
CD40 Glycoforms and TNF-Receptors 1 and 2 in the Formation
of CD40 Receptor(s) in Autoimmunity

Gisela M Vaitaitis1 and David H Wagner Jr.1,*
1Department of Medicine and Webb-Waring Center, University of Colorado Denver, Anschutz
Medical Campus, Aurora, CO 80045, USA

Abstract
The CD40 – CD154 dyad is an intensely studied field as is glycosylation status and both impact
immunological functions and autoimmune conditions. CD40 has several isoforms, is modified by
glycosylation, and trimerizes to form the functional receptor. We described a CD4+CD40+ T cell
(Th40) subset which is expanded in autoimmunity and is necessary and sufficient in transferring
type I diabetes. Glycosylation impacts immunological events and T cells from autoimmune mouse
strains express 30–40% less GlcNAc-branched N-glycans than T cells from non-autoimmune
strains, a decrease known to activate T cells. Here we demonstrate that several CD40 receptor
constellations exist on CD4 T cells. However, rather than containing different isoforms of CD40
they contain different glycoforms of isoform I. The glycoform profile is dependent on availability
of CD154 and autoimmune NOD mice express a high level of a less glycosylated form.
Interestingly, CD40 stimulation induces some CD40 receptor constellations that contain TNF-
receptors 1 and 2 and targeting of those alters CD40 signaling outcomes in NOD Th40 cells.
CD40-stimulation in-vivo of non-autoimmune BALB/c mice expands the Th40 population and
alters the CD40 glycoform profile of those cells to appear more like that of autoimmune prone
NOD mice.

Further understanding the dynamics and composition of the different CD40 receptor constellations
will provide important insights into treatment options in autoimmunity.
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Introduction
The CD40 – CD154 dyad is intensely studied and known to be critical in the establishment
and perpetuation of autoimmunity (Balasa et al., 1997; Durie et al., 1993; Kobata et al.,
2000; Munroe and Bishop, 2007; Quezada et al., 2003; Toubi and Shoenfeld, 2004; Vaitaitis
et al., 2003; Vaitaitis and Wagner, 2008; Waid et al., 2004; Wang et al., 2002; Yu et al.,
2001). CD40 (tnfrsf5) belongs to the TNF-receptor super family and like other TNF-receptor
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super family members, CD40 molecules multimerize to form the functional receptor
(Wyzgol et al., 2009). When engaged, CD40 associates with lipid rafts to interact with the
adaptor molecules, TNF receptor associated factors (TRAFs), for downstream signaling (Xie
et al., 2006). While the major natural ligand for CD40 is CD154, C4-binding protein (C4BP)
and Hsp70 can act as CD40 ligands as well (Brodeur et al., 2003; Wang et al., 2001) and
thus there are several interaction modalities. CD154 (tnfsf2) belongs to the TNF super
family, is trimerized to be functional and occurs both as a membrane bound and a soluble
form (Baccam and Bishop, 1999). This suggests that CD154 may have cytokine functions.
Expression of CD154 occurs on activated T cells but has been demonstrated on platelets and
macrophages as well as other cell types (Lutgens and Daemen, 2002; Sprague et al., 2007;
Toubi and Shoenfeld, 2004). Over-expression of CD154 is associated with many
autoimmune conditions (Datta, 1998; Jinchuan et al., 2004; Toubi and Shoenfeld, 2004) and
this can lead to persistent CD40-stimulation with expansion of effector T cells thus
establishing and perpetuating the disease state (Vaitaitis and Wagner, 2008; Vaitaitis et al.,
2010; Wagner, 2009).

CD40 expression has been associated with antigen presenting cells (APC) but in actuality its
expression is quite ubiquitous including neural (Suo et al., 2002), endothelial, epithelial (van
Kooten and Banchereau, 2000), adipocyte (Poggi et al., 2009) and T cells (Wagner, 2009;
Wagner et al., 1999; Wagner et al., 2002). We have identified a CD4+ subset of T cells that
expresses CD40, termed Th40 cells. Th40 cell percentage expands with progressive insulitis
and Th40 cells are necessary and sufficient in transferring autoimmune Type 1 diabetes
(T1D) (Wagner et al., 1999; Wagner et al., 2002; Waid et al., 2008; Waid et al., 2004; Waid
et al., 2007). This expansion is likely due to that via persistent CD40-signals to the
autoimmune Th40 cells these cells constantly recruit high levels of CD40 and TRAF2 to the
raft microdomain and signals through those molecules result in increased survival and
proliferation via the induction of high levels of Bcl-XL and cFLIPp43 (Vaitaitis and Wagner,
2008). An important discovery was that the expansion of the Th40 subset (Waid et al., 2004)
as well as disease onset (Balasa et al., 1997) in autoimmunity is prevented by blocking
CD40 – CD154 interaction.

CD40 is also known to induce recombination activating gene (RAG) 1 and RAG2
expression in Th40 cells which leads to the alteration of TCR expression that could therefore
alter antigen recognition in the periphery (Vaitaitis et al., 2003). This then has great
implications in autoimmunity since this process may generate autoaggressive T cells that
could establish and perpetuate autoimmune disease. CD40 is known to induce a similar
process, immunoglobulin class switching, in B cells although this requires the presence of
IL-4 (Fuleihan et al., 1993). Yet another function of CD40 is the role as costimulatory
molecule inducing cytokine production in CD4 T cells (Baker et al., 2008; Munroe and
Bishop, 2007). Beyond the realm of immune cells, endothelial cells are known to induce
adhesion molecules in response to CD40-stimulation while fibroblasts induce expression of
chemokines (Vogel et al., 2004) and adipocytes induce pro-inflammatory cytokines (Poggi
et al., 2009). This then raises the question of how it is possible for CD40 to perform so many
different signaling functions. Is there more than one form of CD40 receptor?

