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Introduction
Fibrosis is a pathologic variant of  the normal wound healing process characterized by injury, inflammation, 
myofibroblast activation, and matrix accumulation and remodeling (1). Fibrotic diseases have been estimated 
to account for up to half  of  deaths in the developed world (2). However, there is no clinically satisfactory ther-
apeutic approach to fibrosis. Chronic kidney disease (CKD) is an epidemic increasing at an alarming rate (3). 
Kidney fibrosis is a major contributor to progression of  almost all forms of  CKD (4). Despite many attempts 
to block kidney fibrosis, few have been approved in clinical practice and a large treatment gap remains. Thus, 
novel antifibrotic therapies are urgently needed to prevent the progression of  kidney fibrosis in CKD.

Proximal tubular cells (PTCs), which comprise the bulk of  renal parenchyma, are the primary target of  
various ischemic, metabolic, immunologic, and toxic insults (5). In many animal models of  CKD, such as 
folic acid (FA) nephropathy and unilateral ureteral obstruction (UUO), tubular injury has been observed (6). 
During the induction phase of  chronic kidney injury, PTCs actively participate in injurious pathways pre-
dominantly through their ability to synthesize reactive oxygen species and inflammatory mediators, includ-
ing chemokines (5). Chemokine receptor CXCR4 is a member of  the CXC chemokine receptor family of  
G protein–coupled receptors (7). In human biopsies of  IgA nephropathy, minimal change nephrotic syn-
drome, focal segmental glomerulosclerosis, chronic pyelonephritis, and acute tubular necrosis, there is intense 
CXCR4 staining in proximal tubules (8). Importantly, CXCR4 has been demonstrated to play a central role 
in the development of  other fibrotic diseases, such as nonalcoholic steatohepatitis (9), ocular neovascular-
ization (10), hypertrophic scar formation (11), and diabetic cardiac fibrosis (12). In the UUO nephropathy 
mouse model, CXCR4 is significantly upregulated, and the nonpeptide CXCR4 antagonist AMD3100 blunts 

The G protein–coupled CXC chemokine receptor 4 (CXCR4) is a candidate therapeutic target for 
tissue fibrosis. A fully human single-domain antibody-like scaffold i-body AD-114-PA600 (AD-114) 
with specific high binding affinity to CXCR4 has been developed. To define its renoprotective role, 
AD-114 was administrated in a mouse model of renal fibrosis induced by folic acid (FA). Increased 
extracellular matrix (ECM) accumulation, macrophage infiltration, inflammatory response, 
TGF-β1 expression, and fibroblast activation were observed in kidneys of mice with FA-induced 
nephropathy. These markers were normalized or partially reversed by AD-114 treatment. In vitro 
studies demonstrated AD-114 blocked TGF-β1–induced upregulated expression of ECM, matrix 
metalloproteinase-2, and downstream p38 mitogen-activated protein kinase (p38 MAPK) and 
PI3K/AKT/mTOR signaling pathways in a renal proximal tubular cell line. Additionally, these 
renoprotective effects were validated in a second model of unilateral ureteral obstruction using 
a second generation of AD-114 (Fc-fused AD-114, also named AD-214). Collectively, these results 
suggest a renoprotective role of AD-114 as it inhibited the chemotactic function of CXCR4 as well 
as blocked CXCR4 downstream p38 MAPK and PI3K/AKT/mTOR signaling, which establish a 
therapeutic strategy for AD-114 targeting CXCR4 to limit renal fibrosis.

https://doi.org/10.1172/jci.insight.143018
https://doi.org/10.1172/jci.insight.143018


2

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(4):e143018  https://doi.org/10.1172/jci.insight.143018

the UUO-induced fibrotic response (13). Additional CXCR4 inhibitors include the small molecule MSX-122 
(14), peptides LY2510924 (15) and BL-8040 (16, 17), and antibodies such as BMS-936564 and PF-06747143 
(18–20). However, the only CXCR4 antagonist approved by the US FDA has been AMD3100, the clinical 
trial of  which was terminated due to its poor oral bioavailability and its off-target cardiotoxicity (21).

The i-body AD-114-PA600 (AD-114), a fully humanized single-domain antibody-like scaffold with 
specific high binding affinity to CXCR4, was designed using information from the IgNAR antibodies from 
sharks (22). AD-114 has been reported to inhibit idiopathic pulmonary fibrosis in in vitro and in animal 
studies through different mechanisms compared with other CXCR4 antagonists (23). Briefly, AD-114 can 
penetrate deep into the ligand binding pocket, contact residues that were previously only accessible to small 
molecule drugs, and selectively block CXCR4 signaling (22). Moreover, AD-114 can block inflammatory 
cell migration without stem cell mobilization (22). In this study, we have evaluated the renoprotective role 
of  AD-114 in FA nephropathy, a well-characterized and widely used animal model of  renal interstitial 
fibrosis, and examined the effects of  AD-114 on TGF-β1–induced fibrotic responses in renal PTCs in vitro. 
These results were then confirmed in an alternative model of  renal fibrosis, i.e., the UUO model using 
AD-214. I-body AD-214 consists of  AD-114 with a human Fc fragment fused at the C-terminus of  the 
i-body. Taken together, our results suggest that targeting CXCR4 using the i-body AD-114 or the second 
generation AD-214 is a novel and effective approach for both the prevention and treatment of  fibrotic CKD.

Results
CXCR4 expression is upregulated in mouse and human fibrotic kidneys. Although CXCR4 is highly expressed 
in the embryonic kidney, its expression is significantly lower in healthy adult kidneys (8, 24). To detect 
CXCR4 expression in fibrotic kidneys, kidney biopsies from normal nephrectomy specimens and patients 
with diabetic kidney disease (DKD) and kidney fibrosis and kidneys from 3 mechanistically distinct mouse 
models of  kidney fibrosis, including streptozotocin-induced (STZ-induced) DKD, UUO, and FA nephrop-
athy, were collected. CXCR4 expression was detected using immunohistochemistry (IHC). As shown in 
Figure 1, A and B, CXCR4 expression was significantly upregulated in diabetic kidneys from patients and 
eNOS–/– DKD mice compared with nondiabetic control (P < 0.01). Compared with control, day 14 UUO 
kidneys and day 21 FA kidneys had an approximately 15-fold and approximately 20-fold increase, respec-
tively, in CXCR4 expression, which was predominantly localized in renal tubular cells (Figure 1, C and D, 
P < 0.01). Collectively, these data indicated that CXCR4 expression is upregulated significantly in humans 
with DKD and in 3 fibrotic mouse models, of  which FA nephropathy had the highest increase in CXCR4 
expression. Thus, the FA nephropathy model was used for the following in vivo study.

To assess CXCR4 expression at early stages of  FA nephropathy, mice were culled at different time 
points (days 3, 5, 7, 14, 21) after treatment with FA (animal study 1). As shown in Figure 1, E and F, a 
significant increase of  CXCR4 was observed from day 3 after FA injection, and CXCR4 increased approxi-
mately 9-fold at day 5, with a subsequent slight decrease at day 7. This upregulation of  CXCR4 at an early 
stage may lay the foundation for a preventative effect of  AD-114 on subsequent renal fibrosis. CXCR4 
expression was predominantly localized to renal tubular cells. This is consistent with previous literature 
that tubular and infiltrating immune cells contribute to the increased CXCR4 content observed in diseased 
kidneys due to varying etiologies.

To evaluate the degree of  progressive kidney fibrosis after FA administration, kidneys harvested at differ-
ent time points were also analyzed by Masson’s trichrome staining and IHC. The Masson’s trichrome–stained 
kidney displayed marked interstitial fibrosis on visual inspection from day 7 (Figure 1G). Quantitative analy-
sis of  tubulointerstitial fibrosis indicated that FA induced significant fibrosis compared with control from day 
5 as shown by the bar graph in Figure 1H. Consistently, a marked induction of  fibrotic markers collagen-1 
(COL-1), collagen-3 (COL-3), and fibronectin (FN) was observed at day 7 (COL-1: 6.2-fold, COL-3: 5.8-fold, 
FN: 25.5-fold, P < 0.05, Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.143018DS1).

Co-incident administration of  i-body AD-114 ameliorates FA-induced kidney fibrosis. As i-body AD-114 has 
been reported to block CXCR4 signaling pathways (22), we sought to test its efficacy in mitigating renal 
fibrosis in vivo. In the preventative study, mice were dosed i.p. 1 hour prior to FA injection with negative 
control i-body 21H5-Im7-FH (21H5), AD-114, or AMD3100 (serving as positive control) and were then 
dosed daily with these treatments until day 21 (Supplemental Figure 2). As demonstrated by H&E and Mas-
son’s trichrome staining in Figure 2A, the kidney displayed typical features of  renal fibrosis in the FA and 

https://doi.org/10.1172/jci.insight.143018
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FA+negative i-body groups. In contrast, the severity of  tubulointerstitial fibrosis was dramatically decreased 
by co-incident administration of  AD-114 (62% reduction) relative to FA alone (Figure 2, A and C, P < 0.01).

