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Abstract

While administration of anti-CD154 mAbs in mice validated the CD40-CD154 pathway as a target
against inflammatory disorders, this approach caused thrombo-embolism in humans (unrelated to
CDA40 inhibition) and is expected to predispose to opportunistic infections. There is a need for
alternative approaches to inhibit CD40 that avoid these complications. CD40 signals through
TRAF2,3 and TRAF6 binding sites. Given that CD40-TRAF®6 is the pathway that stimulates
responses key for cell-mediated immunity against opportunistic pathogens, we examined the
effects of pharmacologic inhibition of CD40-TRAF2,3 signaling. We used a model of ischemia/
reperfusion (I/R)-induced retinopathy, a CD40-driven inflammatory disorder. Intravitreal
administration of a cell-penetrating CD40-TRAF2,3 blocking peptide impaired ICAM-1
upregulation in retinal endothelial cells and CXCL1 upregulation in endothelial and Muller cells.
The peptide reduced leukocyte infiltration, upregulation of NOS2/COX-2/TNF-a/IL-1f and
ameliorated neuronal loss, effects that mimic those observed after I/R in Cd40—/— mice. While a
cell penetrating CD40-TRAF6 blocking peptide also diminished I/R-induced inflammation, this
peptide (but not the CD40-TRAF2,3 blocking peptide) impaired control of the opportunistic
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pathogen 7oxoplasma gondiiin the retina. Thus, inhibition of the CD40-TRAF2,3 pathway is a
novel and potent approach to reduce CD40-induced inflammation while likely diminishing the risk
of opportunistic infections that would otherwise accompany CD40 inhibition.

INTRODUCTION

The CD40 - CD154 (CDA40 ligand) pathway triggers pro-inflammatory responses and drives
various disorders that include inflammatory bowel disease, autoimmunity, graft rejection and
ischemic tissue injury (1). Blockade of CD40-CD154 via administration of neutralizing anti-
CD154 mAbs is therapeutically effective in various inflammatory disorders in animals (1). A
similar approach appeared effective in patients with lupus nephritis (2). However, the mAbs
caused thromboembolism, a complication not due to CD40 blockade per se but likely caused
by binding of the mAbs to CD154 and FcyRlla expressed on platelets (2, 3). While other
approaches that cause global inhibition of the CD40-CD154 pathway have been explored
(4), they are likely to predispose to opportunistic infections since this pathway is central to
protection against numerous pathogens (5). New methods to block CD40 based on inhibition
of selective signaling downstream of CD40 may avoid thromboembolic side-effects and
reduce the risk of infections.

CDA40 signals by recruiting TNF Receptor Associated Factors (TRAF) (6). CD40 has a
major domain (PxQxT) that directly binds TRAF2 and TRAF3 (7) (TRAF3 typically
inhibits CD40 signaling), a distal minor domain (SVxE) that binds TRAF2 (8), and a site
that binds TRAF6 (PXExxAr/Ac) (7). Studies using cells that express wildtype CD40 or
CD40 with mutations in the TRAF2,3 or TRAF6 binding sites revealed that both sites
induce pro-inflammatory responses (9, 10). While the CD40-TRAF6 binding site plays a
dominant role in myeloid cells, the effects of these binding sites are largely non-
compensatory in non-hematopoietic cells explaining why isolated blockade of CD40-
TRAF2,3 or CD40-TRAFG6 signaling markedly reduces pro-inflammatory responses in these
cells (9, 10). The TRAF2,3 and TRAF6 binding sites can also have non-overlapping effects.
In contrast to the CD40-TRAF2,3 binding site, the CD40-TRAF6 binding site and TRAF6
are essential for responses relevant to cellular immunity: dendritic cell development and
maturation, production of IL-12 by dendritic cells and induction of nitric oxide-dependent or
autophagy-mediated anti-microbial activity, (10-14). Studies in transgenic mice revealed
that both sites are key to humoral immunity. The CD40-TRAF6 site mediates production of
high-affinity antibodies and plasma cell formation (15). The CD40-TRAF2,3 binding site
controls isotype switch (16), although other studies indicate that both sites promote this
response (15, 17). Finally, germinal center formation requires both CD40-TRAF2,3, and
CD40-TRAF6 sites (17). Taken together, it is clear that both sites play important roles in
humoral immunity (18).

Studies in transgenic mice whose MHC I1* cells expressed wildtype CD40 or CD40 with
mutations in TRAF binding sites revealed that CD40-TRAF6 signaling in hematopoietic
cells promotes vascular inflammation (19). The role of CD40-TRAF2,3 signaling was
difficult to assess accurately since expression of the TRAF2,3 binding site mutant was high
(15) raising the possibility that higher CD40 expression facilitated responses downstream of
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the mutant molecule, minimizing the effect of the mutation. Nevertheless, important studies
revealed that pharmacologic inhibition of CD40-TRAF6 signaling reduces CD40-driven
inflammation (20, 21). However, the fact that marked susceptibility to infections controlled
by cellular immunity is the most important clinical feature and leading cause of mortality in
patients with defective CD40-CD154 signaling (X-linked Hyper IgM syndrome) (5) together
with the central role of CD40-TRAF6 for cellular responses required to control these
pathogens raise the concern for opportunistic infections caused by CD40-TRAF6 inhibition.
While a CD40-TRAF6 inhibitor did not impair survival in a mouse model of sepsis (20, 21),
CDA40 is not required for protection in this model (22). Thus, these findings do not rule out a
risk of opportunistic infections caused by inhibition of CD40-TRAF®6 signaling.