CD40 is a type I glycoprotein and is the product of a single gene, however, five mRNA
splice isoforms have been identified in mice (Tone et al., 2001). Isoform I is the full length,
289 amino acid (aa) protein, while in isoform V a 30 aa region comprising the canonical
transmembrane region is replaced with a single glutamic acid (Fig. 2A). Isoforms II, III, and
IV lack all, or nearly all, of the intracellular, C-terminal portion of the protein which is
essential for CD40-mediated signaling. Expression of isoform II has been shown to reduce
the amount of signal-transducible isoform I on the surface of the cell (Tone et al., 2001). The
deduced amino acid sequence for isoform I predicts a size of 32 kD but glycosylation
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increases the apparent molecular weight of the protein to about 48 kD (Braesch-Andersen et
al., 1989).

Glycosylation is known to impact immunological functions including leukocyte trafficking,
regulation of TCR activation threshold, T cell differentiation and polarization into Th1, Th2
or Th17 (Marth and Grewal, 2008). Glycosylation alters the molecular interactions of
immune associated molecules at the cell surface (Marth and Grewal, 2008), e.g. galectin-3
interacts with N-glycans on the TCR molecules thereby limiting TCR clustering in response
to agonist stimulus (Demetriou et al., 2001). In glycosylation-deficient mice the galectin-3 /
TCR interaction is disrupted, effectively lowering the TCR activation threshold (Demetriou
et al., 2001). Deficiency in glycosylation has been associated with autoimmune disease in
mice (Demetriou et al., 2001; Grigorian et al., 2007; Morgan et al., 2004) and several
autoimmune prone mouse strains, including NOD, have been shown to express 30 – 40%
less β1, 6GlcNAc-branched N-glycans than non-autoimmune prone strains (Lee et al.,
2007). In addition, reduction of GlcNAc-branching by 20 – 25% is sufficient to enhance
TCR signaling and T cell proliferation (Grigorian et al., 2007).

Here we show that there is more than one form of CD40 receptor on Th40 cells. We
demonstrate that while there is a possibility that different CD40 isoforms multimerize to
form those different receptors, it is more likely that different glycoforms of CD40 isoform I
are responsible for differential receptor formation. CD40-stimulation in-vivo expands the
Th40 population in BALB/c mice to levels seen in autoimmune NOD mice and furthermore,
it drives the Th40 population into a CD40 glycoform profile similar to that of autoimmune
NOD mice. Conversely, when CD40–CD154 interactions are blocked in NOD mice, not
only is the Th40 population contained (Waid et al., 2004) but the CD40 glycoform profile is
altered to look more like that of non-autoimmune BALB/c. Availability of CD154 governs
the induction of high levels of a less glycosylated form of CD40 isoform I. Interestingly, we
reveal an interaction between CD40 and TNF-receptors (TNFR) 1 and 2 and that there is a
difference in this association between autoimmune and non-autoimmune conditions. Finally
we demonstrate that TNFR1 and/or TNFR2 engagement in addition to CD40 stimulation
modulates the outcomes of CD40 signaling in autoimmune derived Th40 cells. Further
understanding of the the dynamics in the formation of CD40 receptors, including the
multiple CD40 glycoform and hybrid CD40-TNFR1/2 receptors described here, may help to
better target and prevent the CD40 signaling dependent induction and perpetuation of
autoimmune disease.

Materials and Methods
Mice

NOD and BALB/c mice were from Jackson Laboratories and Taconic and were housed
under pathogen free conditions at the University of Colorado Denver, AAALAC-approved
facility. The NOD mice consistently achieve >90% diabetes in females by the age of 18
weeks. All experiments were carried out under IACUC-approved protocol.

Antibodies and reagents
Conjugated microbeads for cell-sorting were purchased from Miltenyi Biotec. CD40
antibodies 1C10, 4F11 (Heath et al., 1994), and FGK45 (Rolink et al., 1996) and anti-
CD154 antibody, MR1 (Noelle et al., 1992), were produced in house and isotype antibodies
were purchased from eBioscience, Inc. Western blot antibodies for CD40 (sc-975 and
sc-977), TRAF2 (sc-876), TNFR1 (sc-7865 and sc-1070), TNFR2 (sc-7862 and sc-12751),
and TRAP2 (sc-68352) were from Santa Cruz Biotechnology, Inc. All chemicals were from
Sigma-Aldrich®.

Vaitaitis and Wagner Page 3

Mol Immunol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



T cell purification and cell culture
Splenic Th40 and CD4hi T cells from 10 – 16 week old, female NOD or BALB/c mice were
sorted using an autoMACS™ (Miltenyi Biotec) as previously described (Vaitaitis and
Wagner, 2008) with the exception that directly conjugated CD4-microbeads were used
instead of biotinylated CD4-antibody followed by streptavidin-microbeads. Cells were
cultured in DMEM containing 10% fetal calf serum and 50 μM β-mercaptoethanol. Cells
were CD40 crosslinked using 5 μg/ml each of biotinylated 1C10 and/or 4F11 followed by 1
μg/ml of streptavidin.

In-vivo antibody treatments
To block CD40 – CD154 interactions, 3-week old, female NOD mice were injected
intraperitoneally with 50 μg anti-CD154 antibody (MR1) and were boosted with another 50
μg one week later. When mice reached 12 weeks of age spleens were harvested and cells
prepared as described (Vaitaitis and Wagner, 2008).

To stimulate CD40 in-vivo, 10-week old, female BALB/c mice were injected
intraperitoneally with 50 μg each of anti-CD40 antibodies 1C10 and FGK45. Four to six
days after the injection spleens were harvested and cells purified as described (Vaitaitis and
Wagner, 2008).

Protein and lipid raft preparations
Preparation of whole cell lysates and detergent-insoluble microdomains (rafts) from equal
numbers of Th40 and CD4hi T cells was done as described (Vaitaitis and Wagner, 2008).