Consistent with the Masson’s trichrome staining data, IHC staining revealed that FA-induced deposi-
tion of  fibrotic markers COL-1 and COL-4 was significantly attenuated, by 82% for COL-1 and 84% for 
COL-4 (Figure 2, B and D, P < 0.01), with AD-114 treatment. These data indicated that the i-body AD-114 
can suppress ECM overproduction and reduce renal fibrosis in the mouse model of  FA nephropathy. Stro-
mal cell-derived factor-1 (SDF-1, also known as CXCL12) is a CXC chemokine and the principal ligand 
for CXCR4. As shown in Supplemental Figure 3, A and B, we observed a significant increase of  SDF-1 in 
kidneys after FA injection. However, this increased level of  SDF-1 was not inhibited by administration of  
AD-114 (P > 0.05), indicating that AD-114 had no effect on the expression of  SDF-1.

To assess whether reduced kidney fibrosis was associated with improved physiologic parameters, a 
24-hour urine was collected at the time of  sacrifice, and the urinary albumin/creatinine ratio (UACR) 
was measured. It was shown that albuminuria developed in the FA mice, which was reduced by 38% in 
mice treated with AD-114 (Figure 2E, P < 0.05).

Figure 1. FA induces significant upregulation of CXCR4 and kidney interstitial fibrosis. IHC staining and quantitation of CXCR4 expression in fibrotic kid-
neys from (A) patients with DKD, (B) STZ–endothelial nitric oxide synthase–deficient (STZ-eNOS–/–) DKD mice, (C) UUO mice, and (D) FA nephropathy mice. 
H, human; M, mouse. n = 6. Data are shown as mean ± SEM and were analyzed by Student’s unpaired 2-tailed t test. (E and F) IHC staining and quanti-
tation of CXCR4 levels in mouse kidneys at days 3, 5, 7, 14, and 21 after FA injection in mice. (G) Representative images of Masson’s trichrome staining of 
kidneys at days 3, 5, 7, 14, and 21 after treatment with FA. (H) The degree of tubulointerstitial fibrosis was determined by ImageJ software (NIH). Original 
magnification: ×400 (E), ×200 (A–D and G). Statistical analysis was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. Results 
are presented as mean ± SEM. n = 6. *P < 0.05, **P < 0.01.

https://doi.org/10.1172/jci.insight.143018
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I-body AD-114 inhibits inflammatory responses as well as macrophage infiltration and activation in FA-induced 
kidney fibrosis. Chronic inflammation plays an essential role in the progression of  CKD. During inflamma-
tion, leukocytes are recruited to the glomerulus and renal interstitium, leading to increased secretion of  
chemokines or chemotactic cytokines (25). The gradient of  chemokines further drives infiltration of  mono-
cytes/macrophages, DCs, and T and B cells to the injured site and production of  inflammatory cytokines, 
such as TNF-α and IL-6, and growth factor TGF-β1 (26). The chemokine receptor CXCR4 is involved in 
inflammatory cytokine production and exhibits substantial chemoattractive activity for various inflamma-
tory cells. Among all the cell types, the macrophage is the cell type in most models of  CKD that is highly 
associated with tubulointerstitial fibrosis and poor renal outcomes (27–29).

It has been reported that i-body AD-114 specifically antagonizes CXCR4, disrupts CXCR4/SDF-1 inter-
actions, and blocks leukocyte recruitment and inflammatory cell migration but was unable to mobilize stem 
cells in the assays used (22). To characterize the role of  AD-114 in the regulation of  inflammation in FA 
nephropathy, 2 inflammatory cytokines, TNF-α and IL-6, were examined in kidney tissue. It was demon-
strated that the expression of  TNF-α and IL-6 was increased by 21.1-fold and 6.6-fold, respectively, in the 
FA-treated group (Figure 3A). In animals receiving AD-114, significantly lower TNF-α (68% reduction) and 
IL-6 (55% reduction) mRNA levels were observed (Figure 3A, P < 0.05). Consistent with this finding, ELISA 
of serum IL-6 levels indicated a significant decrease of  serum IL-6 (36% reduction) in mice administered 
AD-114 compared with FA only (Figure 3B, P < 0.05). These data suggested that i-body AD-114 prevented 
the production of  inflammatory TNF-α and IL-6 in FA-induced kidney fibrosis in mice.

Significant macrophage infiltration is a prominent feature in biopsy specimens of  patients with CKD 
and indisputably plays a key role in kidney fibrosis (30–32). Macrophages can switch between classical 
M1 and alternative M2 phenotypes depending on the local microenvironment. Excessive or aberrant M1 
or M2 macrophage activity can cause fibrosis. Interestingly, M2 macrophages express 16-fold greater 
CXCR4 mRNA levels in human peripheral blood-derived macrophages (33). Thus, activated macro-
phages contribute to the upregulation of  CXCR4. This upregulation of  CXCR4 on macrophages enables 
the SDF-1/CXCR4 interaction and thus the migration of  macrophages to the diseased kidney. On the 
other hand, the upregulation of  CXCR4 makes activated macrophages important targets of  i-body 
AD-114. To determine if  AD-114 regulates macrophage infiltration and activation, 1 macrophage mark-
er — F4/80 — and 2 classical M1 activation markers — inducible NOS (iNOS) and interleukin-1β 
(IL-1β) — as well as 2 markers of  alternative M2 activation that are associated with fibrosis — mac-
rophage scavenger receptor (Msr1) and mannose receptor C type 1 (Mrc1) — were analyzed in kidney 
tissues. RT-PCR data demonstrated that the gene expression of  F4/80, iNOS, and Mrc1 was increased 
by 8.9-fold, 8.7-fold, and 15.4-fold in the FA group and reduced by AD-114 by 54%, 69%, and 58%, 
respectively (Figure 3C, P < 0.05). AD-114 did not exhibit statistically significant inhibition of  IL-1β 
and Msr1 mRNA levels, although the levels were elevated by 4.1-fold and 17.7-fold after FA treatment 
and trended toward decreases when treated with AD-114 (Figure 3D). These data suggest that the i-body 
AD-114 inhibits macrophage infiltration and attenuates some but not all markers of  their activation.

I-body AD-114 mitigates the upregulation of  TGF-β1 and lysyl oxidase-like 2 in FA-induced kidney fibrosis. 
TGF-β1 has been considered a master regulator of  renal fibrosis. Elevated TGF-β1 in the kidney is associ-
ated with the progression of  FA-induced renal fibrosis (34). TGF-β1 induces renal fibrosis through induc-
tion of  ECM deposition and myofibroblast activation as well as suppression of  ECM degradation (35). 
Although a variety of  cell types produce TGF-β1, several studies have identified macrophages as a critical 
source of  TGF-β1 (36). Thus, next we evaluated if  AD-114 mitigated TGF-β1 level in kidneys after expo-
sure to FA (Figure 4). FA resulted in considerably increased TGF-β1–positive staining, whereas this effect 
was significantly reversed by 61% in the kidneys of  AD-114–treated mice (Figure 4, A and B, P < 0.01).

ECM is a highly dynamic structure that is in constant flux of  remodeling through synthesis and 
degradation of  matrix. Dysregulation of  this tightly regulated balance will result in excessive matrix 
deposition and fibrotic tissue formation (37). LOXL2, which is induced by TGF-β1, is a member of  the 
lysyl oxidase family. It plays a critical role in ECM stabilization by facilitating collagen cross-links, myo-
fibroblast activation, and epithelial-mesenchymal transition (EMT). Hence, the effect of  AD-114 on the 
expression of  LOXL2 was investigated. A dramatic increase in LOXL2 staining was observed in the kid-
neys of  the FA group, whereas significantly less staining (73% reduction) was detected in kidneys from 
AD-114–treated mice (Figure 4, C and D, P < 0.01). Together, these data show that AD-114 mitigated 
the upregulation of  profibrotic factor TGF-β1 and LOXL2.

https://doi.org/10.1172/jci.insight.143018
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I-body AD-114 suppresses fibroblast activation in FA-induced kidney fibrosis. Myofibroblast activation is a 
dominant feature of  kidney fibrosis. A role for SDF-1 and CXCR4 in myofibroblast activation has been 
previously shown (23, 38, 39). Hence, we sought to clarify if  AD-114 can reduce myofibroblast acti-
vation after exposure to FA. To characterize the role of  AD-114 in the regulation of  fibroblast activa-
tion, we examined markers of  myofibroblasts, including vimentin, fibroblast-specific protein-1 (FSP-1), 
and α-smooth muscle actin (α-SMA) in kidney tissues. RT-PCR analyses of  kidney tissues demonstrated 
that the expression of  vimentin, FSP-1, and α-SMA was increased by 7.1-fold, 7.8-fold, and 4.1-fold, 
respectively, in FA-challenged mice (Figure 5A, P < 0.01). Treatment with AD-114 significantly decreased 
vimentin, FSP-1, and α-SMA expression by 55%, 53%, and 80%, respectively, compared with the FA 
group (Figure 5A, P < 0.05). Consistently, histopathologic analyses revealed augmented α-SMA staining 
after FA, and AD-114 administration reduced α-SMA protein level by 91% (Figure 5, B and C, P < 0.01).

