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Abstract

IL-1 strikingly enhances antigen-driven responses of CD4 and CD8 T cells. It is substantially
more effective than LPS and when added to a priming regime of antigen plus LPS, it strikingly
enhances cell expansion. The effect is mediated by direct action on CD4 and CD8 T cells; the
response occurs when OT-1 or OT-II cells are transferred to B6 IL-1R1—/— recipients and only
cells that express IL-1 receptors can respond. The major mechanism through which IL-1 enhances
responses is by increasing survival of responding cells. IL-1 enhances the proportion of
responding CD4 T cells that differentiate into Th17 cells and increases the proportion of
responding CD8 cells that express granzyme B. Of a wide range of cytokines tested, only IL-1a
and IL-1p mediate this function. The potency of IL-1 as an enhancer of T cell responses suggests
that it could act to enhance responses to weak vaccines and that the pathway utilized by IL-1
might be considered in the design of new generations of adjuvants.
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1. Introduction

IL-1 is a highly pleiotropic cytokine, well known for its potent pro-inflammatory effects. Its
action as an inducer of adaptive immune responses has not been as clear as many of its
effects in orchestrating inflammation. Nonetheless, the history of IL-1 acting to enhance T
cell responses is an old one, going back to the pioneering work of Igal Gery, Richard
Gershon and Byron Waksman, in which they identified an LPS-induced macrophage
product that enhanced the proliferative response of thymocytes to phytohemagglutinin [1].
This product was designated leukocyte activating factor (LAF). With the subsequent
discovery of the T cell product, T cell growth factor (TCGF) and the effort to introduce a
standardized nomenclature, LAF was designated IL-1 and TCGF, IL-2 [2].

Despite this early attention to the role of IL-1 on T cell responses, the study of IL-1 action
on T cells and the consequences of IL-1 stimulation of T cells largely languished. An effort
to understand how IL-1 impacted primary immune responses revealed that a single small
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dose of IL-1 at the time of immunization modestly enhanced T cell responses largely by
action on dendritic cells [3].

We became interested in the effect of IL-1 as a stimulant of T cell responses in 2005 when
we screened a variety of cytokines for their capacity to enhance primary and secondary
immune responses in mice. The model we used was to transfer T cell receptor (TCR)
transgenic cells to syngeneic recipients and to challenge these animals with the antigen
cognate for the TCR expressed by the transgenic T cells [4]. We then compared the
expansion of the transferred antigen-specific cells, as measured by the absolute number of
transgenic cells at one week after primary immunization or, in a related set of experiments,
at a similar time after secondary immunization. Without any added adjuvant, antigen caused
little or no expansion of transferred transgenic CD4 T cells. Addition of LPS led to
considerable expansion; none of the cytokines we tested performed better than LPS in
mediating antigen-driven CD4 T cell expansion with the exception of IL-1a and IL-1p (Fig.
1). Among the cytokines we have tested thus far are: TNFa, IL-2, IL-4, IL-7, IL-9, IL-15,
IL-18, and IL-33. IL-1a and IL-1p used with antigen, both substantially outperformed LPS,
often by factors of 5- to 10-fold. In most other experiments, we compared immunization
with antigen plus LPS to antigen plus LPS plus IL-1p. That model also showed that the
presence of IL-1p enhanced antigen plus LPS-driven responses, resulting in a 5- to 10-fold
greater response to antigen, LPS and IL-1 than that observed with antigen plus LPS.

The route of administration of IL-1f3 varied. In early experiments, we administered the
cytokine continuously, using miniosmotic pumps that would deliver the cytokine over a 7-
day period. Generally, 5to 10 pug of IL-1p was placed in the miniosmotic pump. However,
we have had comparable success in administering the IL-1p subcutaneously together with
antigen and LPS. While many of our experiments have utilized daily injections for five days,
with 1 to 2 pg per dose, we have had success with as few as two injections, on day 1 and
day3 of the immune response. We have also had success administering IL-1 and antigen
intratracheally and measuring the response in the mediastinal lymph node.

