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Summary
CD40 is expressed on a variety of tumors; anti-CD40 agonists promote tumor cell apoptosis and
subsequent tumor regression. Because the effectiveness of anti-CD40-agonists is dependent upon
CD40 surface expression, the current study examined ligation-mediated changes in CD40 protein
half-life (t1/2)at the cell surface. This study utilized a CD40+ epithelial cell line (9HTEo-), a CD40
null epithelial cell line (HT-29) engineered to express either wild-type (WT) or mutant (T254A,
Q263A, E235A, Δ201) CD40, and the anti-CD40 antibody G28.5. Ligation of endogenous CD40
expressed on 9HTEo-cells decreased CD40 surface protein t1/2 from 13h to 4h (p<0.05). Ligation
of WT-, Q263A-, or T254A-CD40 expressed on engineered HT-29 cells decreased CD40 surface
protein t1/2 from an average of 8h to 4h (p<0.05); T254A and Q263A contain mutated TRAF2/3
binding sites. In contrast, ligation of E235A andΔ201-CD40 had no affect on its surface protein
t1/2 (p<0.05); E235A contains a mutated TRAF6 binding site while Δ201 lacks an intact
cytoplasmic tail. These results suggest that anti-CD40 agonists decrease CD40 surface protein t1/2
via a mechanism that involves TRAF6 but not TRAF2/3; the therapeutic implications for CD40-
mediated tumor regression are discussed.
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Introduction
The CD40 receptor, a member of the TNF receptor family, plays a central role in the
regulation of humoral and cell-mediated immunity. It is expressed on the surface of a wide
variety of cells including B lymphocytes, dendritic cells, macrophages, fibroblasts, thymic
epithelial cells, and kidney epithelial cells. In addition, we and others have demonstrated
that airway epithelial cells express the CD40 receptor [1;2]. CD40 receptor expression has
also been detected in approximately 100% of B cell malignancies and 70% of solid tumors,
including epithelial-derived tumors [3]. Recent studies suggest that engagement of the CD40
receptor with anti-CD40 antibody agonists inhibits the growth of solid tumors in vitro and in
vivo [3;4].

Because the short cytoplasmic domain of the CD40 receptor lacks intrinsic kinase activity, it
requires adaptor TRAF (TNF Receptor Associated Factor) molecules to initiate signals
down-stream. To date, six TRAF molecules have been characterized; all except TRAF4 are
known to bind CD40 [5–8]. Previous studies, performed largely in B lymphocytes, suggest
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that the CD40 receptor exists as a monomer and, upon CD40L or anti-CD40 antibody
binding, clusters in lipid raft domains at sites of cell-cell contact [9–14]. Hostager and co-
workers have demonstrated that CD40 receptor engagement leads to the recruitment of
CD40, TRAF2, and TRAF3 into membrane microdomains [12]. Additional reports indicate
that ligand-binding causes the CD40 receptor to multimerize as either a homodimer or a
homotrimer to initiate down-stream signaling events [8;9]. Despite these previous reports,
no studies to date have measured the protein half-life (t1/2) of the CD40 receptor at the
plasma membrane of any cell type. The hypothesis of the current study was that ligation of
the surface CD40 receptor would decrease its protein t1/2 at the cell surface via a mechanism
that required an intact cytoplasmic domain. To test this hypothesis, we utilized the epithelial
cell lines 9HTEo-, a surface CD40 positive model system, and HT-29, a CD40 null cell line
engineered to express either wild-type (WT) or TRAF-binding mutants (Q263A, T254A,
E235A,Δ201) CD40 protein stably. Because recent studies indicate that anti-CD40 antibody
agonists inhibit the growth of solid tumors [3;4], the anti-CD40 antibody G28.5 was utilized;
G28.5 has been shown to be agonistic [12]. Results presented herein demonstrate that
ligation of CD40 decreased its protein t1/2 at the plasma membrane. Further, these results
suggest that anti-CD40 agonists decrease CD40 surface protein t1/2 via a mechanism that
involves TRAF6 but not TRAF2/3. The therapeutic implications of these data for CD40-
mediated tumor regression are discussed.