Delayed administration of  i-body AD-114 also attenuates renal fibrosis. We then tested whether delayed adminis-
tration of AD-114 is also effective in reducing renal fibrosis, a scenario that is more relevant to the clinical setting. 
As shown in Supplemental Figure 4, negative control i-body 21H5, AD-114, or AMD3100 was administrated to 

Figure 2. I-body AD-114 ameliorates FA-induced renal fibrotic responses and improves kidney function in the preventative mouse model. Mice were dosed 1 
hour prior to FA with negative i-body, AD-114, or AMD3100 i.p. and were then administrated daily with these treatments until day 21 in animal study 2. (A) Repre-
sentative images of H&E and Masson’s trichrome staining. (B) Representative images of COL-1– and COL-4–stained kidney sections. (C) Quantitative analysis of 
tubulointerstitial fibrosis from Masson’s trichrome staining by ImageJ software. (D) Quantitation of COL-1 and COL-4 immunohistochemical staining. (E) A 24-hour 
urine was collected at day 21, and urinary albumin and creatinine levels were detected for UACR calculation. Original magnification: ×200 in all. Statistical analysis 
was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. Results are presented as mean ± SEM. *P < 0.05, **P < 0.01. n = 6–8.

https://doi.org/10.1172/jci.insight.143018
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mice starting at day 7 after FA injection, a time point when significant kidney injury was already established as 
demonstrated in Figure 1, G and H.

Mice that were administered FA and the various treatment interventions from days 7–21 were euth-
anized, and kidneys were analyzed by H&E and Masson’s trichrome staining. Figure 6A displays rep-
resentative images from each group. As demonstrated by H&E and Masson’s trichrome staining, the 
kidney demonstrated typical features of  renal fibrosis in the FA and FA+negative i-body groups. In 
contrast, daily AD-114 treatment from day 7 significantly decreased the severity of  tubulointerstitial 
fibrosis by 64% (Figure 6C, P < 0.01).

Figure 3. I-body AD-114 inhibits inflammatory responses as well as macrophage infiltration and activation in FA-induced kidney fibrosis. (A) 
mRNA expression of TNF-α and IL-6 in mouse kidneys was measured by quantitative real-time PCR (RT-PCR). (B) Serum IL-6 levels were detect-
ed by ELISA. (C and D) mRNA expression of F4/80, iNOS, Mrc1, IL-1β, and Msr1 in mouse kidneys was measured by quantitative RT-PCR. β-Actin 
was used as the endogenous control gene. Statistical analysis was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. 
Results are presented as mean ± SEM. *P < 0.05, **P < 0.01. n = 6.

https://doi.org/10.1172/jci.insight.143018
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Consistently, FA-treated mice showed substantially increased deposition of  COL-1 and COL-4 in the 
interstitial area of  kidney cortex, whereas this effect was significantly reversed by 74% and 83%, respec-
tively, in mice with daily treatment of  AD-114 from days 7 to 21 (Figure 6, B and D, P < 0.01). These data 
indicate that i-body AD-114 can suppress ECM overproduction and reduce renal fibrosis in an established 
mouse model of  FA nephropathy. Concomitantly, kidney function measurement indicated that UACR 
was considerably elevated in FA mice, and this impairment was significantly attenuated by 47% after daily 
injection of  AD-114 from days 7 to 21 (Figure 6E, P < 0.05).

I-body AD-114 binds TGF-β1–induced CXCR4 on RPTEC/TERT1 cells and inhibits TGF-β1–induced ECM 
overexpression. Renal tubular cells are the most abundant cells in kidneys. They play fundamental roles 
during kidney injury. Although CXCR4 is expressed in various types of  cells, it is mainly observed in 
tubular cells, especially PTCs (13, 40). To further evaluate the effect of  i-body AD-114 on human PTCs, 
the RPTEC/TERT1 cell line was used. It has been confirmed that the RPTEC/TERT1 cell line exhibits 
functional similarity with in vivo PTCs (41, 42).

TGF-β1 is known to increase protein levels and surface expression of  CXCR4 in certain human cells 
(43, 44). RPTEC/TERT1 cells were incubated with or without TGF-β1 (2 ng/mL) for 48 hours, and cell 
lysates were collected for Western blot analysis. As expected, CXCR4 levels in RPTEC/TERT1 were sig-
nificantly lower in the absence of  TGF-β1, while exposure of  RPTEC/TERT1 cells to TGF-β1 resulted in 
significantly increased CXCR4 expression by 2.9-fold (Figure 7A, P < 0.01).

To further determine if  the i-body AD-114 can bind the upregulated CXCR4 in RPTEC/TERT1 cells, 
immunocytochemistry (ICC) and Western blot were performed with AD-114-6His (AD-114 tagged with 6 
consecutive histidine residues) or negative control i-body 21H5-6His (21H5 tagged with 6 consecutive histi-
dine residues) as primary antibodies. In Figure 7B, AD-114-6His specifically bound TGF-β1–induced CXCR4 
on RPTEC/TERT1 compared with 21H5-6His. Consistently, TGF-β1 significantly increased CXCR4 protein 
expression by 1.8-fold, which was specifically bound by AD-114 (Figure 7C, P < 0.01). These data clearly indi-
cate that the i-body AD-114 can bind RPTEC/TERT1 cells specifically through TGF-β1–induced CXCR4.

As AD-114 can bind RPTEC/TERT1 cells, we further evaluated the impact of  AD-114 on 
TGF-β1–induced ECM expression in RPTEC/TERT1. Our study has shown that for RPTEC/TERT1 

Figure 4. I-body AD-114 mitigates the upregulation of TGF-β1 and lysyl oxidase-like 2 in FA-induced kidney fibrosis. 
Representative images of (A) TGF-β1–stained and (C) lysyl oxidase-like 2–stained (LOXL2-stained) kidney section. 
Quantitation of (B) TGF-β1 and (D) LOXL2 immunohistochemical staining. Original magnification: ×200 in all. Statisti-
cal analysis was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. Results are presented 
as mean ± SEM. **P < 0.01. n = 6–8.

https://doi.org/10.1172/jci.insight.143018


8

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(4):e143018  https://doi.org/10.1172/jci.insight.143018

cells, AD-114 in a concentration of  2 μM or lower does not inhibit the TGF-β1–induced COL-4 and 
FN upregulation. Hence the i-body AD-114 was added to cell culture at 3 μM, 4 μM, and 5 μM in all 
experiments described below.

As shown in Figure 7D, TGF-β1 induced upregulation of  COL-4 and FN genes compared with 
control. Coincubation of  AD-114 at 3 μM significantly inhibited TGF-β1–induced COL-4 mRNA by 
66% and FN mRNA by 55% compared with the negative control i-body (Figure 7D, P < 0.01). To fur-
ther investigate the effect of  AD-114 on ECM protein secretion of  RPTEC/TERT1 cells, Western blot 
was performed to detect the protein levels of  COL-4 and FN. TGF-β1 induced significant increases 
in COL-4 and FN secretion (Figure 7, E and F, P < 0.01). Incubation with AD-114 3 μM reduced the 
secretion of  COL-4 and FN by 81% and 47%, and the inhibitory effect increased with the elevation of  
the i-body concentration (Figure 7, E and F, P < 0.01). These data show that TGF-β1 induced fibrotic 
responses in RPTEC/TERT1 cells and that such responses can be reversed by concomitant inhibition 
of  CXCR4 by the i-body AD-114.

MMP families are zinc-dependent enzymes capable of  cleaving components of  the ECM and thus cru-
cial in the development of  kidney fibrosis (45). MMP-2 is a major member of  the MMP families, regulating 
ECM turnover following TGF-β1 exposure (46–48). Hence, we sought to determine in RPTEC/TERT1 
cells the effects of  the i-body AD-114 on the gene expression of  MMP-2. As shown in Figure 7G, TGF-β1 
increased MMP-2 mRNA levels by 3.5-fold, and coincubation of  RPTEC/TERT1 cells with AD-114 (5 
μM) inhibited the induction of  MMP-2 mRNA (34% reduction, P < 0.05) by TGF-β1. The secretion of  
MMP-2 was further assessed by ELISA. As shown in Figure 7H, the significant induction of  MMP-2 secre-
tion by TGF-β1 (45-fold increase) was inhibited by 4 μM AD-114 (73% reduction, P < 0.01).

