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Introduction
The development, progression, and complications of  fibrosis account for over 45% of  mortality in devel-
oped countries (1, 2). Renal glomerulosclerosis or tubulointerstitial fibrosis are often the result of  chronic 
kidney disease (CKD), which has a global prevalence of  approximately 10%. Renal fibrosis is charac-
terized by uncontrolled inflammation, peritubular capillary rarefaction, and functional failure caused by 
excessive extracellular matrix (ECM) deposition (3–6). Current transplantation and dialysis treatments do 
not address the underlying pathophysiology of  renal fibrosis and CKD, nor do they take advantage of  the 
kidneys’ inherent capacity for postinjury cytoprotective and regenerative functions (7–9). Notably, we and 
others have shown that interleukin-10 (IL-10) and hyaluronan (HA) are critical for regenerative healing 
in most organs (10–13). This means that elucidating innate mechanisms that regulate regenerative tissue 
repair could provide new knowledge that would lead to adjuvant treatments to reduce fibrosis and improve 
CKD patient outcomes and quality of  life (14, 15).

HA, a glycosaminoglycan composed of  linearly repeating disaccharides within the ECM, has gained 
attention since the 1990s for its involvement in inflammation and multiorgan fibrosis (16–19). HA has 
pleiotropic functions that depend on its molecular mass and tissue distribution (20). For instance, high–
molecular weight HA (HMW-HA) is produced by HA synthases (Has) 1 or 2 and exerts antiinflammatory 
and antifibrotic effects, while low-MW HA (LMW-HA; <1,000 kDa) is produced mainly by Has3 and 
causes inflammation and fibrosis (11, 21–24). Moreover, HA stability is regulated by hyaluronidases 1–4, 
which cleave HA into oligosaccharides (25, 26). Physiologically, HA is present in the interstitial renal 

Renal fibrosis features exaggerated inflammation, extracellular matrix (ECM) deposition, and 
peritubular capillary loss. We previously showed that IL-10 stimulates high–molecular weight 
hyaluronan (HMW-HA) expression by fibroblasts, and we hypothesize that HMW-HA attenuates 
renal fibrosis by reducing inflammation and ECM remodeling. We studied the effects of IL-10 
overexpression on HA production and scarring in mouse models of unilateral ureteral obstruction 
(UUO) and ischemia/reperfusion (I/R) to investigate whether IL-10 antifibrotic effects are HA 
dependent. C57BL/6J mice were fed with the HA synthesis inhibitor, 4-methylumbelliferone (4-
MU), before UUO. We observed that in vivo injury increased intratubular spaces, ECM deposition, 
and HA expression at day 7 and onward. IL-10 overexpression reduced renal fibrosis in both models, 
promoted HMW-HA synthesis and stability in UUO, and regulated cell proliferation in I/R. 4-MU 
inhibited IL-10–driven antifibrotic effects, indicating that HMW-HA is necessary for cytokine-
mediated reduction of fibrosis. We also found that IL-10 induces in vitro HMW-HA production by 
renal fibroblasts via STAT3-dependent upregulation of HA synthase 2. We propose that IL-10–
induced HMW-HA synthesis plays cytoprotective and antifibrotic roles in kidney injury, thereby 
revealing an effective strategy to attenuate renal fibrosis in obstructive and ischemic pathologies.
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medulla/papilla and to a lesser extent in the cortex and rapidly turns over when systemic hydration levels 
change. Many chronic inflammatory diseases like CKD are accompanied by total changes in HA MW 
variants (27–30). For instance, studies in rats showed that HA levels gradually increase and peak at day 11 
after ureteral obstruction, then decrease to undetectable levels by day 22. However, the role that HA MW 
plays in kidney fibrosis remains unclear (31).

To further assess the in vitro and in vivo requirement of  HA during fibrotic processes, cell cultures 
and mice were treated with 4-methylumbelliferone (4-MU). An effective Has inhibitor, 4-MU is known 
to systemically reduce HA levels by depleting cellular uridine diphosphate–glucoronic (UDP-glucuron-
ic) acid levels (20, 32) and inhibiting the transcription of  Has, UDP-glucose pyrophosphorylase, and 
dehydrogenase (33–37).

Fibroblasts and myofibroblasts are the primary mediators of  fibrosis, accounting for the majority 
of  ECM production in the kidney, and are likely candidates for the production of  HA in response 
to injury (14, 38). Myofibroblasts in particular contribute to renal fibrosis by recruiting inflammatory 
macrophages and remodeling the ECM through collagen, proteoglycan/glycosaminoglycan, and matrix 
metalloproteinase production (38–41). However, when fibroblasts are treated with IL-10, high concen-
trations of  HMW-HA are produced and tissue regeneration ensues (11). Although other studies have 
reported that IL-10 can attenuate renal fibrosis, the contribution of  HMW-HA to the process has been 
largely unexplored (42, 43). We hypothesize that sustained HMW-HA levels promote antifibrotic tissue 
remodeling in response to renal injury.

