ing activity. This would be analogous to the
extracellular functions of ATP or cyclic
adenosine monophosphate (28-30), which
are very much different from their intracel-
lular roles. Further experimentation will be
required to clarify these various possibilities
and to fully elucidate the contribution of
this lymphocyte-associated ADP-ribosyl
cyclase activity in the immune system.
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Immune Responses in Interleukin-2-Deficient Mice

Thomas M. Kiindig,* Hubert Schorle, Martin F. Bachmann,
Hans Hengartner, Rolf M. Zinkernagel, lvan Horak

The role of costimulatory signals in T cell induction was evaluated in mice lacking the
interleukin-2 (IL-2) gene. In vitro secondary antiviral T cell responses were absent unless
IL-2 was added, confirming the crucial role of IL-2 in vitro. In vivo, primary and secondary
cytotoxic T cell responses against vaccinia and lymphocytic choriomeningitis virus were
within normal ranges. B cell reactivity to vesicular stomatitis virus was not impaired. T
helper cell responses were delayed but biologically functional. Natural killer cell activity was
markedly reduced but inducible. These normal in vivo immune responses in IL-2—deficient
mice question the importance of IL-2 as defined by in vitro studies.

Stimulation of the T cell receptor (TCR)
alone is insufficient for T cell induction; a
second, costimulatory signal must be pro-
vided (1). The interaction between B7 and
BB1 (2) on the antigen-presenting cell with
CD28 (3) and CTLA-4 (4) on the T cell
can provide this second signal. This costim-
ulation drastically increases the production
of IL-2 (5), which is crucial for in vitro
proliferation of T cells (6) and is assumed to
be the central growth hormone of the im-
mune system. IL-2 is produced mainly by
activated T helper (Ty;) cells (7) and stim-
ulates their proliferation in an autocrine
fashion. IL-2 is also required for in vitro
growth of cytotoxic T cell (CTL) lines and
has been shown to enhance natural killer
(NK) cell (8) and B cell (9) responses. In a
study to assess the importance of IL-2 in
immune responsiveness in vivo, mice made
deficient for the IL-2 gene by homologous
recombination (10) were evaluated for im-
mune responses against three different vi-
ruses. CTL function was studied with the
use of vaccinia virus and lymphocytic chorio-
meningitis virus (LCMV), since cytotoxic
responses are crucial in resolving these two
viral infections (I11). Humoral immune re-
sponsiveness was assessed with vesicular
stomatitis virus (VSV) as a model antigen
where B cells and Ty cells play the major
role in the immune response (12).
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It is not clear whether CTLs can be
generated in the absence of IL-2. In many
model systems, the generation of CTL re-
sponses depends on the presence of Ty, cells
(13), which are the major source of IL-2
(7), although certain viruses [for example,
ectromelia (14), LCMV (15), and vaccinia
virus (16)] can induce an efficient CTL
response in the absence of Ty cells. In these
latter cases, IL-2 from CD8* T cells rather
than Ty cells has been assumed to be
involved (17).

Vaccinia-specific CTL responses were
measured 6 days after intravenous infection
with vaccinia virus in three independent
experiments. IL-27/~ mice and IL-2*/~ lit-
termates or C57BL/6 mice responded equal-
ly well (Fig. 1C).

LCMV-specific cytotoxicity was assessed
9 days after infection by primary 3!Cr-
release assays. The frequency of LCMV-
specific CTLs generated by IL-27/~ mice
was reduced about threefold as compared
with that generated by heterozygous litter-
mates in both independent experiments
(Fig. 1, A and B). This decrease in specific
CTL frequency in the latter assay was of no
biological importance, since the CTL re-
sponses in IL-2~/~ mice mediated a normal
early immunopathological swelling-reac-
tion of the footpads starting 7 to 8 days after
local infection with LCMV (Fig. 1, D and
E). The early phase of swelling is dependent
exclusively on CD8* T cells (15, 18). The
primary CTL response eliminated LCMV
below detection levels from spleens and
livers by day 10 in both IL-2~/~ and control
mice (19). IL-2~/~ mice that had been
primed intravenously with LCMV were
protected against lethal choriomeningitis
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after intracerebral infection with LCMV,
whereas unprimed control mice died (19).
Protection against lethal choriomeningitis
is mediated exclusively by CD8* memory
CTLs (20). Thus, primary and secondary
CTL responses can be said to have re-
mained within normal ranges, despite the
lack of IL-2.