Figure 5. I-body AD-114 suppresses fibroblast activation in FA-induced kidney fibro-
sis. (A) mRNA expression of vimentin, FSP-1, and α-SMA in mouse kidneys was mea-
sured by quantitative RT-PCR. β-Actin was used as the endogenous control gene. (B) 
Representative images of α-SMA–stained kidney sections. (C) Quantitation of α-SMA 
immunohistochemical staining. Original magnification: ×200. Statistical analysis 
was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. 
Results are presented as mean ± SEM. *P < 0.05, **P < 0.01. n = 6–8.
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I-body AD-114 blocks CXCR4 signaling via p38 MAPK and PI3K/AKT/mTOR signaling pathway in RPTEC/
TERT1 cells. It is reported that CXCR4 stimulation activates p38 MAPK and PI3K/AKT/mTOR signaling 
in tubular epithelial cells (49). To further understand the mechanism whereby AD-114 influences CXCR4 
signaling in RPTEC/TERT1 cells, the effects of  AD-114 on CXCR4 signaling transduction pathways were 
investigated. As shown in Figure 8, exposure of  RPTEC/TERT1 cells to TGF-β1 resulted in significantly 
increased p38 MAPK (Figure 8A, P < 0.01), AKT (Figure 8C, P < 0.01), and mTOR (Figure 8D, P < 0.01) 
phosphorylation. Concurrent exposure to AD-114 inhibited the TGF-β1–mediated increases in phosphory-
lation of  p38 MAPK, AKT, and mTOR by 70%, 20%, and 25%, respectively, at 4 μM (Figure 8, A, C, and 
D, P < 0.05), with the inhibition becoming more marked with increasing concentration of  AD-114. PI3K 
expression was not inhibited until the concentration of  AD-114 reached 5 μM (24% reduction, Figure 8B, P 
< 0.05), indicating that AD-114 may have a dominant effect on downstream signaling of  PI3K.

Administration of  Fc-fused AD-114, AD-214, ameliorates UUO-induced kidney fibrosis. The fusion of  an Fc 
fragment at the C-terminus of  AD-114 resulted in dimer formation, which was reflected in an enhanced 

Figure 6. Late administration of AD-114 attenuates FA-induced renal fibrosis and improves kidney function in the therapeutic mouse model. 
Mice were dosed daily with negative i-body, AD-114, and AMD3100 from days 7–21. (A) Representative images of H&E and Masson’s trichrome stain-
ing. (B) Representative images of COL-1– and COL-4–stained kidney sections. (C) Quantitative analysis of tubulointerstitial fibrosis from Masson’s 
trichrome staining using ImageJ software. (D) Quantitation of COL-1 and COL-4 immunohistochemical staining. (E) A 24-hour urine was collected at 
day 21, and urinary albumin and creatinine levels were detected for UACR calculation. To differentiate the preventative study, the groups targeted 
for therapeutic intervention are prefaced by “T/.” Original magnification: ×200 in all. Statistical analysis was performed using 1-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Results were presented as mean ± SEM. *P < 0.01, **P < 0.01. n = 6–8.
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affinity to CXCR4 of  low picomolar (Supplemental Figure 5A). AD-214 has been shown to bind to CXCR4 
overexpressed in CHO cells as well as endogenous CXCR4 on T cells (Supplemental Figure 5, B–D).

CXCR4 is markedly upregulated in kidneys that have undergone ureteric obstruction. To analyze 
whether the renoprotective effect of  i-body AD-114 is generalizable to other forms of  renal fibrosis, we 

Figure 7. I-body AD-114 binds TGF-β1–induced CXCR4 on RPTEC/TERT1 cells and inhibits TGF-β1–induced ECM overexpression. (A–C) RPTEC/TERT1 cells were 
incubated with/without TGF-β1 (2 ng/mL) for 48 hours. (A and C) Cell lysates were analyzed by Western blot. Data are mean ± SEM and analyzed by Student’s 
unpaired 2-tailed t test. n = 4. (B) Cells were grown on glass slides and analyzed by ICC. In B and C, AD-114-6His and negative control i-body 21H5-6His were used as 
primary antibodies. Original magnification: ×400. (D–H) Cells were exposed to TGF-β1 with/without AD-114 for 48 hours. (D) Gene expression of COL-4 and FN was 
analyzed by quantitative RT-PCR. (E and F) Supernatants were collected and COL-4 and FN were analyzed by Western blot. MMP-2 expression was analyzed by (G) 
quantitative RT-PCR and (H) ELISA. Statistical analysis was performed using 1-way ANOVA followed by Tukey’s multiple comparisons test. The data are presented 
as mean ± SEM. *P < 0.05, **P < 0.01, n = 4.
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used an additional model, the UUO model. The day following the UUO procedure, mice were dosed 
i.p. with negative control i-body 21H5-Fc and AD-214 and were then dosed once every second day until 
day 14. As demonstrated by H&E staining in Supplemental Figure 5E, UUO kidneys displayed severe 
morphologic lesions characterized by tubular dilation, atrophy, inflammatory cell accumulation, and 
tubulointerstitial fibrosis. Conversely, the kidneys of  animals treated with AD-214 exhibited considerably 
fewer morphologic abnormalities. Consistently, IHC staining revealed that UUO-induced deposition of  
fibrotic marker COL-1 was significantly attenuated (Supplemental Figure 5, E and F, P < 0.05) with 
AD-214 treatment. These data show that AD-214 is renoprotective in UUO-induced renal fibrosis.

Discussion
I-bodies are a class of  humanized next-generation antibodies with the potential to overcome some of  
the limitations of  monoclonal antibodies in therapeutics (22). This study was undertaken to evaluate 

Figure 8. I-body AD-114 blocks CXCR4 signaling via p38 MAPK and PI3K/AKT/mTOR signaling pathway. RPTEC/
TERT1 cells were treated with TGF-β1 with or without i-body AD-114 for 48 hours. Lysis proteins were collected and 
expression of (B) PI3K and phosphorylation of (A) p38 MAPK, (C) AKT, and (D) mTOR was analyzed by Western blot. 
Results are presented as mean ± SEM. Statistical analysis was performed using 1-way ANOVA followed by Tukey’s 
multiple comparisons test. * P < 0.05, **P < 0.01, n = 4.
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the antifibrotic effect of  anti-CXCR4 i-body AD-114 in kidney fibrosis and to elucidate the possible 
underlying mechanisms by utilizing the in vivo toxin-induced FA nephropathy model of  CKD and the 
in vitro human PTC line.

The i-body AD-114, which specifically antagonizes CXCR4, was expressed in E. coli or Pichia pas-
toris in 3 C-terminal formats: AD-114-6H, AD-114-Im-FH, and AD-114-PA600-6H (23, 50). In our 
study, AD-114 was applied in the form of  AD-114-PA600-6H as it has the longest half-life (7.77 hours). 
It remains in the bloodstream of  mice for 72 hours (23). In a mouse model of  pulmonary fibrosis, daily 
prophylactic treatment with AD-114 i.p. for 21 days markedly ameliorated fibrotic lung remodeling rel-
ative to control groups (23). In the FA nephropathy model, FA leads to acute injury followed by fibrosis 
with elevated fibrotic markers (TGF-β1 and α-SMA) after 6 days and tubulointerstitial fibrosis after 14 
days. As reported, high dosage of  FA induced tubular necrosis in the acute phase (from 7 days) (51) 
and robust interstitial fibrosis in the chronic phase (from 21 days) (52). Thus, to assess the preventative 
effect of  AD-114 on kidney fibrosis in this study, mice were administered AD-114 from the day of  FA 
injection and administration continued for 21 days.

In this study, we demonstrated that CXCR4 was upregulated in fibrotic kidneys and administration 
of  anti-CXCR4 i-body AD-114 prevented and furthermore reversed kidney fibrosis in the mouse model of  
FA nephropathy, as evidenced by reduced fibrosis, reduced ECM protein expression, and attenuation of  
FA-mediated increased UACR. Previous reports have shown that chronically high CXCR4 expression in 
multiple effector cell types can contribute to the pathogenesis of  renal fibrosis by altering their biological 
profile, and crosstalk between CXCR4 and TGF-β1 pathways contributes to the progression of  renal fibro-
sis (13). Consistent with this report, we observed AD-114 administration correlated with multiple potential-
ly beneficial mechanisms that limit or reverse renal fibrosis.

Chronic inflammation plays a unique role in the pathophysiology of  CKD. Chronic inflammation 
in the kidney creates a milieu for inducing sustained CXCR4 expression in multiple cell types, includ-
ing neutrophils, monocytes, macrophages, and tubular cells (13). CXCR4 participates in proinflam-
matory cytokine production and inflammatory cell infiltration (53, 54). Inflammatory cells infiltrating 
the renal interstitium play a major role in the initiation and progression of  tubulointerstitial fibrosis 
(55). The degree to which a number of  cell types, including macrophages, DCs, T and B cells, and NK 
cells, accumulate in the renal interstitium correlates with the extent of  fibrosis. Macrophages are found 
in close proximity to collagen-producing myofibroblasts and predominate in the cellular infiltrate in 
fibrosis. Previous studies in a murine air-pouch model showed an inhibitory effect of  AD-114 on 
leukocyte migration, indicating that AD-114 is able to block CXCR4-expressing immune cells’ infil-
tration in the kidney. In this study, we demonstrated that mice administered AD-114 had a significant 
reduction in macrophage infiltration as well as activation as evidenced by decreased F4/80, iNOS, 
and Mrc1 (P < 0.05). The reduced numbers and activity of  macrophages are likely due to the indirect 
effect of  blocking leukocyte recruitment and/or direct inhibition on macrophage infiltration through 
antagonizing SDF-1/CXCR4 interaction, which requires further investigation.

