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T cell proliferation in vivo is presumed to reflect a T cell receptor (TCR)-mediated
polyclonal response directed to various environmental antigens. However, the massive
proliferation of T cells seen in viral infections is suggestive of a bystander reaction driven
by cytokines instead of the TCR. In mice, T cell proliferation in viral infections prefer-
entially affected the CD44" subset of CD8" cells and was mimicked by injection of
polyinosinic-polycytidylic acid [poly(l:C)],’an inducer of type | interferon (IFN [), and also
by purified IFN [; such proliferation was not associated with up-regulation of CD69 or
CD25 expression, which implies that TCR signaling was not involved. IFN | [poly(l:C)]-
stimulated CD8* cells survived for prolonged periods in vivo and displayed the same
phenotype as did long-lived antigen-specific CD8™ cells. IFN | also potentiated the clonal
expansion and survival of CD8™ cells responding to specific antigen. Production of IFN
I may thus play an important role in the generation and maintenance of specific memory.

Viral infections generally induce vigorous
immune responses that culminate in a long-
lasting state of immune memory. The sharp
transient increase in total T cell numbers
found in certain viral infections and the
activation of specific T cells by heterolo-
gous viruses suggest that a substantial com-
ponent of the T cell proliferative response is
not antigen-specific (1). T cell proliferation
in viral infections has not been quantitated,
although the number of cycling CD8™ cells
in mice with influenza infection greatly ex-
ceeds the number of virus-specific cells (2).
To quantitate T cell proliferation, the DNA
precursor bromodeoxyuridine (BrdU) was
given to mice to label T cells during infec-
tion with lymphocytic choriomeningitis vi-
rus (LCMV). .
Administration of BrdU in the drinking
water to uninfected (control) adult thymec-
tomized (ATx) C57BL/6 (B6) mice led to
slow and progressive BrdU- labeling of
CD4" and CD8™ cells in the spleen (3) and
in pooled lymph nodes (LNs) (Fig. 1, A and
B) (4). Labeling occurred more rapidly for
“memory-phenotype” CD44M cells (20 to
25% of T cells) than for “naive-phenotype”
CD44P cells (Fig. 1, C through F). The rate
and extent of BrdU labeling of T cells in-
creased after infection with LCMV and was
most conspicuous for the CD44M subset of
CD8™* cells, both in the spleen (Fig. 1G)
and in LNs (Fig..1C). BrdU labeling of
CD44" CD8* cells was >90% by 1 week
after infection (as compared with 25% in
uninfected mice) and was associated with
up-regulation of Ly-6C (Fig. 1H). Mice in-
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fected with two unrelated viruses, vaccinia
virus (VV) or vesicular stomatitis virus
(VSV), had similar responses (Fig. 1, G and
H). The selective labeling of CD44b CD8™*
cells during viral infection was associated
with a substantial (50 to 100%) increase in
total numbers of CD87 cells in LNs and the
spleen and a marked increase in the propor-
tion of CD44P CD8% cells (60% at day 7
after LCMV infection, as compared with
20% in controls).

Because the frequency of antigen-specific
T cells during viral infection is low (=1%
even at the peak of the immune response)
(2, 5), it seemed likely that the intense pro-
liferation of T cells elicited by the above
viruses was non—antigen-specific and reflect-
ed bystander stimulation by cytokines (1, 2).
In considering which cytokines might be
involved, type I interferon (IFN I, which
includes IFN-a and IFN-B) was a likely can-
didate because (i) IFN I causes rapid up-
regulation of Ly-6C on CD8* cells (6), and
(ii) LCMV and other viruses induce strong
production of IFN I (7). To assess the role of
IFN 1, we tested whether T cell proliferation
could be elicited by injection of poly(I:C)
(synthetic double-stranded RNA), a power-
ful inducer of IFN I (8).

