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Abstract

In mice, the initial stage of nephrotoxic serum-induced nephritis (NTN) mimics antibody-
mediated human glomerulonephritis. Local immune deposits generate tumor necrosis factor
(TNF), which activates pro-inflammatory pathways in glomerular endothelial cells (GEC) and
podocytes. Because TNF receptors mediate antibacterial defense, existing anti-TNF therapies can
promote infection; however, we have previously demonstrated that different functional domains of
TNF may have opposing effects. The TIP peptide mimics the lectin-like domain of TNF, and has
been shown to blunt inflammation in acute lung injury without impairing TNF receptor-mediated
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antibacterial activity. We evaluated the impact of TIP peptide in NTN. Intraperitoneal
administration of TIP peptide reduced inflammation, proteinuria, and blood urea nitrogen. The
protective effect was blocked by the cyclooxygenase inhibitor indomethacin, indicating
involvement of prostaglandins. Targeted glomerular delivery of TIP peptide improved pathology in
moderate NTN and reduced mortality in severe NTN, indicating a local protective effect. We show
that TIP peptide activates the epithelial sodium channel (ENaC), which is expressed by GEC, upon
binding to the channel’s a subunit. /n vitro, TNF treatment of GEC activated pro-inflammatory
pathways and decreased the generation of prostaglandin E, and nitric oxide, which promote
recovery from NTN. TIP peptide counteracted these effects. Despite the capacity of TIP peptide to
activate ENaC, it did not increase mean arterial blood pressure in mice. In the later autologous
phase of NTN, TIP peptide blunted the infiltration of Th17 cells. By countering the deleterious
effects of TNF through direct actions in GEC, TIP peptide could provide a novel strategy to treat
glomerular inflammation.

Graphical Abstract
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INTRODUCTION.

Acute glomerulonephritis (GN) is an inflammatory condition, which accounts for up to 20%
of end stage renal disease (ESRD). Current therapies aimed to limit disease progression, to
retard underlying mechanisms of renal injury, or to reverse the primary underlying disease
are inadequate, lack specificity and are often associated with systemic toxicity.
Understanding how renal tissue recovers or regenerates after insult is therefore especially
relevant in developing plans to enhance the process.

The initial stage of nephrotoxic serum (NTS)-induced nephritis (NTN) in mice is a valid
model system for antibody-mediated GN2. Both infiltrating cells and intrinsic renal cells
play crucial roles in nephritis, as they participate in leukocytes and macrophage recruitment
and their activation and dysfunction contributes to proteinuria and renal failurel-3. During
the course of GN, the pro-inflammatory cytokine TNF is increased in infiltrating monocytes
and resident renal cells following immune deposit formation3-5. TNF mediates glomerular
inflammation and cellular injury by activating the pro-inflammatory p38 MAP kinase
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pathway in glomerular endothelial cells (GEC) and podocytes (POD) during experimental
and human GN, which in turn increases MCP-1-dependent renal monocyte infiltration.
Pharmacological inhibition of the p38 MAP kinase pathway has been shown to reduce
pathology®-8. TNF receptor 1-deficient mice subjected to immune GN develop significantly
less renal activation of the p38 MAP kinase pathway, with fewer leukocyte infiltrates and
reduced proteinuria®10. Based on these observations, our goal was to pursue inhibition of
leukocyte infiltration and GEC activation, mediated by NTS-induced TNF, by interfering
with TNF receptor 1-mediated activation of the p38 MAP kinase pathway.

A critical limitation of more general modulation of TNF activity during disease is
impairment of host response to infection, as well as development of solid organ tumors,
resulting from chronic inhibition of TNF receptor signaling, observed with TNF antibodies
(Ab) or soluble receptor constructs!115, We have shown that different functional domains of
TNF, i.e. the receptor binding region versus the lectin-like domainl®:17, can have opposing
effects on tissue injury and barrier dysfunction18-23, Mutations in the lectin-like domain did
not impair TNF’s anti-bacterial activities in a murine model of septic peritonitis?4. This
finding provided a unique opportunity to evaluate a TNF-derived circular peptide mimicking
the lectin-like domain of TNF, the TIP peptidel’ (sequence: CGQRETPEGAEAKPWYC),
to resolve ongoing inflammation during the course of NTN, without interfering with the
cytokine’s role in immune defense. We demonstrated that the TIP peptide binds to the a
subunit of the epithelial sodium channel (ENaC)2%-22, which can be expressed in both
epithelial and endothelial cells?>:26,

Support for this experimental direction is provided by the finding that inhaled TIP peptide
(a.k.a. AP301 and Solnatide) was recently found to be safe in a phase 1 clinical trial in
volunteers2” and displayed promising activities on lung function in two phase 2a clinical
trials in patients with acute lung injury2® and following lung transplantation2®.