TGF-β1 is the primary stimulator that drives fibrosis through activation of  myofibroblasts, induc-
tion of  ECM, and inhibition of  ECM degradation (35). The macrophage is a major cell type producing 
TGF-β1. Following translation, ECM molecules, such as collagens, undergo several posttranslational 
modifications that facilitate their cross-linking and consequently the formation of  fibers (56). A key 
enzyme in this process is LOXL2, an enzyme that can be induced by TGF-β1. LOXL2 affects fibrosis 
irreversibly through promoting cross-linkage of  collagen fibers in the ECM (57). In the present study, 
expression levels of  TGF-β1 and LOXL2 were upregulated in fibrotic kidneys of  FA-treated mice, 
and these changes were reversed by administration of  AD-114. Thus, we suggest that the inhibition 
of  FA-induced renal fibrosis by AD-114 is at least partially mediated by antagonizing TGF-β1 and 
LOXL2. The reduced TGF-β1 and LOXL2 could result from reduced leukocyte recruitment and/or 
decreased macrophage activity, but this mechanism remains elusive and warrants future study.

As the effector cells of  TGF-β1, activated myofibroblasts are the cells most responsible for inter-
stitial expansion and matrix accumulation during renal fibrosis (58). Recently, the significant role of  
CXCR4 signaling in myofibroblast activation has been recognized (13, 38, 59, 60). CXCR4 signaling 
is thought to mediate the recruitment of  CXCR4+ fibrocytes to the injured organ (59, 60) or promote 
myofibroblast differentiation (38). In this study, we found FA increased the number of  α-SMA–positive 
renal fibroblasts, while AD-114 significantly suppressed the activation of  kidney fibroblasts, paral-
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leled by a substantial reduction in ECM. Vimentin and FSP-1 are another 2 markers for fibroblast 
activation. Enhanced mRNA expression of  vimentin and FSP-1 by FA was also inhibited by AD-114. 
Vimentin is also a typical mesenchymal marker, suggesting that AD-114 can at least partially block 
epithelial dedifferentiation. Collectively, these data implied that injury-activated myofibroblasts are 
important targets of  i-body AD-114. We propose that rather than simply blocking the interaction 
between CXCR4 and its ligand SDF-1, AD-114 can bind to CXCR4 and modulate intracellular down-
stream signaling that are involved in fibroblast activation.

Besides immune cells, CXCR4 is mainly expressed in tubular cells. Intense CXCR4 staining can be 
observed in tubular segments of  human biopsies of  CKD (8). In this study, we demonstrated that AD-114 
can suppress TGF-β1–induced overexpression of  ECM in RPTEC/TERT1 cells through inhibiting CXCR4 
downstream signaling pathways, PI3K/AKT/mTOR and p38 MAPK, which also constitute the nonca-
nonical signaling pathway of  TGF-β1. Previous studies have shown that CXCR4 is required for TGF-β–
induced cell migration while inhibition of  the TGF-β receptor 1 attenuates CXCR4 expression (61). The 
p38 MAPK pathway is an important intracellular signaling pathway involved in the production of  profi-
brotic mediators (62). It is reported that inhibition of  p38 MAPK reduces renal fibrosis in various models 
of  renal fibrosis (63–67). We have shown that dysregulation of  the PI3K/AKT/mTOR signaling pathway 
mediates impaired autophagy in a diabetic model of  renal fibrosis (68). Additionally, ROS induces EMT 
via the TGF-β1/PI3K/AKT/mTOR pathway in diabetic nephropathy (69), and tamoxifen ameliorates 
obstructive nephropathy through Src and the PI3K/AKT/mTOR pathway (70). Thus, we predict that a 
crosstalk or a regulatory circuit may exist between the TGF-β and CXCR4 pathways, which is limited by 
AD-114. However, as this is investigated in an in vitro model, it cannot exactly mimic the in vivo events 
happening during CKD as there are no other cells included.

These studies provide a mechanistic understanding of  the role of  AD-114 in the inhibition and rever-
sal of  kidney fibrosis. CXCR4 is expressed in both immune cells and tubular cells. This i-body targeting 
CXCR4 reduces inflammatory cytokine and macrophage infiltration and mitigates TGF-β1 upregulation, 
as well as suppresses fibroblast activation. The results are consistent with previous findings that AD-114 
reduces immune cell migration to the diseased organ as it inhibits the innate chemotactic function of  
CXCR4 through binding to critical residues in CXCR4. Our results further indicate that AD-114 blocked 
p38 MAPK and PI3K/AKT/mTOR downstream of  CXCR4 signaling in PTCs, which contributed to the 
inhibition of  fibrotic markers (Figure 9). These results suggest that AD-114 (and potentially AD-214) not 
only antagonizes the interaction between CXCR4 and its ligand SDF-1 but also regulates CXCR4 intracel-
lular downstream signaling.

We then examined the therapeutic effect of  AD-114 at an early time point in the development of  
renal fibrosis in a mouse model of  FA nephropathy, where AD-114 administration commenced 7 days 
after FA injection. At this time point, mice exhibited typical fibrotic changes in Masson’s trichrome stain-
ing as well as increases in ECM deposition and renal structural injury. Daily AD-114 administration to 
FA-treated mice from this time point resulted in an attenuated degree of  fibrosis as determined 21 days 
later at the endpoint of  this study.

Although the antifibrotic potential of  i-body AD-114 (and AD-214) is convincing, there are several 
limitations. First, since there are many effector cells and cytokines involved in kidney fibrosis, further inves-
tigation is required to better understand the mechanisms of  CXCR4 signaling. Second, as the therapeutic 
study commenced from day 7, which is a relatively early intervention in the development of  kidney fibrosis, 
a more delayed intervention using AD-114 is warranted.

To conclude, this study is the first to our knowledge to report that i-bodies targeting CXCR4 ameliorate 
kidney fibrosis in both FA and UUO models of  kidney disease. These data suggest that AD-114 has poten-
tial utility for therapeutic use in reversing kidney fibrosis. Because existing therapies are at best minimally 
ineffective and other CXCR4 antagonists, such as AMD3100, have been demonstrated to exert significant 
toxicity with off-target effects, these findings are of  obvious clinical significance.

Methods
Kidney biopsy collection. To determine CXCR4 expression in fibrotic kidneys, kidney biopsies were collected 
from normal nephrectomy specimens and from patients with DKD and kidney fibrosis recruited from 
Royal North Shore Hospital, Sydney, New South Wales, Australia. Kidney samples from STZ-induced 
eNOS–/– DKD mice, FA mice, and UUO mice were derived within our research group.
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I-body and CXCR4 antagonist AMD3100. I-body AD-114-PA600 (AD-114) and AD-114-PA600-6His 
(AD-114-6His, AD-114 tagged with 6 consecutive histidine residues) were produced using PASylation 
technology in collaboration with XL-protein GmbH (50). AD-214 (AD-114 was fused at its C-terminus 
with a human IgG1 mutant Fc region) and nonspecific negative control i-bodies 21H5-Im7-FH (21H5), 
21H5-Im7-FH-6His (21H5-6His, 21H5 tagged with 6 consecutive histidine residues), and 21H5-Fc (21H5 
was fused at its C-terminus with a human IgG1 mutant Fc region) were supplied by AdAlta Limited. 
AMD3100, which is an inhibitor of  CXCR4 approved for applications in stem cell mobilization (71), was 
purchased from Tocris Bioscience, Bio-Techne, as the octahydrochloride salt and used as a positive control.

Animal studies. Male C57BL/6 mice, 6–8 weeks old, weighing 20–25 g, were randomized by body 
weight and divided into treatment groups (n = 6–8 per group). Mice were purchased from the Kearns Facil-
ity, Kolling Institute, Sydney, New South Wales, Australia.

For animal study 1, FA nephropathy was experimentally induced at day 0 by i.p. injection of  a single 
dose of  FA (250 mg/kg in the vehicle of  0.3 M NaHCO3). To evaluate CXCR4 expression at different time 
points after FA injection, mice were humanely euthanized at days 3, 5, 7, 14, and 21.

For animal study 2 (preventative and therapeutic studies), to evaluate the effects of i-body AD-114, FA 
nephropathy was induced at day 0 as above. For the preventative study, mice were dosed i.p. 1 hour prior to FA 
injection with negative i-body (10 mg/kg), AD-114 (10 mg/kg), or AMD3100 (10 mg/kg) and were then dosed 
daily with these treatments until day 21 (Supplemental Figure 2). To assess the therapeutic potential of the i-body 
AD-114 on established kidney injury (therapeutic study), a second batch of FA-treated mice were dosed daily 
with negative i-body (10 mg/kg), AD-114 (10 mg/kg), and AMD3100 (10 mg/kg) from days7–21 (Supplemen-
tal Figure 3). A preterminal 24-hour urine was collected in metabolic cages 1 day before the mice were humanely 
euthanized. Left kidneys were removed and snap-frozen in liquid nitrogen and subsequently stored at –80°C for 
the isolation of RNA, and right kidneys were fixed in 10% buffered formalin for histologic examination.

