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Complement Inhibitor CRIg/FH Ameliorates Renal Ischemia
Reperfusion Injury via Activation of PI3K/AKT Signaling

Chao Hu,*"™! Long Li,*' Peipei Ding,”®! Ling Li,”* Xiaowen Ge,’ Long Zheng,*’
Xuanchuan Wang,* Jina Wang,* Weitao Zhang,*" Na Wang,* Hongyu Gu,**
Fan Zhong,”® Ming Xu,*" Ruiming Rong,*" Tongyu Zhu,*" and Weiguo Hu*%'

Complement activation is involved in the pathogenesis of ischemia reperfusion injury (IRI), which is an inevitable process during
kidney transplantation. Therefore, complement-targeted therapeutics hold great potential in protecting the allografts from IRI.
We observed universal deposition of C3d and membrane attack complex in human renal allografts with delayed graft function or
biopsy-proved rejection, which confirmed the involvement of complement in IRIL. Using FB-, C3-, C4-, C5-, C5aR1-, C5aR2-, and
C6-deficient mice, we found that all components, except C5aR2 deficiency, significantly alleviated renal IRI to varying degrees.
These gene deficiencies reduced local (deposition of C3d and membrane attack complex) and systemic (serum levels of C3a and
C5a) complement activation, attenuated pathological damage, suppressed apoptosis, and restored the levels of multiple local
cytokines (e.g., reduced IL-1f, IL-9, and IL-12p40 and increased IL-4, IL-5, IL-10, and IL-13) in various gene-deficient mice,
which resulted in the eventual recovery of renal function. In addition, we demonstrated that CRIg/FH, which is a targeted
complement inhibitor for the classical and primarily alternative pathways, exerted a robust renoprotective effect that was
comparable to gene deficiency using similar mechanisms. Further, we revealed that PI3K/AKT activation, predominantly in
glomeruli that was remarkably inhibited by IRI, played an essential role in the CRIg/FH renoprotective effect. The specific
PI3K antagonist duvelisib almost completely abrogated AKT phosphorylation, thus abolishing the renoprotective role of CRIg/
FH. Our findings suggested that complement activation at multiple stages induced renal IRI, and CRIg/FH and/or PI3K/AKT

agonists may hold the potential in ameliorating renal IRIL.

he incidence rates of acute kidney injury (AKI) are esti-

mated to be 21.6% in adults and 33.7% in children, with

mortality rates of 23.9 and 13.8%, respectively (1).
Therefore, the management of AKI remains a global public
health concern (2). Kidney replacement therapy decreases AKI-
associated mortality, but the limitations of effective peritreatments
persist at an unacceptably high rate (3). Ischemia reperfusion in-
jury (IRI) is an unavoidable but improvable condition that pri-
marily affects graft function and survival in renal transplantation
(4, 5). IRI can exacerbate the state of oxidation and initiate im-
mune responses to allograft, thus leading to the delayed graft
function (DGF) and allograft rejection (5-7). DGF, as a primary
consequence of IRI, results in an early allograft dysfunction that
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requires dialysis treatment and further increases the incidence of
rejection with a poor long-term allograft survival (8-10). Treat-
ment with simvastatin or thymoglobulin ameliorates IRI by pre-
serving the microvascular barrier function and suppressing
proinflammatory cytokine production (11, 12). Inhalation of
therapeutic gases, such as hydrogen sulfide and carbon monoxide,
also mitigate renal allograft IRI and improve early transplant
kidney function (13, 14). However, the minimal inhibitory effect
on rejection and uncertain clinical translational value reduce the
value of these treatments and require further investigation (13).
Several promising agents that target IRI, such as TAK-242
(a TLR4 inhibitor) and NO, have been examined in preclinical
and phase II clinical trials, but their potential side effects,
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including immune suppression and elevation of methemoglobin,
require comprehensive evaluation to maintain the balance between
the clinical effect and safety concerns (9).

The pathophysiological process of IRI is largely attributed to the
unique anatomical and functional features of the kidneys, including
the compartment-dividing and glomerular basement membranes,
which lack complement regulators, high local concentrations of
complement components due to kidney ultrafiltration, local al-
terations in pH, and disruption or vulnerability of the glycocalyx-
lined endothelial wall. These features may be prone to complement
activation and induction of various renal disorders (15-18). The
complement system is a vital part of innate immunity that is
primarily activated by classical, mannose-binding lectin (MBL)
and alternative pathways for the clearance of invading pathogens
and host cell debris (19). Notably, complement can be also acti-
vated at the CS5 stage by other serine proteases such as thrombin in
a C3-independent manner (20). Complement functions require the
formation of a membrane attack complex (MAC, C5b-9) and the
release of opsonin molecules (C3b/iC3b/C3d) and anaphylatoxins
(C3a and C5a) (21). Several circulating (e.g., FH and C4-BP) and
membrane-bound (e.g., CD46, CD55, CDS59, and Crry) comple-
ment regulatory proteins restrict complement activation at diverse
stages to protect host cells from deleterious complement attack
(21, 22). Dysregulated complement activation contributes to the
pathogenesis of renal IRI, which is characterized by prominent
necrotic and apoptotic tubular cells via incompletely identified
mechanisms (23-25). Extensive deposition of complement splits
of C4d and C3d, particularly in the peritubular capillaries of
73 renal transplant biopsies, indicates activation of the classical
pathway in most transplanted kidneys with rejection evidence
(26). Consequently, a deficiency of the complement components
C3 (27, 28), C5 (27, 29), C6 (27), and FB (30) may protect against
renal IRI. Mice deficient in CDS55, CD59, Crry, or FH (31-34) are
more susceptible to renal IRI. The loss of C3aR and/or C5aR also
protect mice from renal IRI (35). Human complement activation,
which is characterized by elevated soluble C5b-9 levels, is found
in deceased, but not living, donor kidneys (36), which indicates
that MAC may be involved in the process of IRI by inducing
apoptosis (25, 37). Therefore, diverse complement effectors at
multiple activation stages strongly contribute to the pathogenesis
of renal IRI, suggesting that complement-targeted therapeutics
have strong appeal for renal IRI; however, the underlying mech-
anisms require further investigation (18).

