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Impact of cAMP on the T-cell response to type II collagen
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SUMMARY

There is considerable interest in the possible use of cAMP-elevating agents in the treatment of
autoimmune diseases such as rheumatoid arthritis. The objective of this study was to evaluate
the impact of different cAMP-elevating agents on the T-cell response to type II collagen within
the context of collagen-induced arthritis, a murine model of rheumatoid arthritis. Spleen cells
or lymph node cells from type-II-collagen-immunized DBA/1 mice were cultured in the presence
of type II collagen plus one of five different cAMP-elevating agents: rolipram, forskolin,
prostaglandin E,, 8-bromo-cAMP, or cholera toxin. Levels of interferon-y (IFN-v), inter-
leukin-4 (IL-4) and IL-5 were measured in culture supernatants by enzyme-linked immuno-
sorbent assay. All of the cAMP-elevating agents tested were found to profoundly suppress
IFN-v production in a dose-dependent manner. IL-4 and IL-5 production was slightly up-
regulated at low concentrations of the cAMP-elevating agents and was modestly suppressed at
the highest concentrations of cAMP-elevating agents. Experiments were then carried out to
determine whether T cells were directly affected by cAMP-elevating agents or whether the
immunomodulatory effects were mediated via antigen-presenting cells. Pulsing T cells alone
for a brief period with cholera toxin produced an almost identical effect to pulsing antigen-
presenting cells alone, i.e. down-regulation of proliferation, down-regulation of IFN-y
production with little effect on IL-5 production. It was concluded that cAMP-elevating agents
suppressed T helper type 1 responses to type II collagen to a greater extent than T helper type 2
responses. The cAMP-elevating agents could directly influence the activity of T cells but, in
addition, influenced the ability of antigen-presenting cells to support T helper type 1 responses.
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INTRODUCTION

As long ago as 1974 it was hypothesized that the second
messenger, CAMP, plays an important physiological role in
the control of immune and inflammatory responses. Since then,
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anumber of studies have highlighted the therapeutic potential of
cAMP-elevating agents for the treatment of diseases like rheu-
matoid arthritis, in which there is dysregulated activation of
both immune and inflammatory pathways. Increased intracel-
lular levels of cAMP can be achieved pharmacologically by
increasing the level of activity of adenylate cyclase, which
generates cCAMP, or by inhibiting the level of activity of
phosphodiesterase (PDE), which degrades cAMP. Both of these
approaches have been used experimentally in the treatment of
arthritis. For example, the PDE, inhibitor, rolipram, was tested
and shown to be effective in reducing the severity of collagen-
induced arthritis (CIA),"* adjuvant arthritis>* and streptococcal
cell wall-induced arthritis.” Similarly, at least three agonists of
G,-protein-coupled receptors that elevate intracellular cAMP
levels via activation of adenylate cyclase have been shown to be
effective in established CIA, including the (3,-adrenergic recep-
tor agonist, salbutamol,® and the neuropeptides, vasoactive
intestinal peptide (VIP) and pituitary adenylate cyclase-activat-
ing peptide (PACAP).””?

In addition to the ability of cAMP-elevating agents to
ameliorate arthritis and suppress tumour necrosis factor-o
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production, it has also been reported that the suppression of CIA
by rolipram, salbutamol, VIP and PACAP was accompanied by
marked down-regulation of the T helper type 1 (Th1) response
to type II collagen.'”~ There are also a number of reports
suggesting that the proliferation of Thl cells is selectively
down-regulated by cAMP-elevating agents.'®'> However, con-
tradictory reports have been published on the effect of cAMP-
elevating agents on Th2 cells, with different studies suggesting
that Th2 cell activity may be down-regulated,>™'® unaf-
fected,'®'? or even up-regulated'’' by increases in cAMP,
However, many of these studies were based on the use of T-cell
lines and clones and it is not clear whether these cells that are
propagated in vitro respond to elevations in cAMP in the same
way as primary T cells. Secondly, in many cases mitogens, such
as phorbol 12-myristate 13-acetate and phytohaemagglutinin,
have been used to activate the T cells and it would appear that T
cells activated by mitogens respond differently to fluctuations in
cAMP levels than those stimulated via the T-cell receptor.?>

In this paper we have carried out a more detailed analysis of
the impact of cAMP-elevating agents on Th1 and Th2 cytokine
expression within the context of a polyclonal T-cell response to
type II collagen. In addition, we address the important question
of whether cAMP-elevating agents modulate the activity of
lymphocytes directly, or whether their effects are mediated via
changes in antigen-presenting cell (APC) function. Our findings
confirm that elevations in cAMP have a profound immuno-
modulatory effect on type II collagen-stimulated T cells. In
addition we show that cAMP-elevating agents affect the activity
of both T cells and APC in a co-ordinated fashion.

