reliably than the intracellular
cytokine assay presented above is (17). The virus-specific mem-
ory CD4" Thp cells expressed predominantly a CD44™
CD45RB" CD49d™ CD62L' CZ-1" phenotype. A fairly high
frequency of LCMV-specific memory CD4" Thp cells were
found in both the CD62L'° and CD62L" subsets. CD49d and
CZ-1 were two of the best markers for identifying LCMV-
specific CD4 " Thp cells. We have previously shown CZ-1 to be
a CD4" T-cell activation and memory marker (16), and ex-
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FIG. 3. Intracellular IFN-y and IL-4 expression of LCMV peptide-specific
CD4™" T cells from CD8 knockout mice. Splenocytes from LCMV-infected (day
9) C57BL/6 CD8 knockout mice were stimulated with one of the two LCMV
MHC class II-restricted peptides in the presence of IL-2 and brefeldin A for 5 h
and subsequently stained as described in the legend to Fig. 1. The percentages
shown each indicate the number of CD4" T cells that stained positive for
intracellular IFN-y or IL-4 as represented by the R1 gate. Data are representa-
tive of two experiments, with two mice per experiment.

pression of CD49d on a high frequency of Sendai virus-specific
memory CD4" Thp cells has been reported previously (4).
Intracellular cytokine analysis during persistent LCMV
clone 13 infection. Infection of mice with a high dose of LCMV
clone 13 has been shown to selectively delete the virus-specific
CD8™" T cells by day 7 or 8 p.i. due to the overwhelming virus
infection (6). The fate of the virus-specific CD4 " T cells under
these conditions has been less studied. A recent report has
suggested that Thl cells are more sensitive to activation-in-
duced cell death than Th2 cells are (21). Therefore, we postu-
lated that during a high-dose LCMYV clone 13 infection there
may be a selective loss of virus-specific CD4 " T cells secreting
Thl-associated cytokines and, if LCMV-specific Th2-like
CD4™" T cells were present, they might be less susceptible to
deletion in an environment with a high viral antigen concen-
tration and therefore represent a higher proportion of the
remaining virus-specific CD4" T-cell population. We again
utilized the intracellular cytokine assay to follow the fate of the
IL-4-secreting CD4™ T cells but detected no increase (data not
shown). Figure 4 shows the percentage of viral peptide-specific
IFN-y* CD4" T cells present following a high-dose LCMV
clone 13 infection. The percentage of IFN-y© CD4" T cells
never reached the percentage observed during LCMV Arm-
strong infection, and the CD4" T cells that stained brightest
for IFN-vy in the LCMV Armstrong-infected mice were absent
in the LCMV clone 13-infected animals (Fig. 4). This may
suggest that high-affinity LCMV-specific CD4" T cells are
rapidly lost following a high-dose LCMV clone 13 infection.
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TABLE 2. Phenotype of LCMV-immune IL-2-producing CD4" T-
cell precursors”

Reciprocal of Thp cell frequency”

Group
Uninfected APC LCMV-infected APC
CD4" 7,905 (5,699-12,897) 1,650 (1,345-2,135)
CD4" CD44" 9,709 (6,329-20,831) 633 (541-764)
CD4" CD44'° 61,610 (40,713-126,586) 21,526 (17,196-28,770)

CD4" CD62LM
CD4" CD62L"

11,189 (8,734-15,563)
10,620 (6,915-22,879)

2,242 (1,893-2,749)
651 (546-807)

CD4* 34,437 (18,340-281,475) 3,390 (2,727-4,476)
CD4* CD44M 14,696 (6,764-85,070) 1,978 (1,510-2,862)
CD4* CD44"° 13504 (10,914-17,704) 11,782 (9,747-14,894)°

CD4" CD62LM
CD4" CD62L"®

14,338 (11,761-18,362)
5,315 (2,860-37,616)

5,911 (4,829-7,617)
1,408 (1,162-1,788)

CD4* CD45RB™ 36,042 (23,139-81,475)
CD4" CD45RB" NR?

3,267 (2,450-4,903)
1,542 (1,222-2,089)

CD4* CD45RBM 63,620 (46,075-102,744)
CD4* CD45RB 5341 (4,123-7,579)

2,982 (2,303-4,227)
7,094 (5,339-10,568)°

CD4" CZ-1M
CD4* CZ-1*

30,085 (20,012-60,573)
11,668 (9,812-14,389)

467 (392-577)
2,350 (1,805-3,369)

8,621 (6,514-12,739)

CD4" CD45RB™ 45,168 (32,309-75,034)
NR 38,020 (21,980-140,663)

CD4" CD45RB"

CD4" CZ-1M™ NR
CD4* CZ-1° NR

4,690 (3,766-6,216)
55,873 (35,602-129,746)

CD4* CD49d"
CD4*+ CD49d'"

7,414 (5,803-10,268)
22,306 (18,843-27,331)

349 (277-473)
2,442 (1,964-3,228)

“ Splenocytes from a pool of four LCMV-immune mice (6 to 8 months) were
stained and sorted into two populations based on CD4 and either CD44, CD62L,
CD45RB, CD49d, or CZ-1 expression. CD4 LDA were then performed with
these two FACS-purified populations.

b Values in parentheses are 95% confidence limits.