CD40 in non-hematopoietic cells is central to development of inflammation as demonstrated
by studies in ischemia/reperfusion (I/R)-induced retinopathy, diabetic retinopathy and
vascular injury (23-25). These findings together with demonstration that CD40-TRAF2,3
blockade markedly inhibits inflammatory responses in non-hematopoietic cells (24, 26)
point to inhibition of CD40-TRAF2,3 signaling as a new approach to control CD40-driven
inflammation. This approach would likely avoid thrombotic events and reduce the risk of
opportunistic infections since it does not rely on anti-CD154 mAbs and does not impair
CD40-TRAF®6 signaling.

CDA40 is expressed in retinal cells: endothelial cells, Mller cells, microglia, ganglion cells
and retinal pigment epithelial cells (27). Given that CDA40 is a key driver of retinal
inflammation and development of ischemic retinopathies (23, 24, 26), we examined the
effects of pharmacologic inhibition of CD40-TRAF2,3 signaling in the development of
inflammation and retinopathy after retinal ischemia. Cell-penetrating peptides impair
protein-protein interactions (28). We showed that a cell permeable peptide that consists of
the amino acid sequence of the TRAF2,3 site fused with HIV TAT47_57 to make it cell
permeable inhibits CD40-driven inflammatory responses /n vitro (9, 10). The peptide
impairs the CD40-TRAF2,3 pathway both in human and mouse cells since the amino acid
sequence of the TRAF2,3 binding site is the same in both species. Retro inverso (ri) peptides
made following reverse amino acid sequence and synthesized with D-amino acids can have
identical function to those made with L-amino acids and are resistant to peptidases (29). We
report herein that a ri CD40-TRAF2,3 blocking peptide markedly impairs inflammation and
cell loss in the ganglion cell layer after retinal I/R even if administered after retinal ischemia.
In contrast to a CD40-TRAF6 blocking peptide, the CD40-TRAF2,3 blocking peptide did
not increase susceptibility to retinitis caused by 7oxoplasma gondii, an opportunistic
pathogen normally controlled by CD40. These studies provide the first evidence that
pharmacologic inhibition of the CD40-TRAF2,3 pathway effectively controls a CD40-driven
inflammatory disorder without increasing susceptibility to an opportunistic pathogen.

2 MATERIALS AND METHODS

2.1 Animals.

C57BL/6 (B6) and Cd40-/- mice (B6 background) were purchased from Jackson
Laboratories (Bar Harbor, ME) and bred at Case Western Reserve University. Studies were
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approved by the Institutional Animal Care and Use Committee of Case Western Reserve
University School of Medicine.

2.2 Model of retinal I/R.

Retinal ischemia was induced in male mice (25 to 30 g) as described (24, 30). The anterior
chamber of one eye was cannulated with a 30-gauge needle. Intra-ocular pressure (IOP) was
maintained at 80 to 90 mm Hg for 90 minutes. The other eye of the same animal was set up
as a control. After ischemia, the needle was withdrawn, IOP was normalized, and reflow of
the retinal circulation was documented visually. Animals were euthanized 2 days after I/R.

2.3 Toxoplasma gondii infection.

Female B6 mice (8 to 10 weeks old) were infected with 10 tissue cysts of the ME49 strain of
7. gondii (31). Mouse retinal endothelial cells were challenged with tachyzoites of the RH
strain of the parasite and the number of vacuoles and tachyzoites per 100 cells were
determined by light microscopy (31).

2.3 Cell-penetrating peptides.

Peptide consisted of the TRAF2,3 binding site of CD40 that was made cell permeable by
linking it to the TAT47_57 cell penetrating peptide (9, 10). Peptides were synthesized using
D-amino acids following reverse amino acid sequence (ri format). The sequence for the
CD40-TRAF2,3 blocking peptide was NH-rrrgrrkkrgy ghlteqv/matn-OH. The TAT47_57
sequence is underlined. The peptide contains a proline (p) to histidine (h) substitution
(shown in italics) that appears to enhance affinity to TRAF2 (32). The scrambled peptide
NH,-rrrgrrkkrgy ntgalahtgevh-OH was used as control. The CD40-TRAF2,3 blocking
peptide was also synthesized with Alexa Fluor 488 conjugated via maleimide coupling to an
additional Cys in the N terminus. The sequence for the CD40-TRAF6 blocking peptide was
NH,-rrrgrrkkrgy demegadqrr-OH. The proline to alanine (a) substitution (italics) maintains
strong interaction with TRAF6 (32). ri TAT47_57 cell penetrating peptide was used as control
in experiments that compared CD40-TRAF2,3 and CD40-TRAF6 blocking peptides.
Peptides were manufactured by Biopeptide Co. (San Diego, CA) and were low in endotoxin
and >98% pure by HPLC. Peptides were not toxic to Miller and endothelial cells as
assessed by alamarBlue cell viability assay (Invitrogen, Carlsbad, CA). Peptides were used
at 1 uM /n vitro experiments (10 UM in the case of Alexa Fluor 488-conjugated peptide for
optimal visualization of fluorescence) or a single dose of 1 g for intravitreal injections
studies. In certain experiments, peptides were injected i.p. (10 pg/kg) 3 h prior to i.p.
administration of a stimulatory anti-CD40 mAb (1C10; 100 pg).

2.4 Histopathology.

Histological changes induced by I/R were assessed as described before (30). Formalin-fixed,
paraffin embedded sections were stained with H&E for light microscopy. Cells in the
ganglion cell layer (GCL) that were not associated with vessels were counted under 400X.
Cells in the GCL positive for p-111 tubulin (ganglion cell marker) and cells in the inner retina
and vitreous positive for myeloperoxidase (MPO; highly expressed in PMNs while cells of
monocytic origin are either nonreactive of weakly positive) (33) were counted in retinal

FASEB J. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Portillo et al.