Figure 9. Proposed mechanisms of how AD-114 ameliorates kidney fibrosis. AD-114 blocked leukocyte migration, 
leading to reduced inflammatory cytokines and macrophage infiltration, and mitigated TGF-β1 upregulation as well as 
fibroblast activation. AD-114 also blocked CXCR4 downstream p38 MAPK and PI3K/AKT/mTOR signaling in PTCs. All of 
these resulted in the inhibition of ECM accumulation and thus attenuated kidney fibrosis.
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For animal study 3 (second model), male C57BL/6J mice, which were purchased from the Kearns 
Facility, underwent UUO according to published methods. The left ureter was isolated and tied off  0.5 cm 
from the pelvis while the right ureter was left unclamped and served as the sham-operated control. From 
the following day of  UUO, negative i-body 21H5-Fc (5 mg/kg) and AD-214 (5 mg/kg) or AMD3100 (5 
mg/kg) were administered i.p. once every 2 days until day 14. Kidneys were taken and fixed by immersion 
in 10% phosphate-buffered formalin for further analyses.

Urinary albumin/creatinine measurement. Urinary albumin was measured using a Mouse Albumin 
ELISA kit (Crystal Chem), and urinary creatinine was measured using a creatinine (urinary) colorimet-
ric assay kit (Cayman Chemical), according to instructions provided by the manufacturer. Albuminuria 
was expressed as UACR.

Serum IL-6 measurement. Blood was collected and clotted for 30 minutes at room temperature 
before centrifugation for 15 minutes at 1000g at 4°C. The supernatant (serum) was then transferred 
into a clean tube. Serum IL-6 concentrations were measured by ELISA, according to the manufactur-
er’s instructions (Eagle Biosciences).

Kidney histology and IHC. Paraffin-embedded sections were used for histologic and IHC staining. 
Changes in renal morphology were examined by H&E staining. Matrix deposition within the inter-
stitium was assessed using Masson’s trichrome staining. For IHC staining, kidney slides were incu-
bated in citrate buffer (pH 6, heated to 99°C) for epitope retrieval and 0.3% hydrogen peroxide to 
block endogenous peroxidase activity. After preincubation with 10% protein block (Dako) to block 
nonspecific binding of  antibodies, the tissues were incubated overnight at 4°C with primary antibod-
ies against COL-1 (Abcam, 34710), α-SMA (MilliporeSigma, A2547), FN (Abcam, 45688), COL-4 
(Abcam, 6586), COL-3 (Abcam, 7778), CXCR4 (Santa Cruz Biotechnology, sc-53534), TGF-β (Santa 
Cruz Biotechnology, sc-130348), and LOXL2 (Santa Cruz Biotechnology, sc-66950). Slides were then 
washed and incubated with secondary antibodies EnVision+System-HRP Labelled Polymer Anti-rab-
bit (Dako, K4003) and EnVision+System-HRP Labelled Polymer Anti-mouse (Dako, K4001). After 
washing with TBS-Tween 20, kidney sections were covered with DAB (Dako) for 10 minutes to pro-
duce a brown color. Ten randomly chosen fields of  kidney cortex were captured per mouse, and stain-
ing was quantified as percentage of  total area, using ImageJ.

Cell culture. RPTEC/TERT1 cells (ATCC CRL4031), a human PTC line that ectopically expresses the 
catalytic subunit of  telomerase (TERT), were cultured according to the instructions from ATCC. Cells 
were seeded into 6-well plates and incubated with or without recombinant human TGF-β1 (2 ng/mL) in 
the presence or absence of  AD-114 for 48 hours. Then the culture supernatants, total RNA, and cell lysates 
were collected.

ICC. RPTEC/TERT1 cells were seeded into 6-well plates with a coverslip in each well and grown 
with or without TGF-β1 (2 ng/mL) for 48 hours. The cells were fixed in 100% methanol (chilled at –20°C) 
at room temperature (RT) for 5 minutes. After washing, cells were blocked with 1% BSA and 22.52 mg/
mL glycine in PBS with Tween 20 at RT for 1 hour. Then cells were incubated with the primary antibody 
AD-114-6His at 4°C overnight. After that, cells were washed and incubated with the secondary anti-6X His 
tag antibody (HRP) (Abcam, ab197049) for 1 hour at RT, followed by incubation with DAB, and counter-
stained with hematoxylin.

RNA isolation and RT-PCR analysis. Total RNA was extracted from cells or mouse kidney cortex tis-
sues using the RNeasy Mini Kit (QIAGEN). The cDNA was synthesized with iScript cDNA synthesis kit 
(Bio-Rad). Quantitative RT-PCR was performed using the SYBR Green Master Mix (Bio-Rad) with the 
intron-spanning primers as shown in Supplemental Table 1 on the ABI Prism 7900 Sequence Detection 
System (Applied Biosystems). The relative mRNA expression level was calculated by ExpressionSuite soft-
ware (Thermo Fisher Scientific). GAPDH and β-actin were used as endogenous control genes for human 
RPTEC/TERT1 cells and mice, respectively.

Western blot analysis. FN, COL-3, and COL-4 were measured in cell culture supernatant, and cell 
lysates were prepared in RIPA buffer with protease inhibitors (Roche). Samples were separated by SDS-
PAGE, then transferred to Hybond ECL nitrocellulose membrane (Amersham). The membranes were 
incubated with primary antibodies at 4°C overnight followed by 1 hour of  incubation with HRP-conju-
gated secondary antibody at room temperature. Anti-PI3K was purchased from BD Biosciences (catalog 
610045). Anti–phospho-p38 MAPK (catalog 9211), anti-phospho-AKT (catalog 4060) were purchased 
from Cell Signaling Technology. Anti–phospho-mTOR (catalog ab109268) and anti–α-tubulin were from 
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Abcam (catalog ab56676). The blots were then visualized with standard ECL methodology. α-Tubulin 
protein was used as the endogenous control.

MMP-2 detection by ELISA. The concentration of  MMP-2 in cell culture supernatant was quantified 
using ELISA kits (MilliporeSigma) according to the manufacturer’s instruction. The concentration of  sam-
ples was subsequently calculated using the standard curve and mean absorbance values for each sample.

Kinetic binding assay. Kinetic binding analysis of  all AD-214 was confirmed by surface plasmon resonance 
as previously described by Griffiths et al. (22). CHO cells treated with 0.1 μg/mL tetracycline to induce 
CXCR4 expression or human CD8+ T cells were incubated for 10 minutes at room temperature and subse-
quently washed with PBS. The cells were then stained with F(ab′)2-FITC (Jackson ImmunoResearch Labora-
tories), washed, and fixed in 1% paraformaldehyde. The CytoFLEX S flow cytometer (Beckman Coulter) was 
utilized for flow cytometric analysis, and data were analyzed using FlowJo software (Tree Star Inc.).

Statistics. Data are shown as mean ± SEM. Statistical analysis of  data from 2 groups was compared by 
Student’s unpaired 2-tailed t test. Data from multiple groups were analyzed by 1-way ANOVA, followed by 
Tukey’s multiple comparisons test. Statistical significance was determined as P < 0.05.

Study approval. Human studies were approved by the Northern Sydney Local Health District Human 
Research Ethics Committee. Written informed consent was received from participants prior to inclusion in 
the study. All animal experiments were performed in accordance with the National Health and Medical 
Research Council of  Australia’s Code for the Care and Use of  Animals for Scientific Purposes and were 
approved by the Northern Sydney Local Health District Animal Ethics Committee.

Author contributions
QC conceived and designed the research, performed and interpreted the results of  experiments, analyzed 
data, prepared figures, and drafted and revised the manuscript. CH provided some animal samples and 
revised the manuscript. HY and YS performed some animal experiments. AJG and AC performed histo-
logic analysis. MF had input into experimental design and was responsible for providing the i-body. CGH, 
KKL, and CFT were responsible for biochemical characterization of  the i-body. CAP and XMC conceived 
and designed the research, interpreted the results of  experiments, analyzed data, and revised the manu-
script. All authors approved the final version of  the manuscript. CAP is the guarantor of  this work and, as 
such, had full access to all the data in the study and takes responsibility for the integrity of  the data and the 
accuracy of  the data analysis.

Acknowledgments
This work was supported by the National Health and Medical Research Council (NHMRC APP1142793). 
QC was supported by Australian Postgraduate Award for PhD study. We would like to thank Arne Skerra 
and Uli Binder for providing the PASylated protein samples. We would also like to thank Chris Hosking 
and Bill Darby for providing the 21H5 control i-bodies for this study.

Address correspondence to: Carol A. Pollock, Department of  Medicine, Professorial Suite, Level 7, Kolling 
Building, Royal North Shore Hospital, St Leonards, Sydney, NSW 2065, Australia. Phone: 61.2.9926.4652; 
Email: carol.pollock@sydney.edu.au.

 1. Tsou P-S, et al. Cellular mechanisms of  tissue fibrosis. 8. Current and future drug targets in fibrosis: focus on Rho GTPase-regu-
lated gene transcription. Am J Physiol Cell Physiol. 2014;307(1):C2–C13.

 2. Wynn T. Cellular and molecular mechanisms of  fibrosis. J Pathol. 2008;214(2):199–210.
 3. Webster AC, et al. Chronic kidney disease. Lancet. 2017;389(10075):1238–1252.
 4. Hruby Z, et al. The importance of  tubulointerstitial injury in the early phase of  primary glomerular disease. J Intern Med. 