FH is a key inhibitor of the complement alternative pathway and
ameliorates IRI by binding to tubular epithelial cells to reduce
complement activation (32). We previously conjugated the func-
tional domain of FH with the extracellular domain of CRIg to
develop the targeted complement inhibitor CRIg/FH, in which the
CRIg portion delivers the fusion protein to the local complement
activation site and slightly inhibits complement activation (38,
39). CRIg/FH successfully inhibited the classical and alternative
pathways of complement activation and protected rat glomerular
mesangial cells from complement-mediated injury and prolifera-
tive lesions (38).

The present study demonstrated the effect of CRIg/FH in the
prevention of murine renal IRI and compared the effects of gene
deficiencies of seven complement components (FB, C3, C4, C5,
C5aRl1, C5aR2, and C6, which are components of different
complement activation pathways and important anaphylatoxin
receptors) on IRI. We also elucidated the underlying molecular
mechanisms of CRIg/FH for alleviating renal IRI using a phos-
phorylation Ab microarray, by which CRIg/FH induced PI3K/
AKT activation, thus inhibiting IRI-induced tubular epithelial
apoptosis and improving the dysregulated cytokine productions.

These findings provide a potential therapeutic strategy for the
treatment of IRI in renal transplantation.

Materials and Methods

Human specimens

The medical history of renal transplant recipients was examined from 2016
to 2018 in the Zhongshan Hospital, Fudan University, and 12 patients were
enrolled in this study, in which three patients were diagnosed as DGF, seven
patients suffered from acute rejection (AR), and two patients suffered from
chronic rejection (CR). Fine needle aspiration biopsy specimens were
collected from paraffin blocks. Two experienced pathologists assessed
pathological rejection according to the guidelines (40). Small renal tissue
specimens from three healthy controls were harvested from the donor
kidney prior to transplantation for routine time-zero biopsy. The sections
were cut to 4 wm for use.

Mice

Wild-type (WT) C57BL/6 mice were purchased from Shanghai Laboratory
Animal Center (Shanghai, China). Complement component gene-deficient
mice, including FB, C3, C4, C5 (41), C5aR1, C5aR2, and C6, were
sustained by backcrossing with the C57BL/6 genetic background for
at least nine generations. C6 knockout mice were kindly gifted by
Dr. T. Merkel (Center for Biologics Evaluation and Research, Food and
Drug Administration, Bethesda, MD). C5aR2 knockout mice were pur-
chased from Taconic Biosciences (Hudson, NY), and the remaining mouse
lines were purchased from The Jackson Laboratory (Bar Harbor, ME). All
animals (n = 5-8 in each group) were maintained in a pathogen-free en-
vironment on a 12-h light/12-h dark cycle with a standard diet, and age-
matched (8- to 10-wk-old) male mice were selected for experiments.

Induction and treatment of IRl

Mice were anesthetized with 1% pentobarbital sodium (10 ml/kg) and
placed on a warm heating pad in the supine position. The skin was
disinfected, and a midabdominal incision was made to expose the two sides
of the renal pedicle. The bilateral renal arteries were carefully separated
from the ureters and temporarily occluded for 30 min using a mini clamp.
Ischemia was affirmed by the kidneys turning dark, and reperfusion was
accepted when the dark kidneys returned to a red color. Only an abdominal
incision was made in the Sham group and sutured without surgery after
30 min anesthesia (temporarily closed as IRI model). Sera and kidneys were
harvested after 48 h and stored according to the experimental needs. The
complement inhibitor CRIg/FH was prepared as described previously (38).
Briefly, the expression plasmid was transfected into 293FT cells, and
CRIg/FH was purified with a Ni2* Affinity Purification Kit (Novagen, San
Diego, CA). CRIg/FH was administered via an i.p. injection (10 mg/kg)
30 min prior to IRI induction (38). Duvelisib (IPI-145; Selleck Chemicals,
Houston, TX) was dissolved in PE6400 with Tween-80 and mixed with
double-distilled water prior to oral administration (10 mg/kg), immediately
followed by CRIg/FH treatment.

Pathological detection

Briefly, a portion of harvested mouse kidneys was fixed overnight in 10%
formalin, embedded in paraffin, and cut into 4-pm sections. Sections were
stained with H&E as previously described (42). Sections for C3d, MAC,
and phosphor-AKT (Ser473) staining were incubated with 3% hydrogen
peroxide to block endogenous peroxidase for 15 min at 37°C, and Ags
were retrieved using a high-pressure method in citrate buffer. For human
specimens, sections were incubated with an anti-C3d mAb (1:20; ab17453,
Abcam, Cambridge, MA) or an anti—-C5b-9 polyclonal Ab (1:20; ab55811,
Abcam) at 4°C overnight. Sections with mice kidneys were incubated with
a mouse complement component C3d affinity purified polyclonal Ab
(1:100; AF2655, R&D Systems, Minneapolis, MN), a mouse complement
anti-C5b-9 Ab (1:200; ab55811, Abcam), or a phospho-AKT(Ser473)
(D9E) XP Rabbit mAb (1:200; no. 4060, Cell Signaling Technology,
Danfoss, MA) at 4°C overnight. The sections with mouse C3d or C5b-9
Abs were rinsed three times in PBS and incubated with a HRP-conjugated
rabbit anti-goat IgG H&L (1:200; Abcam) and peroxidase-conjugated goat
anti-rabbit IgG H&L (1:200; Proteintech Group, Chicago, IL) at room
temperature for 1 h. And the sections with human specimens or mouse
phosphor-AKT Ab were washed three times with PBS and incubated with
GT Vision III Assay for mouse/rabbit (GK347011; Gene Tech, Shanghai,
China) at room temperature for 10 min. Immunoreactivity was detected as
previously described (42). The isotype I1gG controls were performed using
the same procedure as primary Ab, in which rabbit isotype IgG 15006 was
purchased from Sigma-Aldrich (St. Louis, MO), and goat isotype IgG
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sc-2028 was purchased from Santa Cruz Biotechnology (Dallas, TX).
TUNEL staining for cell apoptosis detection was performed according to
the manufacturer’s instructions (MilliporeSigma, Billerica, MA).