Poly(I:C) mimicked the effects of viruses
by causing marked proliferation of CD44"
cells, especially CD44M CD8* cells (Fig.
2A), and up-regulation of Ly-6C (Fig. 2C);
proliferation of CD4* cells was minimal
(9). The proliferative response of CD44"
CD8* cells was transient and declined
abruptly after day 3 (Fig. 2A). LNs were
enlarged at day 1 but returned to near nor-
mal size by day 2 to 3; at this stage, there
was a small (20 to 30%) increase in the
total number of CD8" cells and in the
proportion of CD44" CD8" cells.

Poly(I:C) also caused T cell stimulation
in mice transgenic for the 2C T cell recep-
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tor (TCR) (10, 11); the clonotype-positive
T cells in this strain were detected by
monoclonal antibody (mAb) 1B2. In 2C
mice, poly(I:C) caused selective stimula-
tion of clonotype-negative (1B27) CD44b
CD8" cells (Fig. 2B, left). Most (>95%)
of the clonotype-positive (1B2*) 2C cells
had a naive CD44' phenotype and prolif-
eration of these cells was minimal. How-
ever, poly(I:C) caused substantial prolifer-
ation of the minor (<5%) subset of

CD44 1B2*+ cells (Fig. 2B, middle),

" which implies that proliferation was inde-

pendent of antigen specificity, did not
require TCR triggering, and depended
only on the expression of a memory
(CD44") phenotype (12). In support of
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Fig. 1. Proliferation of T cells after viral infection
(34). (A through F) Kinetics of BrdU labeling of
CD8* [(A), (C), and (E)] and CD4* [(B), (D), and (F)]
LN T cells in ATx B6 mice after LCMV infection
(open symbols) or in uninfected controls (solid
symbols). Proliferation kinetics are shown for total
CD8* (A), total CD4+ (B), CD8* CD44M (C), CD4™*
CD44" (D), CD8* CD44' (E), and CD4+ CD44'°
(F) cells. (G) BrdU-labeling and (H) Ly-6C expres-
sion of CD8% spleen T cells from B6 mice mea-
sured 7 days after injection with LCMV, VV, or
VSV compared with uninfected controls. All mice
were given BrdU continuously in their drinking wa-
ter from the time of viral infection. The data repre-
sent mean values from two or three mice per
group (£SD).
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this possibility, proliferation of CD44"
CD8" cells induced by poly(I:C) was not
associated with up-regulation of markers
found on TCR-activated T cells, that is,

major histocompatability complex (MHC)
class I expression, that is, when class I~
[B,-microglobulin™ (B,M7)] CD8* cells

(generated in chimeras) were exposed to

CD69 or CD25 IL-2 receptor a-chain cells
(Fig. 2C); and occurred in the absence of

poly(I:C) after transfer to class I~ hosts
(Fig. 2B, right). Collectively, these find-
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(open bars) or injected with poly(1:C) 3 days previously (solid bars). The middle panel shows BrdU labeling
of CD44'"° and CD44" CD8* 1B2™* spleen cells in ATx 2C mice injected with poly(l:C) (solid bars) or PBS
(open bars) 3 days previously. The right panel shows BrdU labeling of CD8* LN cells transferred from
(B,M~ — B6) bone marrow chimeras into B,M~ mice 3 days after injection of recipient mice with PBS
(open bars) versus poly(l:C) (solid bars); the data show staining of cells recovered from LNs. (C) Phenotype
of CD8* T cells proliferating after poly(l:C) injection. Dot plots show CD69 (left), CD25 (middle), and Ly-6C
(right) staining versus BrdU incorporation for CD8* LN T cells from normal B6 mice injected with poly(l:C)
3 days previously. Except for the 4-hour labeling in (A) (right panel), the mice in each experiment were
placed on BrdU water from the time of poly(l:C) injection. The data represent mean values from two or three
fnice per group (=SD).
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Fig. 3. Role of IFN | in CD8* T cell proliferation (36). (A) Inhibition of poly(l:C)-induced proliferation by
antibody to IFN o/B. Data show BrdU labeling (left) and Ly-6C expression (right) of CD8* LN cells in ATx
B6 mice injected with control sheep serum plus either PBS or poly(1:C), or with sheep antibody to IFN o/
plus either PBS or poly(l:C). (B) Effect of IFN-8 injection on CD8* T cell proliferation. Data show BrdU
labeling of CD8* CD44" LN and spleen cells 3 days after injection of purified murine IFN-B or mock IFN
o/B. The data represent the mean values from two to four mice per group (=SD).
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ings indicate that poly(1:C)-induced pro-
liferation correlates closely with high
CD44 expression and appears to be inde-
pendent of TCR specificity (13).