Initially, we assessed whether TIP peptide treatment could blunt pathology and restore renal
function during the course of acute nephritis in a murine NTN model and whether this was
primarily mediated by renal or systemic activities of the TIP peptide. Our results indicate
that, during the course of NTN, TIP peptide, given either systemically, or targeted to
glomeruli by conjugation of the peptide with a human monoclonal antibody against the type
IV collagen a3NC1 domain39-33 significantly reduced pathology, diminished leukocyte
renal infiltration and improved kidney function, without increasing mean arterial blood
pressure. These protective activities were blunted upon co-treating mice with the
cyclooxygenase inhibitor indomethacin, indicating a role for prostaglandins in recovery. We
subsequently found that TIP peptide reduced TNF-mediated activation of the pro-
inflammatory p38 MAP kinase and NF-xB pathways in GEC. Consistent with the results
obtained with indomethacin, TIP peptide increased the generation of PGE, and eNOS-
mediated NO in hTNF-treated GEC, two mediators shown to reduce pathology in NTN32:34,

Taken together, these results support the therapeutic potential of the TIP peptide in NTN,
and they indicate that this effect is at least in part mediated through increased PGE,
generation in GEC. They also provide the potential to delivery TIP peptide to glomeruli
during established disease to restore pathology and function.
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RESULTS

TIP peptide reduces clinical features of nephritis in NTN.

As shown in Fig. 1, NTN induced by injection of 13.5 pg/g NTS increases BUN levels and
proteinuria. TIP peptidel”20, but not mutant TIP peptide (sequence:
CGQREAPAGAAAKPWYC), which has lost ENaC-a20 binding activity (both at 2.5 mg/
kg), significantly reduced BUN levels, proteinuria and body weight, when applied ip on day
2 post NTS (Fig. 1A,B,C). In a previous study, using the same preparation and dose of NTS,
we have shown that both proteinuria and BUN levels were already significantly elevated at
day 2, as compared to controls. As such, pathology was already established when TIP
peptide treatment was initiated32.

Moreover, TIP peptide treatment restored expression of the actin-binding protein
synaptopodin3® in podocytes (Fig. 1D). In control mice a fine linear staining with intervals
between the lines can be observed, corresponding to healthy foot processes. In NTN mice
the linear pattern is more diffuse, presumably reflecting foot process effacement. In
glomeruli from NTS/TIP mice the normal linear pattern is restored. As such, this indicates
that TIP peptide restored expression of synaptopodin, consistent with its anti-proteinuric
effect.

There was an accompanying reduction in both glomerular and tubulo-interstitial
inflammation (assessed as glomerular and tubulo-interstitial injury score36:37), associated
with TIP peptide therapy (Fig. 2A,B,C). As also shown by others38 the cyclooxygenase
inhibitor, indomethacin, given in drinking water (approximately 2.2 mg/kg/day), aggravated
NTN (Fig. 3A,B), Furthermore, indomethacin blocked the protective actions of TIP peptide
(Fig. 3A,B). This finding is consistent with the anti-proteinuric effects of PGE, in NTN32
and suggests a potential link between actions of the peptide and PGE; generation.

TIP peptide reduces NTS-induced renal inflammation.

Renal macrophage and neutrophil infiltration, assessed by F4-80/CD11b and GR-1 staining,
respectively, was significantly increased in NTN and this was significantly blunted in mice
treated with TIP peptide (Fig. 4A-D). F4/80 is an exclusive macrophage marker, while
CD11b, apart of macrophages, also stains other innate immune cells, such as monocytes,
neutrophils and macrophages and is important for adhesion of those cells to activated
endothelium. We observed in this study an increase in leukocytes in the whole kidney and, to
lesser extent, in glomeruli in the NTN group. NTN mice have significantly increased plasma
levels of the pro-inflammatory cytokines TNF, IL-1 § and IL-6, and chemokines KC
(neutrophil attractant) and MCP-1 (macrophage attractant) and of the anti-inflammatory
cytokine IL-10 at 7 days after injection of NTS. After treatment with TIP peptide (but not
with mutant TIP peptide2%), pro-inflammatory cytokines were significantly reduced (Table
1). TIP peptide did not significantly affect the basal cytokine and chemokine profiles in
control animals (data not shown).