Results
Ligation of cell surface wild-type CD40 decreased its protein half-life

To examine the surface half-life of the CD40 receptor, cells were surface biotinylated in the
presence of G28.5 or an isotype-matched antibody control. The results presented in Figure 1
show that, in the presence of the isotype-matched antibody control, CD40 protein t1/2 was
approximately 13h. Upon G28.5-mediated ligation, however, CD40 protein t1/2 was reduced
significantly to 4h. Controls performed in the absence of the G28.5 secondary antibody
cross-linker yielded CD40 protein t1/2 results (data not shown) that were equivalent to those
of the isotype matched antibody control (Fig. 1).

Mutation of TRAF binding sites had differential effects on CD40 protein half-life
TRAF2, TRAF3 and TRAF6 bind the CD40 receptor with high affinity; TRAF2 and
TRAF3, but not TRAF6, have been implicated in regulating CD40 surface expression
[12;15]. To examine the role of TRAF2, TRAF3 and TRAF6 binding on CD40 surface
protein t1/2, HT-29 cells engineered to express wild-type (WT) or mutant forms of human
CD40 were utilized. HT-29 cells do not express CD40 endogenously [2;16], but do express
TRAF 2, 3, and 6 proteins (data not shown). Specifically, HT-29 cells were engineered to
express either WT or CD40 mutants that contain alanine substitutions at the TRAF3 binding
domain (Q263), TRAF2/3 binding domains (T254), or TRAF6 binding domain (E235). We
and other have shown that these mutant clones exhibit reduced CD40-mediated signaling
upon ligation [16;17].

To examine the protein surface t1/2 of WT and mutant CD40 receptors expressed in
engineered HT-29 cells, cells were surface biotinylated in the presence of G28.5 or an
isotype-matched antibody control. Results shown in Figures 2 and 3 demonstrate that, in the
presence of the isotype-matched antibody control, WT-CD40 protein t1/2 was approximately
8h; upon G28.5-mediated ligation, WT-CD40 protein t1/2 was decreased significantly to 4h
(Fig. 2A, Fig. 3). Similarly, G28.5-mediated ligation of Q263A-CD40 and T254A-CD40
decreased CD40 protein t1/2 significantly from approximately 8h to 4h (Fig. 2B, C, Fig. 3).
In contrast, G28.5-mediated ligation of E235A-CD40 had no significant affect on surface
protein t1/2 as compared with isotype-matched controls (Fig. 2D, Fig. 3). Controls performed

Tucker and Schwiebert Page 2

Eur J Immunol. Author manuscript; available in PMC 2010 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the absence of the G28.5 secondary antibody cross-linker generated WT-, Q263A-T254A-
CD40 and E235A-CD40 protein t1/2 results (data not shown) that were equivalent to those of
the isotype matched antibody control (Figs. 2, 3).

Truncation of CD40 blocked the effects of ligation on CD40 protein half-life
We have reported previously that HT29 cells expressing Δ201-CD40 lack CD40 mediated
signaling [16]. Results presented herein show that G28.5-mediated ligation of Δ201-CD40
did not change its surface protein t1/2 as compared with isotype-matched antibody controls
(Fig. 2E, Fig. 3). Controls performed in the absence of the G28.5 secondary antibody cross-
linker exhibited Δ201-CD40 protein t1/2 results (data not shown) that were equivalent to
those of the isotype matched antibody control (Figs. 2, 3).

Discussion
Results presented herein demonstrate that ligation of the endogenous or wild-type CD40
receptor decreases its protein t1/2 at the epithelial cell surface significantly. To date, this is
the first report that examines the protein t1/2 of the CD40 receptor at the cell surface in any
cell model system. Previous studies have examined the surface protein t1/2 of other members
of the TNF receptor (TNFR) superfamily, including TNFR1 [18;19] and the Fas (CD95)
receptor [20]. These studies show that ligation of the TNFR1 receptor reduced its surface
protein t1/2 from 2 hours to 30 min [18;19]. Similarly, ligation of the Fas receptor decreased
its surface expression by 50% within 15 minutes of ligation [20]. Together, these findings
suggest that the surface expression of the CD40 receptor is more stable than other members
of the TNFR superfamily.

