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Abstract

IL-2 is expressed predominantly by activated T cells, and regulates T cell function by activating, via
its receptor, the latent transcription factor STAT5. This signaling can occur in either a paracrine
(between cells) or an autocrine (same cell) manner, although the Kinetics by which these two signaling
modes operate during in vivo T cell responses are unknown. In the current study, IL-2 expression
and signaling in a clonotypic population of antiviral CD4* T cells was analyzed by flow cytometry
during the initial 24 h of priming. IL-2 expression and STATS5 activation peaked in parallel, but
surprisingly, were almost completely mutually exclusive. Thus, only paracrine IL-2 signaling could
be observed. As an additional indication of the efficiency of paracrine IL-2 signaling, polyclonal
CD4*CD25*Foxp3* regulatory T cells displayed detectable STATS5 activation under steady-state
conditions, which was strongly enhanced by neighboring IL-2-expressing antiviral CD4 cells.

Before T lymphocytes can participate in adaptive immune responses such as neutralization of
pathogens, clearance of tumors, or autoimmunity, they must first undergo clonal expansion
and develop appropriate effector functions. This process involves the coordination of several
signals, the first being a MHC-peptide complex presented by professional APC, which triggers
the small population of T cells expressing TCRs with corresponding specificity (1). T cell
activation also requires invariant costimulatory molecule and ligand pair interactions (2), the
precise combinations of which influence the quality of the effector and memory T cell functions
that develop (3).

In addition to Ag and costimulation, cytokines deliver a third category of signals that modulate
T cell responses. Cytokines can be expressed by T cells themselves, or by other cells deriving
from either hemopoietic or nonhemopoietic lineages, and mediate a variety of effects
throughout the T cell life cycle including thymic development (4), homeostasis/survival in the
periphery (5), the types of effector functions that develop following Ag-induced priming (6),
and the development of memory (7).

IL-2 is a cytokine expressed predominantly by activated T cells, which, based on in vitro
studies, was initially thought to be essential for T cell proliferation (8). Although the
lymphoproliferative phenotype of IL-2-deficient mice subsequently indicated that IL-2 is not
essential for T cell priming in vivo (9), IL-2 does influence certain aspects of Ag-driven T cell
responses in vivo (10,11) and is also important for CD4*CD25* regulatory T cell homeostasis
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and function (12-14). IL-2 has generally been thought to regulate both the T cells that produce
it (autocrine signaling) as well as neighboring T cells (paracrine signaling) (15). Nevertheless,
the relative contribution of autocrine vs paracrine IL-2 signaling in regulating T cell responses
in vivo has been relatively unexplored. It has been shown that virally primed CD8 cell
expansion in nonlymphoid tissues can be dampened or enhanced by autocrine and paracrine
IL-2 signaling, respectively (11), although questions such as understanding the kinetics by
which these two IL-2 signaling modes operate in vivo as well as their relative contributions in
regulating CD4 cell responses have not been addressed.

In the current study, we used ex vivo flow cytometry to examine the kinetics of IL-2 production
and signaling in a population of naive clonotypic TCR-transgenic CD4 cells throughout the
initial 24-h period following adoptive transfer into virally infected mice. Both IL-2 expression
and the appearance of phosphorylated STAT5 (pSTAT5)3 (the downstream mediator of IL-2R
activation (16)) peaked between 8 and 16 h. Strikingly, IL-2 production and STAT5
phosphorylation were almost completely mutually exclusive. Additionally, endogenous
CD4*CD25*Foxp3* regulatory T cells (Tregs) displayed measurable STAT5 phosphorylation
under steady-state conditions, which increased substantially in response to neighboring IL-2-
expressing antiviral clonotypic CD4 cells. Taken together, these data suggest that while
paracrine IL-2 signaling between CD4 cells is quite efficient and can be maintained over several
hours, autocrine signaling occurs at most only transiently.