¢ Not significantly different (within the 95% confidence limits) from uninfected
APC controls.

4 NR, no response.

The remaining low-affinity LCMV-specific CD4* T cells may
then slowly become anergic or unresponsive due to chronic
stimulation by virus-infected antigen-presenting cells (APC),
as suggested recently by others (12).

In this report we demonstrate that the LCMV-induced
CD4™" T-cell response is virtually exclusively a Th1 response
associated with the production of IL-2, IFN-v, and TNF-a but
not IL-4, IL-5, or IL-10 (Fig. 1 to 3 and Table 1). During the
peak of the acute LCMYV response, approximately 2% of the
CD4™" T cells make IL-2 following stimulation with either of
the two known LCMV-encoded MHC class II-restricted pep-
tides (Fig. 1 and Table 1). Two recent reports of studies done
with the LCMV system showed that fluorescence-activated cell
sorter (FACS) analysis following either peptide stimulation
(19) or anti-CD3 stimulation (14) of splenocytes in the pres-
ence of brefeldin A, an inhibitor of protein transport between
the endoplasmic reticulum and the Golgi body, failed to detect
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FIG. 4. Intracellular IFN-y expression of LCMV peptide-specific CD4" T
cells from LCMV clone 13-infected C57BL/6 mice. Splenocytes from LCMV
Armstrong- or clone 13-infected mice (both day 10) were stimulated with the
LCMV MHC class II-restricted peptide GP61-80 in the presence of IL-2 and
brefeldin A for 5 h and subsequently stained as described in the legend to Fig. 1.
The percentages shown each indicate the number of CD4* T cells that stained
positive for intracellular IFN-y as represented by the R1 gate. Data are repre-
sentative of three separate experiments, with three mice per experiment.

IL-2-secreting CD4™" T cells. Here, we show that using monen-
sin, an inhibitor of trans-Golgi function, allows for the detec-
tion of a high frequency of IL-2-producing CD4™ T cells fol-
lowing viral peptide stimulation. This frequency is significantly
greater than previous estimates by us using LDA (18) and
others using enzyme-linked immunospot (ELISPOT) assays
(19). Multicolor FACS analysis revealed that the majority of
the CD4" T cells that expressed intracellular IL-2 also synthe-
sized IFN-y (and/or TNF-a) following viral peptide stimula-
tion (Fig. 2A). This suggests that the IL-2- and IFN-y-secreting
CD4™" T cells are not separate populations of virus-specific
CD4" T cells.

Previous studies examining mice infected intracranially with
LCMYV revealed the expression of easily detectable IFN-y
mRNA but not IL-4 mRNA in the brain and spleen (2). More
recent studies from our laboratory (17, 18) and others (5, 11)
have shown that LCMV-specific CD4" T cells make IFN-y but
not IL-4 following stimulation with virus-infected APC or viral
peptides, using several different techniques, including LDA,
enzyme-linked immunosorbent assay (ELISA), and ELISPOT
assay. Moreover, analysis of antibody isotypes produced fol-
lowing acute LCMV infection has demonstrated a significant
skewing of antibodies toward the immunoglobulin G2a isotype
(13, 20), which is promoted by IFN-y (15). All of these results
indicate that the LCMV-specific CD4 " T-cell response is pre-
dominantly of a Thl phenotype. However, two recent studies
have reported elevated frequencies of CD4" T cells secreting
IL-4 following LCMYV infection using ELISAs and ELISPOT
assays (14, 19). We cannot completely exclude the possibility
that there is a very low frequency of LCMV-specific CD4" T
cells of a Th2 phenotype, but we could not detect any in this
study. It should be noted that we have found that the inclusion
of 10% fetal calf serum in the viral inoculum drives a strong
IL-4 response that is absent if the viral inoculum is purified
apart from serum, and serum was present in the inocula in the
two studies showing Th2 responses (14, 19). The data pre-
sented here and in another recent report (5) clearly establish
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that the LCMV-specific CD4 " T-cell response is dominated by
cells that secrete Thl-associated cytokines.
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