The data shown are representative for
specific CTL responses that could be in-
duced in eight out of eight healthy IL-27/~
mice aged 4 to 6 weeks. Four additional
IL-27/~ mice, older than 8 weeks, devel-
oped complex disease symptoms resulting in
death (21); these mice were cachectic, had
either tiny or huge spleens, and failed to
generate measurable CTL responses after
infection.

In contrast to the functional secondary
CTL responses in vivo, in vitro stimulation

of primed vaccinia-specific memory CTLs
from IL-27/~ mice did not generate cyto-
toxicity (Fig. 2B). CTL activity could be
restored by addition of either concanavalin
A (Con A) supernatant (containing IL-2)
(Fig. 2C) or recombinant IL-2 (Fig. 2D),
but not by addition of recombinant IL-1,
IL-4, or IL-6, alone or in combination,
tested at 2.5 or 25 U/ml (19). Similar
results were obtained for LCMV-specific
secondary responses in vitro (19).
Previous studies have demonstrated that
IL-4 (22), and possibly other interleukins
(23), can substitute for some of the IL-2
activities in vitro. However, in our in vitro
system the lymphokines tested above could
not replace IL-2. This suggests that, in
vivo, either a complex network of cyto-
kines, which apparently may not be stimu-
lated readily in vitro, or cytokines other

Fig. 1. LCMV- and vaccinia virus—
specific cytotoxicity and LCMV-in-
duced footpad-swelling reactions. IL-
2/~ (open symbols) and IL-2+/~ or
C57BL/6 (closed symbols) mice
were infected with (A) LCMV strain
WE [200 plague-forming units (PFU)
given intravenously, day 9] (B),
LCMV strain Armstrong (300 PFU,
day 9), or (C) vaccinia WR (2 x 108
PFU, day 6) . The mice were tested
for cytotoxicity on MC57 target cells

g

8 & 8 &

Specific lysis (%)

8 8 8 8 3 23
8
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(C), results from three independent
experiments are shown. Each curve
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than 20% for all targets. (D and E) LCMV-induced footpad-swelling reaction. IL-2~/~ (open
triangles) and IL-2+/~ littermates or C57BL/6 mice (closed triangles) were injected into both hind
footpads on day 0 with 500 PFU of LCMV strain WE (D) or 1000 PFU of LCMV strain Armstrong (E),
in a volume of 30 pl. Subsequent footpad swelling was measured with a spring-loaded caliper and
is given as the percentage of footpad thickness before infection. Each curve shows the average
swelling of both hind footpads of one mouse (SD < 12%).

Fig. 2. Generation of secondary antiviral CTLs in vitro 100
from virus-primed spleen cells of IL-2~/~ mice. (A)
C57BL/6 mice or (B to D) IL-2~/~ mice were infected
intravenously with 2 x 108 PFU of vaccinia WR on day 6.
Spleen cells were then restimulated by vaccinia WR-
infected spleen cells. In (A) and (B) no cytokines were
added to the culture medium, in (C) 5% Con A superna-
tant was added, and in (D) recombinant IL-2 (25 U/ml)
was added. 5'Cr-release was done on MC57 cells infect-
ed with vaccinia virus (closed triangles) or left uninfected
(open triangles). These results are also representative for
a second independent experiment and a comparable
experiment with LCMV-primed responder cells. Each
curve represents values taken from one mouse. 5'Cr-
release was measured in duplicate, and mean values are
shown (SD < 13% for all values). Spontaneous 5'Cr- 20+
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than those tested replace IL-2 in IL-27/~
mice.

The ability of IL-27/~ mice to mount a
neutralizing immunoglobulin (Ig) response
was assessed after intravenous infection
with VSV (Fig. 3). The IgM response to
VSV, which is independent of Ty, cells (15,
24), was comparable in IL-Z‘}{‘ and IL-
2%/~ mice, suggesting a normal function
and induction of B cells. The Ig class switch
from IgM to IgG is strictly Ty cell-depen-
dent (15, 24). The delayed IgG response in
the IL-27/~ mice therefore demonstrated
an impaired but nevertheless efficient func-
tion of CD4* Ty cells. IgG subclass distri-
bution was within normal ranges (19).

NK activity was measured on day 3 after
high-dose intravenous infection with

Neutralizing serum titer (log,)

0 4 8 12 16 20
Days after VSV infection

Fig. 3. Neutralizing antibody response to VSV.
IL-2~/= (open symbols) and IL-2+/~ (closed
symbols) mice were infected intravenously with
VSV serotype New Jersey on day 0 (2 x 10°®
PFU). Titers of neutralizing IgM (triangles) and
of neutralizing IgG (circles) were determined in
sera in groups of three mice on days 4, 8, 12,
and 20 as described (75). Mean titers are
shown as log, of 40-fold prediluted sera.

