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Binding of CD80/86 to CD28 is regarded as the main T cell costimulatory interaction. However, CD28
downregulates soon after T cell activation. To investigate potential cross-interaction between CD137
(4-1BB) and CD28, we stimulated T cells with anti-CD3 in the presence of A549 lung carcinoma cells
expressing CD80/CD86 and 4-1BBL molecules, transduced into the cells using recombinant non-replicat-
ing adenoviruses. Following initial T cell proliferation, the proportion of CD28" cells in both CD4" and

IT(ey"l‘;ords" CD8"* populations was rapidly reduced by CD80/86 costimulation, whereas cultures costimulated with
cégs Kinetics just 4-1BBL continued to express CD28. CD28 was also downregulated in cultures costimulated with both
D80 CD80/86 and 4-1BBL. Interestingly, in cells costimulated with CD80/86 that had downregulated CD28

CD86 expression and ceased to proliferate, reactivation of proliferation by 4-1BBL costimulation also restored
CD137 their CD28 expression. These findings show a positive effect of CD137 signalling on CD28 expression,
4-1BBL similar to the effect of CD28 engagement on 4-1BB expression during the initial phases of T cell activa-
Costimulation tion. Moreover, they point to the importance of signals through 4-1BB for the purposes of ex-vivo T cell

activation and expansion.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Only a few costimulatory receptors are expressed in a constitu-
tive fashion by un-stimulated T cells. The majority of costimulatory
receptors are induced only following cell activation, subsequent to
signal transduction through the TCR complex. Among those recep-
tors, there is a central role for CD28 mediated costimulation as T
cell activation in the absence of CD28 engagement results in a hyp-
oresponsive state termed anergy [1]. CD28, a homodimeric, inte-
gral membrane receptor of the B7 immunoglobulin superfamily,
is known as an essential component of the immunological synapse
(IS) [2-4]. The majority of human CD4" and almost half of CD8" T
cells express this receptor [5]. Studies on CD28 costimulation have
led to a model by which costimulators enhance TCR engagement
with peptide-MHC and prolong intracellular signalling [6]. Signals
mediated by CD28 potently accelerate entry into and progression
through the cell cycle [7]. Triggering CD28 can initiate other signal-
ling pathways that are distinct from the TCR but lead to the activa-
tion of common targets, such as the upregulation of anti-apoptotic
members of the Bcl-2 family [8,9]. Evidence shows that reactiva-
tion of memory CD4" T cells may happen independent of the
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CD28 ligands, B7.1 (CD80) and B7.2 (CD86) [10]. This suggests that
subsequent to initial T cell activation, a switch in the costimulatory
requirement occurs. In addition, it has been shown that CD28
expression is significantly downregulated after activation in pres-
ence of CD80 costimulation [11], and occurs more rapidly in
CD8"* cells [12]. The CD28™!" phenotype is considered a character-
istic sign of replicative senescence of human T cells during repeti-
tive stimulation in vitro, as well as in chronic inflammatory and
infectious disease, and in the normal course of aging [13,14]. The
exact mechanism of the downregulation of CD28 in T cells is not
fully understood but an inoperative transcriptional initiator (INR)
at the proximal region of CD28 promoter is involved in the regula-
tion of gene transcription [15]. Microarray analysis comparing
CD28™!" and CD28" cell populations showed significantly down-
regulated expression of CD154 (CD40L) in CD28™" cells. On the
other hand, some other costimulatory receptors such as 4-1BB
(CD137), CD244 and SLAMF7 significantly are upregulated in
CD28™!' CD8* memory T cells [16]. Presence of additional costimu-
latory interactions could ensure the potential for continued activa-
tion of CD28™!' T cells, as these cells still are functional. Signal
transduction by 4-1BB of TNFR superfamily can not only costimu-
late T cell activation but also have additional effects on T cell sur-
vival [17-19]. Sharing many common features with CD28,
costimulation via 4-1BB has major effects on CD8 T cells and pro-
motes TH1 differentiation/cytokine production in CD4" cells. 4-1BB
is an inducible receptor and expressed on the surface of T cells after
CD28 signalling and initial cell activation [20]. Therefore, we asked
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if 4-1BB in a similar fashion could change the pattern of CD28
expression in activated T cells. Using adenoviral vectors to express
CD80, CD86 and 4-1BBL costimulatory ligands on the surface of
A549 lung carcinoma cells, we showed that CD28 expression does
not change during T cell activation in presence of 4-1BBL and more
interestingly, CD28 that was downregulated in response to CD80/
86 costimulation could be re-expressed in T cells re-activated as
aresult of 4-1BBL costimulation. These findings may explain possi-
ble mechanism for reactivation of CD28™" cells and it may suggest
employing other costimulatory pathways rather than CD28 for ex-
vivo T cell proliferation.