Although the entire range of cytokines
elicited by poly(I:C) injection is unknown,
the proliferation of CD44" cells induced by
poly(I:C) was substantially reduced by co-
injection of antibody to IFN I (anti-IFN I)
(Fig. 3A, left); this applied to both CD4*
and CD8* CD44" cells (Fig. 3) and was
seen in both LNs and spleens (9). Anti—IFN
[ also prevented poly(I:C)-induced up-regu-
lation of Ly-6C (Fig. 3A, right). These find-
ings suggest that the effects of poly(:C) are
mediated largely through production of IFN
L. If so, injection of mice with purified IFN I
would be expected to reproduce the effects of
poly(I:C). This was indeed the case. Thus,
like poly(I:C), injection of mice with a large
dose of purified IFN 1 (IFN-B; 4.4 X 10° U
per mouse) induced marked proliferation of
CD44h CD8* cells (Fig. 3B).

The above findings regarding poly(I:C)
and purified IFN I provide the first direct
evidence that T cell proliferation in vivo
can reflect a bystander (non—antigen specif-
ic) response driven by cytokines. Thus, most
of the CD44" CD8" cells proliferating in
viral infections could be bystander cells
stimulated by locally produced cytokines,
especially IFN I. Whether these cytokines
act directly on CD8" cells or through the
production of other mediators is unknown.
In preliminary experiments, CD44" cells
also proliferated after injection of recombi-
nant [FN-y (9); other cytokines have yet to
be tested. Hence, cytokine-induced prolifer-
ation of T cells in viral infections may not
be restricted to IFN 1. The capacity of cyto-
kines, notably IFN [, to cause bystander
stimulation of T cells in vivo may explain
the “homeostatic” expansion of CD8* cells
seen in patients with acquired immunodefi-
ciency syndrome (14) and in nude mice and
rats given small numbers of T cells (15, 16).
Thus, rather than reflecting homeostasis,
the expansion of CD8" cells could simply
reflect a proliferative response driven by the
cytokines released during opportunistic viral
infections (17). The capacity of cytokines to
cause selective stimulation of CD44b cells
could also explain why T cell proliferation
in nude mice injected with TCR transgenic
CD8* cells' is marked for the clonotype-
negative - cells (which are predominantly
CD44") but minimal for the clonotype-pos-
itive cells (mostly CD44°) (18). Because
the proliferation of T cells in nude rodent
hosts ceases when the pool size reaches a
certain threshold (15, 19), the homeostasis
in this situation could simply reflect resto-
ration of immunocompetence: Pathogens
are eliminated and cytokine concentrations
return to normal.



Many of the antigen-specific T cells pro-
liferating in viral infections are rapidly
eliminated (1), but some of the responding
cells survive and differentiate into long-
lived resting memory cells (5). The factors
controlling the survival of long-lived mem-
ory cells are controversial. For CD8* cells,
there is evidence that memory to LCMV
{20) and the HY antigen (21) requires per-
sistent contact with residual antigen. How-
ever, more recent studies suggest that CD8"
cell memory to viruses (5, 22) and the HY
antigen (23) is remarkably long-lived in the
absence of specific antigen. It has been
suggested that the maintenance of long-
term memory to viruses could reflect repeat-
ed TCR stimulation by cross-reactive envi-
ronmental antigens (24). Because memory
cells remain CD44%M, an alternative possi-
bility is that memory is not maintained
through TCR stimulation but through in-
termittent contact with cytokines, such as
IFN 1, released during infection with other
viruses. This hypothesis has the underlying
assumption that stimulating T cells with
IFN I provides a protective signal that pro-

motes long-term survival of the cells rather
than rapid elimination.

