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Abstract

CD4 is a coreceptor on T helper (Th) cells that interacts with MHC class Il molecules (MHCII). The mechanisms mediating the effects of
CD4 on responses by T helper cells to stimulation of the antigen-specific T cell receptor (TCR) are still poorly understood. Here, we
demonstrate T cell costimulation via CD4 signalling independent of T cell receptor-mediated signals. Incubation of T helper cells with
peptide mimetics of the CD4-binding region on the MHC class II 2 domain caused intracellular calcium mobilization in the absence of
antigen or other T cell receptor stimuli. Engagement of CD4 by peptide mimetics or wild-type MHC class II, but not by mutant MHC class 11
molecules incapable of engaging CD4, inhibited the T cell receptor-mediated increase in cyclic AMP (cAMP) concentrations in T helper
cells. CD4-mediated signals activated cyclic AMP phosphodiesterases (PDEs) and inhibited adenylyl cyclase. Full activation and clonal
expansion of antigen-stimulated T helper cells required the CD4-mediated regulation of cyclic AMP. Our results suggest a costimulatory

mechanism of CD4 function that acts on the second messengers, calcium and cyclic AMP.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

T helper (Th) cells regulate adaptive immune responses
by promoting and directing the differentiation and activation
of B cells and cytotoxic CD8" T cells [1,2]. Activation of Th
cells is critical for the clearance of pathogenic infections
[3,4] and for the destruction of tumor cells [5]. Th cells also
participate in the pathogenesis of many autoimmune disor-
ders [6,7] and in transplant rejection [8]. Th cells recognize
antigen (Ag) in the context of MHC class II molecules

Abbreviations: Ag, antigen; APC, antigen-presenting cell; Ca”’,
calcium ions; cAMP, cyclic AMP; CD4-IP, CD4-interacting peptide;
DMSO, dimethylsulfoxide; FACS, fluorescence-activated cell sort; FITC,
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(MHCII) and express the CD4 coreceptor on their cell
surface [9], which interacts with nonpolymorphic regions
of MHCII [10,11]. The association of the Ag-specific T cell
receptor (TCR) and CD4 with the same MHCII during Ag
stimulation initiates Th cell activation [12].

One of the earliest Ag-induced signalling events is the
mobilization of calcium ions (Ca® "), which is essential for
Th cell activation [13]. This second messenger activates
several cytosolic enzymes, initiating downstream signalling
cascades [14]. However, Ag stimulation also generates
signals through the TCR that antagonize Th cell activation.
For example, TCR-mediated signals activate the cyclic
AMP (cAMP)-dependent protein kinase A (PKA) [15,16].
PKA initiates a signalling pathway that inhibits Ag-induced
T cell proliferation and cytokine production [17,18]. There-
fore, to achieve full activation of Th cells, TCR-mediated
signals must be modified.

Interactions between CD4 and MHCII increase Ag-
induced Th cell proliferation and cytokine production
[19,20]. Initially, it was thought that CD4 functioned as an
adhesion molecule, enhancing contact between Th cells and
Ag-presenting cells (APCs) [9]. However, CD4 and MHCII
interact with extremely low affinity [21,22], and soluble CD4
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does not affect the binding of soluble MHCII-Ag complexes
to immobilized TCR [22]. Furthermore, CD4-MHCII inter-
actions do not increase the binding avidity between Th cells
and APCs [23,24]. Thus, an adhesive effect of CD4 is
unlikely and the major function of CD4 may be its active
participation in Th cell signalling [25,26].

We used two approaches to determine whether CD4 can
transduce signals independent of the Ag-induced TCR signal
to modulate the Th cell responses. First, we stimulated CD4 "
T cells with Ag presented by either wild-type MHCII or
MHCII mutated in the CD4-binding site of the 32 domain
and thus incapable of interacting with CD4 [10]. For the
second approach, we synthesized a peptide corresponding to
the major CD4-binding site on murine MHCII. This CD4-
interacting peptide (CD4-IP) consists of amino acid residues
134—148 of the I-A? p2 domain. This peptide binds to CD4 "
T cells and modulates Th cell-dependent immune responses
[27,28]. The peptide also binds to soluble CD4 [29]. Here,
we show that incubation of CD4" Th cells with CD4-IP
mobilized Ca? " and inhibited forskolin- and TCR-induced
increases in intracellular cAMP concentrations ([cAMP];) by
activating cAMP phosphodiesterases (PDEs) and inhibiting
adenylyl cyclase. Full activation of normal CD4" T lympho-
cytes depended on regulation of cAMP. Thus, we define
CD4-mediated, TCR-independent signalling pathways that
are required for complete Th cell activation, and suggest a
costimulatory function of CD4 that acts on two second
messenger systems, Ca® "~ and cAMP.

2. Materials and methods
2.1. Cell lines, T cell clones, and primary T lymphocytes

All media and supplements were from Life Technologies
(Gaithersburg, MD) and reagents from Sigma (St. Louis,
MO), unless otherwise stated. Murine fibroblast L cells
transfected with cDNAs encoding wild-type or mutant A‘é,
wild-type A%, ICAM-1, and B7-1 were cultured in complete
DMEM [30]. The Thl clone, pGL2 [31], was cultured by
weekly restimulating the cells with chicken ovalbumin (200
png/ml) and irradiated (2000 rad) BALB/c splenocytes in
DMEM containing 5% foetal calf serum (HyClone, Logan,
UT), | mM sodium pyruvate, 0.1 mM nonessential amino
acids, 10 mM Hepes, 50 pM 2-mercaptoethanol, 10 pg/ml
gentamycin, and human rIL-2 (20 U/ml added 2 days after
Ag and APCs). Seven days after restimulation, pGL2 cells
were harvested and purified by density gradient centrifuga-
tion on Lympholyte M (Cedarlane Laboratories, Hornby,
Ontario, Canada). Primary lymphocytes from the axillary,
brachial, cervical, inguinal, popliteal, and mesenteric lymph
nodes of DO.11.10 TCR transgenic mice were enriched for
the expression of the CD4 coreceptor by antibody-mediated
depletion of CD8" and MHCII" cells [27]. After depletion,
more than 95% of the cells were CD4" as determined by
fluorescence-activated cell sort (FACS) analysis.