Page 5

sections. Histopathologic evaluation of mice with ocular toxoplasmosis was performed as
described (31).

2.5 Immunohistochemistry.

Sections were incubated with antibodies against ICAM-1 (eBiosciences, San Diego, CA),
CXCL1 (Novus, Littleton, CO), NOS2 (EMD Millipore, Burlington, MA), vimentin
(Novus), CRALBP (Proteintech Group, Rosemont, IL), p-111 tubulin (BioLegend) or MPO
(Agilent, Santa Clara, CA) followed by incubation with fluorescent secondary antibodies
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Sections were also
incubated with Tomato lectin (Vector Laboratories, Burlingame, CA) or ApopTag Red, In
situ Apoptosis Detection kit (EMD Millipore, Billerica, MA, USA). Frozen sections were
used when examining expression of Alexa Fluor 488-conjugated peptide. Retinas were
analyzed using Olympus FVV1200 1X-83 confocal microscope. Images were processed in
Photoshop CC 19.1.1. using similar linear adjustments for all samples.

2.6 Real time quantitative PCR.

RNA was isolated using the RNeasy kit (Qiagen). After treating RNA with DNase (Ambion,
Austin, TX), cDNA was generated using oligo(dT)1,_1g primers and Superscript 111 reverse
transcriptase (Invitrogen). RT-PCR was performed using SYBR GREEN PCR Master Mix
(Applied Biosystems, Foster City, CA) and primers (Table S1). Gene expression was
assessed using a 7300 Real Time PCR System (Applied Biosystems). Each cDNA sample
was run in triplicate. Samples were normalized according to the content of 18S rRNA.

2.7 Retinal cells and CD40 stimulation.

Primary human retinal endothelial cells were obtained as described (26) and cultured in
complete medium supplemented with endothelial cell growth supplement from bovine
pituitary (15 pg/ml; Sigma Chemical, St Louis, MO) and insulin/transferrin/selenium (Sigma
Chemical). Cell identity was confirmed by incorporation of acetylated low-density
lipoprotein (>90%). Endothelial cells were used between passages 3 to 6. The human Miiller
cell line MIO M1 (gift from Dr. Gloria Limb; University College London, UK; >95%
vimentin*, CRALBP* and GFAP") was also used. Human cells were incubated with
multimeric human CD154 to induce CD40 stimulation (1:10 dilution; obtained from Dr.
Richard Kornbluth, Multimeric Biotherapeutics Inc., La Jolla, CA), a non-functional CD154
mutant (T147N) (24) or TNF-a (Peprotech, Rocky Hill, NJ). Mouse retinal endothelial cells
(mREC) were incubated with a stimulatory anti-mouse CD40 mAb (1C10; 10 ug/ml).

2.8 Luciferase assay.

Peptides were tested as described using the mouse endothelial cells mHEVc that expresses a
chimera of the extracellular domain of human CD40 and intracytoplasmic domain of mouse
CD40 (hmCD40) with either a mutation that prevents recruitment of TRAF2,3 (hmCD40
AT2,3) or TRAF6 (hmCD40 AT6) (10). These cells were transfected with
pGL4.32/uc2PINF-xB-RE/Hygro vector (Promega, Madison, WI) encoding an NF-xB
response element that drives the luciferase reporter gene /uc2P (Photinus pyralis) (13). Cells
were pre-incubated with peptides for 3 hr. followed by stimulation with human CD154.

FASEB J. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Portillo et al. Page 6

Luciferase activity was assessed using a Steady-Glo luciferase assay system (Promega) and
a luminometer.

2.9 Flow cytometry.

Endothelial cells or splenocytes were incubated with conjugated mAbs (Table S2). After
fixation with 1% paraformaldehyde, cells were analyzed using an LSR Il (Becton
Dickinson).

2.10 ELISA.

Serum concentrations of 1L-12 p70 were measured by ELISA (BioLegend, San Diego, CA).
Anti- 7. gondii 1gG was detected in sera by ELISA and the antibody titer was calculated as
described (31).

2.11 Statistical analysis.

D’Agostino & Pearson omnibus test was used to confirm normal distribution of the data.
Data were analyzed by 2-tailed Student’s ¢test or ANOVA. Differences were considered
statistically significant at A< 0.05.

3 RESULTS

3.1 Retro-inverso (ri) CD40-TRAF2,3 blocking peptide inhibits CD40-TRAF2,3 but not
CD40-TRAF6 signaling and inhibits CD40-induced pro-inflammatory responses

A ri version of the previously described TAT47_57 -based CD40-TRAF2,3 blocking peptide
(9, 10) was generated. ri CD40-TRAF2,3 blocking peptide tagged with Alexa Fluor 488 was
used to determine whether it translocates inside cells. Using human Muller cells (the
principal glia in the retina) as a model, immunofluorescence studies revealed intracellular
incorporation of the fluorescent peptide after its addition to the culture medium (Figure 1A).
Next, we examined whether the ri CD40-TRAF2,3 blocking peptide inhibited CD40-
TRAF2,3 signaling. We used reporter cell lines that consisted of mouse endothelial cells
expressing a human-mouse CD40 chimera (extracellular human CD40 and intracellular
mouse CD40) that signal either through the TRAF2,3 binding site (hmCD40 AT®6) or the
TRAF6 binding site (hmCD40 AT2,3) (13). These cells express an NF-xB response element
that drives a luciferase reporter gene (13). The blocking peptide inhibited CD154-induced
NF-xB activity only in cells that expressed CD40 that signals through the TRAF2,3 binding
site (Figure 1B). In addition, the blocking peptide impaired CD154-induced activation of
JNK, an event largely dependent on CD40-TRAF2 signaling (34) (Figure S1). Thus, ri
CD40-TRAF2,3 blocking peptide selectively impairs CD40-TRAF2,3 signaling.