Slides for semiquantitative analysis were digitized using a Zeiss
Axioplan 2 microscope (Zeiss, Oberkochen, Germany) connected to an
Axiocam digital camera and KS400 image analysis (Version 3.0) soft-
ware. Image quantification was performed using KS400 image analysis
software, which recognized the image and obtained a ratio using a
red/green/blue light color model program. Every mouse kidney sample
was stained in one slide, and ten viewing fields of the cortex in each slide
at 200X magnification were randomly captured for next calculation. The
positive percentage of one viewing field was achieved by calculating the
positive area in total area.

Jablonski Grade scoring was performed as described previously (43).
Two experienced pathologists independently evaluated all pathologic
conditions. All the people who conducted the analysis were blind to the
information about groups and treatments.

The measurement of blood urea nitrogen, creatinine, C3a,
and C5a

The serum levels of blood urea nitrogen (BUN), creatinine (both from
BioAssay Systems, Hayward, CA), C3a (LifeSpan BioSciences, Seattle,
WA), and C5a (R&D Systems) were measured according to manufacturers’
instructions.

Profiling of cytokines/chemokines

Harvested kidneys were homogenized, and the supernatants were collected
to measure the local concentrations of cytokines/chemokines. The pro-
tein concentrations were normalized using the BCA assay. The profil-
ing of cytokines/chemokines in kidney tissue homogenates (KTHs) was
performed in a BD FACSCanto II machine (BD Biosciences, San Jose, CA)
using fluorescence-encoded beads (LEGENDplex, BioLegend, San Diego,
CA) in which the Mouse Th Cytokine Panel (category no. 740005, 13-plex
for IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21,
IL-22, IFN-y, and TNF-a), Mouse Cytokine Panel 2 (category no.
740134, 13-plex for IL-1e, IL-1B, IL-3, IL-7, IL-11, IL-12p40, IL-12p70,
1L-23, IL-27, IL-33, IFN-3, GM-CSF, and TSLP), and Mouse Proinflammatory
Chemokine Panel (category no. 740007, 13-plex for MCP-1/CCL2, RANTES/
CCLS, IP-10/CXCL10, Eotaxin/CCL11, TARC/CCL17, MIP-1a/CCL3, MIP-
1B/CCL4, MIG/CXCL9, MIP-30/CCL20, LIX/CXCL5, KC/CXCL1, BLC/
CXCL13, and MDC/CCL22) were selected.

Phosphorylation Ab array

A phosphorylation Ab array was performed according to the manufacturer’s
instruction (Full Moon BioSystems, Sunnyvale, CA) to profile the levels of
phosphorylated proteins in the kidney. Briefly, the supernatants of KTHs
from related mice were collected and quantified. Microarray slides were
blocked, and the proteins were labeled using biotin and coupled to slides.
Slides were washed, and Cy3-streptavidin was added to bind biotin.
Fluorescence intensity was measured in a GenePix 4000B machine (Axon
Instruments, Scottsdale, AZ). The clustering of target proteins and sig-
naling pathways was assessed using Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis (44), and functional annotation for potential
effective molecules and stratified elucidation were performed using Inge-
nuity Pathway Analysis (IPA) (45).

Availability of data and materials

The data sets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

Collection and use of human specimens were performed in accordance with
the Declaration of Helsinki, and all patients signed consent forms. The
Animal Care and Use Committee of Shanghai Medical College, Fudan
University, approved the rodent animal study. The guidelines for the Care
and Use of Laboratory Animals published by the National Institutes of
Health was followed.

Data analysis

All data are represented as the mean = SD. Statistical analysis between
two groups was performed using Student 7 test, and one-way ANOVA
was used to compare the significance among three or more groups.
Bonferroni method was used to evaluate the significance conservatively.
The calculations and data processing were performed using SAS 8.0
(Cary, NC).
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Results
Complement was extensively activated in recipient kidneys of
human allograft

To detect the status of complement activation in human renal
allografts, we collected biopsy specimens diagnosed as DGF
(46), AR, or CR (40), together with healthy controls without
renal disease. Table I shows the demographic characteristics
and immunosuppressant regiments of these recipients. C3d is
the cleavage product of the central complement component C3,
and MAC is the terminal product of complement activation.
Both of these factors represent the status of local complement
activation. We found that the renal tissues of all recipients
except for AR-7 exhibited variable but extensive staining for
C3d and MAC on glomeruli and tubules (Fig. 1, Supplemental
Fig. 1) when compared with the healthy controls. Renal spec-
imen from patient AR-7, who was diagnosed with severe AR
and consequently experienced nephrectomy 9 d after receiving
the allograft, exhibited smeared staining of C3d and MAC and
only necrotic cells without nuclear staining (Supplemental Fig. 1).
These findings confirmed that complement was extensively
activated in recipients regardless of the posttransplant conse-
quences, such as DGF and allograft rejection. Therefore, com-
plement inhibition may ameliorate IRI and further prevent
allograft rejection.

CRIg/FH efficiently inhibited extensive complement activation
in mice with renal IRI that was induced by diverse
complement effectors

We next investigated complement activation in WT mice using C3d
and MAC staining and compared these factors to those in mice that
were individually deficient in the complement genes FB, C3, C4,
C5, C5aR1 (encoding C5aR1), C5aR2 (encoding C5L2), and C6.
Briefly, FB is a key component in the alternative pathway, and C3
is a converging molecule for all three pathways. C4 initiates the
classical and MBL pathways, and C5 and C6 are critical com-
ponents of terminal complement activation stages. C5aR1 and
C5aR?2 are the activating and possible inhibitory receptors for C5a,
respectively (21, 22). These molecules cover the different stages
and important receptors of the three complement activation
pathways and may help elucidate the role of complement activa-
tion in renal IRI. C3d (Fig. 2A, 2B) and MAC (Fig. 2E, 2F)
exhibited extensive staining in the tubules and glomeruli of mouse
kidneys with IRI compared with Sham-operated mice. However,
the kidneys of all of the individual gene, but not C5aR2 knockout,
mice exhibited significantly reduced levels of C3d (Fig. 2A, 2B)
and MAC (Fig. 2E, 2F) deposition. In addition, as we expected,
the kidney of C3-deficient mice displayed a negligible C3d
staining (Fig. 2A, 2B), whereas the kidneys of C3-, C5-, and es-
pecially Cé6-deficient mice also showed a much weaker MAC
staining compared with WT mice (Fig. 2E, 2F). CRIg/FH treat-
ment dramatically reduced C3d (Fig. 2C, 2D) and MAC (Fig. 2G,
2H) deposition, indicating its complement inhibition efficacy.
We also measured the serum concentration of C3a and C5a,
which represent systemic complement activation. WT mice with
IRI exhibited significant increases in C3a and C5a levels compared
with those in Sham-operated WT mice (Fig. 21, 2K), suggesting
that IRI systemically activated complement. Deficiencies of FB,
C3, C4, C5, and C5aRl, but not C5aR2 or C6, significantly re-
duced the serum levels of C3a (Fig. 2I) and C5a (Fig. 2K) com-
pared with those in WT mice with IRI. Notably, the C3a and C5a
levels in FB-deficient mice were significantly lower than those in
C4-deficient mice (Fig. 2I, 2K), suggesting that the alternative
pathway plays a more important role than the classical and MBL
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Table I. Demographic characteristics of the patients