NTN mice had significantly decreased levels of soluble receptors for IL-6 and IL-1, whereas
soluble TNF receptor 1 was increased (but not soluble TNF receptor 2). TIP peptide
treatment significantly increased plasma levels of IL-1 and IL-6 soluble receptors during
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NTN, whereas it did not affect levels of soluble TNF receptors 1 or 2 (Table 2). Levels of the
glycoprotein gp-130, crucial for IL-6 signaling3%40 did not change significantly.

Glomerular delivery of TIP peptide protects from NTN.

To investigate whether there were direct effects of TIP peptide in glomeruli during NTN, we
employed a glomerular delivery strategy shown to be effective with other drugs33. TIP
peptide was chemically linked to the human mAb, F1.1, directed against a3(1V)
collagen39:31, The conjugate was administered to mice on day 2 and day 4 of NTN (10
mg/kg body weight). Mice were either treated with a moderate (13.5 pl/g) or a high dose
(14.5 pl/g) of NTS, and they subsequently received native or F1.1-mAb-complexed TIP
peptide every other day, starting on day 2 of NTS-induced nephritis.

As shown by histology (Fig 5A), mice who received a moderate NTS dose developed
glomerulonephritis and proteinuria, whereas these parameters were significantly reduced in
NTS animals treated with F1.1 mAb-bound TIP peptide. Proteinaceous material is indicated
by stars and glomerular hypercellularity and diminution of capillary lumina is indicated by
arrows (scale bar: 50 pm). In moderate NTN, the F1.1-TIP complex significantly reduced
kidney injury, to the same extent as native TIP peptide (glomerular injury and tubulo-
interstitial injury scores36:37 shown in Fig. 5B,C).

NTN mice had significantly elevated levels of the pro-inflammatory cytokines TNF, IL-1
and IL-6, and chemokines KC (neutrophil attractant) and MCP-1 (macrophage attractant)
and of the anti-inflammatory cytokine IL-10 in kidney homogenates (assessed in pg per mg
of protein) at 7 days after injection of NTS. Treatment with the F1.1-TIP peptide complex
significantly reduced the cytokines TNF, IL-1 8, IL-6, IL-10 and the chemokines KC and
MCP-1 (Table 3).

High dose NTS caused mortality in 100% of mice on day 6, whereas 80% of mice treated
with the F1.1-TIP peptide complex survived (n=5) (Fig 5C). NTS mice treated with
unconjugated F1.1 had the same severity of nephritis as NTS mice, indicating that antibody
alone was not responsible for the reduction in disease (data not shown and33).

TIP peptide induces ENaC activation in glomerular endothelial cells.

Since our results above indicated that TIP peptide, which binds to ENaC-a.2922, reduced
local glomerular inflammation in NTN, we asked whether there was an ENaC-mediated
effect in intrinsic GEC. As shown in Fig. 6A, both human and mouse GEC express all three
ENaC subunits: a, f and -y. Bands around 95-100kD represent uncleaved glycosylated
subunits and bands around 65—70kD represent cleaved matured subunits. In single channel
recordings, we detected channels with conductances typical for ENaC (4-5 pico-Siemens) in
22 out of 38 hGEC (data not shown). As shown in a representative single channel recording
(Fig. 6B,C), hGEC express ENaC channels and their open probability (Po) can be
significantly increased by TIP peptide (50 pg/ml; before TIP (mean + SEM):
Po=0.117+0.0267, after TIP: Po=0.222+0.0313, n=8 per group, *:p<0.003 versus untreated).
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TIP peptide does not increase mean arterial pressure in mice on standard or high salt diet.

Since TIP peptide activates ENaC by binding to its a subunit and since ENaC-mediated Na*
reabsorption in the collecting duct can be involved in the development of hypertensiont!, we
investigated whether it can alter mean arterial pressure (MAP). TIP peptide did not increase
MAP in normal mice on standard chow (0.4% sodium, Harlan-Teklad) (Fig. 7A). When
administered 24h after NTS administration, TIP peptide did not further increase MAP under
these conditions (Fig 7A).

We moreover investigated whether the TIP peptide, in mice on high salt diet (4% sodium,
Harlan-Teklad), would affect hypertension. As shown in Fig. 7B, TIP peptide (2.5 mg/kg)
did not further increase MAP when given on days 10, 12, 14 and 16 of high salt diet.
Injection of NTS (13.5 pl/g) at day 10 of high salt diet induced a significant increase in MAP
(Fig. 7C) and all three mice succumbed on day 4 and 6 post NTS. By contrast, NTN mice
treated with TIP peptide on days 1, 3, 5 and 7 post NTS did not show an increased MAP
(Fig. 7D), and whereas one mouse died on day 8 post NTS, two mice survived up to 14 days
after NTS, when they were euthanized in order to recuperate transmitters. Taken together,
these data demonstrate that TIP peptide does not increase MAP in mice on regular chow or
on high salt diet. In NTN mice on high salt diet, the peptide rather blunts the NTS-induced
increase in MAP.