2.2. Antibodies and reagents

Monoclonal antibodies against mouse CD4 (clone GK1.5,
rat [gG2b), mouse CD8 (clone 2.43, rat IgG2b), I-A¢ (clone
M5/114, rat 1gG2b), and mouse CD3e (clone 145-2Cl11,
hamster IgG) were purified from hybridoma supernatants
by protein G sepharose chromatography (Sigma). Goat anti-
hamster (GAH) IgG was from Caltag (Burlingame, CA). The
PDE inhibitors (iPDEs) vinpocetine, rolipram, and 3-isobu-
tyl-1-methylxanthine (IBMX) were from Sigma. The
adenylyl cyclase inhibitor MDL-12,330A [32] was from
Calbiochem (La Jolla, CA). All drugs were dissolved in
dimethylsulfoxide (DMSO) and stored at —20 °C. Biotin
and fluorescein isothiocyanate (FITC) were from Sigma.
Streptavidin—R-phycoerythrin (RPE) was from Caltag. Pep-
tides were synthesized by the Protein Chemistry Laboratory
of the Sealy Center for Molecular Science at UTMB (Gal-
veston, TX) and purified by HPLC. Sequence of CD4-IP:
NGQEETVGVSSTQLI, control peptide: SELIQTS-
VEGQTVGN, and Ova323: ISQAVHAAHAEINEAGR.
Purity and composition were confirmed using amino acid
compositional analysis and mass spectral analysis by plasma
desorption ionization.

2.3. Measurements of [Ca’"];

Resting pGL2 cells were incubated at 3 x 10° cells/ml at
37 °C with 3 pM of Fura-2 acetoxy methylester (Fura-2
AM; Molecular Probes, Eugene, OR) for 30 min. After
loading, cells were washed twice and resuspended in buffer
(140 mM NaCl, 5 mM KCI, 20 mM Hepes, 10 mM
Glucose, | mM CaCl,, I mM MgCl,, pH =7.4). Transfected
APCs were pre-incubated for 2 h with peptides derived by
trypsin treatment of ovalbumin (OvaT). Fura-2-loaded
pGL2 cells were incubated with APC-OvaT for 2.5 min
before starting [Ca® ']; measurements. Alternatively, resting
Fura-2-loaded pGL2 cells were incubated with various
concentrations of CD4-IP or control peptide for 1 min.
Fluorescence of pGL2 cells was monitored in an SLM
4800S modulation spectrofluorometer with DMX dual
wavelength excitation monochromator at 15-s intervals.
Excitation wave lengths of 340 and 380 nm, and an
emission wave length of 510 nm were used. During meas-
urements, cells were kept at 37 °C and continuously stirred.
[Ca®"]; was determined by the ratio method with correction
for background fluorescence using the following formula:
[Ca® Ti=Kq [(R ~ Rinin)/(Rmax — R)] X F380130/F380 .
The K4=1303 nM was determined by intracellular calibra-
tion following established protocols [33].

2.4. Measurement of conjugate formation between Thl
clone pGI2 cells and APCs expressing mutant or wild-type
MHCII

APCs were collected by trypsinization and washed with
PBS (pH=7.4). The 10 x 10° APCs were resuspended in
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0.5 ml of PBS (pH=28.0). APCs were incubated with 10 pl/
ml of biotin at room temperature for 25 min. Cells were
washed with 8.0 ml of complete DMEM, followed by a
wash with 8 ml of PBS (pH=7.4). APCs were then
resuspended in 0.5 ml of PBS (pH=7.4) and 10 pg of
streptavidin—RPE was added to the cell suspension. Cells
were protected from light and incubated at room temper-
ature for 30 min. The APCs were then washed twice with
complete DMEM. The 2 x 10° APCs were resuspended in
0.8 ml of complete DMEM and incubated with 160 pg of
OvaT at 37 °C and 10% CO, for 2 h. After washing, APCs
were resuspended in 0.2 ml of complete DMEM.

pGL2 cells were suspended at 2 x 10° /ml in 6 ml of PBS
(pH=7.4). A total of 60 pl FITC (1 mM in ethanol) was
added and cells were incubated at 37 °C for 10 min,
protected from light. pGL2 cells were then washed twice
and resuspended in complete DMEM at 10 x 10°/ml.

pGL2 cells (1 x 10° in 100 pl) and APCs (3.3 x 10° in
33 pul) were mixed and incubated at room temperature for
30 min. PBS (0.5 ml) containing 2% NCS, 1 mM CaCl,,
and 0.05% NaNj; was added, and cells were subjected to
FACS analysis. Data were collected on a Becton Dickinson
FACScan and analysed using CellQuest software.

2.5. Tcell activation for cAMP and adenylyl cyclase activity
measurements

T cells were incubated as described in the figure legends.
Incubations were terminated by adding ice-cold PBS to the
cells. Cells were then transferred into 2-ml microcentrifuge
tubes and cytoplasmic extracts prepared. For Ag stimula-
tion, transfected DAP.3 APCs (10° cells/well) were plated
into 24-well plates and allowed to form a monolayer during
overnight incubation. APCs were then incubated with OvaT
(200 pg/ml) for 2 h. Contact between APCs and pGL2 cells
was initiated by centrifugation of the plates at 1500 rpm for
30 s. Then, the plates were placed into an incubator at 37 °C
and 10% CO, for various times. Ice-cold PBS (1 ml) was
added into the wells to terminate the incubation. Cells were
transferred into 2-ml microcentrifuge tubes and immediately
cooled on ice. FACS analysis after staining with monoclonal
anti-MHCII and anti-CD4 antibodies showed that more than
95% of the cells were CD4" T cells (data not shown).