To test this hypothesis, we examined the role of  HMW-HA using unilateral ureteral obstruction (UUO) 
and ischemia/reperfusion (I/R) as bona fide renal fibrosis models of  murine chronic and acute kidney 
injury, respectively. We ultimately used IL-10–mediated HA overexpression (gain-of-function) and 4-MU–
driven Has inhibition (loss-of-function) experiments to determine whether HMW-HA is necessary and suf-
ficient to influence the direction of  postinjury tissue repair.

Results
UUO injury increases HA deposition by promoting HMW-HA synthesis. We performed UUO on C57BL/6J mice 
and harvested the kidneys to assess HA synthesis and degradation in the renal parenchyma. Figure 1A 
shows images of  control (uninjured) and post-UUO kidney tissue sections (days 3, 7, and 14) stained with 
periodic acid–Schiff  (PAS), Masson’s trichrome (trichrome), or HA binding protein (HABP), which were 
subsequently quantified (Figure 1B). PAS staining revealed that in comparison with controls, day 14 UUO 
kidneys showed higher interstitial thickening, decreased cellularity, and 1.74-fold larger intratubular spaces, 
indicating intratubular fibrosis (P < 0.01) (44). Trichrome staining of  UUO kidneys from day 7 onward 
revealed greater ECM deposition than uninjured controls, peaking at day 14 post-UUO. Next, we per-
formed immunohistochemistry (IHC) using HABP to detect HA levels (45–47), which showed higher total 
HA accumulation in the cortex of  UUO kidneys than uninjured controls at day 7 (Figure 1). To examine 
whether HA levels were increased, total HA was extracted from injured kidneys at each time point and 
quantified by an ELISA-like test. We found that in comparison with uninjured controls, HA concentration 
was significantly increased at day 3 post-UUO injury (Figure 1C) and peaked at day 14 (controls vs. day 3 
[3D] UUO vs. 7D UUO vs. 14D UUO in ng/mL/mg, 20.46 ± 6.49 vs. 216.79 ± 76.82 vs. 260.70 ± 44.24 
vs. 341.31 ± 50.09, respectively).

To assess the MW of  the increased HA after UUO, we performed 2 independent analyses. First, we 
examined the extracted HA from day 3 and 7 UUO kidneys by size-exclusion chromatography and then 
quantified the column fractions by an ELISA-like HA assay (Figure 1D). Our data showed that control sam-
ples contained mostly LMW-HA variants with a peak at 250 kDa (Kav 0.7), while UUO extracts contained 
HMW-HA variants that were at least 1500 kDa (Kav 0.15). Moreover, we observed that the HA concentration 
in our UUO model at day 3 was higher than at day 7. Our observed LMW- versus HMW-HA dichotomy 
was confirmed by gel electrophoresis, which revealed a light band of  LMW-HA between 150 and 500 kDa in 
control kidney extracts (Figure 1E, lane 3) in contrast to post-UUO kidney extracts, which exhibited a higher 
MW range and band intensity among all UUO samples tested. Consistently, extracted HA from UUO sam-
ples revealed significantly higher MW-HA variants (lanes 4–6) than those of  uninjured controls, while day 3 
post-UUO confirmed the highest MW-HA levels in quantitative ELISA-like analysis (Figure 1D).

We then investigated how changes in HA MW reflect Has1–3 and hyaluronidase 1–2 mRNA expres-
sion (Figure 1F) and found that in comparison with controls, normalized post-UUO Has1–3 expression 
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was upregulated, and Has2 specifically increased by 100-fold at day 7. Of  note, Has1 and 2 expression 
were reduced at day 14 post-UUO but remained higher than in controls; hyaluronidase 1 expression 
peaked at day 3, and hyaluronidase 2 did not change by more than 2-fold throughout the study. Collec-
tively, our data suggest that UUO triggers HMW-HA production via Has1 and 2 and that HA synthesis 
likely dominates over degradation.