TIP peptide reduces TNF-induced p38 and NF-xB activation and restores PGE, and NO
generation in human GEC.

TNF actions on renal intrinsic cells play a crucial role in nephritis, since they mediate
recruitment of leukocytes, proteinuria and renal failure. We assessed whether TIP peptide
counteracted TNF actions in GEC. The pro-inflammatory p38 MAP kinase pathway in GEC
was shown to be crucially involved in MCP-1-dependent renal monocyte infiltration’:8, so
we investigated whether TIP peptide blunted human TNF-induced p38 MAP kinase,
assessed as the ratio of phosphorylated over total p38 ratio in human GEC. As shown in Fig.
8A,B pretreatment of hGEC with TIP peptide (50 pg/ml) blunted hTNF (1 ng/ml)-induced
p38 MAP kinase activation. Apart from blunting TNF-induced p38 activation, TIP peptide
also partially inhibited hTNF-induced NF-xB activation in hGEC (Fig. 8C,D).

Since we have previously shown that glomerular-targeted PGE, ameliorates nephritis32:33,
we investigated a role for PGE; in TIP-peptide-mediated restoration. PGE, generation was
measured in supernatants from hTNF-treated hGEC, in the presence or absence of TIP
peptide. hTNF significantly decreased PGE, generation within 30 min. (Fig. 9A). This
decrease was partially blunted by pretreating the cells with either TIP peptide (50 pug/ml) or
with the p38 MAP kinase inhibitor, SB203580 (10 uM). Depletion of ENaC-a by specific
SiRNA (Fig. 9B) eliminated TIP-induced increase in PGE, generation and the decrease in
p38 MAP kinase activity in hTNF-treated cells (transfection with scrambled siRNA had no
effect) (Fig. 9C,D). Taken together, these results show that TIP peptide in an ENaC-a-
dependent manner restores PGE, generation and reduces p38 activity in hTNF-treated
hGEC.
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Since endothelial nitric oxide synthase (eNOS) reduces proteinuria and renal injury in
murine models of glomerular injury, at least partially by preserving endothelial
integrity3442-44 and since PGE; activates eNOS in endothelial cells*, we investigated
whether TIP peptide affects NO generation in hTNF-treated GEC. As shown in Fig. 10,
hTNF significantly reduced NO generation in hGEC, and this was restored by TIP peptide.
These results indicate that TIP peptide protects from TNF-induced glomerular injury in
NTN, in large part by inducing the generation of mediators in GEC that are protective,
including PGE; and NO. These protective effects of TIP peptide in TNF-treated GEC are at
least partially dependent on the expression of ENaC-a.

TIP peptide blunts T cell infiltration in the autologous phase of NTN

In the autologous, late, phase of NTN, mice produce anti-sheep antibodies, which bind to
glomerular bound sheep 1gG to perpetuate disease?6. T,y17 cells, which generate IL-17A,
were proposed to play a crucial role in pathology in this stage of the disease*’. As shown in
Fig. 11B, injection of a low dose of NTS (8 pl/g) induced a small, but significant, increase in
BUN at three weeks post NTS, as compared to control mice. Treatment of the mice with TIP
peptide (2.5 mg/kg) starting at day 2 post NTS and continuing for every other day thereafter,
significantly blunted the increase in BUN (Fig. 11B). As shown in Fig. 11A,C NTS
treatment induced a significant renal infiltration of CD3* T cells, which was abrogated upon
treatment of the animals with TIP peptide. Moreover, as shown in Fig 11A,D NTS injection
also caused a significant infiltration of IL-17A generating cells, consistent with the Ty17
cell population and this was blunted by the TIP peptide.

DISCUSSION.

TNF inhibition is an attractive target for treatment of glomerulonephritis, because of the
crucial role of this pro-inflammatory cytokine in renal inflammation and pathology“8. A
difficulty with this approach is reduction in host defense after inhibition of TNF receptor
signaling with neutralizing antibodies or soluble TNF receptor constructs11-15,

The goal of this study was to evaluate the anti-inflammatory action and mechanism of a
peptide mimicking the lectin-like domain of TNF7, which is not involved in the cytokine’s
anti-bacterial activity?4, in a murine model of GN, induced by injection of NTS. The TIP
peptide specifically binds to the a subunit of ENaC, but not to the g and y subunits20:22,
Since depletion of ENaC-a abrogated the protective effects of the TIP peptide in barrier
function in toxin-treated human lung MVEC?25 as well as in TNF-induced p38 activation and
PGE, generation in glomerular endothelial cells (this study), we hypothesize that ENaC- a
is the specific receptor for the peptide, although the existence of alternative receptors cannot
be fully excluded.