2.6. Preparation of cytoplasmic extracts

For cAMP measurements, T cells were lysed by adding
500 pl of ice-cold 10% (w/v) trichloroacetic acid (TCA) and
vortexing. After a brief incubation on ice for 15 min,
samples were centrifuged at 3000 X g and 4 °C for 15
min. For adenylyl cyclase activity assays, pGL2 cells were
incubated with medium containing 1 mM IBMX and 5 pCi/
ml [*H]adenine for 150 min at 37 °C followed by washing
twice. Cells were lysed in 1 ml of ice-cold 5% TCA
containing 1 mM cAMP and 1 mM ATP. For both cAMP
measurement and adenylyl cyclase activity assay, super-

natants were aliquoted and stored at — 80 °C. TCA-pre-
cipitated proteins were dissolved in 500 pl of 1 N NaOH
and used to determine protein concentrations.

2.7. Measurements of protein concentrations

Protein concentrations in cellular extracts were deter-
mined by the Bradford method [34], using bovine serum
albumin as a standard. Briefly, cellular extracts were diluted
with 0.15 M NaCl into 96-well plates. All dilutions were
carried out in triplicate. Then, 100 ul of Coomassie Brilliant
Blue was added to the wells. After 5 min, the plates were
measured in a Dynatech MR 5000 Microtiter plate reader
(Dynatech, Chantilly, VA).

2.8. Measurement of intracellular cAMP concentrations

cAMP was measured in cellular extracts using a radio-
immunoassay (NEN™ Life Science Products, Boston, MA)
according to the manufacturer’s instructions. Cellular
extracts were diluted to equal protein concentrations.

2.9. Adenylyl cyclase activity assay

The method was previously described [35]. Briefly,
Dowex AG50 WX4 resin (BioRad, Hercules, CA) was
equilibrated with 10 ml of water and alumina WN-3 resin
(Sigma) was equilibrated with 8 ml of 100 mM imidazole—
HCI (pH 7.5). Lysates containing equal amounts of protein
were adjusted with water to 1 ml and poured into Dowex
columns (d X H=8 X 25 mm). The flow-through volumes
were collected into scintillation vials (vial series A). Dowex
columns were washed with 3 ml of water and ecluates
collected into vial series A. Another 8 ml of water was
added to the Dowex columns and these eluates were poured
into alumina columns (d X H=8 X 15 mm). Flow-through
volumes were discarded and alumina columns washed with
5.5 ml of 0.1 M imidazole—HCI (pH=7.5). Eluates were
collected into scintillation vials (vial series B). Adenylyl
cyclase activity was determined as the ratio of radioactivity
of vial B to vial A (ratio B/A). Dowex columns were re-
equilibrated by washing with 2 ml of 1 N HCI and 8 ml of
water. Alumina columns were re-equilibrated by washing
twice with 8 ml 0.1 M imidazole—HCI (pH=7.5).

2.10. T cell proliferation assays

CD4" T cells from DO.11.10 TCR-transgenic mice
(1.5 x 10°) were incubated in a total volume of 200 pl of
media in the wells of a 96-well plate either with or without
APCs (5 x 10%). APCs were L cell fibroblasts transfected
with either wild-type or mutant MHCII together with
ICAM-1 and B7-1 [30]. When indicated, Ova323 was added
to a final concentration of 39 nM. After 72 h, 1 pCi of
[*H]thymidine was added and the incubation was continued
for 18 h. Cells were then harvested using a 96-well harvester
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(Packard, Downers Grove, IL) and [*H]thymidine incorpo-
ration was determined with a Packard MatrixTM 9600
Direct Beta Counter (counting efficiency = 6%).

2.11. IL-2 assay

IL-2 concentrations were measured in 24-h cell culture
supernatants by ELISA (Pharmingen, San Diego, CA).

2.12. Statistical tests

Statistical significance of differences between samples
was tested using Student’s unpaired ¢-test. Data are
expressed as mean value &+ S.D.

3. Results

3.1. Synergy between CD4 and TCR signals increases
mobilization of Ca’ ™ during Ag activation

We previously characterized mutant MHCII carrying
single amino acid substitutions in the B2 domain that are
deficient in their ability to interact with CD4, but remain
fully competent to bind Ag and interact with the TCR [10].
Therefore, we stimulated the CD4" Thl clone, pGL2 [31],
with ovalbumin-derived peptides (OvaT) presented by mur-
ine fibroblast L cell lines that expressed either wild-type

MHCII ¢cDNA or mutant MHCII ¢cDNA encoding alanine at
positions 137 and 142 instead of glutamic acid and valine,
respectively. Both L cell lines also expressed cDNAs
encoding ICAM-1 and B7-1, rendering them efficient APCs
[30]. We used Ag at limiting concentrations that induced
submaximal responses in pGL2 cells stimulated with wild-
type MHCII-Ag (e.g., proliferation and IL-2 secretion; data
not shown). We then measured cytosolic-free Ca® " concen-
trations ([Ca® " ];) by spectrofluorometry.

When we stimulated pGL2 cells with wild-type MHCII-
-OvaT, Ca® " mobilization occurred more rapidly and [Ca® '];
rose to a higher level than in pGL2 cells stimulated with
mutant MHCII-OvaT (Fig. 1a). This experiment did not rule
out the possibility that the increased Ca®* mobilization was
simply due to enhanced contact between the T cells and
APCs mediated by CD4-MHCII interactions, thus intensify-
ing and prolonging signals transduced via the TCR.

To test whether CD4 exerted its effect by improving
contacts between Th cells and APCs, we measured con-
jugate formation between Th cells and Ag-loaded wild-type
MHCII-expressing APCs or mutant MHCII-expressing
APCs. We labelled Th cells with FITC and APCs with
RPE. After incubation, we measured conjugate formation by
FACS analysis. Fewer conjugates formed between wild-type
MHCII-expressing APCs and CD4" Th cells than did
between mutant MHCII-expressing APCs and CD4" Th
cells (Fig. 2). The finding that pGL2 cells, which represent
a memory Th cell population, formed fewer conjugates with
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Fig. 1. CD4-mediated Ca® * mobilization. (a) Effect of ovalbumin peptides presented by either wild-type or mutant MHCII-expressing APCs on [Ca® *J; in the
Th1 cell clone, pGL2. Fura-2 AM-loaded pGL2 cells were incubated with Ag-loaded APCs expressing either wild-type or mutant MHCII in a 2:1 ratio for 150 s.
Then, fluorescence of pGL2 cells was monitored in a spectrofluorometer at 15-s intervals. The data are representative of two independent experiments. (b) Effect
of CD4-IP on [Ca® *]; in pGL2 cells. Fura-2 AM-loaded pGL2 cells were incubated with 100 uM of control peptide or CD4-IP for 1 min. The control peptide had
the same amino acid composition as the CD4-IP, but its sequence was scrambled. The data are representative of three independent experiments. Similar
experiments were performed with 8 and 50 pM of peptide. At lower concentrations of CD4-IP, but not of the control peptide, a dose-dependent stimulation of