To address this question, we used a BrdU
pulse-chase approach. Mice were injected
with poly(I:C), placed immediately on
BrdU water for 3 days (pulse), and then
switched to normal water (chase) (Fig. 4, A
and B). Placing the mice on normal water
for 1 to 2 months after the BrdU pulse
caused little change either in the numbers
of BrdU-labeled CD8" cells or in the sur-
face phenotype of these cells; in particular,
the BrdU-labeled CD8* cells remained
CD44bi Ly-6CM. Like virus-specific memo-
ry cells tested late after priming (25), the
“rested” BrdU-labeled CD8™ cells were pre-
dominantly CD45RBM CD62LM (indica-
tive of a partial reversion to a naive pheno-
type) (9). Thus, exposure to IFN I caused
CD44M CD8™ cells to proliferate for a short
period (=3 days) (see also Fig. 2A, right)
and then differentiate into long-lived rest-
ing memory cells; these cells displayed a
phenotype identical to that of typical late-
stage memory CD8™ cells specific for viral
antigens.
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Fig. 4. Persistence of BrdU-labeled CD8™* T cells after poly(l:C)-induced proliferation (37). (A) Dot plots
showing CD44 (upper) and Ly-6C (lower) staining versus BrdU labeling of CD8* LN T cells in ATx B6
mice injected with poly(l:C), then given BrdU water for 3 days (left), followed by normal drinking water for
4 weeks (middle) or 8 weeks (right). (B) Percent of BrdU-labeled CD8" CD44'° and CD44" cells in ATx
B6 mice injected with poly(1:C), then given BrdU water for 3 days (open bars), followed by normal drinking
water for 4 weeks (striped bars) or 8 weeks (solid bars). (C) Total number of BrdU* 1B2* CD8+ T cells
found in pooled LNs plus spleens after adoptive transfer of 2C LN cells plus or minus B10.D2 T-depleted
spleen cells as antigen-presenting cells (APCs) to B6 recipients with or without poly(l:C) injection. Mice
were given BrdU water for the first 7 days after injection of cells (left), then transferred to normal drinking
water for a further 4 weeks (right). Where indicated, recipients were also injected with poly(:C) 1 or 2
days after injection of cells. Data points lacking error bars were derived from one mouse, whereas the
remainder represent the mean values of two or three mice per group (=SD).
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In addition to promoting the survival of
preexisting memory cells, IFN I could play a
role in initial memory cell generation, per-
haps by delivering survival signals to
unprimed precursors responding to specific
antigen during viral infection. We ad-
dressed this question with 2C TCR trans-
genic mice. Small numbers of 2C cells were
adoptively transferred to B6 mice together
with specific antigen (B10.D2 spleen cells),
and the mice were placed on BrdU water for
7 days (Fig. 4C). Injection of poly(L:C) 1 to
2 days after immunization enhanced the
production of BrdU* 1B2* CD8* cells,
both during initial priming (day 7) and after
a 4-week rest period on normal water (day
35); most of the BrdU™ 1B2* cells ex-
pressed intermediate to high levels of CD44
(9). These findings imply that exposure to
IFN I during a primary immune response
promotes both the generation and survival
(memory) of antigen-specific CD87 cells.