Our focus was reversal of established disease to establish clinical utility of the peptide. The
reduction of glomerular inflammation during NTN by TIP peptide was characterized by
reduced plasma and local kidney levels of the pro-inflammatory cytokines IL-1 8 and IL-6
and by increased plasma levels of soluble receptors for IL-1 and IL-6. Moreover, levels of
the macrophage and neutrophil-attracting chemokines MCP-1 and KC were reduced. The
number of infiltrating macrophages and neutrophils in kidneys during NTN was also
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reduced. Functionally, BUN levels, proteinuria and body weight gain in NTN were all
blunted by TIP peptide, but not by the mutant TIP peptide.

Targeted glomerular delivery of TIP peptide provided as much protection as systemically
delivered native peptide. This strongly suggests that the protective effects of peptide in NTN
were mainly due to local renal effects. Noteworthy, based on mass spectrometry, the F1.1
mADb-TIP peptide complex injected into the NTN mice contained about 5 times less peptide,
compared to free form (data not shown). Together, our results show that TNF-derived TIP
peptide ameliorates immune-mediated nephritis, mainly due to local effects within
glomeruli.

To further substantiate that there was a direct renal cell component to the protective action of
TIP peptide in NTN, we focused on its interference with TNF-mediated inflammation,
particularly p38 MAP kinase activation, in GEC. The rationale was that p38 is a crucial
mediator of TNF-mediated glomerular endothelial dysfunction in NTN’:8 and that the
receptor for TIP peptide - the a subunit of the epithelial sodium channel (ENaC) - is
expressed in GEC. TIP-peptide blunted hTNF-induced activation of p38 MAP kinase and, to
a lesser extent, the NF-xB pathway in hGEC. ENaC activation by TIP peptide is consistent
with increased Na* entry into endothelial cells. Sodium entry has been shown to reduce p38
MAP kinase phosphorylation®®. Moreover, mice with reduced expression of the B subunit of
ENaC, and thus with reduced ENaC activity, had increased renal inflammation®C. We
observed that TIP peptide increased generation of PGE, in hTNF-treated GEC, and the same
effect occurred when p38 activity was inhibited. Together, these findings suggest that TIP
peptide activates ENaC, increases PGE, generation in hGEC, at least partially, by reducing
hTNF-induced p38 MAP kinase activation. ENaC-induced PGE, generation has previously
been shown in endometrial epithelial cells®L. Our observation that indomethacin, an inhibitor
of cyclooxygenases and PGE, generation, reduces the protective effect of TIP peptide in
NTN, also indicates an important role for PGE,-induction in the protective effect of TIP
peptide /n vivo. Indomethacin was also shown to inhibit generation of glomerular barrier-
protective endothelial nitric oxide in gn3442:4344.52, byt separation of hemodynamic from
cellular effects were not addressed in these studies. However, PGE, activated eNOS in
endothelial cells*®, thereby providing a plausible explanation for the inhibitory effect of
indomethacin on eNOS activity. Moreover, p38 MAP kinase negatively affects eNOS
function, since it increases the activity of arginase, which competes with eNOS for the same
substrate L-arginine®3.

Besides GEC, TIP peptide also protects podocytes, since it preserves synaptopodin
expression in NTN, but this effect may be indirect, since podocytes have not been reported
to express ENaC. A potential protective mediator in podocytes could be PGE,, which
preserves synaptopodin expression in NTN32 and the generation of which can be stimulated
by TIP peptide in neighboring GEC.

TIP peptide’s receptor, ENaC-a, is mainly expressed in kidney epithelial and endothelial
cells, but not in infiltrating leukocytes. This may be an advantage of the peptide over
classical inhibitors of p38 MAP kinase signaling, which exert significant side effects from
off-target effects in the CNS and the immune system>45,
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A potential concern is that ENaC activation in the distal nephron can contribute to
hypertension®L, but in our study TIP peptide, which activates ENaC2%:22, does not increase
mean arterial pressure in mice on standard chow or on high salt diet and does not further
increase MAP in NTN mice. This suggests that the active peptide does not reach the distal
tubules in the inner medullary collecting ducts or that the distal nephron regulatory capacity
is sufficient to maintain close to normal ENaC activity. We hypothesize that TIP peptide is
either captured by Tamm-Horsfall protein in the loops of Henlel8 or proteolytically degraded
before it can reach the distal nephron. That TIP peptide reduced inflammation without
affecting blood pressure in NTN under standard chow conditions furthermore indicates that
it mainly exerts local renal, rather than systemic effects. However, TIP treatment blunted the
NTS-induced increase in MAP under high salt conditions, which may be a consequence of
the peptide’s inhibitory actions on inflammatory processes, suggested to be increased in
hypertension6:57,