Ca® ™ mobilization occurred (not shown).
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Fig. 2. Conjugate formation between Thl clone pGL2 cells and APCs
expressing mutant or wild-type MHCII. pGL2 cells were labeled with FITC
(FL1). Mutant MHCII-expressing APCs (a) and wild-type MHCII-
expressing APCs (b) were labeled with RPE (FL2) and loaded with Ag
(OvaT). pGL2 cells and APCs were mixed in a 3:1 ratio and incubated at
room temperature for 30 min before FACS analysis. When incubated with
mutant MHClI-expressing APCs, 34% of the pGL2 cells conjugated to
APCs, but only 9.6% of the pGL2 cells formed conjugates with wild-type
MHClII-expressing APCs lasting longer than 30 min. The data are
representative of five independent experiments. Percentages of APC-
conjugated and free CD4" T cells are given.

wild-type MHCII-expressing APCs than with mutant
MHCII-expressing APCs at limiting Ag concentrations is
consistent with previous reports that memory, but not naive,
CD4" T cells rapidly deconjugate from APCs upon CD4
engagement by MHCII in the absence of Ag [23]. Due to
limiting Ag concentrations in our experiments, some CD4" T
cells interacted with MHCII molecules in the absence of
TCR-MHCII engagement, thereby inducing conjugate dis-
sociation. Thus, the enhancing effect of CD4 on Th cell
signalling was not mediated through enhanced adhesion of
the CD4" Th cell population to wild-type MHCII-expressing
APCs. Therefore, we tested the possibility that engagement
by MHCII induces CD4-mediated signals and that CD4-
mediated signals modulate TCR-induced Ca® " mobilization.

In previous experiments, we demonstrated that CD4-IP,
the peptide mimetic corresponding to the major CD4-bind-
ing site on the I-AY P2 domain, modulates Ag-induced
responses by Th cells in vitro and in vivo [27]. CD4-IP
binds to CD4", but not to CD4 ", T cell hybridomas, and low
concentrations of CD4-IP potentiate immune responses
[27], suggesting that interactions between CD4 and MHCII
may induce signals via CD4 that increase T cell responses to
Ag. To test this hypothesis, we incubated pGL2 cells with
CD4-IP and then monitored [Ca® *];.

Incubation with CD4-IP at concentrations ranging from 8
to 100 pM, but not with a control peptide of identical amino
acid composition in a scrambled sequence, induced Ca”*
mobilization in resting pGL2 cells in a dose-dependent
manner (Fig. 1b; shown only for 100 pM). This effect
occurred in the absence of Ag and APCs. Thus, a peptide
corresponding to the CD4-binding region on MHCII
induced signals via CD4. Therefore, CD4 displayed a
TCR-independent signalling capacity. Mobilization of
Ca®" is essential for T cell activation [36,37]. Therefore,

CD4-mediated modulation of the kinetics of intracellular
Ca’" mobilization and [Ca®"]; may provide an important
regulatory mechanism to promote Th cell activation.

3.2. Treatment with CD4-1IP antagonizes induction of cAMP
by forskolin

We demonstrated a TCR-independent, CD4-mediated
increase in Ca?" mobilization (Fig. 1b). TCR signalling
without coreceptor engagement also increases [Ca’'];
[36,38]. Therefore, increasing Ag concentrations should
substitute for the requirement of coreceptor engagement if
activating the Ca®" signalling pathway was the only func-
tion of CD4-mediated signals. However, CD4 engagement
is required for efficient cellular proliferation and cytokine
production. For example, the lack of CD4 engagement by
MHCII markedly impairs Th cell activation by peptide
ligands, indicating a requirement for CD4-mediated signals
to activate successfully Th cells [10,11,39]. This suggests
that engagement of MHCII activates other CD4-mediated
signalling pathways in addition to the Ca®" signal. TCR
signalling activates type I PKA [16], a PKA isozyme that
mediates cAMP’s inhibitory effects on T cell replication
[15,18]. Therefore, we hypothesized that CD4-mediated
signals may serve to inhibit PKA I activity during Th cell
activation. One mechanism by which PKA I could be
inhibited is by reducing [cAMP];.

Forskolin is a pharmacological reagent that activates
adenylyl cyclases, which catalyze the conversion of ATP
into cAMP [40]. We first measured the effect of various
concentrations of forskolin on [cAMP];. In primary, CD4" T
lymphocytes from DO.11.10 TCR transgenic mice, incuba-
tion with forskolin increased [cAMP]; in a dose-dependent
fashion (Fig. 3a). Similarly, forskolin increased [cAMP]; in
pGL2 cells. However, these cells were less sensitive than the
primary T cells (Fig. 3b).

We then determined the effect of CD4-mediated signal-
ling on increases in [CAMP]; induced by moderate doses of
forskolin (10 uM for DO.11.10 primary T cells and 25 pM
for pGL2 cells). We incubated DO.11.10 primary CD4" T
cells or pGL2 cells either without peptide, or with CD4-1P
or the control peptide before treatment with forskolin. After
various incubation periods, we harvested and lysed the cells
and measured [cAMP];. We observed a significant block in
the upregulation of cAMP in both DO.11.10 primary (Fig.
3c¢) and in pGL2 T cells (Fig. 4) pretreated with CD4-IP, but
not with the control peptide. Therefore, signalling through
CD4 may negatively regulate [cAMP]; in Th cells.