Western blot
Proteins were separated on 10% (in the case of CD40, TRAF2, TNFR1 and TNFR2 western
blots) or 4–15% (in the case of TRAP2 western blots) polyacrylamide gels then transferred
to PVDF membrane (Bio-Rad Laboratories). As an internal standard (except in the case of
westerns following immunoprecipitations) the probed membrane was stripped and stained
with Coomassie Blue R-250. Analysis of band intensity was done with Kodak 1D
densitometry software (Eastman Kodak Company).

Immunoprecipitations
Sorted and treated cells were lysed (20 mM Tris-HCl pH 7.5, 2 mM EDTA, 137 mM NaCl,
0.5% Triton X-100, 1 μg/ml each of leupeptin and aprotinin, 0.2 mM PMSF and 0.4 mM
sodium-orthovanadate) then lysates were clarified by centrifuging at 16 K × g for 3 minutes.
1C10-, 4F11-, FGK45-, TNFR1-, or TNFR2-conjugated magnetic beads (conjugated
according to manufacturer's protocol; MyOne™ tosylactivated Dynabeads® from
Invitrogen) were immediately added to the lysates and incubated for 20–30 minutes, rotating
at room temperature. A strong magnet (Invitrogen) was used to wash the beads three times
with lysis buffer then the immunoprecipitated material was eluted using 0.1 M sodium
citrate at pH 3.0.

RT-PCR
RNA was purified from 100,000 cells in TRIzol (Invitrogen) and cDNA was synthesized
using SuperScript™ II (Invitrogen). cDNA representing 1,500 cells (1/67 of resulting
cDNA) was used in PCR with CD40-primers capable of detecting the five known isoforms
in mice (Tone et al., 2001). Primer-1, 5'-CGGCTTCTTCTCCAATCAGTCATC-3';
Primer-2, 5'-CTTCCATCTCCTGGGGATCTTG-3'. These primers produce bands as
follows. Isoform I – 281 bp; isoform II – 219 bp; isoform III – 382 bp; isoform IV – 276 bp;
isoform V – 194 bp. Resulting bands were isolated and sequenced at the CU-Cancer Center

Vaitaitis and Wagner Page 4

Mol Immunol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DNA Sequencing Core (University of Colorado Denver, Anschutz Medical Campus). Actin
was amplified as a standard as previously described (Vaitaitis et al., 2003).

Deglycosylation assay
Deglycosylation was done using and following directions in a kit from QA-bio, LLC.

Electrophoretic mobility shift assays (EMSA)
EMSAs were done as described (Vaitaitis and Wagner, 2008) with the exceptions that the
consensus Nf-kB oligonucleotide was biotinylated and detection was done by transferring
the protein-DNA complexes to PVDF membrane then the bands were visualized by
streptavidin-HRP followed by ECL-Plus (GE Healthcare).

T cell proliferation and death assays
T cell proliferation was measured by CFSE dilution and death rates measured by propidium
iodide staining as described previously (Vaitaitis and Wagner, 2008). The measurements
were confirmed by counting absolute numbers of live versus dead cells in trypan blue.

Flow cytometry
Flow cytometry was done on a FACS Calibur flow cytometer (BD Biosciences) and analysis
performed using FlowJo analysis software.

Protein sequencing
Protein sequencing was done at University of Colorado Cancer Center Proteomics Core
(University of Colorado Denver, Anschutz Medical Campus) on protein bands isolated from
polyacrylamide gel separated CD40 immunoprecipitates.

Data analysis
Data analysis was performed using GraphPad Prism 5 from GraphPad Software, Inc.

Results
NOD Th40 cells have a high ratio of a 43 kD to a 48 kD CD40 band and the smaller band is
recruited to the lipid raft microdomain in Th40 cells

We have shown that Th40 cells from autoimmune prone NOD mice, which are necessary
and sufficient to transfer T1D to NOD.scid animals (Wagner et al., 2002; Waid et al., 2008;
Waid et al., 2004), express high levels of CD40 in the raft microdomain and that this leads
to survival and proliferation of this cell subset in these animals (Vaitaitis and Wagner,
2008). This is not the case for the same subset from non-autoimmune mice. Considering that
CD40 is capable of many different types of signaling events we speculated that those
different signaling outcomes could be due to that the CD40 receptor on different cells or
even on the same cell could be composed of different isoforms multimerizing to form
different types of CD40 receptors. Therefore we determined whether, by better separating
the protein samples in the 30 – 60 kD range, we could demonstrate more than one protein
band reactive with CD40 antibodies. Two bands, at 43 kD and 48 kD, were detectable with a
C-terminal and an N-terminal reactive antibody in both BALB/c and NOD T cells with the
highest expression in NOD Th40 cells (Fig. 1A and B). In Th40 cells from NOD mice the
ratio of 43 kD:48 kD CD40 bands was 13 immediately ex-vivo and when CD40 was engaged
over night in-vitro this ratio increased drastically to 32 (Fig. 1A and B). Meanwhile, in non-
autoimmune BALB/c Th40 cells, this ratio was 5 in immediately ex-vivo samples and only
increased to about 6 when CD40 was engaged over night (Fig. 1A and B). The smaller to
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larger band ratio was even higher in NOD CD4hi T cells compared to NOD Th40 cells
although it should be noted that the overall expression of CD40 in those cells was lower than
in the NOD Th40 cells (Fig. 1A and B).

Although 10–16 week old NOD mice do not exhibit overt diabetes, inflammatory processes
are ongoing with e.g. insulitis already established. It is possible that the inflammatory state
has an effect on the CD40 expression and therefore we determined whether the hyper-
expression of CD40 is present in young, 4 week old mice or not. As shown in figure 1 C, a
high level of CD40 expression is present in Th40 cells already at 4 weeks of age. At this age
insulitis is minimal and few inflammatory processes ongoing demonstrating that the CD40
hyper-expression is independent of the inflammatory milieu.