Human retinal endothelial cells were incubated with control or blocking peptides followed
by stimulation with CD154. ri CD40-TRAF2,3 blocking peptide impaired upregulation of
ICAM-1 in response to CD154 (Figure 1C). The blocking peptide also impaired CD154-
induced upregulation of ICAM-1 in endothelial cells previously exposed to TNF-a
indicating that inhibition of CD40-TRAF2,3 signaling impairs pro-inflammatory responses
even in the presence of a co-existing inflammatory milieu (Figure 1D). In addition, ri CD40-
TRAF2,3 blocking peptide impaired CCL2 secretion induced by CD154 (Figure S2). Taken
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together, ri CD40-TRAF2,3 blocking peptide inhibits CD40-induced pro-inflammatory
responses.

3.2 Intravitreal administration of ri CD40-TRAF2,3 blocking peptide prior to I/R protects
against cell loss in the ganglion cell layer (GCL) and leukocyte infiltration in a manner
similar to that observed in Cd40—-/- mice

To begin to test the /n vivo effect of ri CD40-TRAF2,3 blocking peptide, we examined
whether it translocates into retinal cells. Alexa Fluor 488-conjugated ri CD40-TRAF2,3
blocking peptide or non-fluorescent peptide were injected intravitreally and eyes were
collected after 2 days. Figure 2A shows uptake of fluorescent peptide that tended to localize
in the inner retina, especially in nuclei located in this region. This is consistent with the
pattern of nuclear accumulation reported for TAT (35). As described for other TAT-based
cell penetrating peptides (36), the ri CD40-TRAF2,3 blocking peptide did not cause retinal
pathology in the injected eye and was not detected in the contralateral eye (Figure 2A).
Nuclei that accumulated the peptide included those localized within tomato lectin™ cells
(endothelial cells; Figure 2B). /n vitro studies revealed that while the peptide accumulated in
nuclei, it was also present in the cytoplasm (Figure 1A). Indeed, the peptide was also
detected in retinal cytoplasmic processes that co-expressed CRALBP indicating that Mller
cells were also among those that exhibited peptide accumulation (Figure 2C).

Next, we examined the /n vivo effects of the ri CD40-TRAF2,3 blocking peptide using a
model of I/R-induced retinal injury based on transient elevation of 10P (24, 30). I/R of the
retina causes cell loss in the GCL (24, 30, 37). Compared to contralateral non-ischemic eyes
in B6 mice, eyes subjected to I/R developed cell loss in the GCL (Figure 3A). There was a
significant attenuation in cell loss in the GCL in eyes from B6 mice that received an
intravitreal injection of ri CD40-TRAF2,3 blocking peptide 1 h prior to retinal ischemia
(Figure 3A). The effect of the blocking peptide was similar to that conferred by the lack of
CDA40 (Cd40-/- mice) (Figure 3A). Neurons in the GCL include ganglion cells and
displaced amacrine cells. Quantification of cells that express p-111 tubulin, a ganglion cell
marker, confirmed the protective effects of the ri CD40-TRAF2,3 blocking peptide on that
cell type (Figure 3B). In addition, administration of the ri CD40-TRAF2,3 blocking peptide
also reduced the numbers of cells in the GCL that underwent programmed cell death as
assessed by Tunel staining (Figure S3).

Leukocytes including polymorphonuclear leukocytes (PMNS) infiltrate the retina since the
early stages after I/R, a response important to the pathogenesis of neuronal loss after retinal
I/R (24, 30, 37, 38). Eyes from B6 mice treated with the control peptide developed
infiltration in the inner retina and vitreous by leukocytes positive for MPO (strongly
expressed in PMNs) (Figure 3A, C). In contrast, ischemic eyes from B6 mice treated with ri
CD40-TRAF2,3 blocking peptide exhibited diminished inflammatory infiltrate, an effect that
was similar to that observed in Cd40—/- mice subjected to I/R (Figure 3A, C). Taken
together, the ri CD40-TRAF2,3 blocking peptide effectively protects against I/R-induced
cell loss in the GCL and infiltration by MPO™ leukocytes.
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3.4 Intravitreal administration of ri CD40-TRAF2,3 blocking peptide impairs I/R-induced
upregulation of NOS2, COX-2, TNF-a and IL-1B

Leukocytes recruited after ischemia express NOS2, COX-2 and pro-inflammatory cytokines
(24, 38, 39). Moreover, retinopathy induced by I/R causes upregulation of NOS2, COX-2,
TNF-a and IL-1p (38, 40-42), molecules that are linked to the development of neuronal cell
loss (38, 41-43). Compared to contralateral non-ischemic eyes, eyes subjected to I/R after
treatment with the control peptide upregulated NOS2, COX-2, TNF-a and IL-1f mRNA
levels (Figure 4). Eyes from B6 mice treated with ri CD40-TRAF2,3 blocking peptide
exhibited impaired upregulation of NOS2, COX-2, TNF-a and IL-1B, an effect that was
similar to that observed in Cd40-/- mice subjected to retinal I/R (Figure 4).