3.3. CD4-mediated signalling decreases [cAMP]i in Ag-
stimulated Th cells

The inhibitory effect of CD4-mediated signalling on the
forskolin-induced increase in [cAMP]; suggested that during
Ag activation, a function of the CD4 coreceptor may be to
decrease [cAMP]; in Th cells. We used two approaches to
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Fig. 3. Forskolin increases [cAMP]; in DO.11.10, primary CD4 " T cells and in pGL2 cells in dose-dependent fashion. (a) Primary DO.11.10 CD4" T cells or (b)
pGL2 cells were incubated with various concentrations of forskolin for 10 min at 37 °C. Then, cells were harvested and lysed, and samples adjusted to contain
equal amounts of cellular protein. [cAMP]; was measured with a radioimmunoassay. Separately, DO.11.10 CD4 " T cells were also preincubated with 100 uM of
CD4-IP or control peptide for 40 min before the addition of 10 pM of forskolin and processing for cAMP measurements (c).

test this hypothesis. First, we stimulated pGL2 cells with
OvaT presented by mutant or wild-type MHCII-expressing
APCs. After 4 and 8 h of incubation, [CAMP]; in pGL2 cells
activated by wild-type MHCII-OvaT was much lower than
in pGL2 cells activated by mutant MHCII-OvaT (Fig. Sa).
Cyclic AMP concentratons in pGL2 cells activated with
either mutant or wild-type MHCII-OvaT returned to base
levels within 20 h.

In the second approach, we stimulated pGL2 cells with
OvaT presented by mutant MHClI-expressing APCs in the
presence of CD4-IP or the control peptide. After 8 h of
incubation, we measured [cAMP];. CD4-IP significantly
suppressed the mutant MHCII-OvaT-induced increase in
[cAMP]; (Fig. 5b). Thus, CD4-mediated signalling prevented
an increase in [cAMP]; during Ag activation of Th cells.

In T cells, the production of cAMP is regulated by
adenylyl cyclase and the degradation rate is determined by
PDEs. We reasoned that the effect of CD4 signalling on
[cAMP]; could be mediated by regulation of either type of
enzyme. Therefore, we analysed the effects of CD4 signal-
ling on the activities of both enzymes.

3.4. CD4-IP activates cAMP phosphodiesterases

Thus far, 11 families of PDEs have been classified by
their primary sequences, substrate specificities, susceptibil-

ity to selective inhibitors, and tissue localization [41,42].
Isozymes of the PDE1, PDE3, PDE4, and PDE7 families
have been found in T cells [43—45]. Cross-linking of CD28
activates PDE7, a requirement for T cell proliferation and
cytokine production following ligation of CD3 [46]. How-
ever, it is unknown how other PDEs in T cells are activated
and whether CD4 participates in the regulation of PDEs
during T cell stimulation.

We focused our investigation on members of the PDEI
and PDE4 families. PDEI is activated via the Ca® /calm-
odulin-dependent pathway, which can be regulated by CD4
(Fig. 1). PDE4 is the predominant cAMP-metabolizing PDE
in the cytosol of T cells [43,47] and phosphoinositide 3
(PI3)-kinase participates in PDE4 activation [48]. Binding
of CD4 ligands, including CD4-IP, activates PI3-kinase in a
p56le-dependent manner [49]. Hence, we tested whether
specific inhibitors of PDEI (iPDE1) and PDE4 (iPDE4) can
abrogate the inhibitory effect of CD4-IP on cAMP upregu-
lation by forskolin. We incubated pGL2 cells with vinpo-
cetine and rolipram, specific for PDE1 and PDE4,
respectively, in the presence or absence of CD4-IP for 30
min. We then added forskolin to the cells and measured
[cAMP]; 10 min thereafter. We used the iPDEs at concen-
trations that completely abolished PDE1 and PDE4 activ-
ities [45,47], but did not affect viability of cells (data not
shown). Treatment with CD4-IP did not block the increase
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Fig. 4. Pretreatment with CD4-IP inhibits forskolin-induced [cAMP];
increase. pGL2 cells were either left untreated (1) or preincubated with 100
puM of CD4-IP (2) or control peptide for 30 min (3). Then, forskolin was
added to samples 2 and 3 at a final concentration of 25 pM. All samples
were incubated in duplicate. Ten minutes after the addition of forskolin,
cells were harvested and lysed, and samples adjusted to contain equal
amounts of cellular protein. [cCAMP]; was measured with a radioimmuno-
assay and normalized against the highest concentration within each
experiment, which was given a relative value of 1 (equal to 100%). Data
are mean values = S.D. from five independent experiments. The absolute
[cAMP]; in resting pGL2 cells (1) was 2.32 + 0.82 pmol/ml (mean + S.D.
of 10 independent experiments). p<0.001 between samples 2 and 3.
[cAMP]; in pGL2 cells stimulated with forskolin, but not treated with either
CD4-IP or control peptide was also measured (omitted from the figure for
clarity). No statistically significant difference was detected between these
samples and samples treated with control peptide.

in [cAMP]; by forskolin in the presence of iPDEs (Fig. 6).
To rule out the possibility that the presence of a low
concentration of DMSO, which was used to dissolve the
iPDEs, affected the ability of CD4-IP to counteract forsko-
lin-induced increases in [cCAMP];, we repeated these experi-
ments using DMSO without iPDEs. Again, CD4-IP
inhibited the forskolin-induced increase in [cAMP]; to the
same degree as observed in the absence of DMSO (not
shown). Thus, CD4-mediated signals activated one or sev-
eral members of the PDE1 and PDE4 families.