CRIg/FH AMELIORATES RENAL IRI VIA PI3K/AKT ACTIVATION

Pretransplant PRA

Patient Diagnosis Gender Age (y) Class I Class 11 HLA Mismatch C3d (Positive Ratio) MAC (Positive Ratio) Treatment
DGF-1 Male 47 0 0 4/6 10/11 9/11 T+M+P
DGF-2 Female 58 0 0 4/6 719 719 C+M+P
DGF-3 Male 54 0 0 5/6 5/9 4/9 C+M+P
AR-1 Male 28 0 0 1/6 8/13 10/13 C+M+P
AR-2 Male 30 0 0 2/6 4/10 5/10 T+M+P
AR-3 Male 38 0 0 0/6 8/15 7115 T+M+P
AR-4 Female 46 0 0 2/6 1/9 3/9 T+M+P
AR-5 Male 47 0 0 4/6 1/12 1/12 T+M+P
AR-6 Female 40 0 0 1/6 3/8 2/8 T+M+P
AR-7 Female 32 0 0 3/6 N/A N/A T+M+P
CR-1 Male 24 0 0 2/6 711 4/11 T+M+P
CR-2 Male 27 0 0 2/6 1/12 2/12 T+M+P

C, cyclosporine; C3d or MAC (positive ratio), the number of glomeruli with positive C3d or MAC staining in total observed glomeruli; M, mycophenolate mofetil;

P, prednisolone; PRA, Panel reactive Ab; T, Tacrolimus.

pathways in IRI, which is consistent with a previous report (27).
Furthermore, CRIg/FH significantly impaired the productions of
serum C3a (Fig. 2J) and C5a (Fig. 2L) because of the effectively
complement inhibition. No C3a (Fig. 2I) or C5a (Fig. 2K) was
detected in the serum of C3- and C5-deficient mice, respectively,
supporting the reliability of the measurement methods. Notably,
we found the reduced deposition of C3d (Fig. 2B) and MAC
(Fig. 2F) in C5aRI-deficient mice and the reduced C3a level in
C5- and C5aRI-deficient mice (Fig. 2I), suggesting the reduced
tissue damage in these mice fed back to retard complement acti-
vation within the tissue. In addition, the remaining C5a level in
C3-deficient mice, comparable to that in Sham-operated WT mice

Cad

MAC

DGF-1

DGF-2

C3d

MAC

CR-1 CR-2

(Fig. 2K), probably resulted from the complement activation in a C3-
independent manner (20). The above evidence suggests that com-
plement is extensively activated locally and systemically in mice with
renal IRI, and diverse complement effectors contribute to the path-
ogenesis of IRI. However, such complement activation could be ef-
fectively inhibited by CRIg/FH. These results also revealed a positive
feedback regulation between complement activation and renal IRIL.

Individual deficiencies of multiple complement components
and CRIg/FH efficiently protected kidneys from IRI in mice

We used H&E staining and the Jablonski (43) Grade to quantita-
tively evaluate renal pathological damage. H&E staining revealed

AR-1 AR-2

Healthy Control Isotype

FIGURE 1. Local extensive complement activation as determined by C3d and MAC staining in human transplanted kidneys and healthy control biopsy

specimens.
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FIGURE 2. [RI-induced local and systemic complement activation was suppressed by an individual complement gene deficiency and CRIg/FH treatment.
(A-H) IRI induced extensive local complement activation in WT mice compared with Sham-operated mice, as determined by C3d (A) and MAC (E)
deposition, which were remarkably suppressed by the gene deficiency of FB, C3, C4, C5, C5aR1, and C6 but not C5aR2, and CRIg/FH treatment compared
with PBS control (C and G). The related quantitative results are shown in (B), (D), (F), and (H). (I-L) IRI induced extensive systemic complement activation
in WT mice compared with Sham-operated mice, as determined by the serum concentrations of C3a (I) and C5a (K), which (Figure legend continues)
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that renal IR induced greater inflammatory cell infiltration in the
glomeruli and tubulointerstitium (green arrows), tubular epithelial
cells swell and vacuolation (red arrows), cast formation in the
tubules (black arrows), and glomerulus atrophy (red arrowheads)
in the kidneys compared with those in Sham-operated WT mice
(Fig. 3A). However, mice with individual deficiencies in FB, C3,
C4, C5, C5aR1, and C6, but not C5aR2, exhibited much weaker
renal damage according to H&E staining (Fig. 3A) and much
lower Jablonski Grade scores than those of WT mice (Fig. 3B).
These results indicate that extensive complement activation par-
ticipated in IRI-induced renal pathological damage. CRIg/FH
treatment efficiently ameliorated renal pathological damage, as
demonstrated by H&E staining and the Jablonski Grade scores
(Fig. 3C, 3D).

The process of apoptosis may proceed to tubular cell death (25,
47), and treatment with a mAb against FB prevented apoptosis and
renal IRI in mice (48). Therefore, we examined the anti-apoptotic
effect of CRIg/FH in WT mice and complement component gene-
deficient mice using TUNEL assays. WT mice with renal IRI
exhibited significantly more apoptotic damage of tubular endo-
thelial cells compared with Sham-operated WT mice, and the
individual deficiency of all genes, except C5aR2, remark-
ably suppressed renal IRI-induced apoptotic damage (Fig. 3E,
3F). CRIg/FH treatment also reduces the apoptotic damage
(Fig. 3G, 3H).