MATERIALS AND METHODS

Mice
Male DBA/1 mice were used at 8—12 weeks of age throughout
this study.

Reagents

Rolipram was kindly supplied by Dr P. Scholz (Schering AG,
Berlin, Germany). Forskolin, cholera toxin (CT) and 8-bromo-
cAMP were purchased from Calbiochem (San Diego, CA).
Prostaglandin E, (PGE,) was purchased from Sigma (Gilling-
ham, UK). Rolipram and forskolin were dissolved in dimethyl
sulphoxide, 8-bromo-cAMP was dissolved in distilled water,
PGE, was dissolved in ethanol and CT was dissolved in an
aqueous solution consisting of 50 mM Tris—HCI, pH 7.5,
200 mM NaCl and 1 mM ethylenediaminetetraacetic acid. None
of the solvents influenced T-cell activity at the final concentra-
tions used in this study.

Complete Freund’s adjuvant (CFA) was purchased from
Difco (West Molesey, UK) and alum adjuvant was purchased
from Pierce and Warriner (Chester, UK). Type II collagen was
purified from bovine articular cartilage, as described else-
where. >

Immunization of mice

Immunization of DBA/1 mice with collagen in CFA leads to a
profoundly Thl-skewed immune response whereas immuniza-
tion with collagen in alum adjuvant leads to a more balanced
Th1/Th2 cytokine profile and in this study both forms of

immunization were analysed. Type II collagen was dissolved
in 0-2 M NaCl/0-05 M Tris—HCI (pH 7-4) at a concentration of
1 mg/ml and emulsified in CFA (1 : 1 ratio) or mixed with alum
adjuvant (1 : 1 ratio). Mice were immunized intradermally at
two to four sites around the base of the tail. When alum was used
as an adjuvant, a booster injection of type II collagen/alum
adjuvant was given on day 14. Mice were killed on day 21 and
spleens/lymph nodes were removed aseptically. These experi-
ments were approved by the local Ethical Review Process
Committee and by the Home Office of Great Britain.

T-cell cultures

Spleen cells or lymph node cells (LNC) from type-II-collagen-
immunized mice were cultured in the presence of type II
collagen (50 pg/ml) at a cell density of 5 x 10%ml in 96-well
plates in RPMI-1640 containing fetal calf serum (10% v/v), 2-
mercaptoethanol (20 wM), L-glutamine (1% w/v), penicillin
(100 U/ml) and streptomycin (100 pg/ml).

Alternatively, CD4" T cells were separated by positive
selection from the spleens of type-II-collagen-immunized mice
by magnetic-activated cell sorting (MACS) using anti-CD4-
conjugated microbeads, according to the manufacturer’s
instructions (Miltenyi Biotec, Bisley, UK). Next, the purified
T cells were stimulated with plate-bound anti-CD3& monoclo-
nal antibody (mAb; 5 pwg/ml) and soluble anti-CD28 mAb
(10 pg/ml). Both mAbs were purchased from AMS Biotech-
nology (Abingdon, UK).

Irrespective of the method of stimulation, cultures were
assayed in triplicate after 24 hr for interleukin-4 (IL-4) and
after 72 hr for IL-5 and interferon-y (IFN-vy). To determine the
rate of T-cell proliferation, triplicate cultures were cultured for
72 hr with type II collagen (50 pg/ml) and pulsed for the last
16 hr with [3H]thymidine. Cells were then harvested and
assessed for incorporation of radioactivity.

Separation of T-cell/APC populations

CD4™" T cells were separated by positive selection from LNC of
type-II-collagen-immunized mice by MACS using anti-CD4-
conjugated microbeads, according to the manufacturer’s
instructions (Miltenyi Biotec). Purity of the T-cell-enriched
fraction was greater than 92% as assessed by fluorescence-
activated cell sorter analysis. The remaining T-cell-depleted
population was subsequently gamma-irradiated (source: '*’Cs;
270 Ci) for a predetermined period of time to block prolifera-
tion of any remaining lymphocytes.