CD40 is known to be recruited to lipid raft microdomains where it interacts with signal
adaptor molecules for downstream signaling (Vaitaitis and Wagner, 2008) (Munroe and
Bishop, 2007; Xie et al., 2006). When raft microdomain preparations were analyzed in
western blots we found that in Th40 cells from both NOD and BALB/c the main form
associated with this fraction is the 43 kD form while in CD4hi T cells from NOD both the 43
kD and the 48 kD form are recruited (Fig. 1D). Interestingly, although BALB/c CD4hi T
cells have a higher amount of the small form of CD40 overall (Fig. 1A and B) only the large
form was recruited to the lipid raft (Fig. 1D). NOD Th40 cells had the highest amount of
CD40 recruited to the raft as we have reported previously (Vaitaitis and Wagner, 2008).

The 43 kD CD40 band is a glycoform of isoform I
Different possibilities for what constitutes the two CD40 protein bands exist. There are five
known CD40 splice isoforms in mice (Tone et al., 2001) (Fig. 2A) and CD40 is known to be
glycosylated which alters the apparent size of the protein (Braesch-Andersen et al., 1989)
(Fig. 2A). It is also possible that there is proteolytically cleaved CD40 protein that could
account for the smaller band. Therefore we addressed which of these possibilities could
account for the two bands. First we considered that different isoforms could constitute the
two protein bands. In figure 1 we utilized both an N-terminally reactive (sc-977) and a C-
terminally reactive (sc-975) CD40 antibody. Both CD40 bands were detectable with those.
Only two of the isoforms possess both the extreme N-terminus and the extreme C-terminus
in mice, namely isoforms I and V (Tone et al., 2001). Therefore we concluded that if the
bands are isoforms of CD40 they must be isoforms I and V. To further address this we
performed RT-PCR utilizing primers that will detect all known isoforms of CD40 and
sequenced the resulting products. While isoforms I, II, III and V were detectable, the major
form detected was isoform I (Fig. 2B). When the cells were CD40 engaged in-vitro, isoform
I mRNA expression was increased about 2.5-fold in NOD Th40 cells while no other isoform
was increased or became detectable. Interestingly, the isoform II mRNA expression was
down-regulated by CD40 engagement. In NOD CD4hi T cells, a very slight increase of the
isoform I mRNA was induced by CD40 engagement (Fig. 2B). BALB/c Th40 cells also
demonstrated a slight increase in expression of CD40 isoform I mRNA in response to CD40
engagement while the BALB/c CD4hi T cells displayed a decrease. Interestingly, BALB/c
CD4hi cells induced an increase in isoform II mRNA expression. It was reported that there
are mouse CD40 isoforms that lack exons 2 or 3 (Tone et al., 2001) which could be
detectable with the anti-CD40 C-terminal and N-terminal antibodies. However, our mRNA
data do not support this possibility since we were not able to detect any mRNA
corresponding to such CD40 isoforms when employing RT-PCR primers that would detect
such isoforms (data not shown).

The mRNA expression results (Fig. 2B) indicate that isoform V is present at almost non-
detectable levels and does not increase in response to CD40 engagement. However, there
can be discrepancies between mRNA and protein expression levels. Therefore we employed
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protein sequencing in an attempt to demonstrate the presence of CD40 isoform V protein.
All attempts to identify isoform V failed and only isoform I was identified. Therefore we
concluded that the 43 kD CD40 band is not isoform V. We then considered that the 43 kD
band could be a proteolytically cleaved form of CD40. In figure 1A we determined that the
43 kD CD40 protein band was reactive with antibodies to both the extreme C-terminus and
the extreme N-terminus demonstrating that the 43 kD band is not a proteolytically cleaved
product of the 48 kD band. This left us with the possibility that the 43 kD band in figure 1 is
the result of an altered post-translational modification of isoform I whose mRNA expression
was increased upon CD40 engagement (Fig. 2B). The CD40 protein sequence predicts an N-
linked glycosylation site in the extracellular portion of the protein (Fig. 2A) and it has been
shown that glycosylation is a feature of the CD40 protein (Braesch-Andersen et al., 1989).
Therefore it is possible that the 43 kD band is a less glycosylated form of isoform I. Since in
NOD Th40 cells the only detectable band in the lipid raft fraction is the 43 kD band (Fig.
1C) we subjected that fraction to complete deglycosylation followed by western blot for
CD40. Virtually all of the 43 kD band was reduced to a band of 32 kD when completely
deglycosylated (Fig. 2C), matching the size of CD40 isoform I predicted from its amino acid
composition in a non-glycosylated state. A completely deglycosylated isoform V protein
would be 28.8 kD. Therefore we concluded that the major CD40 protein expressed in Th40
cells from both autoimmune and non-autoimmune animals is isoform I and that a 43 kD
glycoform of that is highly inducible by CD40 engagement.

CD40 signals regulate CD40 expression itself as well as the 43 kD to 48 kD glycoform ratio
in Th40 cells

Blocking CD40 – CD154 interactions at 3 weeks of age, but not 9 weeks of age, prevents the
onset of diabetes in NOD mice (Balasa et al., 1997; Waid et al., 2004). That block also
prevents the expansion of the Th40 cell subset, reestablishing Th40:Treg homeostasis (Waid
et al., 2004). Therefore we evaluated whether CD154 block has any effect on the CD40
isoform I glycoform expression in NOD Th40 cells. Treatment of NOD mice at 3 weeks of
age with one intraperitoneal injection of anti-CD154 antibody (MR1) followed by a booster
one week later prevented the expansion of Th40 cells as we have demonstrated before (Waid
et al., 2004) (Fig. 3A). That treatment also altered the CD40 glycoform expression in the
NOD Th40 cells to have a profile more like that of non-autoimmune BALB/c mice
(compare Fig. 1C and Fig. 3B). This demonstrates that the CD40 receptor composition is
dependent on the availability of CD154.

