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1 | INTRODUCTION
Sickle cell anemia (SCA) causes acute chest syndrome, vascular-
occlusion-associated severe pain episodes, chronic hemolytic anemia,
inflammation, and multiple-organ damage that cause nephropathy, pul-
monary hypertension, and cardiomyopathy which reduce the lifes-
pan of patients with SCA [1, 2]. With improved and comprehensive
medical care, SCA patients now live longer and organ pathology has
emerged as the major cause of death in adult patients with SCA.
Sickle nephropathy, including tubular pathology, manifests as urine
concentrating defect and glomerulopathy, manifests as proteinuria,
specifically albuminuria that may progress to renal failure [3, 4]. How-
ever, a significant knowledge gap remains in understanding the SCA-
associated renal pathophysiology.

Fibrin(ogen) serves an important role in hemostasis and thrombosis
[5]. Thrombin cleaves soluble fibrinogen and converts into insoluble
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Sickle cell anemia (SCA) causes nephropathy which may progress to kidney failure.
To determine if soluble fibrinogen (Fib”EX) can prevent kidney damage in mice with
SCA, we performed bone marrow transplantation (BMT) of Berkeley sickle mice into
wild-type fibrinogen (FibWT), and Fib”EK mice that bear a germ-line mutation in fib-
rinogen Aa chain at thrombin cleavage site which prevents fibrin formation. We found
improved albuminuria in SS FibAEX mice compared with SS Fib"T mice at 12 months
post-BMT due to the reduced kidney fibrosis, ischemic lesions, and increased survival
of podocytes in the glomeruli, but did not improve urine concentrating defect. There-
fore, our study clarifies the distinct role of fibrinogen and fibrin in the renal pathology

albuminuria, fibrinogen, kidney, nephropathy, pathology, sickle cell anemia, thrombin

fibrin which occludes blood vessels through the formation of fibrin
mesh cross-linked by factor XIII and thereby, stops excessive bleeding
[5]. Fibrin(ogen) is also responsible for inflammatory processes, tissue
injury, and wound healing [5]. Leukocytes interact with fibrinogen
through integrin ay8, receptors that stimulate phagocytosis, degran-
ulation, and inflammation [6]. In our previous study, we found that
the elimination of fibrinogen binding to the apmfB, receptor improves
renal pathology in SCA mice [7]. However, the exact roles of soluble
fibrinogen versus insoluble fibrin polymers in the disease processes
were impossible to investigate due to the lack of a mouse model. To
resolve this issue, Prasad et al. have generated the FibAEX mouse line
that has a germ-line mutation in the fibrinogen Aa chain where the
thrombin cleavage site is located [8]. Therefore, thrombin cannot
cleave and release fibrinopeptide-A from this mutant fibrinogen
that fails to form fibrin polymer. The FibAEX mouse carries soluble
circulating fibrinogen, which shows a remarkable inability to clear
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Staphylococcus aureus intraperitoneal infection but has a significant
infection dose-dependent survival after acute peritonitis [8]. However,
the role of soluble fibrinogen versus insoluble fibrin polymer in kidney
damage in SCA is not investigated. Here, we have shown that FibAEK
mutation improves renal phenotype in mice with SCA.

2 | METHODS

All experiments were performed at Cincinnati Children’s Research
Foundation’s veterinary facility with approval from the Institutional
Animal Care and Use Committee. To determine the role of fibrin(ogen)
in the renal pathology of SCA, bone marrow hematopoietic stem
cells from Berkeley sickle (SS) mice expressing sickle hemoglobin or
C57BL/6-Ly5.1 (BoyJ) mice expressing normal hemoglobin were trans-
planted into irradiated 8- to 10-week-old recipient mice, wild-type fib-
rinogen (FibWT) or Fib”EK to generate the chimeric mice: SS FibWT,
SS Fib”AEK, BoyJ FibWT, or BoyJ Fib”EK (Figure S1A). The bone mar-
row transplantation (BMT) experiments were repeated three times and
the chimeric mice were followed for 1 year. All methods have been

described in the supplemental methods and our published article [7, 9].

3 | RESULTS

We analyzed the complete blood count of our experimental mice at
12 months post-BMT. As expected, we observed significantly higher
reticulocyte counts in SS FibWT and SS Fib”AEX mice compared to the
nonsickle, BoyJ) FibWT, and BoyJ FibAEK mice (Figure S1B) demon-
strating that sickle phenotypes were successfully transmitted from
the donor SCA mice to the recipient mice. The human sickle RBC’s
hemoglobin (HbS) chimerism in the SS FibWT and SS FibAEK mice were
stable for the duration of the study (Figure S2). We found significantly
lower RBC parameters in SS FibWT mice than the BoyJ FibWT mice. We
did not observe any difference in RBC parameters between SS FibWT
and SS FibAEK mice, both showing classic sickle RBC parameters [7]. We
found significantly higher monocyte counts in SS FibWT and SS FibAEK

bWT

mice compared to the BoyJ Fi mice. WBC, neutrophils, and lympho-

cytes showed a trend toward higher counts in SS FibWT

mice compared
with the BoyJ FibWT mice, whereas platelet counts were decreased in
SS mice. WBC, monocyte, and lymphocyte counts were similar except
for higher neutrophil counts in SS FibAEK mice than the SS FibWT mice
(Table S1).

We found a similar concentration of fibrinogen in BoyJ FibAEX mice
and BoyJ Fib"T mice, and SS FibAEX mice and SS FibWT mice. Also, we
did not found any difference in plasma fibrinogen between SS and non-
SS mice (Figure S3).