2. What cell is the target of IL-1

We initially considered the possibility that dendritic cell activation was the mechanism
through which IL-1 mediated its enhancing action on CD4 T cell expansion. However, in a
direct test it became clear that IL-1B acting on antigen-specific CD4 T cells led to a very
considerable expansion of the responding cells [4]. The critical experiments utilized the
transfer of T cells from C57BL/6 mice transgenic for a TCR specific for an ovalbumin
peptide. These mice, designated OT-I1I, were bred onto a Rag2—/— background so that all the
CDA T cells from the donor were ovalbumin-specific; no second receptors were expressed
by the transgenic T cells, and virtually all the transgenic T cells would be naive. OT-11 cells
from Rga2—/— donors were then transferred into wild-type C57BL/6 mice or IL-1R1-
deficient C57BL/6 recipients. In the latter setting, the only IL-1-receptor-expressing cells
would be the transferred OT-I11 cells and, if those cells showed an enhanced expansion when
IL-1 was added to the OVA plus LPS immunization regime, it would indicate that IL-1
acted on the T cells. Indeed, IL-1 enhanced the expansion of the OT-II cells in the IL-1R1-
deficient recipients (Fig. 2). The degree of IL-1-mediated enhancement was actually greater
than the enhancement observed when OT-II cells were transferred to wild-type recipients.
This greater enhancement can probably be ascribed to the higher serum levels of I1L-1
achieved when IL-1 is infused or injected into IL-1R1-deficient mice since the only cells
that can “consume” the IL-1 are the transferred T cells. We directly measured serum IL-1f
concentration in the IL-1R1-deficient recipients and observed that it was several fold higher
than in the wild-type recipients immunized with OVA, LPS plus IL-1.
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3. How does IL-1 enhance expansion of antigen-specific CD4 T cells

Although we still lack a molecular mechanism underlying the enhanced expansion of naive
CDA4 T cells when primed in the presence of IL-1, we have examined the relative
proliferative rates of 5C.C7 cells primed in vivo with antigen plus LPS with or without IL-1.
In these experiments, the transferred cells were first labeled with CFSE so that we could
measure the division history of the responding cells as well as the absolute number of
transgenic cells. The striking result was that by days 3 and 4 after immunization, the
presence of IL-1 in the immunization regime resulted in a 5- to 7-fold greater degree of
expansion of the transferred TCR transgenic cells but the mean number of cell divisions had
increased by less than 1. Therefore, enhanced cell division could account for only a
relatively small proportion of the antigen-driven expansion observed when IL-1 is added to
the priming regime. Thus, we conclude that the principal IL-1-mediated expansion
mechanism is enhanced cell survival, which is not unanticipated in view of the capacity of
the IL-1R1-Myd88 pathway to activate NF-xB and the well known role of NF-xB in
enhancing cell survival [5]. What is enigmatic, as we discuss below, is that many of the cells
that undergo expansion would be expected to express very limited numbers of IL-1R1
chains and thus limited numbers of functional IL-1 receptors [6]. Would the engagement of
such small numbers of receptors be sufficient to activate the NF-xB pathway?

4. Do responding cells need to express IL-1R1

While the transfer experiment established that IL-1 targeting of antigen-specific CD4 T cells
can account for the enhanced response, it does not rule out the possibility that the T cells
responding to IL-1 produce a product that causes other antigen-specific cells to respond
more vigorously even if those cells did not receive an IL-1-generated signal. To examine
this point, we prepared CD4 T cells from wild-type OT-I1 mice and IL-1R1-deficient OT-I1I
mice, expressing distinct CD45 markers. When transferred together to IL-1R1-deficient B6
recipients, only the wild-type OT-I1 cells showed a greater degree of expansion when IL-1
was included in the immunization regime. The IL-1R1-deficient OT-1I cells showed the
same degree of antigen-driven expansion in the presence or absence of I1L-1, indicating that
the response of the wild-type cells did not allow the IL-1R1-deficient cells to respond more
vigorously.