We measured the serum levels of BUN and creatinine to
functionally identify the renoprotective effect of CRIg/FH in mice
with IRI. Renal IRI significantly increased the levels of BUN
(Fig. 3]) and creatinine (Fig. 3J) in WT mice compared with those
in Sham-operated mice, and individual deficiency of all of the
genes, except C5aR2, strongly reversed these effects (Fig. 31, 3J).
CRIg/FH treatment efficiently suppressed the elevated BUN
and creatinine levels to a comparable level with gene defi-
ciency (Fig. 3K, 3L). These findings demonstrate that multiple
complement effectors contribute to renal IRI, and CRIg/FH
treatment exhibits similar effects as gene deficiency on amelio-
rating IRI-induced renal pathological damage and apoptosis, thus
robustly protecting renal function. Further, they also demonstrate
the reciprocal interaction between complement activation and
renal IRI.

Individual deficiencies of multiple complement components
and CRIg/FH modified the local levels of various cytokines in
kidneys with IRI

Numerous cytokines are involved in the process of renal IRI, in-
cluding IL-1B (49), IL-4 (50), IL-12 (51), and TNF-a (52) Thus,
we profiled the levels of 39 cytokines in KTHs, using the bead-
based immunoassay LEGENDplex, to explore the local inflam-
matory status. Specifically, IL-1(, a traditional proinflammatory
cytokine, was significantly elevated in IRI mice compared with
Sham-operated WT mice but decreased in FB-, C4-, and C5aR2-
deficient mice compared with WT mice with IRI. However,
C5aR1 deficiency increased the IL-1[ levels (Fig. 4A, left panel).
IL-9 is a pleiotropic cytokine that is substantially released in
the blood from deceased, but not living, donor kidneys upon
reperfusion during human renal transplantation (53). We also

found that the local IL-9 levels were significantly elevated in WT
mice with IRI but not Sham-operated WT mice. Deficiency of C6
reduced this elevation (Fig. 4B, left panel). IL-12p40 is a shared
component of IL-12 and IL-23 and is a chemoattractant for
macrophages. IL-12p40 is involved in several pathogenic in-
flammatory responses, including graft rejection (51). IRI re-
markably elevated the local IL-12p40 levels in WT mice
compared with Sham-operated mice, and C3 deficiency signifi-
cantly reduced this elevation (Fig. 4C, left panel). IL-4 and
IL-13 promote recovery from AKI by effectively polarizing
macrophages/dendritic cells to an M2a phenotype (50). IRI re-
duced IL-4 and IL-13 levels in WT mice compared with Sham-
operated mice. Deficiencies of FB, C3, and C5aR1 elevated 1L-4,
and deficiency of C6 elevated IL-13 (Fig. 4D, 4E, left panel).
Similar results were observed for the anti-inflammatory cytokine
IL-10. IRI reduced the local IL-10 levels in WT mice, and defi-
ciency of C3 and C5 significantly reversed this effect (Fig. 4F, left
panel). IL-5 is an important Th2 cytokine that stimulates B cell
growth and activates eosinophils. IRI decreased local IL-5 levels
in WT mice, but this change was NS compared with Sham-
operated mice. Deficiency of C5, C5aR1, C5aR2, and C6 signif-
icantly elevated IL-5 levels (Fig. 4G, left panel). Notably, IL-25,
which exhibits a similar function as IL-5, significantly improved
renal function and reduced renal injury by increasing the local and
systemic levels of IL-4, IL-5, and IL-13 and promoting the in-
duction of innate lymphoid cells and M2 macrophages in the
kidney (54). The TNF-a levels were not significantly different
between IRI and Sham-operated WT mice, and individual gene
deficiency failed to alter the TNF-a levels, except C6 deficiency,
which increased the TNF-a levels (Fig. 4H, left panel). These
results suggest that local IL-1B, IL-9, and IL-12p40 cytokines
exacerbate renal IRI and that IL-4, IL-13, IL-10, and IL-5 ame-
liorate renal IRI. Notably, we found that CRIg/FH significantly
reduced the IL-18, IL-4, and IL-12p40 levels compared with PBS
treatment (Fig. 4A—C, right panel) and elevated the 1L-4, IL-10,
IL-5, and TNF-a levels (Fig. 4D-H, right panel). Therefore,
complement activation is involved in the process of renal IRI via
regulation of the production of multiple cytokines, and these
findings provide a novel role for the complement inhibitor CRIg/
FH in relieving IRI-related inflammation.

It is reasonable that not all the 39 profiled cytokines could be
significantly regulated by renal IRI and complement activation.
Supplemental Fig. 2A—C shows the local levels of 21 cytokines/
chemokines, but it is difficult to draw a conclusion about the in-
terplay between complement activation and cytokine production.
The remaining 10 cytokines/chemokines were undetectable.

PI3K/AKT signaling was most strongly regulated by CRIg/FH

A phosphorylation Ab microarray was used to identify the func-
tional proteins and signaling pathways involved in the protective
effects of CRIg/FH. Fluorescence analysis revealed that the
phosphorylation levels of 25 proteins were upregulated by greater
than 1.8-fold and that the levels of 72 proteins were downregulated
by more than 0.556-fold with CRIg/FH treatment compared with
PBS control (data not shown). We used KEGG signaling pathway
analysis of these 97 proteins and found that the most enriched

significantly declined in gene-deficient FB, C3, C4, C5, and C5aR1, but not C5aR2 or C6, mice, and CRIg/FH treatment compared with the PBS control
(J and L). FB deficiency suppressed the production of C3a (I) and C5a (K) more strongly than C4 deficiency, which indicates that the alternative pathway
was more relatively involved in IRI-induced complement activation than classic and MBL pathways. The related quantitative results are shown in (J) and
(L). Bars represent mean = SD (n = 5-8). ANOVA compared complement component-deficient mice, and the ¢ test was used to compare the CRIg/FH and