3.5 Intravitreal administration of ri CD40-TRAF2,3 blocking peptide impairs I/R-induced
ICAM-1 and CXCL1 upregulation in retinal endothelial cells

We examined the expression of ICAM-1 and CXCL1, molecules that are central to leukocyte
recruitment and that are upregulated after retinal I/R (24, 30). Retinas from B6 mice treated
with the control peptide and subjected to I/R showed marked upregulation of ICAM-1 and
CXCL1 mRNA levels (Figure 5A). Administration of ri CD40-TRAF2,3 blocking peptide
caused a significant reduction in ICAM-1 and CXCL1 mRNA levels that was similar to that
observed in the retinas of Cd40—/- mice subjected to I/R (Figure 5A). Next, we examined
expression of these inflammatory molecules in retinal endothelial cells. Expression of
ICAM-1 and CXCL1 were increased in retinal endothelial cells from mice that received
control peptide (Figure 5B). In agreement with mRNA data, mice treated with the ri CD40-
TRAF2,3 blocking peptide had decreased expression of these molecules in retinal
endothelial cells (Figure 5B). Thus, the ri CD40-TRAF2,3 blocking peptide protected
against I/R-induced upregulation of ICAM-1 and CXCLL1 in retinal endothelial cells.

3.5 Intravitreal administration of ri CD40-TRAF2,3 blocking peptide impairs I/R-induced
CXCL1 and NOS2 upregulation in Muller cells

Retinal Muller cells are important for the development of inflammation in the retina (23,
44). Moreover, it has been suggested that Mller cells upregulate NOS2 after retinal
ischemia (45). NOS2 upregulation occurred in Mller cells from retinas subjected to I/R and
treated with the control peptide (Figure 5C). In addition, Miiller cells from these retinas also
exhibited increased CXCL1 expression (Figure 5C). Treatment with ri CD40-TRAF2,3
blocking peptide impaired expression of these molecules in Muller cells from retinas
subjected to I/R (Figure 5C). Altogether, Miller cells from ischemic retinas upregulate
NOS2 and CXCL1, an effect that was impaired by the ri CD40-TRAF2,3 blocking peptide.

3.6 Intravitreal administration of ri CD40-TRAF2,3 blocking peptide after I/R protects
against cell loss in the GCL and retinal inflammatory responses

Control or ri CD40-TRAF2,3 blocking peptide were administered 90 min post-retinal
ischemia. As shown in Figure 6, the blocking peptide protected against cell loss in the GCL,
loss of B-111 tubulin* cells, recruitment of MPO™* leukocytes, and upregulation of ICAM-1,
CXCL1, NOS2, COX-2, TNF-a and IL-1B. Thus, ri CD40-TRAF2,3 blocking peptide is
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effective in ameliorating the development of inflammation and neuronal loss even if
administered after induction of retinal ischemia.

3.7 Intravitreal administration of ri CD40-TRAF6 blocking peptide impairs retinal
inflammatory responses induced by I/R but exacerbates an infectious retinitis

Pharmacologic inhibition of CD40-TRAF6 reduces CD40-driven inflammation (20, 21).
However, this pathway also drives responses key for protection against opportunistic
pathogens. We generated ri cell permeable peptide that consists of the amino acid sequence
of the TRAF6 binding site of mouse CD40 fused with HIV TAT47_57 to examine its effects
in I/R-induced retinopathy. The ri CD40-TRAF6 blocking peptide inhibited CD154-induced
NF-xB activity only in cells that expressed CDA40 that signals through the TRAF6 binding
site (Figure S4A). The peptide also inhibited CD40-driven ICAM-1 upregulation in mouse
retinal endothelial cells (Figure S4B). Intravitreal administration of the ri CD40-TRAF6
blocking peptide ameliorated upregulation of pro-inflammatory molecules in retinas
subjected to I/R in a manner similar to that observed after administration of the CD40-
TRAF2,3 blocking peptide (Figure 7A).

The CD40-CD154 pathway is essential for control of toxoplasmosis in humans and mice
(47, 48). Toxoplasma gondii infects 1/3 of the world population and is one of the most
common causes of infectious retinitis worldwide (46). Ocular toxoplasmosis can occur
either as reactivation of the chronic (quiescent) phase of infection or as a manifestation of
acute infection (46). We examined the effects of the CD40-TRAF blocking peptides on
CDA40-dependent induction of toxoplasmacidal activity within infected cells, an important
mechanism by which CD40 promotes resistance against toxoplasmaosis (48, 49). In contrast
to the CD40-TRAF2,3 blocking peptide, the CD40-TRAF6 blocking peptide markedly
impaired 7. gondiikilling induced by CD40 ligation (Figure SAC). These results are in
agreement with the effects of genetic blockade of CD40-TRAF®6 signaling (cells that express
CDA40 AT6) on T. gondii infection (50). Next, we examined the effects of the peptides in
ocular toxoplasmosis. While intravitreal administration of the CD40-TRAF2,3 blocking
peptide to 7. gondii-infected mice had no effect on parasite load and retinal histopathology,
both of these parameters were worsened in mice treated with the CD40-TRAF6 blocking
peptide as well as in Cd40-/- mice (Figure 7B). Similar to Cd40-/- mice, the CD40-
TRAF6 blocking peptide did not appear to impair expression of immune mediators of
protection against ocular toxoplasmosis (Figure S5A). Contrary to Cd40—/- mice, neither
peptide affected production of anti- 7. gondii 1gG (Figure S5B). Thus, in contrast to the ri
CD40-TRAF6 blocking peptide, the ri CD40-TRAF2,3 blocking peptide did not impair
CDA40-driven toxoplasmacidal activity and did not increase susceptibility to this
opportunistic pathogen in the retina.