2. Materials and methods
2.1. Expression of costimulatory ligands by adenoviral vectors

Production of E1- and E3-deleted, recombinant, non-replicative
adenoviruses expressing full length human CD80, CD86, 4-1BBL
and enhanced green fluorescent protein (GFP) have been reported
previously [21,22]. A549 human lung carcinoma cells were in-
fected with 300-600 virus particles/cell, 48-72 h prior to use to
reach to the maximum ligand expression. Surface expression of
the ligands was confirmed by flow cytometry analysis using com-
mercial antibodies (data not shown, [22]).

2.2. Lymphocyte activation

A549 cells growing in Dulbecco’s modified Eagle’s medium with
HEPES (DMEM-HEPES, Sigma) supplemented with 10% foetal calf
serum (FCS), 2 mM L-glutamine and antibiotics (100 iu/ml penicillin
and 100 mg/ml streptomycin, Sigma, UK) were infected with the re-
combinant adenoviruses to express costimulatory ligands or GFP as
control, and cultured in wells of 24-well plates (~0.2-0.3 x 10°
cells) as monolayer 48 hrs in advance. Infected cells were co-cul-
tured with 1-1.5 x 10° cells/well of PBMCs prepared by Ficoll den-
sity-cushion centrifugation from blood of healthy donors
(obtained with full informed consent) and depleted from plastic
adherent cells. Depletion typically reduced CD14" cells from 10-
15% to 3-5% of mononuclear cell preparations. Cultures were main-
tained in RPMI 1640 (Life Technologies, UK), supplemented with 7%
FCS and 3% human (h)-AB serum (HD supplies, UK) in addition to L-
glutamine and antibiotics and stimulated with 100 ng/ml soluble
OKT3 anti-CD3 antibody (JANSSEN-CILAG, UK). Lymphocytes were
passaged and re-stimulated approximately weekly, by transferring
the adjusted number of cells to wells with fresh infected A549 cells
expressing the corresponding costimulatory molecules. Lympho-
cyte proliferation was studied by cell surface marker staining and
flow cytometry or viable cell count using hemocytometer and Try-
pan blue dye exclusion at the appropriate time points.

2.3. Antibody staining and flow cytomery

Fresh or cultured PBMCs were incubated with approximately
1 pg/ml of appropriate fluorochrome-conjugated or isotype
matched antibodies on ice in dark for 30 min. Un-bound antibodies
were removed by two washes with PBS/FCS (2%). Cells were re-sus-
pended in 500 pl buffer for flow cytometry, and analyzed using a
four colours Beckman Coulter XL flow cytometer using Coulter Sys-
tem II software for data acquisition and WinMDI 2.8 software for
data presentation.

Labelled mouse monoclonal antibodies used in this study were
sourced as follows: anti-CD4-FITC, anti-CD8-FITC, anti-CD4-PE,
anti-CD8- PE, from Beckman Coulter (High Wycombe, UK), anti-
CD80-FITC, anti-CD80-PE, anti-CD86-PE, anti-CD137-PE, anti-
CD137L-PE, from BD, Pharmingen (Oxford, UK). Anti human CD28
antibody purchased from Sigma (UK). Appropriate isotype controls

were used to indicate levels of background staining from different
suppliers.

2.4. Statistical analysis

The differences between various experimental groups were
analyzed by two tailed Student’s t test, using SPSS software. Values
of p < 0.05 were considered significant.

3. Results
3.1. CD28 expression profile in cultured lymphocytes

3.1.1. CD80/CD86 costimulation but not 4-1BBL costimulation
downregulate the frequency of CD28" lymphocytes

A549 cells do not show significant expression of costimulatory
ligands (0.7-1% for CD80/86 and 3-5% for 4-1BBL) however 48 h
after infection with 300 p/cell of recombinant viruses, the majority

A 100 -
prar)
c
=
[}
2 10
©
o —
q -
o 1
&)
Q
=
E 0.1+
[T}
(1’4
0.01 T T T 1
0 10 20 30 40

Day
100 -

104

0.14

Relative CD8 cell count

0.01 . . . "

0 + 10 } 20+ po 40
Day

= GFP control -+ CD86 - CD80 + 4-1BBL

-+ CD80 <+ 4-1BBL & CDS86 + 4-1BBL

Fig. 1. Effects of different costimulation regimens on CD4* and CD8" cell numbers
in long-term culture. Peripheral blood mononuclear cells were stimulated by
100 ng/ml anti-CD3 antibody whilst co-cultured with A549 lung carcinoma cells
expressing one or two costimulatory transgenes (or GFP as control) as described in
Section 2. Cultures were passaged, with adjustment of cell density, and re-
stimulated with anti-CD3 and fresh A549 cells expressing the same co-stimulatory
ligands, at weekly intervals (indicated by arrows in B). Viable cell number was
determined by haemocytometer and trypan blue dye exclusion, and the proportion
of CD4" (A) and CD8" cells (B) determined by flow cytometry. Cultures of
lymphocytes with either CD80 or CD86 costimulation decline after 7-10 days
whilst regimens including 4-1BBL allow extended lymphocyte growth. Error bars
indicate standard deviation of the mean. Statistically significant differences
(p <0.05) determined by two-tailed t test.
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