We show in this study profound protective activity of the ENaC activator, TIP peptide, in
NTN, increasing PGE, and NO generation in GEC, during inflammation. These results
appear to contrast with results of others during physiologic states. Indeed, aldosterone-
induced, indirect ENaC activation in vascular endothelial cells causes reduced NO
generation and increased stiffening, two hallmarks of endothelial dysfunction8. However,
others have shown that in mesenteric arteries ENaC mediates vasodilation and increases NO
generation®® and that endothelial ENaC-a knock out mice have decreased vasodilatory
capacity2%. We have previously shown that TIP peptide increases rather than decreases NO
generation in pulmonary microvascular endothelial cells in response to bacterial toxins®®.
These findings suggest a context-dependent role of ENaC in endothelial function whereby
the effects differ during inflammatory and non-inflammatory states.

The TIP peptide not only blunted pathology in the early acute phase of NTN, but also in the
later autologous phase, possibly by blunting Ty17 cell infiltration. Future studies will
investigate whether similar mechanisms are involved in both actions of the peptide.

In conclusion, as summarized in the graphical abstract, our results demonstrate a potent anti-
inflammatory, protective, and regenerative activity of the TNF-derived TIP peptide in NTN.
This effect requires expression of ENaC-a subunit in GEC and is at least partially mediated
by the local stimulation of glomerular PGE, and possibly NO. These results can foster the
development of novel reagents and strategies to target glomeruli and to limit/reverse
inflammation during glomerulonephritis.

CONCISE METHODS (detailed methods are in supplemental file)

Single-channel patch-clamp studies.

Experiments were performed at room temperature using the cell-attached patch
configuration20:22, Patch pipette and extracellular bath solutions consisted of solutions
containing (in mM): 95 NaCl, 3.4 KCI, 0.8 CaCl2, 0.8 MgCI2, and 10 HEPES or 10 Tris,
adjusted to pH 7.3-7.4. TIP peptide (50 pug/ml) was added to the hGEC cells cultured on
permeable polyester filters (Millipore, Billerica, MA). Open probability (Po) of a single
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channel was calculated by dividing AMPo by the number of channels in a patch. For our
experiments, we determined Pofor 10 min before TIP peptide and for 20 min after addition.

F1.1-TIP peptide conjugation.

F1.1 human monoclonal antibody, with specificity for Ea and Eb epitopes of a3(1V)
collagen, was purified and employed as described33. F1.1-TIP peptide conjugates were
prepared by a two-step conjugation procedure, as described33. Precise composition of
conjugates was determined by HPLC, using size exclusion columns and by amino acid
analysis to calculate number of peptide molecules linked per Ab.

Statistical analysis.

Statistical analysis of experiments was with SigmaPlot 11 (Systat Software, San Jose, CA).
Differences between two individual experimental groups were compared using the 2-tailed
Student’s t-test. Comparisons of multiple groups were done using the Kruskal-Wallis test,
followed by pair-wise Mann-Whitney U tests. Survival curves were compared by log-rank
test. Data are means + SD; p<0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL STATEMENT.

The pro-inflammatory cytokine TNF is a crucial mediator of glomerulonephritis, but the
cytokine is also important in anti-bacterial defense. As such, chronically inhibiting TNF
signaling using soluble receptor constructs or neutralizing anti-TNF antibodies can
promote infection. We propose an alternative manner of inhibiting deleterious TNF
signaling without interfering with the beneficial actions of the cytokine. We demonstrate
that the TNF-derived TIP peptide, mimicking the lectin-like domain of the molecule,
which does not affect the cytokine’s anti-bacterial effects, significantly blunts renal
inflammation and proteinuria in murine nephrotoxic nephritis. This protective activity of
the TIP peptide occurs mainly through direct interactions with the a subunit of the
epithelial sodium channel, expressed in glomerular endothelial cells. These data can
foster the development of novel therapeutic agents for the treatment of
glomerulonephritis that mainly affect resident glomerular cells.
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Figure 1 |. TIP peptide restores renal function and pathology during nephrotoxic nephritis.