We have shown that while BALB/c mice have Th40 cells in the periphery, that population is
contained compared to autoimmune NOD mice (Waid et al., 2004). Blocking CD40 –
CD154 interactions in NOD mice contained the Th40 population at levels comparable to
BALB/c mice (Waid et al., 2004) which suggests that CD40-signals are directly responsible
for the expansion of the Th40 population in-vivo. Therefore we hypothesized that the Th40
population could be expanded in BALB/c mice by stimulation through CD40. BALB/c mice
that had been injected intraperitoneally with agonistic CD40 antibodies demonstrated an
expansion of the splenic Th40 population similar to numbers seen in autoimmune NOD
mice (Fig. 4A). This confirms that excessive CD40 signals allow this population to expand
in-vivo.

We have shown that CD40 signals induce an increase in CD40 expression itself among other
downstream consequences (Vaitaitis and Wagner, 2008). In figure 3A and B we also
demonstrate that blocking CD40 signals can alter the 43kD:48 kD ratio of CD40 glycoform
expression in NOD mice. Therefore we speculated that injections of agonistic CD40
antibodies into BALB/c mice could induce a higher CD40 expression level in the Th40 cell
subset of this non-autoimmune strain. The CD40 isoform mRNA profile did not change in
BALB/c mice injected intraperitoneally with agonistic CD40 antibodies and isoform I was
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still the major isoform expressed (Fig. 4B). However, the mice injected with agonistic CD40
antibodies demonstrated increased CD40 protein expression and a glycoform profile and 43
kD:48 kD band ratio similar to that of autoimmune NOD Th40 cells (Fig. 4C). Although the
Th40 cells expanded in response to the injection with agonistic CD40 antibodies (Fig. 4A),
the actual qualitative CD40 expression/glycoform profile changed as Th40 cells were
purified from the differently treated mice and equal amounts of protein was loaded in each
lane in figure 4C. When BALB/c mice were injected with sCD154 there was no effect on the
protein expression. This is likely due to that the recombinant sCD154 is not trimerized (data
not shown) which is known to be necessary for signaling to occur (Baccam and Bishop,
1999).

Immunoprecipitation of CD40 reveals differences in CD40 receptor composition and a
CD40-engagement dependent association between the different protein bands

Several different antibodies are utilized in the literature for the detection of CD40. For
mouse CD40 studies some of the most commonly utilized antibodies are 1C10, 4F11 (Heath
et al., 1994) and FGK45 (Rolink et al., 1996). These antibodies recognize different epitopes
on the CD40 receptor and we surmise that those epitopes may be formed by different
glycoforms and/or isoforms associating with each other. Therefore we applied those
antibodies in immunoprecipitation experiments to evaluate whether they recognize the same
CD40 constellations/glycoforms or not. All three antibodies immunoprecipitated a 43 kD
band from untreated, immediately ex-vivo, Th40 cells in NOD mice (Fig. 5A). The
association of the 43 kD band in the 1C10- and FGK45-constellations was increased upon
CD40 stimulation while it remained approximately the same in the 4F11-constellation. The
same was evident in BALB/c Th40 cells although the levels were lower. In NOD Th40 cells
a 48 kD band was detected which was only weakly detected in the other two constellations.
The 48 kD band was not detectable in the BALB/c Th40 cells. This demonstrates that the
CD40 receptor composition is dynamic and that actual CD40 engagement has an impact on
the multimerization/association of the different constellations. Interestingly, FGK45
immunoprecipitated a CD40 protein band of a different size from NOD Th40 cells, but not
BALB/c, which had not previously been noted in our studies, (Fig. 5A; arrow with *). That
band also became detectable in the CD40 stimulated 4F11-constellation at the 30 minutes
and over-night time points but not at the 3 hour time point. Additionally, in the 4F11- and
FGK45-constellations yet another smaller band at approximately 34 kD was detected. It
remains to be determined whether the 43 kD and 48 kD bands are the isoform I glycoforms
we found in figures 1–3 and whether the new bands are yet other glycoforms of isoform I or
whether they are different isoforms that are present in such low abundance that they only
become detectable when enriched in immunoprecipitations.

The different CD40 receptor constellations interact differentially with TRAF2 and TRAP2
CD40 is known to signal through TRAF2 (Xie et al., 2006) and both CD40 and TRAF2 have
been shown to colocalize to the lipid raft microdomain of Th40 cells (Vaitaitis and Wagner,
2008). Additionally, TRAF2 coimmunoprecipitates with CD40 in a CD40-stimulus
dependent manner (Xie et al., 2006). We analyzed whether TRAF2 coimmunoprecipitated
with the three constellations of the CD40 receptor in figure 5A. TRAF2 was
coimmunoprecipitated mainly with 1C10 and FGK45 in NOD Th40 cells while in 4F11
there was only a very low level (Fig. 5B). This shows that 4F11 reactive CD40
constellations are less likely to signal through TRAF2 in NOD Th40 cells. No TRAF2
coimmunoprecipitated with CD40 in BALB/c Th40 (Fig. 5B). It is not clear whether the
higher band is a different form of TRAF2 or not (Fig. 5B; iso 2?).

When isolating major bands from CD40 immunoprecipitations for protein identification one
band exhibited a strong match to TNF-receptor 1 associated protein 2 (TRAP2; data not
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shown). We confirmed this by western blot on CD40 coimmunoprecipitated protein and
found that the FGK45 reactive CD40 constellation in both NOD and BALB/c Th40 cells
coimmunoprecipitated TRAP2 but only after overnight stimulation of CD40 (Fig. 5C).