The role of TRAF2, TRAF3 and TRAF6 molecules in CD40-mediated signaling has been
well established in B lymphocytes and other cell model systems, such as epithelial cells
[2;16;17]. Findings from this current study indicate that TRAF6, but neither TRAF2 nor
TRAF3, play a role in the regulation of CD40 protein t1/2 at the cell surface. These results
contrast previous work performed in B cells by Manning and colleagues [15]. Specifically,
these authors reported that disruption of the TRAF2/TRAF3 binding site within the CD40
receptor cytoplasmic tail prohibited the loss of CD40 surface expression upon its ligation.
These authors also reported that disruption of the TRAF6 binding site had no affect upon
ligation-mediated changes in CD40 surface expression. Such contrasting results may be due
to cell-specific mechanisms that underlie CD40 expression and turnover. We have reported
previously that TRAF3, but not TRAF2, positively regulates CD40-mediated activation of
the RANTES promoter in epithelial cells [16]; these findings are in sharp contrast with
previously published reports examining the role of TRAF molecules in CD40-mediated
signaling [17]. In addition, these contrasting results may be due to the utilization of different
experimental approaches. Manning and co-workers monitored the disappearance of surface
bound gp39/CD8α chimeric CD40 ligand (CD154) while the current study monitored CD40
receptor disappearance directly. Moreover, it should be noted that CD154 will activate
CD40 and may have different effects on CD40 expression.

Upon CD40 receptor ligation, TRAF6 binds the CD40 cytoplasmic domain and initiates
signaling cascades that are unique in comparison with other TRAF molecules, including
TRAF1, TRAF2 and TRAF3. Studies utilizing kidney epithelial cells or T lymphocytes have
shown that TRAF6, unlike other TRAF molecules, plays a role in CD40-mediated activation
of the ERK-, p38- and PI-3-kinase/Akt- signaling pathways [17]. These signaling pathways
play important roles in the coordination of cellular events, such as receptor expression and
internalization. For example, recent studies demonstrate that the ERK1/2, p38 and/or the
PI3-kinase/Akt signaling pathways regulate ligand-mediated endocytosis and internalization
of a variety surface receptors, including β1-adrenergic receptors [21], the insulin receptor

Tucker and Schwiebert Page 3

Eur J Immunol. Author manuscript; available in PMC 2010 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[22], β-arrestin [23], the EGF receptor [24] and the EphA2 receptor [25]. In light of these
studies, it is possible that TRAF6 may regulate CD40 surface expression under ligated
conditions via a mechanism that involves the ERK1/2, p38 and/or the PI3-kinase/Akt
signaling pathways.

Alternatively, the ability of TRAF6 to function as an E3-ubiquitin ligase may underlie its
role in regulating CD40 surface expression under ligated conditions. TRAF6 has been
shown to function as an E3-ubiquitin ligase in a variety of cell model systems, including
kidney epithelial cells and macrophages [17]. Ubiquitination of proteins is a post-
translational modification in which ubiquitin is attached to a target protein and promotes the
degradation of that protein; E3- ubiquitin ligases catalyze the last reaction of the
ubiquitination process. Ubiquitination plays an important role in the downregulation of
ligated membrane receptors, such as the EGF receptor and T cell receptor [26–28]. It should
be noted that TRAF2 can also function as an E3-ubiquitin ligase; however, CD40 ligation
triggers the ubiquitination and subsequent degradation of TRAF2, but not TRAF6 [17].

Several studies demonstrate that anti-CD40 agonists inhibit the growth of solid tumors both
in vitro and in vivo [3;4]. Specifically, in vitro studies have demonstrated growth inhibition
of B-cell lymphoma and carcinoma cell lines through the use of either antibody- or soluble
ligand-mediated CD40 ligation; ligation was enhanced with an additional cross-linker
[29;30]. Similarly, in vivo studies have shown anti-tumor activity in melanoma and
lymphoma patients with the use of either anti-CD40 antibodies or soluble CD40 ligand in
the absence of a cross-linker; however, it is possible that these reagents may be cross-linked
by accessory cells in vivo [31]. The mechanisms that underlie CD40-mediated growth
inhibition may involve initiation of tumor cell apoptosis, inhibition of tumor cell
proliferation and/or stimulation of an anti-tumor immune response [3;4]. The effectiveness
of anti-CD40 agonist therapy is governed partly by the surface protein half-life of CD40.
The findings presented herein demonstrate that, in the absence of CD40 engagement, CD40
surface protein expression is stable; such stability may explain, in part, its utility in anti-
tumor responses. Upon engagement, however, the stability of surface CD40 protein
expression decreases. At present, it is unclear how such a decrease in CD40 expression
affects its anti-tumor responses. Possible fates of CD40 following engagement include
release from the cell surface, association with the cytoskeleton, translocation to lipid rafts
and internalization. Future studies should include an examination of these possibilities in the
analysis of CD40-mediated anti-tumor activity.