Materials and Methods

Adoptive transfer and flow cytometry

Naive 6.5 TCR-transgenic clonotypic CD4 cells recognizing an I-E%-restricted influenza
hemagglutinin (HA) epitope (17) expressing the congenic Thyl.1 marker on the B10.D2
background were adoptively transferred into nontransgenic (NT) Thy1.2* B10.D2 recipients
that had been immunized with a recombinant vaccinia virus expressing HA (vacc-HA) as
previously described (18). Splenocytes recovered at the indicated times were immediately fixed
and permeabilized as previously described (19). In short, cells were fixed in formaldehyde
(1.5% final concentration) for 15 min at room temperature, washed one time with PBS,
resuspended in 100% MeOH while vortexing followed by 30 min incubation on ice. Cells were
then washed three times with PBS + 0.5% BSA before staining with either of the following
five or six color mAb combinations. Five color staining: anti-CD25 FITC (BD Biosciences),
anti-1L-2 or -IFN-y PE (eBioscience), anti-Thy1.1 PerCP (eBioscience), anti-STAT5a (pY694)
Alexa Fluor 647 (BD Bioscience), and anti-CD4 allophycocyanin-Cy7 (BD Bioscience). Six-
color staining: anti-IL-2 PE, anti-Thy1.1 PerCP, anti-CD25 PE-TX-RD (Caltag Laboratories),
anti-CD4 Pacific Orange (Caltag Laboratories), anti-STAT5a (pY694) Alexa Fluor 647 and
anti-Foxp3 Pacific Blue (eBioscience). Samples were analyzed on a LSR |1 flow cytometer
(BD Biosciences), and all FACS plots shown are representative of at least three replicates.

In vitro T cell stimulation

Pooled lymph node cells from NT Thy1.1* B10.D2 mice were stimulated in 24-well plates (1-
2 x 10%/ml) that had been precoated with anti-CD3¢ (eBioscience) in PBS at 25 ug/ml. After
16 h, cells were washed and incubated in fresh medium without anti-CD3¢ for 1 h twice, then
washed a third time and incubated in fresh medium for an additional 7 h. As indicated, cells
were re-stimulated with soluble anti-CD3e (10 ng/ml) plus a 4-fold excess of Thy1.2* B10.D2
splenocytes or PMA (125 ng/ml; Sigma-Aldrich) plus ionomycin (2.5 xg/ml; Sigma-Aldrich)
for 2 h, or IL-2 (50 ng/ml; NCI Biological Resources Branch) for 30 min.

3Abbreviations used in this paper: pSTATS5, phosphorylated STATS5; Treg, CD4*CD25*Foxp3™ regulatory T cell; HA, hemagglutinin;
NT, nontransgenic; vacc-HA, recombinant vaccinia expressing HA; Pl, PMA + ionomycin.
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Results and Discussion

To examine the early kinetics of IL-2 production and signaling in a population of naive CD4
cells responding to viral challenge, naive HA-specific clonotypic TCR-transgenic CD4 cells
were adoptively transferred into recipients that had been infected with a recombinant vaccinia
virus that expresses HA (vacc-HA). At 4-h intervals, the clonotypic CD4 cells were recovered
from spleens and immediately analyzed for expression of IL-2, the high-affinity IL-2R (CD25)
and its downstream signaling mediator pSTAT5 (16) (Fig. 1). IL-2 expression was apparent at
4 h, and peaked between 8 and 16 h. During peak expression ~9% of the clonotypic CD4 cells
stained positively for IL-2, which is likely an underestimate due to the lack of secretory
inhibitor in the mouse (in vitro restimulation assays performed with and without brefeldin A
suggest that this underestimate is ~3-fold, data not shown). CD25 expression appeared at 8 h,
and peaked between 12 and 16 h when ~60-70% of the clonotypic CD4 cells were CD25*.