The results presented here suggest that
release of [FN I during viral infections could
play two different roles in promoting long-
term memory carried by CD8™ cells. First,
the survival of preexisting memory cells
may not require continuous TCR contact
with specific antigen or cross-reactive envi-
ronmental antigens but simply intermittent
contact with IFN I released during intercur-
rent viral infections; stimulation of memory
cells by IFN I could require minimal TCR
ligation or be totally TCR-independent.
Second, during the primary response to vi-
tuses, local production of IFN I may act as
an adjuvant and augment both the intensity
of the response and the survival of early
memory cells. An adjuvant effect of [FN 1
could explain why most live viruses elicit
strong immune responses, whereas viral
peptides are poorly immunogenic or tolero-
genic unless supplemented with exogenous
adjuvant (26).
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was given to the mice from the time of PBS or poly(i:
C) injection. To test the effect of murine IFN [ in vivo,
ATx B6 mice received a single iv injection of either
4.4 X 105 U of purified murine IFN-B (Lee Biomo-

Nonselective and G

lecular Laboratory, San Diego, CA) or an equivalent
volume (0.45 ml) of mock IFN o/B (Lee Biomolecular
Laboratory) and were immediately started on BrdU
drinking water. Staining of LN and spleen cells for
flow cytometry was carried out as described in Fig. 1.

37. For adoptive transfer experiments (shown in Fig. 4C),
B6 2C LN cells (5.5 x 108) were injected iv plus or
minus T-depleted (37) B10.D2 (H-29) spleen cells
(2.6 X 107) into normal B6 mice. BrdU water was
given for 7 days from the time of immunization;
where indicated, mice were injected ip with a single
dose of 100 ng of poly(l:C) 1 or 2 days later; the
effects of poly(l:C) given 1 or 2 days after immuniza-
tion were quite similar, and pooled data for these
time points are shown. Mice were either killed 7 days
after injection of cells or transferred to normal water
for a further 4 weeks. The number of BrdU* 1B2*
CD8* cells was calculated from total cell counts of
pooled LNs and spleens. Experiments 1 and 2 rep-
resent independent experiments.
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-Insensitive

By
weaver KT Channels

Betsy Navarro, Matthew E. Kennedy, Bratislav Velimirovic,
Deepti Bhat, Andrew S. Peterson, David E. Clapham*

Homozygous weaver mice are profoundly ataxic because of the loss of granule cell
neurons during cerebellar development. This granule cell loss appears to be caused by
a genetic defect in the pore region (Gly'%® — Ser) of the heterotrimeric guanine nucle-
otide—binding protein (G protein)—gated inwardly rectifying potassium (K*) channel sub-
unit (GIRK2). A related subunit, GIRK1, associates with GIRK2 to constitute a neuronal
G protein—gated inward rectifier K+ channel. The weaver allele of the GIRK2 subunit
(wvGIRK2) caused loss of K* selectivity when expressed either as wvGIRK2 homomul-
timers or as GIRK1-wvGIRK2 heteromultimers. The mutation also led to loss of sensitivity
to G protein By dimers. Expression of wvGIRK2 subunits led to increased cell death,
presumably as a result of basal nonselective channel opening.

A point mutation in the pore region of the
GIRK2 K* channel subunit appears to cause
cerebellar granule cell loss in weaver mice
(1). G protein—gated inward rectifier K*
channels are heteromultimers of GIRK1 and
CIR [cardiac inward rectifier or GIRK4 (2,
3)] or GIRK1 and GIRK2 subunits (4, 5)
that are directly bound and gated by Gg,
subunits (6). When expressed alone, GIRK2
or CIR subunits display unusual kinetics [fast
with variable amplitude (3, 5)] that presum-
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ably represent homomultimeric channels.
GIRK1 does not appear to form detectable
homomultimeric K* channels in transfected
Chinese hamster ovary (CHO) cells or hu-
man embryonic kidney (HEK; A293) cells
(2) and forms a K* channel in Xenopus
oocytes only by interacting with an intrinsic
Xenopus CIR homolog, XIR (7). Coexpres-
sion of GIRK1 and GIRK2 subunits- results
in channels with conductance, kinetics, and
regulation similar to those of GIRK1-CIR
channels, which form the acetylcholine
(ACh)—gated inward rectifier K* channel
(Ixacy) in native heart tissue (2, 3).
GIRK1 and GIRK2 mRNA are colocal-
ized in the early postnatal mouse cerebellum,
when weaver mice granule cells are lost (8).
In situ hybridizations identified GIRK1 ex-