Specific lysis (%)

10 3

E/T ratio

Fig. 4. NK activity in IL-2=/~ (open circles) and
C57BL/6 control (closed circles). Mice were
infected intravenously with a high dose of
LCMV strain WE (2 x 10 PFU) 3 days previ-
ously. Specific lysis was measured as 5'Cr-
release on (A) NK-susceptible YAC and (B)
NK-resistant P815 target cells. Pooled results
from three independent experiments are
shown. Each curve represents values taken
from one mouse. $'Cr-release was measured in
duplicate, and mean values are shown (SD <
13% for all values). Spontaneous 5'Cr-release
was less than 25% for all targets.




LCMYV (Fig. 4) (25). Lysis of NK-sensitive
yeast artificial chromosome (YAC) targets
was reduced by a factor of 3 to 9 in IL-27/~
mice as compared with control mice.

The fact that NK cell responses were
impaired but inducible in IL-2-deficient
mice confirms the previous finding that IL-2
supports proliferation of NK cells (8) but
that interferon-a (IFN-a) and IFN-B may
be more important in the induction of the
NK cell response (26).

Taken together, in vivo CTL responses
against vaccinia virus and LCMV as well as
B and Ty cell responses against VSV were
normal or only slightly impaired. Not only
were antigen-specific CTL and Ty cells
readily induced, but in vivo proliferation
occurred: In uninfected mice, the frequency
of vaccinia- or LCMV-specific CTLs is less
than 107 spleen cells. During infection,
this frequency increases as a result of pro-
liferation. For primary ex vivo cytotoxicity
to be observed, the frequency of virus-
specific CTLs must reach the range of 1072
(20, 27). Thus, the fact that primary in
vivo cytotoxicity was generated in IL-2-
deficient mice suggests that proliferation on
the order of 10,000 has occurred despite the
absence of IL-2. The mildness of the effects
on in vivo T and B cell responses against
the viruses tested was unexpected. The
notion that IL-2 plays a central and limiting
role in immunoregulation is based mostly
on studies in vitro and is confirmed here for
secondary CTL responses in vitro. IL-2
receptor y chain mutations have recently
been shown to result in severe combined
immunodeficiency in humans (28). In con-
trast to the IL-27/~ mice, T cells in these
patients are diminished in numbers and are
apparently unresponsive. These differences
suggest either that IL-2 has a more impor-
tant role in human T cell development and
function or that the IL-2 receptor vy chain
has additional functions, for example, as a
component of other cytokine receptors.

In conclusion, in vivo immune re-
sponses in IL-2-deficient mice question
the importance of IL-2 as defined by in
vitro studies. It appears that, in vivo,

other lymphokines may compensate for
the IL-2 defect.
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A Ca-Dependent Early Step in the Release of
Catecholamines from Adrenal Chromaffin Cells

Ludolf von Riden* and Erwin Nehert

Intense stimuli, such as trains of depolarizing pulses or the caffeine-induced release of
calcium from intracellular stores, readily depress the secretory response in neuroendocrine
cells. Secretory responses are restored by rest periods of minutes in duration. This
recovery was accelerated when the concentration of cytosolic calcium was moderately
increased and probably resulted from calcium-dependent replenishment of a pool of
release-ready granules. Continuously increased concentrations of calcium led to the over-
filling of such a pool. Subsequently, secretory responses to stronger calcium stimuli were
augmented. Hormone-induced calcium transients with a plateau phase of increased con-
centration of calcium may enhance the secretory response in this way.

The docking of secretory vesicles at active
zones is common to most neuronal synapses
(I). It allows for rapid secretion during
synaptic transmission. Recent evidence
suggests that neuroendocrine cells also have
a small pool of granules that can be released
more quickly than the rest (2-6). When
the intracellular concentration of Ca’*
[Ca?™], rises, secretion occurs with several
distinct kinetic phases (5, 6). We described
a model (7) that can simulate different
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types of secretory experiments under the
simple assumption of a two-step process:
Granules migrate during maturation from a
reserve pool A to a release-ready pool B,
the latter being the source of secreted ves-
icles. To accommodate all the available
data, we had to assume that both steps in
this scheme are influenced by [Ca?*],. The
model predicted that the size of the release-
ready pool should increase with increasing
[Ca?™], up to about 0.5 pM, resulting in the
augmented secretion to subsequent stimuli.
Such an augmentation has also been in-
ferred from biochemical measurements (4)
and from the amplitudes of kinetic compo-
nents in experiments with caged calcium
(6). Here we investigated the effects of
[Ca?*], on the release-ready pool of vesicles
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