PBS-treated groups. *p < 0.05.
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pathway was the PI3K/AKT signaling pathway, which covered 26
proteins/hits (Table II). Nine of these proteins were upregulated
phosphorylation sites and 24 were downregulated sites (Fig. 5A),
in which one protein may hold multiple phosphorylation sites.
Interestingly, although all of these proteins/phosphorylation sites
participate in PI3K/AKT signaling, the phosphorylation level of
AKT activation at prototypical Ser473 was not so strong (1.86-
fold change) compared with other proteins such as PDGFRB at
Tyr849 (3.04-fold change). We propose that AKT (Ser473)
phosphorylation maybe predominantly occurred in the glomeruli
as revealed in the next part, whereas the analyzed samples in the
phosphorylation Ab array were whole kidney tissues. The proce-
dure may disguise the real phosphorylation level of AKT in the
glomeruli. IPA (QIAGEN) was also used to analyze the above 97
proteins. The results revealed that renal necrosis/cell death, glo-
merular injury, organismal injury, PI3K/PTEN signaling, and
IL-1B, Gsk3, and IL-4 in renal lesions were, consistently, the top-
ranked proteins (Fig. 5B). The results also demonstrated that
HDAC1 phosphorylation was the most upregulated (3.3-fold
change) and NF2 was the most downregulated (9.09-fold change)
types of phosphorylation. We conclude that PI3K/AKT is the most
strongly regulated signaling pathway by CRIg/FH treatment in
renal IRI.

PI3K/AKT inhibition abrogated the renoprotective effect
of CRIg/FH

Apoptosis is highly associated with the process of IRI, and PI3K/
AKT exerts critical functions in antiapoptosis and proliferation.
Therefore, we used a specific PI3K inhibitor that targets the p1 103/
/8 subunits, duvelisib, to assess whether the renoprotective
function of CRIg/FH in IRI can be abrogated. CRIg/FH treatment
combined with duvelisib almost completely abolished the reno-
protective effect of CRIg/FH to the degree of PBS control treat-
ment, according to the BUN and serum creatinine levels (Fig. 6A).
Notably, the combination of duvelisib with CRIg/FH systemically
enhanced complement activation compared with CRIg/FH alone,
according to the circulating levels of C3a and C5a (Fig. 6B), and
locally, according to renal staining of C3d (Fig. 6C, 6D) and MAC
(Fig. 6E, 6F). These unexpected effects of the additive effect of
duvelisib on complement reactivation likely resulted from tem-
porary complement inhibition of CRIg/FH and/or the proapoptotic
and consequent IRI-exacerbating effect of PI3K blockade that
may activate complement cascade via a positive feedback loop.
H&E staining consistently showed increased damage in the
duvelisib combination treatment compared with CRIg/FH alone
treatment, which was determined by greater inflammatory cell
infiltration in the glomeruli and tubulointerstitium (green arrows),
tubular epithelial cells swell and vacuolation (red arrows), cast
formation in the tubules (black arrows) (Fig. 6G), and higher
Jablonski Grade scores (Fig. 6H). The TUNEL assay for apoptosis
demonstrated similar results (Fig. 61, 6J), suggesting that PI3K
inhibition with the combination of duvelisib administration pro-
moted apoptosis. Notably, phosphorylation of AKT (Ser473),
which was increased by 1.86-fold in the CRIg/FH treatment group
versus PBS control (Fig. 5A), was primarily detected in the
glomerulus region in the CRIg/FH alone treatment group and

CRIg/FH AMELIORATES RENAL IRI VIA PI3K/AKT ACTIVATION

completely suppressed with of duvelisib administration (Fig. 6K,
6L). IRI with PBS treatment remarkably impaired AKT activation
in the glomeruli compared with the Sham operation (Fig. 6K),
suggesting a lack of growth factors to activate PI3K/AKT sig-
naling during the process of ischemia. In the Sham-operated mice,
compared with PBS control, CRIg/FH treatment failed to affect
the renal function determined by the levels of BUN and creatinine
(Supplemental Fig. 3A); however, it still induced significantly
stronger AKT phosphorylation (Supplemental Fig. 3B, 3C). These
results indicate that CRIg/FH shows no renal toxicity and
may protect kidney from the Sham operation-induced injury,
if any, by activating PI3K/AKT signaling. In addition, the addi-
tion of duvelisib failed to significantly change the levels of
BUN and creatinine in either Sham operation or IRI condition
(Supplemental Fig. 4A). We also observed the similar results by
the staining of C3d and MAC, H&E staining, and TUNEL assay
(Supplemental Fig. 4B-G).

Further, we detected the effect of the combination treatment of
CRIg/FH with duvelisib on the local levels of certain cytokines
(Fig. 4) that were modified by the CRIg/FH alone treatment.
Profiling of cytokines/chemokines revealed that the combination
duvelisib treatment promoted the production of IL-1f and IL-9
and inhibited the production of IL-4, IL-13, IL-10 and IL-5
compared with CRIg/FH alone treatment (Fig. 6M), but the al-
terations of IL-13 and IL-10 were not significantly different. In
addition, duvelisib had no effect on IL-12p40. No significant
difference in the local TNF-a levels was observed between the
Sham operation, PBS, CRIg/FH, and CRIg/FH combined with
duvelisib treatments in IRI. These findings suggest that the PI3K
blockade abrogated the renoprotective effect of CRIg/FH via in-
duction of apoptosis and alterations in the production of multiple
cytokines, which further highlights the critical role of PI3K/AKT
signaling in ameliorating renal IRI (Fig. 7).

Discussion

Renal transplantation is one choice for treating end-stage renal
diseases. The rate of acute renal allograft rejection has been
reduced to <10% with advances in immunosuppression, HLA
matching, and intensive medical care. However, long-term renal
graft survival is only 8-11 y (55). Therefore, a better under-
standing of the pathogenesis of allograft injury may promote the
development of novel therapeutics to prolong renal allograft sur-
vival. The current study confirmed that complement was exten-
sively activated in recipients with biopsy-proved renal allograft
rejection and mice with renal IRI. The complement inhibitor
CRIg/FH primarily inhibited the alternative pathway and power-
fully prevented complement local deposition and systemic acti-
vation, which dramatically ameliorated histological injury and
improved renal function by reducing tubular apoptosis and
modifying production of multiple cytokines. Notably, CRIg/FH
exhibited a parallel function with an individual deficiency of
several genes of complement components to a comparable degree.
These findings revealed the reciprocal interaction between com-
plement activation and renal IRI. We further unveiled that the
renoprotective effect of CRIg/FH most likely resulted from acti-
vation of the PI3K/AKT signaling pathway, and inhibition of this