5. Are CD4 T cell products important in IL-1-mediated expansion

The dual transfer experiment does not exclude the possibility that a product of the
responding cells may be important in or even essential for the enhanced expansion of the
responder cells. It only establishes that such a factor or factors cannot enhance responses
unless the cells have also received an IL-1-induced signal. An obvious candidate to act in
this manner would be IL-6 since IL-6 can enhance responses of naive cells in vitro [7] and
IL-1 often induces IL-6 production and makes cells more sensitive to IL-6 [8]. We directly
tested whether IL-6 was essential for IL-1-mediated expansion of OT-II cells. We
transferred IL-6-deficient TCR transgenic CD4 T cells into IL-6-deficient recipient cells.
The cells showed an enhanced response to antigen plus LPS and IL-1, compared to antigen
plus LPS alone, indicating that IL-6 was not required for the mediating the IL-1 effect. In a
similar type of experiment, we also showed that CD-28 was not required for the IL-1 effect;
CD-28-deficient OT-II cells showed an enhanced response to IL-1, LPS and antigen.

Although CD4 T cell secreted products cannot mediate I1L-1-mediated enhanced expansion
of antigen-specific CD4 T cells expansion independent of IL-1 action on the responding
cells, there is a striking effect of administering IL-1 during a T cell response. Spleen and
lymph nodes expand in size in IL-1R1—/— recipients of wild-type OT-1I cells that are
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immunized with antigen, LPS and IL-1. This CD4 T cell dependent expansion is not cell
selective. It affects CD4, CD8 and B cells equivalently.

6. IL-1 administration promotes Th17 CD4 T cell responses

Analysis of the cytokine producing potential of T cells primed in the presence of IL-1 yields
several quite interesting points. There is a striking increase in the frequency of cells capable
of producing IL-17 upon in vitro stimulation with antigen or with PMA and ionomycin. This
is an exciting but perhaps anticipated result. IL-1 is known to play a role in Th17 priming in
vitro [9, 10], particularly in human cells [11], and Th17 cells express large amounts of
mMRNA for IL-1 receptors whereas Th1 cells have almost undetectable levels of IL-1R1
MRNA [6]. Th2 cells, while expressing much less IL-1R1 mRNA than Th17 cells, do
express substantially more that do Thl cells.

Thus, it is perhaps not surprising that the frequency of IL-17-producing cells is increased by
priming with antigen, LPS and IL-1, compared to priming with antigen and LPS. There is a
modest increase in the frequency of IL-4-producing cells but this increase translates into
quite a substantial increment in serum concentrations of IgE and 1gG1, implying that the
increase in Th2 cells is real. This increase is in keeping with the intermediate amounts of
IL-1R1 mRNA expressed by Th2 cells.

7. What accounts for the enhanced expansion of Thl cells in response to
the presence of IL-1 in the priming regime

What is surprising is that, while 11-1 results in only a modest increase in the proportion of
antigen-specific CD4 T cells that produce IFNYy, there is certainly no fall in the proportion of
IFNy-producing cells. Since the total number of antigen-specific cells increases 5- to 10-
fold, the total number of Th1 cells increases strikingly in immunization protocols that
include IL-1. The experiment cited above that shows that only cells expressing IL-1R1
undergo enhanced expansion as a result of priming in the presence of IL-1 implies that 1L-1
must act directly on the responding cells. Thus, do the precursors of Th1l cells express more
IL-1 receptors than the mature cells and does this account for their enhanced expansion or
are the very limited numbers of IL-1 receptors on Th1l cells sufficient to drive their
expansion? If the latter, are the molecular mechanisms through which 1L-17-producing cells
and IFNy-producing cells undergo enhanced expansion in total number when IL-1 is added
to the priming regime the same or different? This needs careful analysis if we are to
understand the mechanisms through which IL-1 mediates its striking in vivo expansion
effects.