3.8 The ri CD40-TRAF6 blocking peptide but not the ri CD40-TRAF2,3 blocking peptide
impairs CD40-driven systemic IL-12 production and dendritic cell activation

While 7. gondii can induce expression of effector molecules of cellular immunity even in the
absence of CD40, this molecule directly induces IL-12 production and dendritic cell
activation, responses that likely promote protection against other opportunistic pathogens.
We began to examine the effects of the blocking peptides in these responses using a model
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of systemic administration of a stimulatory anti-CD40 mAb. As previously reported, i.p.
administration of anti-CD40 mAb induced serum levels of IL-12 p70 (Figure S6A). This
response was inhibited by i.p. administration of ri CD40-TRAF6 blocking peptide but not
the ri CD40-TRAF2,3 blocking peptide (Figure S6A). The anti-CD40 mAb also upregulated
CDB80 and CD86 in splenic dendritic cells, but did not increase the high-level basal
expression of MHC 11 (Figure S6B). CD40-driven CD80 and CD86 upregulation were
inhibited only by administration of ri CD40-TRAF6 blocking peptide (Figure S6C). Thus,
the ri CD40-TRAF2,3 blocking peptide does not appear to impair CD40-dependent systemic
IL-12 p70 production and dendritic cell activation.

4 DISCUSSION

Studies in mice indicate that CD40 is a molecular target for treatment of various
inflammatory and neuro-degenerative disorders. However, there is a need to find new
therapeutic approaches to inhibit CD40 signaling in humans since administration of
neutralizing anti-CD154 mAbs was problematic due to the development of thrombo-embolic
events. Moreover, generalized inhibition of CD40 signaling or inhibition of CD40-TRAF6
signaling are expected to increase the risk of infections caused by pathogens controlled by
cell-mediated immunity. We present herein the first evidence that inflammation can be
controlled by pharmacologic inhibition of CD40-TRAF2,3 signaling. Moreover, in contrast
to inhibition of CD40-TRAF®6 signaling, inhibition of CD40-TRAF2,3 signaling had no
detectable effect on susceptibility to the opportunistic pathogen 7. gondii and did not appear
to alter IL-12 p70 production and dendritic cell activation. These findings suggest that
pharmacologic inhibition of CD40-TRAF2,3 signaling will be less likely to increase
susceptibility to opportunistic infections than global blockade of CD40 or inhibition of
CD40-TRAF®6.

Using a model of retinal I/R, we report that a ri cell-penetrating CD40-TRAF2,3 blocking
peptide markedly diminished ICAM-1 and CXCL1 upregulation and reduced leukocyte
infiltration yielding a phenotype similar to that observed in Cd40—/- mice subjected to
retinal I/R. The /in vivo effects of the ri blocking peptide correlate with the in vitro studies
showing that CD40-TRAF2,3 signaling is crucial for adhesion molecule and chemokine
upregulation in a broad range of cells (9, 10). In addition, given that infiltrating leukocytes
express NOS2, COX-2 and pro-inflammatory cytokines, the reduction in leukocyte
recruitment likely contributes to the reduced expression of molecules linked to neural cell
death. Taken together, these results indicate that inhibition of CD40-TRAF2,3 after ischemia
protected against inflammation and achieved neuro-protection.

CDA40 is an important driver of inflammation and pathology not only in retinal ischemia but
also in ischemic injury of the brain and other organs (51, 52). Like in the retina, ischemia in
these organs leads to CD40-driven upregulation of chemokines and adhesion molecules,
promoting leukocyte recruitment and tissue injury (24, 51, 52). While recruitment of
leukocyte subsets such as macrophages, microglia and lymphocytes can play either a
detrimental role (impair blood brain barrier integrity, aggravate neuron injury, secrete pro-
inflammatory cytokines) or a protective role (phagocytose cell debris, express anti-
inflammatory cytokines and neuroprotectants) after cerebral ischemia (53), several studies
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support the deleterious role of infiltrating PMN (54). Indeed, PMNs can be key mediators of
injury after I/R (37, 54) and blockade of ICAM-1 or CXCL1 protects against inflammation
and organ injury after I/R (55, 56). Whereas it remains to be determined whether approaches
to impair inflammatory responses can yield beneficial effects in patients with ischemic
stroke, strategies that target adhesion molecules or chemokines have been found to be
effective against other inflammatory disorders (57, 58). The fundamental role of adhesion
molecule and chemokine upregulation in inflammatory disorders supports that
pharmacologic blockade of CD40-TRAF2,3 will likely control CD40-driven inflammatory
disorders besides those triggered by ischemia.

Muiller cells acquire expression of pro-inflammatory molecules (44) that appear to include
NOS?2 in retinopathies (45). The present work indicates that Muller cells express NOS2 and
CXCL1 in the ischemic retina. Moreover, pharmacologic inhibition of the CD40-TRAF2,3
pathway reduces expression of these molecules in Mdiller cells. Of relevance, /n vitro studies
in Muller cells that express CD40 with mutations in CD40-TRAF2,3 binding site or Muller
cells treated with a CD40-TRAF2,3 blocking peptide revealed that the CD40-TRAF2,3
pathway is a major inducer of pro-inflammatory responses in Miiller cells (9).

The need to find novel approaches to treat CD40-driven inflammatory disorders together
with the central role of TRAFs as mediators of the effects of CD40 emphasize the
importance of examining inhibition of CD40-TRAF signaling for potential therapeutic
applications. Prior important studies centered on the effects of inhibition of CD40-TRAF6
signaling (19-21). Our studies uncovered that CD40-TRAF2,3 signaling is critical to
development of inflammation and neuronal cell loss. Moreover, inhibition of CD40-
TRAF2,3 pathway did not increase susceptibility to an opportunistic pathogen. This finding
is important since, whereas general inhibition of CD40 signaling (blocking anti-CD154 or
anti-CD40 mAbs), inhibition of CD40-TRAF2,3 or CD40-TRAF6 signaling may impair
antibody production, opportunistic pathogens rather than pathogens controlled by humoral
immunity are the most important cause of death in patients without functional CD40-CD154
signaling (5). In contrast to blockade of CD40-TRAF2,3, the inhibition of CD40 or CD40-
TRAF6 signaling would impair effector mechanisms that control opportunistic pathogens.
Of note, a pharmacologic inhibitor of CD40-TRAF6 was reported not to affect antigen-
driven T cell proliferation (21). However, those studies were done using previously matured
dendritic cells, thus likely bypassing CD40-induced dendritic cell activation, a key function
of CD40 during dendritic cell-T cell interaction.