red arrows indicate tubular epithelial cells swell and vacuolation; the black arrows indicate cast formation in the tubules; and the red arrowheads indicate
glomerular atrophy in (A) and (C). (I-L) IRI produced severe renal function impairment in WT mice compared with Sham-operated mice, as determined by
the measurement of BUN (1) and creatinine (J), which were improved in gene-deficient FB, C3, C4, C5, C5aR1, and C6, but not C5aR2, mice, and by CRIg/
FH treatment compared with the PBS control (K and L). The green arrows indicate inflammatory infiltration; the red arrows indicate tubular injury; the black
arrows indicate cast formation; and the red arrowheads indicate glomerular atrophy (A and C). The bars represent the mean = SD (n = 5-8). ANOVA was
performed among complement component deficiency mice, and the ¢ test was used between the CRIg/FH and PBS-treated groups. *p < 0.05.
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FIGURE 4. The profiles of multiple cytokines. (A—C) IRI increased the local levels of IL-1f3 (A), IL-9 (B), and IL-12p40 (C) compared with Sham-
operated mice, and these levels significantly declined in the indicated gene-deficient mice (left panel) and following CRIg/FH treatment compared with the
PBS control (right panel). (D—H) IRI significantly reduced the local levels of IL-4 (D), IL-13 (E), and IL-10 (F) compared with Sham-operated mice and
reduced IL-5 (G) and TNF-a (H) without significance; these factors were elevated in the indicated gene-deficient mice (left panel) and following CRIg/FH
treatment compared with the PBS control (right panel). The error bars represent the mean * SD (n = 5-8). ANOVA was performed among complement

component deficiency mice, and ¢ test was used between CRIg/FH and PBS-treated groups. *p < 0.05.
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Table II.  Enriched signaling pathways via comparison of the CRIg/FH treatment with the PBS control

KEGG No. Signaling Pathway Names Hits p Value

hsa04151 PI3K-Akt signaling pathway 26 2.598E-14
hsa04722 Neurotrophin signaling pathway 20 2.963E-17
hsa04010 MAPK signaling pathway 18 2.637E-09
hsa04510 Focal adhesion 17 8.954E-10
hsa04012 ErbB signaling pathway 15 5.500E-13
hsa04110 Cell cycle 15 7.953E-11
hsa04910 Insulin signaling pathway 15 3.399E-10
hsa04810 Regulation of actin cytoskeleton 13 4.060E-06
hsa04931 Insulin resistance 12 3.024E-08
hsa04150 mTOR signaling pathway 11 7.133E-10
hsa04660 TCR signaling pathway 11 2.135E-07
hsa04062 Chemokine signaling pathway 11 4.506E-05
hsa04210 Apoptosis 10 2.607E-08
hsa04152 AMPK signaling pathway 10 9.027E-06
hsa04630 Jak-STAT signaling pathway 9 2.298E-04
hsa04370 VEGEF signaling pathway 7 6.206E-05
hsa04115 p53 signaling pathway 7 1.056E-04
hsa04920 Adipocytokine signaling pathway 7 1.351E-04
hsa04310 Whnt signaling pathway 7 4.791E-03
hsa04020 Calcium signaling pathway 7 1.621E-02
hsa04911 Insulin secretion 6 2.763E-03

pathway essentially abrogated the protective role of CRIg/FH on
mouse renal IRI. Therefore, our findings demonstrate that CRIg/
FH exhibits great potential for acute IRI treatment and that the
underlying molecular mechanisms should be further elucidated.
Twelve patients with DGF or allograft rejection were matched
for panel reactive Ab, HLA, and lymphocytotoxicity prior to
transplantation, but we still observed extensive complement

A PDGFRB/Tyr849

MAP2K2/Thr394

EIF4EBP1/Ser65

NFKB1/Ser893
CREB1/Ser133 B

ITGB4/Tyr1510

RELA/Ser536

activation. Similar results were observed in mouse IRI with the
systemic increases in C3a and C5a and the local depositions of C3d
and MAC in glomeruli and tubules. Seven individual gene (FB, C3,
C4, C5, C5aRl1, C5aR2, or C6)-deficient mice, covering different
stages of complement activation, different complement activation
pathways, and two receptors for the important anaphylatoxin C5a,
were used to investigate the role of complement in renal IRI.
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FIGURE 5. Identification and analysis of enriched phosphorylated proteins. (A) The phosphorylated proteins that displayed equal to or greater than
1.8-fold change of phosphorylation levels in the phosphorylation Ab array and their phosphorylation sites in the most enriched PI3K/AKT pathway. CRIg/FH
versus PBS in the IRI-treated WT mouse kidneys. (B) Analysis of all phosphorylated proteins that exhibited greater than a 1.8-fold change using IPA. The
different items showed that renal injury, PI3K signaling, and other related signalings are enriched.
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FIGURE 6. Duvelisib abrogated the renoprotective role of CRIg/FH against renal IRI via suppression of PI3K/AKT activation. (A) Duvelisib almost
completely abrogated the protective effect of CRIg/FH on renal function, as determined by the measurement of BUN and creatinine. (B—F) Duvelisib
remarkably reversed the complement inhibitory effect of CRIg/FH, as determined by the systemic serum concentrations of C3a and C5a (B), renal local
deposition of C3d (C) and its quantitative results in (D), and MAC (E) and its quantitative results in (F). (G-J) Duvelisib strongly abolished the histological
protection of CRIg/FH against renal IRI, which was determined using H&E staining (G), Jablonski Grade scoring (H), and TUNEL assay for apoptosis
(I and its quantitative results in J). The green arrows indicate inflammatory cell infiltration in the glomeruli and (Figure legend continues)
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the classical and MBL pathway split the C3 into C3a and C3b by C3 convertase C4b2a, whereas the alternative pathway cleave C3 to C3a and C3b by
another C3 convertase C3bBb, in which C3b can initiate an alternative pathway via amplification loop. The C5 convertase is formed by C3b binding to C3
convertase (C4b2a or C3bBb) and then catalyze CS5 into C5a and C5b, the latter of which further triggers the formation of MAC by sequentially assembling
C6, C7, C8, and multi-C9. The indicated complement regulatory proteins, including Crry, FH, CD55, CD46, and CD59, restrict complement activation at
different stages. Notably, C5 can also be cleaved by other serine proteases such as thrombin in a C3-independent manner. The C3a and C5a are potent
anaphylatoxins by interacting with their receptors C3aR or C5aR/C5L2, respectively. The complement activation contributes to the pathogenesis of renal
IRI via the effectors of C3b, anaphylatoxins C3a/C5a, and MAC. Therefore, a deficiency of the complement components C3 (27, 28, 67), C5 (27, 29), C6
(27), or FB (30, 73) alleviates renal IRI; in contrast, a deficiency of CD55, CD59, Crry, or FH (31-34, 74), exacerbates renal IRI. In addition, the loss of
C3aR and/or C5aR also protects mice from renal IRI (35, 75). However, the role of C5L2 is still controversial (76, 77). In this study, we further dem-
onstrated that the deficiency of FB, C3, C4, C5, C5aR1, or C6 alleviates murine renal IRI, whereas the deficiency of C5aR2 fails to affect IRI determined by
detecting complement activation, renal function, tubular epithelial apoptosis, and cytokine production (green dotted line frame). In addition, a targeted
complement inhibitor CRIg/FH potently protects the kidney from IRI, probably via PI3K/AKT activation because a PI3K inhibitor duvelisib almost ab-
rogates the renoprotective role of CRIg/FH. Therefore, this finding reveals the positive feedback between complement activation and renal IRI and further
suggests the candidate drugs for IRI prevention/treatment, such as CRIg/FH and PI3K/AKT agonists.