8. CD8 T cells undergo enhanced expansion in response to antigen, LPS

and IL-1

In a model similar to that used to assess the capacity of IL-1p to increase the expansion of
OT-11 or 5C.C7 cells, we undertook an analysis of the role of IL-1 in enhancing the
expansion of CD8 TCR transgenic cells that are specific for an OVA peptide (OT-I cells), in
response to immunization with antigen plus LPS. We observed that splenic OT-1 cells
showed a massive expansion when IL-1 was added to the priming regime and a larger
proportion of these cells express granzyme B suggesting that they might be more effective
effector cells. Preliminary experiments indicate that the expansion of CD8 T cells could
occur in a model in which the CD8 T cells expressed IL-1R1 but the recipient C57BL/6
mice lacked IL-1R1, indicating that IL-1 acted directly on the responding CD8 cells.
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Immunization with IL-1 enhanced the cytotoxic activity of the responding cells, as assessed
with an in vivo cytotoxicity assay. Immunization of C57BL/6 mice with ovalbumin plus
LPS with or without IL-1 induced a striking ovalbumin-specific cytotoxic activity if IL-1
was present during priming but only minimal cytotoxic activity when IL-1 was not added.
Thus priming in the presence of IL-1 causes a striking enhancement in expansion of CD8
cells, an increase in the frequency of the cells that have granzyme B and enhanced in vivo
cytotoxicity.

9. Can the IL-1 pathway be employed to enhance the efficacy of weak

vaccines

The very striking capacity of IL-1 to enhance expansion and differentiation of CD4 and CD8
T cells to efficient effectors suggests that if used with weak vaccines, there might be
sufficient enhancement in the magnitude and quality of the immune response to allow these
vaccines to be efficacious. An obvious concern would be the very severe toxicities that IL-1
would induce at the relatively high concentrations that are used in our experiments.
However, if IL-1 acts only on the antigen-stimulated CD4 T cells, much of the toxicity is
lost. That was clearly observed in models in which OT-II cells were transferred into
IL-1R1—/- recipients. Challenge of these mice with OVA, LPS and IL-1 induced a very
large degree of expansion of antigen-specific CD4 T cells but limited overt toxicity.
Probably, because of the very large number of transgenic cells used, splenomegaly and
lymphadenopathy were noted, but if the number of responding T cells were limited, as
would be the case in physiologic immunization, we suspect that these side-effects would be
markedly diminished. The challenge is to develop a strategy that would allow IL-1 or some
surrogate to be used in such a way that only T cells (or indeed only the responding T cells)
were targeted. An alternative would be to find pharmacologic manner to reproduce the IL-1
effect and to target that effect to the CD4 or CD8 cell populations. Whether either approach
will be feasible will await direct future work.

Highlights

1. IL-lis a potent enhancer of CD4 and CD8 T cell responses to antigen. It leads to
greater antigen-driven responses than LPS and, when paired with LPS can cause
expansion that is 5-10-fold greater than LPS alone

2. The IL-I effect in enhancing CD4 T cell expansion is mediated by direct action
on the antigen-specific T cells.

3. IL-I strikingly enhances the differentiation of the responding CD4 T cell
population to Th17 cells, suggesting it might enhance responses that were
protective against extracellular bacteria and fungi.
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Fig. 1.

IL-1 enhances responses of specific cells to immunization with antigen plus LPS. 5C.C7
cells, derived from TCR transgenic B10.A mice, were transferred to syngeneic B10.A
recipients. The mice were immunized with cytochrome C plus LPS and on days 2 through 6
received PBS or IL-1 (2.0, 2.5, or 3.0 pg per day). Animals were sacrificed on day 7 and
numbers of 5C.C7 cells in spleen and lymph nodes determined.
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Fig. 2.

IL-1 enhances antigen-driven expansion of CD4 T cells transferred to IL-1R1—/— mice. OT-
Il cells, derived from TCR transgenic B6 mice, were transferred to syngeneic IL-1R1—-/—
recipients. The mice were immunized subcutaneously with ovalbumin (OVA) plus LPS,
with our without IL-1 (administered on days 2—6). Animals were sacrificed on days 7 and
the number of OT-II cells in lymph node and spleen measured. Results represent means of
four individual animals.
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