The different CD40 receptor constellations interact with TNFR1 and TNFR2 and
engagement of the TNFR1 and TNFR2 molecules impact CD40 signaling outcomes

Because of the association of TRAP2 with CD40 (Fig. 5C) we considered that it is possible
that different members of the TNF-receptor super family could interact to form hybrid
receptors. Therefore we determined whether TNFR1 and TNFR2 coimmunoprecipitate with
CD40. A CD40-engagement dependent association of TNFR1 was found in both NOD and
BALB/c Th40 cells after overnight CD40-stimulation (Fig. 6A). To confirm this, we
performed immunoprecipitation with an antibody to TNFR1 followed by western blot for
CD40 on cell lysates from NOD Th40 cells. CD40 was indeed coimmunoprecipitated by the
TNFR1 antibody after CD40 stimulation and mainly a 43 kD CD40 band was present (Fig.
6B).

CD40 and TNFR2 also interacted, especially when CD40 was engaged, in both NOD and
BALB/c Th40 cells (Fig. 6C). However, the pattern of interaction differed substantially
between Th40 cells from NOD and from BALB/c mice. In NOD Th40 cells TNFR2
coimmunoprecipitated with 1C10, 4F11 and FGK45 reactive CD40 constellations while in
BALB/c Th40 cells, mainly 4F11 constellations were associated with TNFR2 (Fig. 6C). To
confirm the CD40-TNFR2 coimmunoprecipitation we performed immunoprecipitation with
an antibody to TNFR2 followed by western blot for CD40. CD40 was
coimmunoprecipitated with TNFR2 in both untreated and CD40 stimulated NOD Th40 cells
but only a larger, 48 kD band was detected (Fig. 6D).

Since TNFR1 and TNFR2 interact with CD40 to form hybrid receptors we determined what
the functional outcomes of such receptors are. CD40 stimulation is known to induce Nf-κB
DNA-binding activity in T cell clones (Wagner et al., 2002) and NOD Th40 cells (Vaitaitis
and Wagner, 2008). Therefore we determined whether engaging TNFR1 and TNFR2 had an
effect on Nf-κB DNA-binding activity in NOD Th40 cells. As previously demonstrated,
CD40 stimulation induced increased Nf-κB DNA-binding activity (Fig. 7A). However,
when TNFR1 and/or TNFR2 were engaged simultaneously with CD40 that increase was
abolished (Fig. 7A).

When culturing NOD Th40 cells in the presence of CD40 stimulation we have noted that the
cells form large clusters (Fig. 7B; 1C10 and 1C10+4F11). Therefore we determined whether
TNFR1 and/or TNFR2 engagement in addition to CD40 stimulation affected the cluster
formation. When antibodies to both TNFR1 and TNFR2 were used to crosslink those
molecules, the CD40 induced cluster formation was prevented almost completely (Fig. 7B)
demonstrating a negative regulation of this CD40 signaling outcome by TNFR1 and TNFR2.
Interestingly, the addition of TNFα, the known ligand for TNF-receptors 1 and 2, to the
CD40 stimulated Th40 cells did not prevent the cluster formation (Fig. 7B). Additionally,
4F11 crosslinking alone of the NOD Th40 cells did not induce any cluster formation
revealing a difference in signaling potential between the 1C10 and 4F11 reactive CD40
receptor constellations (Fig. 7B).

We have previously shown that CD40 stimulation induces proliferation of NOD Th40 cells
(Vaitaitis and Wagner, 2008). Therefore we determined whether TNFR1 and TNFR2
engagement in addition to CD40 stimulation had an effect on proliferation. Untreated Th40
cells demonstrated a small amount of spontaneous proliferation (Fig. 7C). However, that
proliferation was accompanied by a similar amount of cell death (Fig. 7D). CD40
stimulation induced robust proliferation as reported previously (Vaitaitis and Wagner, 2008)
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but only when 1C10 was used as the agonistic antibody (Fig. 7C; 1C10 and 40XL
(1C10+4F11)). 4F11 crosslinked Th40 cells demonstrated no additional proliferation
compared to untreated Th40 cells, again showing that the 4F11 reactive CD40 receptor
constellations have a different signaling potential compared to 1C10 reactive ones.
However, 4F11 signals induced a small but significant increase in the rate of death (Fig. 7D;
p<0.0001, t-test). Both TNFR1 and TNFR2 engagement resulted in the prevention of the
CD40 (1C10) induced proliferation (Fig. 7C). Interestingly, the TNFR1 and TNFR2
treatments also prevented much of the spontaneous proliferation seen in the untreated Th40
cells (Fig. 7C; p<0.012 in all cases, t-test). CD40 (1C10) stimulation in the presence of
TNFR1 and /or TNFR2 did however rescue the Th40 cells from the spontaneous death seen
in untreated cells (Fig. 7D; p<0.0001, t-test).

Discussion
The CD40 – CD154 dyad has long been under investigation as one of the major culprits in
the fulmination and progression of autoimmune disease. Many roles have been ascribed the
TNF-receptor super family member CD40 yet little is known about how this receptor is
assembled, whether there is more than one form of CD40 receptor and what the outcomes of
such receptors are. One of the known differences in CD40 signaling lies in the TRAF family
association with CD40 (Bishop et al., 2007). Depending on which TRAF family members
associate with CD40 in a given cell, the outcome of signaling downstream of the CD40
receptor could be different. Many studies focus on genotype, yet epigenetics, e.g. splice
isoforms and post-translational modification, can radically alter proteins and their ability to
interact and signal within the cellular milieu. Do isoforms and post-translational
modification such as glycosylation have an effect on how CD40 molecules are able to
assemble into a functional receptor and on interactions with other proteins? To fully
understand all these possibilities may not be possible since carbohydrates can have literally
thousands of different conformations; however, in this manuscript we begin to address these
issues.