Materials and methods
Cell culture

Experiments employed the human airway epithelial cell line 9HTEo-(tracheal; a gift from
Dr. Dieter Gruenert, UCSF, CA [32]) and the human colon carcinoma epithelial cell line
HT-29 (American Type Culture Collection (ATCC) Manassas, VA) [33]. Cells were
cultured in DMEM media (Biofluids, Inc., Rockville, MD) containing 10% (HT-29) FBS,
1% penicillin/streptomycin, and 0.2% fungizone (Gibco/BRL, Grand Island, NY). Cells
were grown at 37°C in a 5% CO2 environment and on Vitrogen 100 (Cohesion, Inc., Palo
Alto, CA) – coated flasks [2;16].

Stable CD40 transfectants
HT-29 epithelial cells were transfected stably with constructs encoding either wild-type or
mutant forms of human CD40 (Q263A, T254A, E235A,Δ201) as described previously [16].
E235A was generous gift from Dr. Jun Ichiro Inoue [34]. Stable expression of CD40
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constructs was maintained by supplementing the culture media with hygromycin (600μg/ml,
Sigma Chemical).

CD40 receptor ligation
Cells were incubated in PBS pH 7.4 containing 5μg/ml of the anti-CD40 antibody, G28.5
(ATCC), or an isotype matched IgG control (Jackson Laboratories, West Grove, PA) for 20
min on ice as described previously [9]. Cells were then washed with PBS and incubated in
serum-free feeding media containing 1μg/ml of goat anti-mouse Fab2 antibody fragment
(Jackson Laboratories, West Grove, PA) for 10 min at 37oC in order to enhance cross-
linking [9].

Cell surface biotinylation
Surface biotinylation analysis was performed as described previously [35]. Briefly, cells
were grown to approximately 80% confluence, surface biotinylated with NHS S-S Biotin
(Pierce Chemical, Rockford, IL), and lysed in RIPA lysis buffer (50 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0). Lysates were
probed with Neutravidin-coated sepharose beads (Pierce Chemical) to remove all
biotinylated proteins, including biotinylated CD40 receptor protein [35–37]. All biotinylated
proteins were resolved via SDS-PAGE, blotted, and probed with the rabbit anti-human
CD40 polyclonal antibody sc-974 (Santa Cruz, Inc.). The immunoblots were developed via
chemiluminescence (Millipore) and then imaged for 20 seconds using the Chemidoc XRS
Imaging Station (BioRAD); results were quantitated via densitometry.

Calculation of CD40 protein half-life
Densitometry results were converted to percent of control (time 0hr) and graphed as first-
order exponential decay (R>0.99). Protein half-lives (i.e. time to 50% remaining) were
determined from the respective exponential decay equations.

Statistical analysis
Data are expressed as the mean ± SD of replicate determinations as indicated. Statistical
significance was determined by two-tailed student t-test. A p ≤0.05 was considered
significant.
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Figure 1.
G28.5-mediated ligation of the CD40 receptor decreases its protein t1/2 at the cell surface
9HTEo- epithelial cells. 9HTEo- cells were surface biotinylated and then ligated with G28.5
followed by goat-anti-mouse Fab2 for the time-points indicated. A, Representative blots
from three independent experiments are shown. B, Densitometric analyses were performed
and are reported as percent remaining (n = 3; * p ≤ 0.05 relative to matched control).
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Figure 2.
G28.5-mediated ligation of WT-CD40, Q263A-CD40 and T254A-CD40, but not of E235A-
CD40 or Δ201-CD40, decreases its protein t1/2 at the cell surface of stably transfected
HT-29 cells. HT-29 cells stably expressing A, WT-CD40, B, Q263A-CD40, C, T254A-
CD40, D, E235A-CD40, or E,Δ201-CD40 were surface biotinylated and then ligated with
G28.5 followed by goat-anti-mouse Fab2 for the time-points indicated. Representative blots
from three independent experiments are shown. Densitometric analyses were performed and
are reported as percent remaining (n = 3; * p ≤ 0.05 relative to matched control).
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Figure 3.
WT-, Q263A-, and T254A-CD40, but not E235A-CD40 orΔ201-CD40, exhibit differences
in CD40 protein half-lives upon G28.5-mediated ligation as compared with controls. Protein
half-lives (time to 50% remaining) were calculated as described in Materials and Methods (n
= 3; * p ≤ 0.05 relative to matched control).
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