(a) Body weight gain (g), (b) blood urea nitrogen (BUN) levels (mg/dl), and (c) urinary
albumin (mg/d) on day 7 in control, nephrotoxic serum-induced nephritis (NTN) (13.5 pl/g
nephrotoxic serum [NTS]), TIP+NTN, and mutant TIP+NTN mice (peptides were injected
i.p. on days 2, 4, and 6 of NTN at 2.5 mg/kg); n = 5 per group, *P< 0.05 versus ctrl; #P<
0.05 versus NTN. (d) Representative images of synaptopodin expression in isolated
glomeruli from control, NTN, and TIP+NTN mice (scale bar: 10 um). To optimize viewing
of this image, please see the online version of this article at www.kidney-international.org.
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Figure 2 |. TIP peptide reduces kidney injury score in nephrotoxic serum-induced nephritis
(NTN) mice.

(a) Light microscopy (hematoxylin and eosin [H&E]) images were investigated on day 7
(scale bar: 50 pm). NTN mice displayed proliferative glomerulonephritis with interstitial
nephritis and proteinuria. Limited signs of nephritis are evident in TIP peptide-treated mice.
Quantification of H&E images done by scoring of (b) glomerular and (c) tubulointerstitial
damage36,37 (n = 4, *P <0.05 vs. Ctrl; £ < 0.05 vs. nephrotoxic serum [NTS]). To
optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Figure 3 |. Indomethacin blunts the protective effect of TIP peptide in nephrotoxic serum-

induced nephritis (NTN).

Effect of indomethacin, applied in the drinking water (2.2 mg/kg per day) from day 0 on, on
(a) body weight gain and (b) blood urea nitrogen (BUN) levels on day 7 in NTN (13.5 pl/g
nephrotoxic serum [NTS]) and NTN+TIP mice. (TIP peptide injected i.p. on days 2, 4, and 6
after NTS [2.5 mg/kg]:n = 5 per group;*P< 0.05 vs. ctrl; #£< 0.05 vs. NTN.)
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I(:igur§ 4 |. TIP peptide blunts renal leukocyte infiltration in nephrotoxic serum-induced nephritis
NTN).

Assessment of leukocyte infiltration in kidney slices. (a) Representative
immunohistochemistry images of CD11b+, F4/80+, and GR-1+ cells in frozen kidney slices
from either control, NTN (13.5 pl/g nephrotoxic serum [NTS]), or TIP+NTN mice on day 7.
(b-d) Quantification of the number of CD11b-, F4/80-, and GR1-positive cells per 20x field
(4 fields were checked per condition). *~< 0.05 versus ctrl; #£< 0.05 versus NTN. To
optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Figure 5 |. Glomerular delivery of TIP peptide reduces nephritis and mortality in nephrotoxic
serum-induced nephritis (NTN).

(a) Representative histology of kidney sections of control, NTN (13.5 pl/g nephrotoxic
serum [NTS]), NTN+native TIP peptide, and NTN+F1.1 mAb-conjugated TIP peptide. TIP
peptide (2.5 mg/kg) and F1.1-TIP conjugate (10 mg/kg) were injected i.p. on days 2, 4, and
6 after NTS. (b) Quantification of glomerular injury score (n = 4 per group). (c)
Quantification of tubulointerstitial injury score (n = 4 per group), (d) Survival curve of
control, high-dose NTN (14.5 pl/g NTS), and high-dose NTN+F1.1 mAb-TIP mice (n=5
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per group). To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 6 |. Human and murine glomerular endothelial cells (GEC) express functional epithelial
sodium channel (ENaC).

(a) Representative Western blot of ENaC-a, -p, and -y expression in human and mouse
GEC (isolated from female C57BL6 mice, Taconic). Bands around 95-100 kD represent
uncleaved glycosylated subunits and bands around 65-70 kD represent cleaved matured
subunits. (b) Representative current trace of a single-channel patch clamp recording
demonstrating that TIP peptide increases the open probability Po of ENaC in hGEC. (c)
Quantification of Pobefore and after TIP peptide treatment in hGEC (n = 8). To optimize
viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Figure 7 |. TIP peptide does not increase mean arterial pressure (MAP) in nephrotoxic serum-
induced nephritis (NTN) in mice under standard chow or high salt diet.

(a) MAP in TIP-treated, NTN and NTN+TIP treated mice, as measured in radio-telemetry
during day (D) and night (N) cycles over a total of 10 days (n = 4 per group). (b-d) Effect of
TIP peptide on MAP in mice that were under standard chow diet for 3 days, and which were
then switched for 10 days to high salt diet (n = 3 per group). (b) TIP peptide (2.5 mg/kg)
was injected on days 10, 12, 14, and 16 of high salt diet. Mice were euthanized on day 19.
(c) Nephrotoxic serum (NtS) (13.5 ul/g) was injected i.p. on day 10 of high salt diet,
followed by vehicle (0.9% saline, i.p.) (c) or TIP peptide (2.5 mg/kg, i.p.) (d) on days 1,3,5,
and 7 after NTS injection (red cross indicates death).
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Figure 8 |. TIP peptide blunts tumor necrosis factor (TNF)-mediated p38 and nuclear factor xB
(NF-xB) activation.