1998;243(3):215–222.
 5. Liu B-C, et al. Renal tubule injury: a driving force toward chronic kidney disease. Kidney Int. 2018;93(3):568–579.
 6. Yang HC, et al. Models of  chronic kidney disease. Drug Discov Today Dis Models. 2010;7(1–2):13–19.
 7. Rossi D, Zlotnik A. The biology of  chemokines and their receptors. Annu Rev Immunol. 2000;18:217–242.
 8. Lotan D, et al. Expression of  SDF-1/CXCR4 in injured human kidneys. Pediatr Nephrol. 2008;23(1):71–77.
 9. Boujedidi H, et al. CXCR4 dysfunction in non-alcoholic steatohepatitis in mice and patients. Clin Sci (Lond). 2015;128(4):257–267.
 10. Lima e Silva R, et al. The SDF-1/CXCR4 ligand/receptor pair is an important contributor to several types of  ocular neovascu-

larization. FASEB J. 2007;21(12):3219–3230.
 11. Campeau L, et al. A potential role of  SDF-1/CXCR4 chemotactic pathway in wound healing and hypertrophic scar formation. 

Receptors Clin Investig. 2015;2:e791.

https://doi.org/10.1172/jci.insight.143018
mailto://carol.pollock@sydney.edu.au
https://doi.org/10.1152/ajpcell.00060.2014
https://doi.org/10.1152/ajpcell.00060.2014
https://doi.org/10.1002/path.2277
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1046/j.1365-2796.1998.00277.x
https://doi.org/10.1046/j.1365-2796.1998.00277.x
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1146/annurev.immunol.18.1.217
https://doi.org/10.1007/s00467-007-0648-2
https://doi.org/10.1042/CS20130833
https://doi.org/10.1096/fj.06-7359com
https://doi.org/10.1096/fj.06-7359com


1 7

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(4):e143018  https://doi.org/10.1172/jci.insight.143018

 12. Chu PY, et al. CXCR4 antagonism attenuates the development of  diabetic cardiac fibrosis. PLoS One. 2015;10(7):e0133616.
 13. Yuan A, et al. Chemokine receptor Cxcr4 contributes to kidney fibrosis via multiple effectors. Am J Physiol Renal Physiol. 

2015;308(5):F459–F472.
 14. Liang Z, et al. Development of  a unique small molecule modulator of  CXCR4. PLoS One. 2012;7(4):e34038.
 15. Cho BS, et al. Antileukemia activity of  the novel peptidic CXCR4 antagonist LY2510924 as monotherapy and in combination 

with chemotherapy. Blood. 2015;126(2):222–232.
 16. Abraham M, et al. Enhanced unique pattern of  hematopoietic cell mobilization induced by the CXCR4 antagonist 4F-benzo-

yl-TN14003. Stem Cells. 2007;25(9):2158–2166.
 17. Abraham M, et al. The CXCR4 inhibitor BL-8040 induces the apoptosis of  AML blasts by downregulating ERK, BCL-2, 

MCL-1 and cyclin-D1 via altered miR-15a/16-1 expression. Leukemia. 2017;31(11):2336–2346.
 18. Jahnichen S, et al. CXCR4 nanobodies (VHH-based single variable domains) potently inhibit chemotaxis and HIV-1 replication 

and mobilize stem cells. Proc Natl Acad Sci U S A. 2010;107(47):20565–20570.
 19. Kuhne MR, et al. BMS-936564/MDX-1338: a fully human anti-CXCR4 antibody induces apoptosis in vitro and shows antitu-

mor activity in vivo in hematologic malignancies. Clin Cancer Res. 2013;19(2):357–366.
 20. Zhang Y, et al. Targeting primary acute myeloid leukemia with a new CXCR4 antagonist IgG1 antibody (PF-06747143). Sci 

Rep. 2017;7(1):7305.
 21. Mosley CA, et al. Recent patents regarding the discovery of  small molecule CXCR4 antagonists. Expert Opin Ther Pat. 

2009;19(1):23–38.
 22. Griffiths K, et al. i-bodies, human single domain antibodies that antagonize chemokine receptor CXCR4. J Biol Chem. 

2016;291(24):12641–12657.
 23. Griffiths K, et al. Anti-fibrotic effects of  CXCR4-targeting i-body AD-114 in preclinical models of  pulmonary fibrosis. Sci Rep. 

2018;8(1):3212.
 24. Takabatake Y, et al. The CXCL12 (SDF-1)/CXCR4 axis is essential for the development of  renal vasculature. J Am Soc Nephrol. 

2009;20(8):1714–1723.
 25. Imig JD, Ryan MJ. Immune and inflammatory role in renal disease. Compr Physiol. 2013;3(2):957–976.
 26. Anders H-J, et al. Chemokines and chemokine receptors are involved in the resolution or progression of  renal disease. Kidney 

Int. 2003;63(2):401–415.
 27. Huen SC, Cantley LG. Macrophage-mediated injury and repair after ischemic kidney injury. Pediatr Nephrol. 2015;30(2):199–209.
 28. Feng Y, et al. The signaling protein Wnt5a promotes TGFβ1-mediated macrophage polarization and kidney fibrosis by inducing 

the transcriptional regulators Yap/Taz. J Biol Chem. 2018;293(50):19290–19302.
 29. Feng Y, et al. Wnt/β-catenin-promoted macrophage alternative activation contributes to kidney fibrosis. J Am Soc Nephrol. 

2018;29(1):182–193.
 30. Lech M, Anders H-J. Macrophages and fibrosis: how resident and infiltrating mononuclear phagocytes orchestrate all phases of  

tissue injury and repair. Biochim Biophys Acta. 2013;1832(7):989–997.
 31. Ko GJ, et al. Macrophages contribute to the development of  renal fibrosis following ischaemia/reperfusion-induced acute kid-

ney injury. Nephrol Dial Transplant. 2008;23(3):842–852.
 32. Yonemoto S, et al. Correlations of  tissue macrophages and cytoskeletal protein expression with renal fibrosis in patients with 

diabetes mellitus. Clin Exp Nephrol. 2006;10(3):186–192.
 33. Martinez FO. Analysis of  gene expression and gene silencing in human macrophages. Curr Protoc Immunol. 2012;Chapter 

14:Unit 14.28.1–23.
 34. Biernacka A, et al. TGF-β signaling in fibrosis. Growth Factors. 2011;29(5):196–202.
 35. Meng XM, et al. TGF-β: the master regulator of  fibrosis. Nat Rev Nephrol. 2016;12(6):325–338.
 36. Wahl SM, et al. Macrophage production of  TGF-beta and regulation by TGF-beta. Ann N Y Acad Sci. 1990;593:188–196.
 37. Bonnans C, et al. Remodelling the extracellular matrix in development and disease. Nat Rev Mol Cell Biol. 2014;15(12):786–801.
 38. Rodríguez-Nieves JA, et al. CXCL12/CXCR4 axis activation mediates prostate myofibroblast phenoconversion through non-ca-

nonical EGFR/MEK/ERK signaling. PLoS One. 2016;11(7):e0159490.
 39. Patalano S, et al. CXCL12/CXCR4-mediated procollagen secretion is coupled to cullin-RING ubiquitin ligase activation. Sci 

Rep. 2018;8(1):3499.
 40. Mo H, et al. C-X-C chemokine receptor type 4 plays a crucial role in mediating oxidative stress-induced podocyte injury. Antiox-

id Redox Signal. 2017;27(6):345–362.
 41. Simon BR, et al. The RPTEC/TERT1 cell line models key renal cell responses to the environmental toxicants, benzo[a]pyrene 

and cadmium. Toxicol Rep. 2014;1:231–242.
 42. Wieser M, et al. hTERT alone immortalizes epithelial cells of  renal proximal tubules without changing their functional charac-

teristics. Am J Physiol Renal Physiol. 2008;295(5):F1365–F1375.
 43. Zhao XP, et al. Transforming growth factor-beta1 upregulates the expression of  CXC chemokine receptor 4 (CXCR4) in human 

breast cancer MCF-7 cells. Acta Pharmacol Sin. 2010;31(3):347–354.
 44. Chen S, et al. Transforming growth factor-beta1 increases CXCR4 expression, stromal-derived factor-1alpha-stimulated signal-

ling and human immunodeficiency virus-1 entry in human monocyte-derived macrophages. Immunology. 2005;114(4):565–574.
 45. Johnson TS, et al. Matrix metalloproteinases and their inhibitions in experimental renal scarring. Exp Nephrol. 2002;10(3):182–195.
 46. Cheng S, et al. Matrix metalloproteinase 2 and basement membrane integrity: a unifying mechanism for progressive renal inju-

ry. FASEB J. 2006;20(11):1898–1900.
 47. Tan RJ, Liu Y. Matrix metalloproteinases in kidney homeostasis and diseases. Am J Physiol Renal Physiol. 2012;302(11):F1351–F1361.
 48. Gewin L, Zent R. How does TGF-β mediate tubulointerstitial fibrosis? Semin Nephrol. 2012;32(3):228–235.
 49. Ueland J, et al. A novel role for the chemokine receptor Cxcr4 in kidney morphogenesis: an in vitro study. Dev Dyn. 