Cell-penetrating peptides have been used in studies that address fundamental biology
questions, in pre-clinical and clinical trials (59-61). Given that TAT47_57 -based CD40-
TRAF2,3 blocking peptide inhibits CD40-TRAF2,3 signaling and CD40-dependent pro-
inflammatory responses /n vitro (10, 13), we generated a ri peptide as an initial
pharmacologic approach to block CD40-TRAF2,3 signaling /n vivo. Intravitreal
administration of this peptide may become an attractive approach for the treatment of ocular
disorders (e.g. ischemic retinopathies, diabetic retinopathy and perhaps glaucoma) since
TAT 47_57 -based ri cell-penetrating peptides are good tools for transporting molecules into
retinal cells (29, 36) and they appear to persist in the retina for at least 14 d after a single
intravitreal injection (29). Moreover, the CD40-TRAF2,3 blocking peptide did not impair
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control of 7. gondii in the retina, an important finding given the high prevalence of chronic
7. gondii infection worldwide.

In summary, the studies herein uncovered pharmacologic inhibition of the CD40-TRAF2,3
pathway as a novel approach to control CD40-driven inflammation. This work opens up the
possibility of therapeutic approaches to treat CD40-driven inflammatory disorders based on
pharmacologic blockade of CD40-TRAF2,3 signaling either by administration of a CD40-
TRAF2,3 blocking peptide or a small molecule inhibitor of CD40-TRAF2,3 signaling. This
approach is likely to be effective in a broad range of CD40-medited diseases given that
blockade of this pathway restricts fundamental inflammatory responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CRALBP cellular retinaldehyde-binding protein

GCL ganglion cell layer

I0P intraocular pressure

I/IR ischemia/reperfusion

MPO myeloperoxidase

PMN polymorphonuclear

ri retroinverso

TRAF TNF Receptor Associated Factors
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Figure 1. ri CD40-TRAF2,3 blocking peptide penetrates cells, inhibits CD40-TRAF2,3 signaling
and impairs CD40-driven ICAM-1 upregulation.

A, Human Muiller cells were incubated in medium containing Alexa Fluor 488-conjugated ri
CD40-TRAF2,3 blocking peptide (T2,3 BP) or Alexa Fluor 488-conjugated bovine serum
albumin (BSA,; both at 10 uM) for 3 h. Scale bar, 50 um. Original magnification X400.
Images represent fluorescence of unfixed Miller cells after extensive washing of
monolayers. B, Mouse endothelial cells (MHEVc) that express an NF-xB response element
that drives transcription of a luciferase reporter plus either hmCD40 AT2,3 or hmCD40 AT6
were pre-incubated with ri control peptide (Ctr P) or ri CD40-TRAF2,3 blocking peptide
(T2,3 BP; both at 1 uM) or medium alone followed by stimulation with human CD154. Data
are expressed as fold-increase in normalized luciferase activity in cells stimulated with
CD154 compared to cells treated with respective peptide in the absence of CD154. C,
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Human retinal endothelial cells were treated with ri control peptide (Ctr P) or ri CD40-
TRAF2,3 blocking peptide (T2,3 BP; both at 1 uM) followed by stimulation with CD154 or
TNF-a (100 pg/ml) for 24 h. Expression of ICAM-1 was assessed by flow cytometry. Dot
plot and histogram show gating strategy. ICAM-1 was analyzed on live cells that did not
stain with Aqua LIVE/DEAD kit. O. Human retinal endothelial cells were incubated with or
without TNF-a (30 pg/ml) followed by treatment with peptides and stimulation with
CD154. Data shown represent mean + SD of triplicate samples. Results are representative of
3 independent experiments. **/<0.01 by ANOVA.
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Figure 2. ri CD40-TRAF2,3 blocking peptide penetrates retinal cells.
A, B6 mice received Alexa Fluor 488-conjugated ri CD40-TRAF2,3 blocking peptide or

non-fluorescent ri CD40-TRAF2,3 blocking peptide (both 1 pg) via intravitreal injection of
one eye. Injected and contralateral eyes were collected after 48 h and frozen sections were
examined. GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear
layer. OPL = Outer plexiform layer; ONL = Quter nuclear layer. Scale bar, 50 um. B, C,
Retinas from mice injected with Alexa Fluor 488-conjugated ri CD40-TRAF2,3 blocking
peptide were stained with DyLight 594 tomato lectin (labels neural endothelial cells, B) or
with anti-CRALBP antibody (labels Miiller cells, C). Green fluorescence was detected in
cytoplasmic processes that co-stain with CRALBP (arrowheads). Scale bar 10 pm. Original
magnification X600 for panel B and x400 for panel C. Results are representative of 3
independent experiments.
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Figure 3. ri CD40-TRAF2,3 blocking peptide protects against cell loss in the GCL and
infiltration by MPO™ leukocytes in retinas subjected to I/R.