We focused on Th40 cells, which have been shown to be necessary and sufficient in
transferring type 1diabetes in the NOD model of that disease. We demonstrate in figures 1
and 2 that while we are able to detect four of five known different CD40 isoforms on the
mRNA level, only isoform I is represented on the protein level. We determined that
complete deglycosylation of the detected 43 kD band resulted in a 32 kD band
corresponding to the non-glycosylated predicted size of isoform I. Therefore we concluded
that the major CD40 proteins detected in both NOD and BALB/c Th40 cells are different
glycoforms of isoform I. In addition this CD40 isoform is the form thought not only to be
able to signal via its C-terminal intracellular domain (as would be possible for isoform V as
well) but also to be able to partition into the raft microdomain via its transmembrane region.
As this region is missing in isoform V, isoform V cannot associate with the lipid raft. We
found both the 43 kD and the 48 kD bands in the raft microdomain of NOD and BALB/c
CD4+ T cells indicating that both those bands contain the transmembrane region thus
strengthening the argument that they represent different post-translationally modified forms
of isoform I.

The raft microdomain is where CD40 interactions with other proteins and TRAFs take place
(Bishop et al., 2007; Munroe and Bishop, 2007) and it is also the subcellular fraction to
which TRAF2 partitions in the NOD Th40 cells (Vaitaitis and Wagner, 2008). In this
manuscript we demonstrate that CD40 coimmunoprecipitates TRAF2 in NOD Th40 cells
but not in BALB/c Th40 cells. We have shown previously that CD40 induces cFLIPp43
expression leading to survival and proliferation of NOD Th40 cells but not BALB/c Th40
cells (Vaitaitis and Wagner, 2008). The TRAF2 data presented here demonstrate yet another
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difference in CD40 signaling between NOD and BALB/c Th40 cells and further explains
why BALB/c Th40 cells are not capable of survival and proliferation in response to CD40
signals in-vitro.

In-vivo, CD40 signals appear to be absolutely necessary in order for the Th40 population to
expand. Preventing CD40 signaling in NOD mice contained the Th40 population to levels
seen in non-autoimmune BALB/c mice. This treatment also prevented the high expression of
CD40 and altered the CD40 glycoform profile to look more like that of the non-autoimmune
BALB/c mouse. Conversely, excessive CD40 signals in-vivo to BALB/c mice caused the
selective expansion of the Th40 cells and those cells increased their overall CD40
expression as well as altered their glycoform profile to appear more like that of autoimmune
NOD mice. However, since the CD40 induced proliferation of BALB/c Th40 cells does not
take place in-vitro it is likely that there are several steps involved in-vivo. The injection of
agonistic CD40 antibody could affect many different cells in-vivo and therefore many
inflammatory pathways perhaps leading to the acquisition of a specific CD40 receptor
constellation that may be necessary for proliferation to take place in response to CD40
signals. It remains to be determined whether Th40 cells from BALB/c mice injected with
agonistic CD40 antibodies would proliferate in response to CD40-stimulation in-vitro.

More intricate possibilities are unveiled by the interaction of CD40 with TNFR1 and
TNFR2. Our data reveal that antibody crosslinking of TNFR1 and/or TNFR2 prevents
several of the CD40 signaling outcomes in NOD Th40 cells. However, the addition of TNFα
does not. This indicates that the actions of the antibodies are likely not exerted via a bona
fide TNFR1 or TNFR2 but rather through interfering with CD40 signals through the hybrid
receptors.

Glycosylation has been shown to regulate important functions of the immune system such as
trafficking of immune cells and the activation threshold of TCR (Marth and Grewal, 2008).
It was demonstrated that several autoimmune prone mouse strains, including NOD, express
30 – 40% less β1,6GlcNAc-branched N-glycans than non-autoimmune prone strains (Lee et
al., 2007) and that such a reduction is sufficient to enhance TCR signaling and T cell
proliferation (Grigorian et al., 2007). The CD40 – CD154 dyad is critically involved in the
progression of autoimmune disease (Balasa et al., 1997; Durie et al., 1993; Kobata et al.,
2000; Munroe and Bishop, 2007; Quezada et al., 2003; Toubi and Shoenfeld, 2004; Vaitaitis
et al., 2003; Vaitaitis and Wagner, 2008; Waid et al., 2004; Wang et al., 2002; Yu et al.,
2001) and here we show that high expression of a less glycosylated form of CD40 isoform I
is associated with the survival and proliferation of the pathogenic Th40 cells in autoimmune
NOD mice establishing CD40 as yet another molecule affected by the glycosylation status of
the cell. Furthermore, CD40 signals both in-vivo and in-vitro have a positive feedback on
CD40-expression itself inducing expression of the less glycosylated form of CD40 isoform
I. Interestingly, blocking of CD154 in-vivo allows for an increase in the 48 kD glycoform of
isoform I. Therefore it is possible that, in the absence of persistent CD40-stimulation, the
basal expression of CD40 in Th40 cells occurs as the more glycosylated form but when
CD40-signals are received and persist, the glycoform expression is changed, ultimately
changing the make-up of the CD40 receptor constellations. Signals through the new
constellations in turn activate the Th40 cell to survive/proliferate and achieve effector status.