Measurement of cytokines

To measure the secreted cytokines (IFN-v, IL-4, or IL-5), 96-
well enzyme-linked immunosorbent assay (ELISA) plates were
coated with the appropriate capture antibody (purchased from
AMS Biotechnology), blocked with bovine serum albumin (2%
w/v), and then incubated with culture supernatants. After
washing, bound cytokines were detected using biotinylated
detect antibodies (AMS Biotechnology), followed by strepta-
vidin biotinylated horseradish peroxidase complex (Amersham,
Little Chalfont, UK). A colour reaction was developed using
3,3',5,5 -tetramethylbenzidine (Kirkegaard and Perry Labora-
tories, Gaithersburg, MD) and the reaction was stopped with
H,SO,4 (45 mol/l). Optical densities were measured at 450 nm
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using an ELX808 ELISA plate reader (Bio-tek Instruments,
Winooski, VT). A standard curve was generated using known
concentrations of recombinant IFN-vy, IL-4, or IL-5 (AMS
Biotechnology).

Statistical analysis

Cytokine data were analysed by one-way analysis of variance,
followed by the Dunnet multiple comparison test where appro-
priate.

RESULTS

Conventional CIA involves immunization of genetically sus-
ceptible (e.g. DBA/1) mice with type II collagen in CFA.
However, using this protocol a highly polarized Thl response
is generated and the production of Th2 cytokines is generally
very low (close to the limit of detection) and subject to a high
degree of variability, depending on the stage of disease, age of
mice, etc. For this reason, a different immunization schedule
was used for some of these studies by injecting mice with type 11
collagen in alum adjuvant. This generated a more balanced and
reproducible Th1/Th2 response. IFN-y was measured as the
prototypic Thl cytokine whereas IL-5 (which generally corre-
lates strongly with IL-4 expression) was used as the marker of
the Th2 response. It should be noted that IL-4 is notoriously
difficult to measure in culture supernatants, probably because of
uptake by cells expressing IL-4 receptors.

In the first experiment, mice were immunised intradermally
with collagen/alum, then given an intraperitoneal booster injec-
tion 7 days later. This booster injection was given because alum
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is a relatively weak adjuvant compared to CFA. Spleens were
harvested 3—4 weeks after primary immunization, pooled and
pushed through a sieve to make a single-cell suspension. Spleen
cells were then cultured for 72 hr in the presence of type II
collagen (50 pg/ml) plus one of four cAMP-elevating agents;
rolipram, forskolin, PGE,, or 8-bromo-cAMP (a cell permeant
cAMP analogue) and the production of IFN-y and IL-5 was
measured by ELISA (Fig. 1). The doses used of each of the
agents were established from preliminary studies and were
designed to cover the full range of the dose-response curve.
All four cAMP-elevating agents significantly suppressed IFN-y
production (maximum reduction 80-100%; P < 0-01) whilst
only modestly inhibiting IL-5 production (maximum reduction
35-60%; P < 0-05). Furthermore, the modest reductions in
IL-5 production were observed only at the highest concentra-
tions of cAMP-elevating agents, which would be difficult to
achieve in vivo. Thus, the first conclusion to be drawn from this
study was that activation of the cAMP pathway in the spleen cell
cultures had the effect of reducing the Th1 response to a greater
extent than the Th2 response.

A second observation of significance to emerge from this
study was that there was a small but consistent trend towards
increased IL-5 production, at low concentrations of all the
cAMP-elevating agents, although this did not reach the level
of statistical significance. The possibility was considered that
this trend towards increased IL-5 production was related to the
fact that the spleen cells were taken from mice immunized with
type II collagen in alum (a strong Th2 adjuvant). Hence, a
second experiment was carried out in which LNC from arthritic
mice immunized with type II collagen in CFA were cultured in
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Figure 1. Effect of cAMP-elevating agents on IFN-y and IL-5 production. Spleen cells from DBA/1 mice immunized with type II
collagen in alum adjuvant were cultured in the presence of type II collagen (50 wg/ml) plus one of the four cAMP-elevating agents. The
agents were added 30 min prior to addition of collagen and cytokines were measured by ELISA after 72 hr. Data shown are mean + SE
and the experiment is a representative of three comparable experiments, giving consistent results. P-values refer to differences between

groups treated with cAMP-elevating agents and untreated controls.
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Figure 2. Induction of IL-5 expression by low doses of PGE,. DBA/I
mice were immunized with type II collagen in CFA and draining
(inguinal) lymph nodes were removed after 21 days. LNC were cultured
in the presence or absence of type II collagen and PGE, was added at the
doses shown 30 min prior to addition of type II collagen. IFN-y and IL-5
were measured by ELISA after 72 hr. Data are shown as mean £+ SE
and are representative of three similar experiments. P-values refer to
differences between PGE,-treated groups and untreated controls.

the presence of collagen and increasing concentrations of PGE.,.
As in the previous experiment, a trend towards increased IL-5
production was observed at low PGE, concentrations (0-1—
0-1 wM) which was not statistically significant, whilst IFN-y
production was significantly inhibited (P < 0-01; Fig. 2).