One eye from each B6 and Cd40-/— mouse was subjected to I/R. Contralateral non-ischemic
eye was used as control. Eyes subjected to I/R in B6 mice were treated intravitreously with
or without ri control peptide (Ctr P), ri CD40-TRAF2,3 blocking peptide (T2,3 BP; both 1
ug) 1 hr. prior to increase in 10P. Eyes were collected 2 d after I/R. A, Cell loss in the GCL
is observed in ischemic eyes from B6 mice treated with ri control peptide or vehicle (original
magnification X400). H&E; Scale bar, 50 pm. Eyes from these mice also exhibited PMN
infiltration in the inner retina and vitreous (arrowhead). Arrowhead plus asterix identifies a
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PMN magnified in the inset (original magnification X600). The graph shows the numbers of
cells in the GCL per mm. Horizontal bars represent mean £ SEM (9 mice per group). B,
Sections were stained with anti-B-111 tubulin antibody. Arrowheads identify p-111 tubulin*
cells. Original magnification X400. Scale bar, 20 pm. The graph shows the numbers of p-111
tubulin* cells in the GCL per mm. C, Sections were stained with anti-MPO antibody. MPO*
cells (arrowheads) are magnified in the insets. Number of infiltrating MPO™* leukocytes in
the inner retina and vitreous per section. No MPO™ cells were detected in the absence of I/R.
GCL = Ganglion cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer. OPL =
Outer plexiform layer; ONL = Outer nuclear layer. */£<0.05; **£<0.01; ***/<0.001 by
ANOVA.
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Figure 4. ri CD40-TRAF2,3 blocking peptide impairs upregulation of NOS2, COX-2, TNF-a and

IL-1p in retinas subjected to I/R.

One eye of each mouse was treated as above and subjected to I/R. Eyes that underwent I/R
and non-ischemic eyes were collected after 2 d. mMRNA levels of NOS2, COX-2, TNF-a and
IL-1pB were assessed by quantitative real time PCR. Samples were normalized according to
the content of 18S rRNA and one non-ischemic eye from a B6 mouse was given an arbitrary
value of 1. Data are expressed as fold-increase compared to this animal. Horizontal bars

represent mean = SEM (9-12 mice per group). ***F<0.001 by ANOVA.
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Figure 5. ri CD40-TRAF2,3 blocking peptide impairs upregulation of ICAM-1 and CXCL1 in
retinal endothelial cells and upregulation of NOS2 and CXCL1 in Muller cells from retinas
subjected to I/R.

One eye of each mouse was treated as above and subjected to I/R. Eyes that underwent I/R

and non-ischemic eyes were collected after 2 d. A, mRNA levels of ICAM-1 and CXCL1
were assessed by quantitative real time PCR. One non-ischemic eye from a B6 mouse was
given an arbitrary value of 1 and data are expressed as fold-increase compared to this
animal. Horizontal bars represent Mean + SEM (9-12 mice per group). ***/<0.001 by
ANOVA. B, Retinal sections were incubated with Tomato Lectin (labels endothelial cells)
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plus either anti-ICAM-1 or anti-CXCL1 Ab. C, Retinal sections were incubated with anti-
Vimentin Ab (labels Miiller cells) plus either anti-NOS2 or anti-CXCL1 Ab. Protein
expression at the level of Miller cells stalks. Original magnification X600. GCL = Ganglion
cell layer; IPL = Inner plexiform layer; INL = Inner nuclear layer; OPL = Outer plexiform
layer; ONL = Outer nuclear layer. Scale bar, 10 um. 6 mice/group.
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Figure 6. ri CD40-TRAF2,3 blocking peptide protects against cell loss in the GCL and
inflammation when administered after retinal I/R.

One eye from each B6 mouse was subjected to I/R. Non-ischemic eyes were used as
controls. Eyes that were subjected to I/R received either ri control peptide or ri CD40-
TRAF2,3 blocking peptide (1 ug) 90 min after increase in 10P. Eyes were collected 2 d after
I/R. A, Administration of the blocking peptide protects against cell loss in the ganglion cell
layer and infiltration by leukocytes (arrowhead). Original magnification X400. Scale bar, 50
um. B, Number of cells in the GCL and B-I11 tubulin* cells per mm. C, Number of MPO™*
leukocytes in the inner retina and vitreous per section. O, mRNA levels of ICAM-1, CXCL1,
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NOS2, COX-2, TNF-a and IL-1p were assessed by quantitative real time PCR as above.
Horizontal bars represent mean + SEM (6-9 mice per group). **/<0.01; ***F<0.001 by
ANOVA.
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Figure 7. Both the ri CD40-TRAF2,3 and CD40-TRAF6 blocking peptides impair retinal
expression of inflammatory molecules induced by I/R but the ri CD40-TRAF6 blocking peptide
exacerbates an infectious retinitis.

A, Eyes subjected to I/R were treated intravitreously with or without ri control peptide (Ctr
P), ri CD40-TRAF2,3 blocking peptide (T2,3 BP) or ri CD40-TRAF6 blocking peptide (T6
BP; 1 pug) 1 hr. prior to increase in 10P. Eyes were collected 2 d after I/R. mRNA levels of
were assessed by quantitative real time PCR as above. B, B6 and Cd40-/- mice were
infected with 7. gondiitissue cysts. B6 mice received peptides intravitreally 4 days after
infection. Eyes were collected 14 d post-infection. Levels of 7. gondii B1 gene expression
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were assessed by real time PCR. Eyes from infected B6 mice that received the CD40-
TRAF6 blocking peptide or infected Cd40—/- mice showed prominent disruption of retinal
architecture (asterix), perivascular (arrowhead) and vitreal inflammation (arrow). H&E;
X200. Bar, 50 um. Histopathology scores for vitreal inflammation (\V1), perivascular
inflammation (PV) and disruption of retinal architecture (DA). Graphs represent mean +
SEM of 8 mice per group. **£<0.01; ***/<0.001 by ANOVA.
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