2009;238(5):1083–1091.
 50. Binder U, Skerra A. PASylation®: a versatile technology to extend drug delivery. Curr Opin Colloid Interface Sci. 2017;31:10–17.
 51. Fan Y, et al. Inhibition of  reticulon-1A-mediated endoplasmic reticulum stress in early AKI attenuates renal fibrosis develop-

ment. J Am Soc Nephrol. 2017;28(7):2007–2021.

https://doi.org/10.1172/jci.insight.143018
https://doi.org/10.1371/journal.pone.0133616
https://doi.org/10.1152/ajprenal.00146.2014
https://doi.org/10.1152/ajprenal.00146.2014
https://doi.org/10.1371/journal.pone.0034038
https://doi.org/10.1182/blood-2015-02-628677
https://doi.org/10.1182/blood-2015-02-628677
https://doi.org/10.1634/stemcells.2007-0161
https://doi.org/10.1634/stemcells.2007-0161
https://doi.org/10.1038/leu.2017.82
https://doi.org/10.1038/leu.2017.82
https://doi.org/10.1073/pnas.1012865107
https://doi.org/10.1073/pnas.1012865107
https://doi.org/10.1158/1078-0432.CCR-12-2333
https://doi.org/10.1158/1078-0432.CCR-12-2333
https://doi.org/10.1038/s41598-017-07848-8
https://doi.org/10.1038/s41598-017-07848-8
https://doi.org/10.1517/13543770802553483
https://doi.org/10.1517/13543770802553483
https://doi.org/10.1074/jbc.M116.721050
https://doi.org/10.1074/jbc.M116.721050
https://doi.org/10.1038/s41598-018-20811-5
https://doi.org/10.1038/s41598-018-20811-5
https://doi.org/10.1681/ASN.2008060640
https://doi.org/10.1681/ASN.2008060640
https://doi.org/10.1046/j.1523-1755.2003.00750.x
https://doi.org/10.1046/j.1523-1755.2003.00750.x
https://doi.org/10.1007/s00467-013-2726-y
https://doi.org/10.1074/jbc.RA118.005457
https://doi.org/10.1074/jbc.RA118.005457
https://doi.org/10.1681/ASN.2017040391
https://doi.org/10.1681/ASN.2017040391
https://doi.org/10.1007/s10157-006-0426-7
https://doi.org/10.1007/s10157-006-0426-7
https://doi.org/10.3109/08977194.2011.595714
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1111/j.1749-6632.1990.tb16111.x
https://doi.org/10.1371/journal.pone.0159490
https://doi.org/10.1371/journal.pone.0159490
https://doi.org/10.1038/s41598-018-21506-7
https://doi.org/10.1038/s41598-018-21506-7
https://doi.org/10.1089/ars.2016.6758
https://doi.org/10.1089/ars.2016.6758
https://doi.org/10.1152/ajprenal.90405.2008
https://doi.org/10.1152/ajprenal.90405.2008
https://doi.org/10.1038/aps.2009.204
https://doi.org/10.1038/aps.2009.204
https://doi.org/10.1111/j.1365-2567.2004.02110.x
https://doi.org/10.1111/j.1365-2567.2004.02110.x
https://doi.org/10.1159/000058345
https://doi.org/10.1096/fj.06-5898fje
https://doi.org/10.1096/fj.06-5898fje
https://doi.org/10.1152/ajprenal.00037.2012
https://doi.org/10.1016/j.semnephrol.2012.04.001
https://doi.org/10.1002/dvdy.21943
https://doi.org/10.1002/dvdy.21943
https://doi.org/10.1016/j.cocis.2017.06.004
https://doi.org/10.1681/ASN.2016091001
https://doi.org/10.1681/ASN.2016091001


1 8

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(4):e143018  https://doi.org/10.1172/jci.insight.143018

 52. Koziolek MJ, et al. Role of  CX3C-chemokine CX3C-L/fractalkine expression in a model of  slowly progressive renal failure. 
Nephrol Dial Transplant. 2010;25(3):684–698.

 53. Hummel S, et al. Inhibitors of  CXC chemokine receptor type 4: putative therapeutic approaches in inflammatory diseases. Curr 
Opin Hematol. 2014;21(1):29–36.

 54. De Filippo K, Rankin SM. CXCR4, the master regulator of  neutrophil trafficking in homeostasis and disease. Eur J Clin Invest. 
2018;48(suppl 2):e12949.

 55. Meng XM, et al. Inflammatory processes in renal fibrosis. Nat Rev Nephrol. 2014;10(9):493–503.
 56. Karsdal MA, et al. Extracellular matrix remodeling: the common denominator in connective tissue diseases. Possibilities for 

evaluation and current understanding of  the matrix as more than a passive architecture, but a key player in tissue failure. Assay 
Drug Dev Technol. 2013;11(2):70–92.

 57. Yamauchi M, Sricholpech M. Lysine post-translational modifications of  collagen. Essays Biochem. 2012;52:113–133.
 58. LeBleu VS, et al. Origin and function of  myofibroblasts in kidney fibrosis. Nat Med. 2013;19(8):1047–1053.
 59. Makino H, et al. Antifibrotic effects of  CXCR4 antagonist in bleomycin-induced pulmonary fibrosis in mice. J Med Invest. 

2013;60(1–2):127–137.
 60. Song JS, et al. Inhibitory effect of  CXC chemokine receptor 4 antagonist AMD3100 on bleomycin induced murine pulmonary 

fibrosis. Exp Mol Med. 2010;42(6):465–472.
 61. Bertran E, et al. Overactivation of  the TGF-β pathway confers a mesenchymal-like phenotype and CXCR4-dependent migratory 

properties to liver tumor cells. Hepatology. 2013;58(6):2032–2044.
 62. Liu Y. Cellular and molecular mechanisms of  renal fibrosis. Nat Rev Nephrol. 2011;7(12):684–696.
 63. Sugiyama N, et al. Inhibition of  the p38 MAPK pathway ameliorates renal fibrosis in an NPHP2 mouse model. Nephrol Dial 

Transplant. 2012;27(4):1351–1358.
 64. Lee J, et al. p38 MAPK activity is associated with the histological degree of  interstitial fibrosis in IgA nephropathy patients. 

PLoS One. 2019;14(3):e0213981.
 65. Gao F, et al. Inhibition of  p38 mitogen-activated protein kinases attenuates renal interstitial fibrosis in a murine unilateral uret-

eral occlusion model. Life Sci. 2016;167:78–84.
 66. Chen KH, et al. Inhibition of  spleen tyrosine kinase (syk) suppresses renal fibrosis through anti-inflammatory effects and down 

regulation of  the MAPK-p38 pathway. Int J Biochem Cell Biol. 2016;74:135–144.
 67. Bao C, et al. Incremental load training improves renal fibrosis by regulating the TGF-β1/TAK1/MKK3/p38MAPK signaling 

pathway and inducing the activation of  autophagy in aged mice. Int J Mol Med. 2019;44(5):1677–1686.
 68. Huang C, et al. KCa3.1 mediates dysfunction of  tubular autophagy in diabetic kidneys via PI3k/Akt/mTOR signaling path-

ways. Sci Rep. 2016;6:23884.
 69. Lu Q, et al. ROS induces epithelial-mesenchymal transition via the TGF-β1/PI3K/Akt/mTOR pathway in diabetic nephropa-

thy. Exp Ther Med. 2019;17(1):835–846.
 70. Kim CS, et al. Tamoxifen ameliorates obstructive nephropathy through Src and the PI3K/Akt/mTOR pathway. Biol Cell. 

2019;111(1):18–27.
 71. Scala S. Molecular pathways: targeting the CXCR4-CXCL12 axis--untapped potential in the tumor microenvironment. Clin Can-

cer Res. 2015;21(19):4278–4285.

https://doi.org/10.1172/jci.insight.143018
https://doi.org/10.1093/ndt/gfp602
https://doi.org/10.1093/ndt/gfp602
https://doi.org/10.1097/MOH.0000000000000002
https://doi.org/10.1097/MOH.0000000000000002
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1089/adt.2012.474
https://doi.org/10.1089/adt.2012.474
https://doi.org/10.1089/adt.2012.474
https://doi.org/10.1042/bse0520113
https://doi.org/10.1038/nm.3218
https://doi.org/10.3858/emm.2010.42.6.048
https://doi.org/10.3858/emm.2010.42.6.048
https://doi.org/10.1002/hep.26597
https://doi.org/10.1002/hep.26597
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.1093/ndt/gfr550
https://doi.org/10.1093/ndt/gfr550
https://doi.org/10.1371/journal.pone.0213981
https://doi.org/10.1371/journal.pone.0213981
https://doi.org/10.1016/j.lfs.2016.10.022
https://doi.org/10.1016/j.lfs.2016.10.022
https://doi.org/10.1016/j.biocel.2016.03.001
https://doi.org/10.1016/j.biocel.2016.03.001
https://doi.org/10.1038/srep23884
https://doi.org/10.1038/srep23884
https://doi.org/10.1111/boc.201800040
https://doi.org/10.1111/boc.201800040
https://doi.org/10.1158/1078-0432.CCR-14-0914
https://doi.org/10.1158/1078-0432.CCR-14-0914

	Graphical abstract