As expected, the appearance of clonotypic CD4 cells displaying elevated pSTATS5 generally
correlated with IL-2 expression (although pSTATS lagged slightly), and most of these
pSTAT5™ cells were also CD25* (Fig. 1). Quite strikingly, however, throughout the 24-h time
course, very few of the I1L-2-expressing cells were pSTAT5". This suggested that paracrine,
rather than autocrine, IL-2 signaling was the predominant signaling mode. As an additional
indication of paracrine IL-2 signaling, the endogenous CD25* CD4 cells (i.e., most of which
are Foxp3* Tregs, Fig. 2) displayed elevated pSTATS5 that paralleled IL-2 expression by the
transferred clonotypic CD4 cells (Figs. 1 and 2). Thus, in the absence of viral infection, ~10%
of the endogenous Foxp3* Tregs displayed elevated pSTATS5, as where ~90% became
pSTAT5* when the adoptively transferred clonotypic CD4 cells were expressing IL-2 (in
contrast, only ~60% of the clonotypic cells became pSTAT5*, Figs. 1 and 2). Confirming that
the virally induced increase in pSTATS5 in the endogenous Treg population was mediated
mainly via the activated clonotypic CD4 cells, only a marginal increase in Treg pSTAT5 was
observed in their absence (data not shown).

Ruling out that the scarcity of IL-2-expressing pSTAT5™ clonotypic CD4 cells was due to a
lack of high-affinity IL-2R, IL-2 expression was predominantly observed in CD25* cells (Fig.
3). Additionally, IFN-y was expressed at an elevated frequency in pSTAT5" clonotypic CD4
cells compared with counterparts displaying basal pSTATS5, arguing against the possibility that
the lack of IL-2 expression in pSTAT5™ cells was the result of weak antigenic stimulation.

Soon after antigenic stimulation, T cells form transient but tight interactions with dendritic
cells and might become difficult to extract from secondary lymphoid organs (20). Thus, the
absence of IL-2-expressing pSTAT5* clonotypic CD4 cells might have resulted from their
inability to be recovered from spleens, and the IL-2-nonexpressing pSTAT5* clonotypic cells
might have represented an enriched population of clonotypic Tregs (which constitute a small
fraction of the clonotypic CD4 cell population because the TCR-transgenic donors are RAG
sufficient (21)) that would be unable to express (22) but capable of responding to IL-2. Thus,
expression of the Treg lineage marker Foxp3 (23) was assessed along with I1L-2, CD25, and
pSTATS5 (Fig. 2). During the peak of IL-2 expression (16 h), Foxp3* cells constituted ~1% of
the total clonotypic CD4 cell population. As expected, none of these cells expressed I1L-2, but
the majority expressed CD25. Importantly, although most of the Foxp3* clonotypic CD4 cells
displayed elevated pSTAT5 (similar to the endogenous Foxp3* cells), the vast majority of
pSTATS5™ clonotypic CD4 cells were Foxp3™, indicating that the IL-2-nonexpressing
pSTATS5™ clonotypic CD4 cells did not represent an enriched population of Tregs.

Because 1L-2 expression was only detected in a small proportion of activated CD4 cells in the
preceding experiments (presumably due to the lack of secretor inhibitor), we wished to more
stringently assess the potential of CD4 cells to undergo autocrine IL-2 signaling by testing
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conditions in which IL-2 expression can be detected on a majority of cells. Thus, naive
polyclonal CD4 cells from NT donors were activated in vitro with plate-bound anti-CD3 for
16 hto induce CD25, rested for 9 h to allow IL-2 expression and pSTATS to return to baseline,
and subsequently stimulated with PMA plus ionomycin (PI) which elicits robust intracellular
IL-2 expression even in the absence of secretory inhibitor (Fig. 4). Verifying that the rested
CD4 cells expressed functional I1L-2R, exogenous IL-2 elicited robust pSTAT5 elevation in
almostall of the cells (phosphorylation was slightly lower in CD25™ cells, presumably resulting
from low-affinity IL-2R). Pl induced IL-2 expression in ~60% of the rested CD4 cells,
however, virtually none displayed elevated pSTATS. In fact, there were few pSTAT5*IL-2~
CD4 cells, perhaps because some cells expressed nondetectable IL-2 levels that were sufficient
to preclude STATS activation. Anti-CD3, being a weaker stimulant than PI, induced a smaller
percentage of rested CD4 cells to express IL-2 (none of which displayed elevated pSTAT5),
but this IL-2 appeared sufficient to elevate pSTATS in many IL-2~ CD4 cells as well as the
majority of Foxp3* cells (which do not express IL-2). Thus, while the pattern of anti-CD3-
induced IL-2 expression and signaling more closely mimics the pattern observed during in vivo
viral priming, the complete absence of overlap between IL-2 expression and elevated pSTAT5
following PI stimulation confirms their mutual exclusivity.