Representative Western blot and quantification (duplicates in 2 independent experiments) of
phospho- and total p38 (a,b) and NF-xB (c,d) in ctrl, human tumor necrosis factor (hnTNF)-
treated (30 minutes, 1 ng/ml), or TIP/hTNF-treated human glomerular endothelial cells. *P <
0.05 versus ctrl; #£< 0.05 versus hTNF. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 9|. TIP peptide restores prostaglandin E, (PGE») generation in human tumor necrosis

factor (hnTNF)-treated glomerular endothelial cells (GEC).

(a) PGE; generation (pg/ml) in supernatants from human GEC left untreated (Ctrl), or

treated for 30 minutes with hTNF (1 ng/ml), in the presence or absence of TIP peptide (50

pg/ml) or p38 inhibitor SB203580 (10 uM) (n = 4). (b) Representative Western blot of

epithelial sodium channel-a (ENaC-a.) depletion efficacy. (c) PGE; generation (n = 5) and
(d) p38 activation (n = 4) in hTNF-treated GEC transfected with scrambled or ENaC-a-
specific small, interfering RNA (siRNA) in the presence or absence of TIP peptide. *P <
0.05 versus respective ctrl;* < 0.05 versus hTNF. To optimize viewing of this image, please

see the online version of this article at www.kidney-intern
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Figure 10 |. TIP peptide restores NO generation in human tumor necrosis factor (h"TNF)-treated
human glomerular endothelial cells (hGEC).

Nitric oxide generation in supernatants from ctrl, hTNF-treated (1 ng/ml, 30 minutes), TIP-
treated, or TIP/hTNF-treated hGEC (n = 5 per group). *P <0.05 versus ctrl;*£< 0.05 versus
hTNF.
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Figure 11 |. TIP peptide blunts renal T-cell infiltration during the autologous phase of
nephrotoxic serum-induced nephritis (NTN).

(a) Representative immunohistochemistry for CD3 expression (left panel) and
immunofluorescence for IL-17A generation with 4”,6-diamidino-2-phenylindole (DAPI)
counterstaining (right panel). (b) Blood urea nitrogen (BUN) levels in control, NTN (8 pl/g,
3 weeks)and TIP+NTN mice. (c¢,d) Quantification of infiltrating CD3+ and IL-17A positive
T cells in the kidney. *P <0.05 versus ctrl;*P< 0.05 versus nephrotoxic serum (NTS). To
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optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Table 1.

Cytokine and chemokine concentrations in plasma at day 7 post NTS (pg/ml).

TNF IL-1beta IL-6 IL-10 MCP-1 KC
ctrl  3.4%34  3.2+43 1.2+1.8 7.846.4 56.1+0.8  111.1+53.6
NTS 157+82% 14.8+86% 17.4+106" 61.0+134% 117+134" 336.2+65.17

TIPINTS 9145 14007 s53:3% 14341337 66.9+2017 19764537

MUtTIP/NTS  199+12% 240437 245:76% 635+127" 82.8+28"  3555+67.1"

-
'p<0.05 vs. ctrl;

#0<0.05 vs. NTS
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Soluble Cytokine receptor concentrations in plasma at day 7 post NTS (pg/ml).

Table 2.

sol IL-1R
ctrl 11234630
NTS 34444337

TIPINTS 257 310067

sol IL-6R  sol gp130
917042478  1687+434
612021169 1029+589

9ga3+18637 12684623

sol TNF-R1
2616+547

7548.3+1382

6997.5+2237

*

*

sol TNF-R2
7393+1323
8448+1967

95463927

*
p<0.05 vs. ctrl;

#10<0.0 vs. NTS
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Table 3.

Cytokine and chemokine concentrations in kidney homogenates at day 7 post NTS (pg per mg protein).

TNF IL-1beta IL-6 IL-10 MCP-1 KC
ctrl 13.24¢0.7 950420  48.3+17.2 553+109  953+21.7  150.6+35.4
NTS 16.7+2.2% 1265+11.3° 80.8+9.2° 08.9+6.6° 140.1+18.17 588.8+94.6

FLI-TIPINTS  131+412# 64.6+24.8% 48.2+7.6% 56742567 10644577 124.4+19.9%

*
p<0.05 vs. ctrl;

#0<0.0 vs. NTS
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