It is well known that the way in which antigen is presented to
T cells strongly influences the outcome of the ensuing immune
response. Hence, having confirmed that activation of the cAMP
pathway in spleen cell cultures is capable of profoundly altering
the Th1/Th2 profile, the next step was to identify the principle
target of the cAMP-mediated effects: the T cell itself, or the
APC. To address this question, LNC from mice immunized with
type II collagen in CFA were separated into T-cell-enriched and
T-cell-depleted populations by positive selection of CD4 ™" cells
using the MACS system. The T-cell-depleted population was
then gamma-irradiated to block proliferation of any contam-
inating lymphocytes and this population was named the APC
fraction. The purity of the T-cell fraction was >92% whereas
the T cells were undetectable in the APC fraction after irradia-
tion. The purity of the cell populations was also assessed on a
functional basis. Thus, neither the T-cell fraction alone nor the
APC fraction alone responded to antigenic stimulation whereas
when the two fractions were recombined a robust T-cell
response was observed following stimulation with type II
collagen (data not shown). Furthermore, we have previously
shown that positive selection of T cells using the MACS system
does not cause any obvious changes in cytokine production
(data not shown).

Next, the T-cell fraction and the APC fraction were sepa-
rately treated with CT (an irreversible activator of adenylate
cyclase) or vehicle control for 1 hr at 37°. CT was used for this
study because it is known to produce a sustained rise in cAMP
that persists after its removal from the culture supernatant. Next,
the cells were washed and recombined to give four groups: (1)
control T cells plus control APC, (2) CT-treated T cells plus
control APC, (3) control T cells plus CT-treated APC, and (4)
CT-treated T cells plus CT-treated APC. These groups were
cultured for 72 hr in the presence of type II collagen, levels of
IFN-vy and IL-5 were measured, as before, and cell proliferation
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Figure 3. Treatment of T cells or APC with CT has the same effect on
IFN-vy and IL-5 production and proliferation. LNC from mice immu-
nized with type II collagen in CFA were separated into CD4" T-cell and
APC fractions by positive selection of CD4™ T cells, followed by
gamma-irradiation of the APC fraction. The T-cell and APC populations
were treated separately with CT for 1 hr at 37°, washed and then
recombined, as shown. The recombined cells were cultured in the
presence of type II collagen (50 pg/ml) for 72 hr for measurement
of IFN-vy and IL-5 production. To measure proliferation, [3H]thymidine
was added for the last 16 hr. Data are shown as mean £ SE and the
experiment is representative of three experiments, all of which gave the
same result. P-values refer to differences between CT-treated groups and
untreated controls.

was assessed by incorporation of [*H]thymidine. The results of
this study clearly showed that treatment of either T cells or APC
with CT had a remarkably similar effect, i.e. marked down-
regulation of IFN-y production (~95%) and T-cell proliferation
(~90%) with only a limited reduction (~40%) in IL-5 produc-
tion (Fig. 3).

One potential criticism of the previous experiment is that CT,
whilst a potent cAMP-elevating agent, may have effects on T
cells and/or APC that are unrelated to cAMP. Hence, another
experiment was carried out in which we were able to confirm,
using rolipram and PGE,, that T cells are directly affected by
elevations in cAMP. Here, CD4 " T cells were purified from the
spleens of naive mice, then stimulated by a combination of
plate-bound anti-CD3e mAb and soluble anti-CD28 mAb in the
presence of increasing concentrations of either rolipram or
PGE, in the absence of APC. IFN-y and IL-4 (which were
found to be detectable in anti-CD3¢/anti-CD28-stimulated T-
cell cultures) were measured by ELISA. This experiment con-
firmed that both rolipram and PGE, were capable of modulating
the activity of purified T cells in the absence of APC (Fig. 4). It
should also be noted, however, that the inhibitory effects of both
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Figure 4. Modulation of Th1/Th2 cytokine production by cAMP in the
absence of APC. CD4" T cells were purified, using the MACS system,
from mouse spleens and cultured on anti-CD3e-coated plates in the
presence of soluble anti-CD28 alone or with rolipram (100 uM) or PGE,
(10 wM™). Data are shown as mean &+ SE. P-values refer to differences
between groups treated with rolipram or PGE, and untreated controls.

rolipram and PGE, were less pronounced when T cells were
stimulated with anti-CD3¢/anti-CD28 than when spleen cells or
LNC were stimulated with type II collagen in the presence of
APC. This may be attributed to the fact that T cells stimulated
with mitogens are more refractory than TCR-stimulated T cells
to incoming cAMP signals.>