3.5. PDE inhibitors block proliferation of Th cells
stimulated with wild-type MHCII-Ag, but not with mutant
MHCII-Ag

To test whether Th cell function required CD4-induced
PDE activation, we measured the effect of iPDEs on Ag-
induced Th cell proliferation. Purified, naive CD4" lymph
node T cells from DO.11.10 TCR transgenic mice were
stimulated with their specific Ag, ovalbumin peptide 323—
339 (Ova323) presented by irradiated APCs expressing either
wild-type or mutant MHCII in the presence or absence of
various concentrations of iPDE1 or iPDE4. Abrogation of
PDE activity requires 80 uM of iPDE1 and iPDE4 [45,47].
However, the effective concentrations of iPDE1 and iPDE4

required to block proliferation of naive DO.11.10 CD4" T
cells induced by wild-type MHCII-Ova323 were much lower
(Fig. 7). DO.11.10 Th cells proliferated only weakly in
response to stimulation with mutant MHCII-Ova323, and
iPDEs did not affect mutant MHCII-Ova323-induced
proliferation at concentrations that reduced wild-type
MHCII-Ova323-induced proliferation by >3-fold (Fig. 8a
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Fig. 5. CD4-mediated signalling decreases [CAMP]; in Ag-stimulated Th
cells. (a) pGL2 cells were stimulated with peptides derived from ovalbumin
by trypsin treatment (OvaT) and presented by mutant (dashed bars) or wild-
type (gridded bars) MHCII-expressing APCs for 4 or 8 h. All samples were
incubated in duplicate. Cells were processed and samples adjusted to
contain equal amounts of cellular protein (5 mg protein/sample) before
[cAMP]; measurements. Data are expressed in pmol/ml and are
representative of three independent experiments. p <0.03 between samples
2 and 3, and p<0.005 between samples 4 and 5. (b) pGL2 cells were
stimulated with OvaT presented by mutant MHCII-expressing APCs for 8 h
in the presence of 100 pM of CD4-IP (2) or control peptide (3). All samples
were incubated in duplicate. Cells were processed and samples adjusted to
contain equal amounts of cellular protein. Data were normalized against the
highest concentration within each experiment and are mean values + S.D.
from five independent experiments. p<0.0015 between samples 2 and 3.
No difference was detected between control peptide-treated and -untreated
samples (omitted for clarity).
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Fig. 6. Inhibitors of cyclic nucleotide PDEs block the effect of CD4-IP on
forskolin-induced [cAMPY]; increase. pGL2 cells were preincubated with 80
puM of iPDEI and 80 uM of iPDE4 either in the absence of peptide (1) or in
the presence of 100 uM CD4-IP (2) or control peptide (3) for 30 min. Then,
forskolin was added to all samples to a final concentration of 25 pM. All
samples were incubated in duplicate. Cells were processed and samples
adjusted to contain equal amounts of cellular protein. [CAMP]; was measured
and normalized against the highest concentration within each experiment.
Data are mean values = S.D. from two independent experiments. No
difference was detected between control peptide-treated and -untreated
samples (omitted for clarity).

and c). Proliferation of wild-type MHCII-Ova323-stimu-
lated Th cells in the presence of iPDE4 was comparable
to that of mutant MHCII-Ova323-stimulated Th cells
(Fig. 8c and d). Thus, activation of cAMP PDEs by CD4
signalling promotes Ag-induced Th cell proliferation.

3.6. CD4 signalling inhibits adenylyl cyclase activation

Signalling via TCR/CD3 enhances adenylyl cyclase
activity [50—52]. Also, activation of type I PKA by TCR
signalling [15,16] suggests that TCR signalling activates
adenylyl cyclase. Effective T cell activation requires a strict
regulation of adenylyl cyclase activity [32,53,54]. To test
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(a) or iPDE4 (b) as described in the legend to Fig. 8. Data are expressed as a
percentage of the proliferation of cells incubated in the presence of iPDE
solvent (DMSO) and are means of two independent experiments.
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Fig. 8. Differential effect of specific PDE inhibitors on T cell activation by
Ag in the context of mutant and wild-type MHCIL. CD4" T cells were
purified from the lymph nodes of DO.11.10 TCR transgenic mice by
antibody-mediated depletion of CD8" and MHCII" cells. T cells (1.5 x 10°)
were incubated in the wells of a 96-well plate without APCs, with APCs
(5 X 10% in the absence of Ag, or with APCs plus Ag (39 nM of Ova323)
in the absence or presence of 5 uM of iPDEI (a, b) or of 78 nM of iPDE4
(c, d). After 72 h, 1 uCi of [*H]thymidine was added to each sample and
incubation was continued for another 18 h. Radioactivity incorporated into
DNA was measured. Background proliferation in the absence of Ag was
subtracted from the data obtained with Ag-stimulated T cells depicted in the
figure. Data are mean * S.D. of triplicate values from one representative
experiment out of three performed. The S.D. for sample 2 in (b) was too
small for visualization. p <0.005 between samples 1 and 2 in (a) and (b).

whether TCR/CD3 signalling alone affects adenylyl cyclase
activity, pGL2 cells were incubated with either immobilized
anti-CD3 antibody (clone 145-2C11) or control antibody for
various times. Cells were then lysed and adenylyl cyclase
activity measured. Treatment with anti-CD3 antibody, but
not with the control antibody increased adenylyl cyclase
activity over a period of 1.5 h (Fig. 9a). To examine how
CD4 signalling affects adenylyl cyclase activity in Ag-
activated Th cells, we stimulated pGL2 cells with either
wild-type or mutant MHCII-OvaT and measured adenylyl
cyclase activity after 4 h. Cells activated by wild-type
MHCII-OvaT had lower adenylyl cyclase activity than cells
activated by mutant MHCII-OvaT (Fig. 9b).

3.7. Adenylyl cyclase inhibitors modulate kinetics of T cell
proliferation and IL-2 production

To examine the role of adenylyl cyclase during Th cell
activation, we stimulated naive CD4" Th cells from
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Fig. 9. CD4 signalling antagonizes TCR/CD3-induced activation of
adenylyl cyclase. (a) pGL2 cells were labeled with [*H]adenine and treated
with IBMX to inhibit PDE activity. All samples were incubated in triplicate.
After incubation with immobilized anti-CD3 antibody (clone 1452C11) or
control antibody (GAH IgG) for 0.5, 1, and 1.5 h, cells were lysed and
samples adjusted to contain equal amounts of cellular protein before
analysis of adenylyl cyclase activity. Data are mean values + S.D. and are
representative of three independent experiments. p <0.005 between samples
incubated with anti-CD3 antibody or control antibody for 1.5 h. (b)
[’H]Adenine-labeled and IBMX-treated pGL2 cells were either not
stimulated (1) or stimulated with mutant MHCII-Ag (2) or wild-type
MHCII-Ag (3) for 4 h. All samples were incubated in triplicate. Adenylyl
cyclase activity was measured in cellular extracts adjusted to contain equal
amounts of cellular protein. Data were normalized against the sample with
the highest concentration and are mean values = S.D. from three
independent experiments. p <0.005 between samples 2 and 3.