We found that the loss of all of these complement components,
except C5AR2, exerted significant renoprotective effects to vary-
ing degrees, indicating the diversity and complexity of comple-
ment involvement in IRI. The inflammatory role of C5L2 is
enigmatic and controversial. We report that the loss of C5L2 did
not obviously alter the process of renal IRI. Therefore, the
disease-exacerbating function of complement activation requires
complement-targeted therapeutics in many human kidney disor-
ders, including allograft rejection (17, 56).

The contribution of complement activation to the increasing
number of clinical conditions, including many kidney diseases, has
led to the investigation of more than 20 candidate drugs targeting
various stages and receptors of complement activation in clinical
trials, and additional interventions are in preclinical development.
However, these complement-targeted interventions require careful
and individual evaluation because of the diverse and complex roles
of complement activation under pathophysiological conditions
with various stages and receptors. Preischemic treatment with a

tubulointerstitium; the red arrows indicate tubular epithelial cells swell and vacuolation; and the black arrows indicate cast formation in the tubules in (G).
(K and L) Duvelisib completely inhibited the AKT phosphorylation (Ser473) that was strongly activated by CRIg/FH predominantly in the glomerulus
regions (K), and the quantitative results are shown in (L). IRI significantly suppressed the indigenous AKT activation that occurred in glomeruli with Sham
operation. (M) Duvelisib reduced the regulatory effect of CRIg/FH on multiple cytokines with significance for IL-13, IL-9, IL-12p40, and IL-4 and without
significance for IL-13, IL-10, IL-5, and TNF-a. The bars represent the mean * SD (n = 5-6). ANOVA was performed among the Sham group and PBS,
CRIg/FH, and CRIg/FH/duvelisib groups with IRI. *p < 0.05.
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C5aR antagonist protected kidneys from IRI (57, 58). A CD35/
CR1-derived fusion protein attenuated IRI in animal models of
renal transplantation (59) and is currently being tested in a phase
II clinical trial (EMPIRIKAL) for the treatment of DGF, which is
often associated with IRI (60). Eculizumab (Soliris, Alexion
Pharmaceuticals) is also in phase II clinical trials to determine its
efficacy in preventing posttransplant DGF (NCT01403389,
NCT01919346). CR2/FH (TT30) is a fusion complement inhibitor
that targets only the alternative pathway (61), and it efficiently
ameliorates experimental C3 glomerulopathy (62) and attenuates
IRI in the liver, brain, intestine, lung, and vascularized composite
allografts (63—66). Recently, an engineered mini-FH also showed
a protective role for C3 glomerulopathy (67). In this study, we
evaluated the effect of CRIg/FH in protecting the kidneys from
IRI. CRIg/FH effectively inhibited the complement classical
pathway, but the alternative pathway was the primary target.
CRIg/FH functionally anchors the complement-targeted host cell
membrane for 12 d because of its slow dissociation rate (38). We
observed that CRIg/FH robustly abolished the local deposition of
C3d and MAC in the kidney with IRI and efficiently reduced the
systemic level of C3a and C5a, which functionally protected the
kidney from IRI by preventing histological damage, suppressing
apoptosis, and modifying the production of multiple cytokines.
PI3K/AKT was identified as the critical signaling pathway for
CRIg/FH. A phosphorylation Ab array demonstrated that the PI3K/
AKT pathway was the most enriched pathway following CRIg/FH
treatment, which was further validated in the IPA data. Several
studies have demonstrated that PI3K/AKT pathway plays a critical
role in renal functional and structural recovery from AKI (68-71), in
which YAP activation may be an important downstream modulator
for the proximal tubule epithelial cells (71). IRI remarkably sup-
pressed activation of PI3K/AKT signaling in glomeruli, which may
result from the lack of sufficient growth factors during the process of
ischemia. Therefore, replenishment of growth factors or PI3K/AKT
agonists may be required to preserve donor kidneys and prevent IRI.
Duvelisib is a specific inhibitor of the p110B3/v/d subunits of PI3K
and almost completely abrogated the renoprotective role of
CRIg/FH for IRI when combined with CRIg/FH, as determined by
the detection of renal function, complement activation, histolog-
ical damage, apoptosis, and cytokine profiling. However, the
underlying mechanisms for complement inhibition by CRIg/FH
via activation of PI3K/AKT signaling in glomeruli require fu-
ture investigation. We noted that HDACI, a kind of histone
acetyltransferase, was the top-ranked upregulated phosphorylated
protein. Phosphorylated HDACI, which has increased deacetylase
activity, suppresses inflammation by inhibiting C/EBP-8 expres-
sion, which is an amplifier of inflammation (72), to ameliorate IRI.
Therefore, our findings revealed the diversity and complexity of
complement activation in the exacerbation of renal IRI and the
great potential of CRIg/FH for the treatment of renal IRI (Fig. 7).
We support the further development of candidate drugs, such as
agonists for PI3K/AKT activation and HDAC1 phosphorylation.
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