DISCUSSION

This study has shed further light on the immunomodulatory
properties of cAMP-elevating agents within the context of the T-
cell response to type II collagen. Thus, all of the five different
cAMP-elevating agents tested (rolipram, forskolin, PGE,, 8-
bromo-cAMP and CT) caused a dose-dependent reduction in
the production of the Th1 cytokine, IFN-y, whilst having only a
modest inhibitory effect at very high doses on the Th2 cyto-
kines, IL-4 and IL-5. It is concluded that elevations in cAMP are
likely to reduce Thl cell activity to a greater extent than Th2
activity. Elevations in intracellular levels of cAMP cause acti-
vation of protein kinase A (PKA) by causing disassociation of
the regulatory and catalytic subunits. PKA is thought to have
negative regulatory influences on multiple components of the T-
cell signalling machinery, including the nuclear accumulation
of nuclear factor of activated T cells (NF-AT),>* and the
activation of nuclear factor kB (NFkB) and mitogen-activated
protein kinase (MAPK) pathways.?’ In addition, PKA has been
shown to activate Csk, a negative regulator of Lck.%® It is also
reported that cAMP negatively regulates T-cell activity inde-
pendently of PKA,'® although the precise mechanism(s) remain
to be elucidated. There are therefore a number of possible
explanations for the inhibitory effects of cAMP on T-cell
activity. What is not clear, however, is why Th2 cells should
be less sensitive than Thl cells to the inhibitory effects of
cAMP. We did not measure intracellular levels of cAMP
following treatment with cAMP-elevating agents. However,
previous studies have shown that Th1 and Th2 cells accumulate
cAMP at comparable levels following stimulation with PGE,,'*
therefore we cannot attribute the relative insensitivity of Th2
cells to the inhibitory effects of cAMP-elevating agents to a
failure to generate or accumulate cAMP. It is becoming increas-
ingly apparent that a group of proteins, known as A-kinase
anchor proteins (AKAPs), play an important role in regulating
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and directing the activity of PKA in a variety of different cell
types,””*® including lymphocytes.?**° Indeed, one purely spec-
ulative possibility that is currently under investigation is that
Thl cells and Th2 cells may differ in their expression of
AKAPs, such that PKA activity is reduced in Th2 cells com-
pared to Thl cells, or that the substrate specificity of PKA
differs between the two subsets.

Another observation to emerge from this study was that low
doses of all the cAMP-elevating agents caused a small but
consistent increase in IL-5 production, although this was not
statistically significant. The concentration range of PGE, that
gave maximal IL-5 levels was 0-01-0-1 wM and a pertinent
question is what levels of PGE, are likely to be found in vivo?
This is a difficult question to answer because concentration
gradients within the vicinity of PGE,-producing cells may
create large local variations. Nevertheless, with this proviso,
the level of PGE, in the plasma of normal individuals was
reported to be around 0-001 wM, although this can rise to
0-03 M in patients with cancer.’' Synovial fluid PGE, levels
of 0-001 uM were detected in patients with rheumatoid arthri-
tis>> whereas tissue PGE, levels of 0-1-0-4 uM were measured
following trauma.>

It was confirmed in this study that cAMP-elevating agents
are able to influence T-cell activity independently of APC. This
was unsurprising given the known inhibitory effects of cAMP/
PKA on T-cell signalling pathways.>> However, a less expected
finding was that pulsing APC for 1 hr with a cAMP-elevating
agent (CT) had the same, or even greater, effect on Th1/Th2
cytokine expression as pulsing T cells. The ability of APC to
alter profoundly T-cell activation may be the result of one or
more of a number of possible factors, including an increase in
IL-10 production,34 a decrease in 1L-12 production,35 a reduc-
tion in major histocompatibility complex class II expression,>*
or an alteration in costimulatory molecule expression.*® Further
studies will be required to elucidate the precise mechanisms
involved.

A number of previous studies have examined the effects of
cAMP-elevating agents on T-cell lines and clones'®'? and in
this study we have demonstrated the potent immunomodulatory
effects of cAMP within the context of a T-cell response to type 11
collagen. In addition, we have shown that this immunomodula-
tory effect is mediated by T cells directly and by changes in APC
function, although further work will be required to elucidate the
precise mechanisms involved. Understanding the molecular
targets of the cAMP/PKA pathway in T cells or APC may
provide important clues as to how we can regulate pathogenic
T-cell activity in diseases such as rheumatoid arthritis.
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