DO.11.10 TCR transgenic mice with either wild-type or
mutant MHCII-Ova323 in the presence or absence of
adenylyl cyclase inhibitor. We first determined the maximal
concentration of adenylyl cyclase inhibitor that did not
affect viability of T cells (data not shown). At nontoxic
concentrations, the adenylyl cyclase inhibitor blocked pro-
liferation in a dose-dependent manner during the first 2 days
following stimulation (Fig. 10a). We observed the same
effect on IL-2 production measured 24 h after stimulation
(Fig. 10b). However, adenylyl cyclase inhibition did not
abrogate proliferation, but delayed peak DNA synthesis and
ultimately prolonged the duration of Ag-stimulated Th cell
proliferation in a dose-dependent fashion (Fig. 10a). Thus,

productive Th cell proliferation and IL-2 secretion requires a
complex temporal control of adenylyl cyclase activity and
[cAMP];.
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Fig. 10. Effect of adenylyl cyclase inhibition on Th cell activation. CD4" T
cells were purified from the lymph nodes of DO.11.10 TCR transgenic
mice. T cells (1.5 X 10%) were stimulated in the wells of a 96-well plate
with APCs (5 x 10*) plus Ag (39 nM of Ova323) in the presence of
various concentrations of the adenylyl cyclase inhibitor, MDL-12,330A.
(a) After 48, 72, and 96 h, 1 uCi of [*H]thymidine was added to each
sample and incubation was continued for another 18 h. Radioactivity
incorporated into DNA was measured. Only effects on proliferation of
wild-type MHCII-Ova323-stimulated Th cells are show, because the same
pattern was observed in Th cells stimulated with mutant MHCII-Ova323.
Data are mean + S.D. of ftriplicate values from one representative
experiment out of three performed. (b) IL-2 production was measured in
24-h supernatants by ELISA.
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4. Discussion

The crystal structure of the exodomains of human CD4
suggests that the membrane proximal domains of CD4 may
promote dimerization [55]. That oligomerization may be an
intrinsic property of CD4 molecules was also indicated by
the extraction of CD4 oligomers from freshly isolated T
lymphocytes and lymphoid cell lines [56]. Oligomerization
is a feature shared by many signal-transducing receptors
[57-59]. Therefore, cross-linking anti-CD4 antibodies
alone or in conjunction with anti-TCR antibodies have been
used to test whether CD4 can transduce signals [26,60—63].
However, this approach does not adequately reflect CD4-
mediated signalling induced by engaging MHCII during Ag
activation [61]. Also, antibody-mediated cross-linking pre-
vents co-localization of CD4 with TCR molecules [64]. The
observation that different monoclonal anti-CD4 antibodies
recognizing different epitopes activate different signalling
pathways suggests the existence of specific signalling epit-
opes on CD4 [65]. Simultaneous engagement of non-over-
lapping CD4 epitopes can modify the signals from
individual epitopes [65]. Therefore, it is likely that
MHCII-binding to a broad region on the CD4 D1 and D2
domains [66] induces signals via CD4 that differ from those
induced by other natural CD4 ligands (e.g., gp120 and IL-
16) or monoclonal antibodies. Here, we used a dual
approach to identify CD4-mediated signals induced by
MHCII engagement. First, we separated TCR-mediated
and CD4-mediated signals by restricting the ability of
MHCII to interact with CD4 during Ag stimulation. Second,
we avoided antibody-mediated cross-linking, but employed
a peptide mimetic to engage the CD4 epitope recognized by
MHCII. This peptide binds to CD4" T cells [27] and soluble
CD4 [29]. However, binding of CD4-IP to soluble CD4 did
not induce CD4 dimerization in solution as measured by
analytical ultracentifugation (data not shown). Currently, we
cannot rule out that CD4-IP promotes CD4 oligomerization
within the plasma cell membrane, but more likely is a
scenario in which CD4-IP binding causes conformational
changes in pre-formed CD4 dimers.

Recently, the crystal structure of a human CD4 N-termi-
nal two-domain fragment complexed to the murine MHCII,
I-A¥, was solved [67]. This crystal structure contradicts
many previous reports on putative interaction sites within
the CD4-MHCII complex based on mutagenesis and peptide
inhibition assays [10,11,29,68], between MHCII-MHCII
dimers based on crystallographic and mutagenesis data
[69—71], and between CD4-CD4 dimers based on crystal-
lography of the entire extracellular four-domain fragment
[55]. Nevertheless, if the crystal structure of the CD4-1-AX
complex correctly identified the contact sites between CD4
and MHCII, the mutations that we introduced in the CD loop
of the MHCII B2 domain functionally disrupted CD4-MHCII
interactions by structurally distorting the 32 domain D and E
strands [67]. Furthermore, the peptide mimetic used here
contained the MHCII B2 144—-146 segment identified as

crucial for CD4-MHCII contacts in the CD4-I-A* crystal
[67].

Our results suggested that CD4-mediated signals facili-
tate Th cell activation by two mechanisms (Fig. 11). First,
CD4 signalling mobilized Ca®”". This CD4-induced Ca®*
signal synergized with the TCR-mediated Ca” * signal lead-
ing to a sustained rise in [Ca® ]; that was more pronounced
than the rise induced by any one signal alone (Fig. 1). A
long-lasting elevation of [Ca® *]; is required for effective Th
cell activation [13,72]. Second, CD4 signalling blocked
TCR-mediated increases in [cAMP];. This inhibition was
mediated by both activation of cAMP PDEs and by inhibit-
ing adenylyl cyclase. TCR signalling in the absence of
additional, modifying signals resulted in the accumulation
of cAMP in the cytosol (Fig. 5 and Ref. [73]), and thereby
in partial Th cell activation without induction of efficient
proliferation and cytokine production. Therefore, signals
induced by MHCII engagement of CD4 are critical for
successful Th cell activation. Importantly, we used normal
T cell clones and primary lymphocytes for all experiments.
We performed all key experiments with both T cell types
and observed no qualitative differences. Therefore, our data
suggest that the reported mechanisms are physiologically
relevant.