Similar to human SCA patients, mice with SCA progressively
develop nephropathy with aging [3, 7]. To assess renal function, we
harvested 24-h urine samples from our mice. We found significantly
increased albuminuria in SS Fib"WT mice compared with BoyJ FibWT

mice at 12 months post-BMT (Figure 1A). We found significantly

reduced urine albumin in SS FibAEK mice than the SS Fib"T mice
at 12 months post-BMT (Figure 1A). To determine whether kidney
pathology of increased severity is correlated with renal dysfunction,
we analyzed the kidney histopathology of our experimental mice after
euthanization [7]. Compared to the SS Fib"T mice, SS FibAEK mice
had significantly reduced renal fibrosis (Figure 1A), ischemic lesions
(Figure 1B), and increased survival of Wilms’ tumor 1 expressing
podocytes in the glomeruli (Figure 1C). We also found a trend for
decreased inflammatory infiltrates in SS Fib”AEK mice compared to
the SS FibWT mice (Figure S4). Both SS FibWT and SS FibAFK mice had

bWT mice at

diminished urine concentrating ability compared to BoyJ Fi
12 months post-BMT (Figure 1B). However, urine concentrating ability
was not improved in SS FibAEX mice compared to the SS FibWT mice at
12 months post-BMT (Figure 1B). We did not found any difference in
tubular pathology between SS FibWT and SS FibAEK mice (Figure S5),
which is consistent with the urine concentrating ability data. There-
fore, fibrin-mediated clot formation is not playing a role in the urine
concentrating ability in SCA. We did not found any pathology in the kid-
neys of the non-SS mice (Figure Sé). Collectively, our data suggest that
FibAEK mutation offers protection against albuminuria development in

mice with SCA but cannot improve urine concentrating defect.

4 | DISCUSSION

Thrombin promotes macrophage recruitment via fibrin(ogen) that
causes local inflammatory cytokine production [5]. Since inflammation
is a prominent feature in SCA, we investigated whether the mechanism
by which fibrin(ogen) causes end-organ damage is via its macrophage
binding domain, apf3,. In our previous study, we found that genetic
elimination of the ap 8, binding motif of fibrinogen ameliorated kidney
pathology in mice with SCA [7]. Our present study implies that throm-
bin activity can promote kidney damage in SCA via the conversion
of fibrinogen to fibrin as an independent mechanism to fibrin(ogen)-
leukocyte interactions mediated by opmfs.

Renal fibrosis is present in both SCA patients and mice as a conse-
quence of the excessive accumulation of extracellular matrix and repre-
sents a failed wound-healing process of the renal tissues [3]. Fibrin can
induce renal fibrosis through activation of fibroblasts that proliferate
and differentiate into myofibroblasts in response to increased profi-
brotic mediator secretion and deposition of collagen that ultimately
results in fibrogenesis causing renal fibrosis that leads to chronic
kidney diseases [10-12]. Fibrinogen-deficient mice have significantly
reduced interstitial fibroblasts proliferation without any difference in
inflammatory infiltrates in the kidneys [11].

Our study demonstrates that FibAEK

mutation improves renal fibro-
sis, ischemia, and protects podocytes from injury/loss resulting in
reduced albuminuria in mice with SCA. Further studies will investigate
the mechanisms of fibrinogen versus fibrin-associated renal pathology
in SCA to better delineate the relevant biological processes, which in
turn will direct the development of novel treatment strategies for kid-

ney diseases.
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FIGURE 1 Renal function and pathology are improved in SS FibAEX mice compared with the SS FibWT mice. (A) Mouse urine albumin
concentrations were measured that were normalized with 24 h urine volume. Albuminuria was increased in SS FibWT (n = 22) mice compared with
the BoyJ Fib"WT (n = 19) mice and reduced in SS Fib”EK (n = 14) mice compared to SS FibWT (n = 22) at 12 months post-BMT. (B) SS FibWT (n = 22)
and SS Fib”AEK (n = 14) mice had significantly diminished urine concentrating ability compared with BoyJ Fib"WT (n = 19) mice and similar urine
concentrating ability between SS FibWT and SS FibAEK mice at 12 months post-BMT. Each symbol represents an individual mouse. (C, D) Exemplary
kidney sections of SS Fib"WT mice (n = 10, left panel), SS FibAEK mice (n = 9, middle panel), and histologic features (right panel) showing fibrosis (C)
and ischemic lesions (D). Each kidney section was entirely examined and scored. Histopathology scores are ranged from O to 5, where O is the
normal kidney morphology; 1 is the pathology in less than 20% of the kidney sections; 2 is the pathology in 21-40% of the kidney sections; 3 is the
pathology in 41-60% the kidney sections; 4 is the pathology in 61-80% the kidney sections. (E) Immunofluorescence staining of the kidney
sections shows decreased podocyte marker, Wilms’ tumor 1 expression (WT1, red dots marked with blue arrows inside white dotted circles) in SS
Fib"T mice (n = 6) compared to SS Fib”EK mice (n = 5). Twenty glomeruli of each kidney section were counted and the average number of WT1*
podocytes is shown in the graph. The bars in the graphs indicate the mean + standard error of the mean (SEM). One-way ANOVA followed by
Tukey’s or Dunn’s multiple comparison test for multiple groups, and Student’s T-test or Mann-U Whitney test for two groups were used. Statistical
significance is indicated as **p, <0.01, *p, <0.05; and ns, not significant
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