Given the ability of IL-2 to regulate antiviral T cell responses (11,24), it is curious that during
the early phase of antiviral CD4 cell response paracrine IL-2 signaling operates efficiently
while autocrine signaling is difficult to detect. Because IL-2 can promote apoptosis of activated
T cells (25), the intensity of STATS5 activation that autocrine IL-2 signaling might elicit could
necessitate that IL-2-expressing CD4 cells become refractory to STAT5 activation to limit
apoptosis (or perhaps other deleterious effects). Consistent with this possibility, the only effect
described for autocrine IL-2 signaling in regulating in vivo T cell responses is to dampen
antiviral CD8 cell expansion (11). In this scenario, transient autocrine IL-2 signaling might
engage a negative feedback mechanism that prevents sustained autocrine signaling.

Paracrine IL-2 signaling operates quite efficiently in Tregs. Under steady-state conditions when
IL-2 levels in secondary lymphoid organs are presumably low, ~10% of Tregs display elevated
pSTATS (Figs. 1 and 2). This suggests that Tregs are sensitive to low IL-2 levels, consistent
with the critical role of IL-2 in the homeostasis and function of Tregs (12,13). The ability of
neighboring IL-2-expressing antiviral CD4 cells to induce elevated pSTAT5 in ~90% of Tregs
(Figs. 1 and 2) is also consistent with the augmentation of Treg function that can be elicited
via IL-2 produced by conventional T cells (14). This ability of Tregs to respond to elevated
IL-2 produced by activated antiviral T cells could represent a mechanism to explain how Tregs
can develop enhanced function or undergo expansion in parallel with antiviral T cell responses
(26,27). Such a mechanism would presumably operate more robustly during a secondary Ag
encounter when Ag-specific T cells are present at high frequency.
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FIGURE 1.

Time course of early IL-2 expression and signaling in antiviral CD4 cells. Naive Thyl.1* HA-
specific clonotypic CD4 cells were adoptively transferred into vacc-HA-infected Thy1.2* NT
recipients, recovered from spleens at the indicated times and directly stained for 1L-2, CD25,
and pSTATS5. The percentages of positively expressing clonotypic cells (CD4*Thy1.1%) are
indicated. CD25 vs pSTATS5 staining on endogenous (Thy1.17) CD4 cells is also shown.
Noninfected adoptive transfer recipients served as the control.
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Foxp3™* clonotypic and endogenous CD4 cells undergo paracrine IL-2 signaling. Clonotypic
and endogenous CD4 cells recovered from vacc-HA-infected and noninfected recipients at 16

h were directly stained for Foxp3, IL-2, CD25, and pSTAT5.
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IL-2, CD25, IFN-y, and pSTATS5 expression on virally primed and nonprimed CD4 cells.
Clonotypic CD4 cells recovered from vacc-HA-infected and noninfected recipients at 16 h
were directly stained for IL-2, CD25, IFN-y, and pSTAT5. Numbers in parentheses indicate
the percentage of IL-2* or IFN-y* clonotypic CD4 cells within the pPSTAT5* and pSTAT5™

populations.
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FIGURE 4.

CD4 cells receiving a strong IL-2-inducing stimulus in vitro do not undergo autocrine IL-2
signaling. Naive polyclonal CD4 cells were stimulatedinvitrowithplate-boundanti-CD3 for 16
h (CD3 16 h), rested 9 h in fresh medium (rest 9 h), subsequently cultured with exogenous IL-2
(rest — IL-2) or restimulated with either PI (rest — PI) or soluble anti-CD3 plus APCs (rest
— CD3) and directly stained for Foxp3, IL-2, CD25, and pSTAT5.
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