It could be argued that if the CD4-mediated Ca®"
mobilization induced by binding of CD4-IP was physio-
logic, engagement of CD4 by MHCII should induce similar
Ca”" responses. We indeed detected Ca”" mobilization in
Th cells induced by MHCII-expressing cells in the absence

¢ MHC class II
CD4

A SN

ATP
[Ca21t [Ca2 b hort 7AC %
a +
PDcAMP cAMP
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Fig. 11. Regulation of [Ca® *]; and [CAMP]; are two mechanisms by which
CD4 participates in Th cell activation by MHCII-Ag. Interactions between
CD4 and monomorphic regions of MHCII during stimulation of Th cells
induce signals via CD4. These signals elicit multiple responses. A CD4-
mediated increase in [Ca® *]; synergizes with TCR-induced Ca® " signals.
CD#4 signalling activates cAMP phosphodiesterases of the PDE1 and PDE4
families of isozymes. Activation of PDE1 may be mediated by mobilization
of Ca’>", whereas PDE4 may be activated via PI3-kinase in a p56-
dependent manner [49]. CD4 signalling also inhibits adenylyl cyclase,
possibly via a G-protein associated with CD4 [78]. Regulation of PDEs and
adenylyl cyclase counteract the TCR-induced increase in [cAMPY];.

Th cell

Ca?*mobilization
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of Ag. However, these Ca”>" responses were not differ-
entiated by CD4 engagement as they were induced by both
wild-type and mutant MHCII-expressing APCs (not shown).
Other investigators have reported partial activation of Th
cells by dendritic cells in the absence of Ag [74], and
dendritic cell-induced Ca® " mobilization that is independent
of both Ag and MHCII molecules [75]. Thus, it is not
possible to determine the effect of CD4 engagement by
MHCII on Ca®* mobilization using APCs due to multiple
cell receptor—ligand interactions. In addition, CD4-MHCII
interactions promote deconjugation of T cell-APC aggre-
gates in the absence of Ag [23]. Soluble ligands, such as
CD4-IP, that mimic CD4 engagement by MHCII molecules
provide a means to circumvent these limitations.

Our results also indicate a complex and dynamic regu-
lation of [cAMP]; during Th cell activation. Wild-type
MHCII-Ag induced higher proliferation and IL-2 production
than did mutant MHCII-Ag (Figs. 8 and 10). Four hours
after activation, T cells stimulated with wild-type MHCII-Ag
had a lower [cAMP]; and lower adenylyl cyclase activity than
did mutant MHCII-Ag-stimulated T cells (Figs. 5 and 9).
Inhibition of Th cell proliferation by iPDEs also suggested
that cAMP accumulation blocked Th cell proliferation (Figs.
7 and 8). However, adenylyl cyclase inhibitors had a complex
effect on Ag activation of Th cells (Fig. 10), suggesting that
cell cycle progression and cytokine gene expression of Th
cells required precise kinetic regulation of adenylyl cyclase
activity and thereby of [cAMP];. Support for this conclusion
comes from experiments with purified human T cells. Stim-
ulation with phytohemagglutinin (PHA) or anti-CD3 plus
anti-CD28 antibodies transiently up-regulates adenylyl
cyclase and PDE activities with different kinetics for different
PDE isozymes [32]. PHA and anti-CD3/CD28 stimulation
rapidly activates PDE4, but does not induce PDE4 mRNA,
whereas both stimuli induce PDE1 mRNA [32]. Only stim-
ulation with anti-CD3/CD28, but not with PHA, induces
PDE7 mRNA [32], and TCR-mediated T cell activation
requires the induction of PDE7 [46].

An important characteristic for effective regulation of
[cAMP]; by CD4 signalling is the temporal and spatial
sequence of CD4 localization in the signalling synapse.
Recruitment of CD4 depends on binding of the TCR to its
specific MHCII-Ag ligand [76]. Thus, an initial TCR-
mediated increase in adenylyl cyclase activity may be
countered by CD4-mediated adenylyl cyclase inhibition
and PDE activation to promote early T cell activation
events. Exclusion of CD4 from the central TCR cluster to
the periphery of the signalling synapse within a few min
after the initial Ca® " signal [76] may then remove the block
on [cAMP]; increases to promote proliferation and cytokine
production.

The activities of adenylyl cyclases are controlled by
hormones, neurotransmitters, chemotactic transducers, and
other molecules. A common mechanism to inhibit adenylyl
cyclase activity is through the activation of G;j proteins (e.g.,
Gji, Gjp, and Gj3), which are coupled to receptors for

effector molecules. Members of the G; family of proteins
positively regulate T cell activation [77]. A 32-kDa GTP-
binding protein associates with CD4 and CDS8 in human T
cell lines [78]. Therefore, inhibition of adenylyl cyclase by
CD4-MHCII engagement may be mediated via G; proteins.
CD4 may serve as a docking protein, carrying G; proteins to
the signalling synapse in activated Th cells, similar to the
mechanism by which CD4 promotes p56'“* function [79].
In conclusion, we have demonstrated TCR-independent
CD4 signalling that caused an increase in [Ca’']; and a
decrease in [cCAMP]; in normal Th cell clones and primary
lymphocytes. Effects of CD4 signalling on [cAMP]; were
mediated via activation of PDE1 and PDE4, and inhibition
of adenylyl cyclase. These signals directly affected TCR-
mediated activation of Th cells and promoted clonal expan-
sion and IL-2 production. Therefore, we propose that trans-
duction of costimulatory signals induced by MHCII
engagement represent a major function of the CD4 core-
ceptor and that CD4-mediated signals participate in the
precise regulation of [cAMP]; following T cell stimulation.
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