Understanding the dynamics of the different CD40 receptor constellations will be critical to
understanding the etiology of autoimmune disease. Also, increased knowledge about the
induced hybrid receptors of CD40 with TNFR1 and TNFR2 may hold clues to why
treatments to block or signal through the TNF-receptor family members have very different
outcomes depending on the disease model and the age of the treatment recipient (Yang et al.,
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1994). Perhaps combination treatments targeting both CD40 and TNFR1 and/or TNFR2
would be more effective in preventing or ameliorating disease.
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Figure 1.
Th40 and CD4hi T cells were sorted from 10–16 weeks old NOD and BALB/c female
spleens. (A) Cells were lysed immediately (d0) or incubated over night in the absence (UN)
or presence of CD40 stimulation (CD40) then lysed. Equal amounts of protein were run in
western blot and immunodetection was performed with a CD40 N-terminal reactive
antibody then the membrane was stripped and reprobed using a C-terminal reactive
antibody. (B) Graph representing the amount of small and large CD40 band. Data are
represented as mean +/− SEM. (C) Th40 cells from female 4 week old NOD mice were
incubated over night in the absence (UN) or presence of CD40 stimulation (CD40). Equal
amounts of protein were run in western blot and immunodetection was performed with a
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CD40 C-terminal reactive antibody. (D) Cells treated as in A were fractioned into soluble
(S; cytoplasmic) and insoluble (I; lipid raft) fractions. Western blot was performed using a
CD40 C-terminal reactive antibody.
For an internal standard (std) in A and C and D the stripped membrane was stained with
coomassie blue and a representative band is shown. Arrows indicate CD40 bands.
Experiments were done at least three times.
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Figure 2.
(A) Graphic representation of the five known isoforms of mouse. (B) CD40 Th40 and
CD4hi T cells were sorted from 10–16 weeks old NOD and BALB/c female spleens then
CD40 was stimulated overnight (CD40) or not (UN). RT-PCR was performed using primers
capable of targeting the known five isoforms in mice. Resulting PCR products were isolated
and sequenced to confirm identity. Actin was amplified as an internal standard. A graph
representing the intensity of isoform I divided by the intensity of actin in the experiment is
shown. (C) The lipid raft fraction from NOD Th40 cells was subjected to N-linked, O-
linked, or both N-linked and O-linked deglycosylation. Protein was then assayed in a
western blot for CD40 using a C-terminal reactive antibody. Experiments in B and C were
done three separate times.
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Figure 3.
Splenic Th40 and CD4hi T cells were sorted from control and anti-CD154 treated NOD
female mice. (A) Graph depicting absolute numbers of Th40 and CD4hi T cells in the
control group (n=5) and the anti-CD154 (MR1) injected group (n=5). Data are represented
as mean +/− SEM. (B) Cytoplasmic and lipid raft fractions were prepared from Th40 cells
from mice in A then western blot was performed using a CD40 C-terminal reactive
antibody. For an internal standard (std) the stripped membrane was stained with coomassie
blue and a representative band is shown. Data shown is representative of the results from all
the mice in A.
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Figure 4.
10–12 weeks old, female BALB/c mice were injected i.p. with 1C10+FGK45 agonistic
CD40 antibodies or with isotype control antibody. Three to six days post-injection, splenic
Th40 and CD4hi T cells were purified. (A) Graph representing the absolute numbers of cells
in each population. (B) Mice were injected as above then RNA was purified from Th40
cells. RT-PCR was performed using primers capable of targeting the known five CD40
isoforms in mice. (C) Mice were injected as above with the addition of recombinant sCD154
injections then Th40 cells were purified. Equal amounts of protein was loaded in each lane
and analyzed in western blot for CD40 using a C-terminal reactive antibody. For an internal
standard (std) the stripped membrane was stained with coomassie blue and a representative
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band is shown. Each experiment was done in at least 6 separate mice. Data in A are
represented as mean +/− SEM.
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Figure 5.
Th40 cells were sorted from 10 – 16 weeks old NOD or BALB/c female mouse spleens. Cell
lysates from cells immediately ex-vivo (0') or CD40 stimulated for 30 minutes, 3 hours and
over night (30', 3h, o.n. respectively) were subjected to immunoprecipitations using CD40
antibodies 1C10, 4F11 and FGK45. (A) Western blot for CD40 using a C-terminal reactive
antibody. Arrows indicate CD40 bands. (B) Western blot for TRAF2. Arrows indicate
TRAF2 bands. (C) Western blot for TRAP2. Experiments were done at least three times.
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Figure 6.
Th40 cells were sorted from 10 – 16 weeks old NOD or BALB/c female mouse spleens. Cell
lysates from cells immediately ex-vivo (0') or CD40 stimulated for 30 minutes, 3 hours and
over night (30', 3h, o.n. respectively) were subjected to immunoprecipitations using CD40
antibodies 1C10, 4F11 and FGK45 (in A and C) or an antibody to TNFR1 (in B). (A)
Western blot for TNFR1 was performed. (B) Untreated (UN) or CD40-stimulated
(CD40XL) cell lysates from NOD Th40 cells were subjected to immunoprecipitation using
an antibody to TNFR1. Western blot was performed using a CD40 C-terminal reactive
antibody. (C) Western blot for TNFR2 was performed. (D) Untreated (UN) or CD40-
stimulated (CD40XL) cell lysates from NOD Th40 cells were subjected to
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immunoprecipitation using an antibody to TNFR2. Western blot was performed using a
CD40 C-terminal reactive antibody. Experiments were done three times.
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Figure 7.
Th40 cells were sorted from 10 – 16 weeks old NOD or BALB/c female mouse spleens. (A)
Th40 cells were CD40 crosslinked (CD40XL; 1C10+4F11) in the absence/presence of
TNFR1 and/or TNFR2 crosslinking. Nuclear extracts were prepared and EMSA performed
for Nf-kB DNA-binding activity using a consensus Nf-kB oligonucleotide. (B) Th40 cells
were crosslinked using indicated combinations of 1C10, 4F11, TNFR1, TNFR2, and TNFα.
After 3 days of culture the growth patterns were photographed. (C) Th40 cells were CFSE
labeled then treated as in B. Proliferation (CFSE dilution) was measured after one day (solid
line) and 4 days (dotted line) of culture. (D) Graph representing percent dead cells in C
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(measured by staining permeabilized cells with propidium iodide) in each of the conditions
at 4 days of culture.
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