Figure 1. Increased HA in UUO-induced renal fibrosis. (A) Images of PAS, trichrome, and HABP staining of the 
cortex from control and UUO kidneys show fibrotic remodeling and HA accumulation after UUO injury. Scale 
bars: 75 μm for PAS and trichrome staining, 100 μm for HABP to depict broader HA changes during the process. 
(B) Quantitative assessment of PAS intratubular space (0.94 ± 0.23 vs. 1.13 ± 0.22 vs. 1.48 ± 0.38 vs. 1.64 ± 0.51), 
trichrome fibrotic area (17.33% ± 3.18% vs. 19.82% ± 3.71% vs. 27.56% ± 6.57% vs. 34.11% ± 5.72%), and HABP-de-
tected HA levels (1.01 ± 0.09 vs. 1.28 ± 0.23 vs. 1.85 ± 0.29 vs. 2.45 ± 0.22). P < 0.0001. (C) Extracted HA concentra-
tion (ng/mL/mg) from control and 3-, 7-, and 14-day UUO kidneys, measured by a modified ELISA HA test kit. (D) 
Plots of total incorporated [3H] in labeled HA samples were used to determine the relative MW of HA synthesized 
by control and 3D UUO kidneys (n ≥ 3 per condition) using Sephacryl S-1000 chromatography. Data were plotted 
as HA concentration versus the partition coefficient (Kav), showing an increase in HA size distribution in samples 
with UUO injury. (E) The extracted HA from control and 3-, 7-, and 14-day untreated and treated UUO kidneys is 
shown on a 0.5% agarose gel electrophoresis, supporting our chromatography results. (F) Relative mRNA level 
of Has1–3 and hyaluronidases (Hyal1–2) in untreated control and UUO kidneys; n ≥ 3 per sex per condition; P < 
0.01. All data were analyzed by 1-way ANOVA with post hoc Tukey’s test for differences between groups. Groups 
annotated with different letters indicate that they are significantly different.
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IL-10–driven HMW-HA attenuates renal fibrosis in UUO mice. We observed that synthesis of  HMW-HA 
was induced in the early time points after UUO, but when HMW-HA production began to decrease at later 
time points, fibrosis increased. To determine whether increasing and sustaining HMW-HA production can 
attenuate fibrosis in UUO, we overexpressed IL-10 in vivo to promote HMW-HA synthesis. Images of  day 
14 uninjured controls, UUO-only, and IL-10–treated UUO kidneys stained with PAS, trichrome, α–smooth 
muscle actin (α-SMA), and HABP showed that in contrast to UUO-only kidneys, IL-10–treated UUO kid-
neys exhibited less intratubular space and lower ECM deposition at day 14 (Figure 2A). We also found that 
IL-10–treated UUO kidneys had significantly lower α-SMA expression than UUO-only kidneys. Further, 
IL-10–treated UUO kidneys exhibited the most pronounced HA staining (Figure 2A), which could be due 
to both UUO injury and IL-10–driven HMW-HA production. Indeed, quantitative assessment of  intratu-
bular spaces, fibrotic area, α-SMA staining, and HA levels supported our findings (Figure 2B). Moreover, 
IL-10 treatment led to higher Has1 and 2 mRNA expression (Figure 2C) at day 14 than in UUO-only sam-
ples, strongly suggesting that IL-10 induces and sustains HMW-HA production via Has1 and 2 activation. 
In keeping with these findings, all UUO kidneys expressed lower Has3 and hyaluronidase 1 mRNA levels 
than controls with or without IL-10, while hyaluronidase 2 was not significantly changed. Our collective 
data indicate that IL-10 upregulates Has1 and 2 expression in vivo and promotes longer term HMW-HA 
production, which could play a cytoprotective role in renal injury.

Next, we examined HA levels by an ELISA-like test in UUO and IL-10–treated UUO kidneys (Figure 
2D). HA levels for both groups increased and were sustained over time until day 7, and the amount of  
HA in IL-10–treated UUO kidneys continued to rise after day 14. More strikingly, IL-10–treated kidneys 
showed a 60% HA increase at day 21 post-UUO compared with UUO-only controls. These results further 
support our hypothesis that IL-10 treatment of  UUO kidneys promotes high and sustained HMW-HA 
production, which contributes to reduced fibrosis (48, 49).

Gain of  function by lenti-IL-10 overexpression in kidneys is heterogeneous but sufficient. To test whether a single 
dose of  lenti-GFP-IL-10 resulted in consistent in vivo IL-10 overexpression in kidney tissues, cohorts of  
lenti-GFP (control vector) and lenti-GFP-IL-10–transduced mouse kidneys were tested for gene expression 
at day 3 post-UUO. We observed strong GFP expression in the cortex with single-dose lenti-GFP-IL-10–
injected kidney tissues at day 3 post-UUO (Figure 3A), as compared with lenti-GFP–treated UUO tissues. 
Image data were quantified (Figure 3B) and revealed that the strong GFP-IL-10 signal was 70-fold higher 
than the lenti-GFP kidney sections. Next, we quantified IL-10 expression in the kidney cortex by ELISA 
and showed that in comparison with lenti-GFP kidneys, IL-10 expression in the lenti-GFP-IL-10–transduc-
ed kidney cortex was significantly increased at day 3 post-UUO (Figure 3C, lenti-GFP vs. lenti-GFP-IL-10 
in pg/mg of  tissue weight, 1.27 ± 0.54 vs. 4.16 ± 1.75).

In vivo inhibition of  HA synthesis reveals that IL-10 antifibrotic effects are HA dependent. To investigate 
whether the regenerative effects of  IL-10 after UUO injury depend on HA, loss-of-function exper-
iments were performed by inhibiting endogenous HA synthesis with 4-MU. UUO was performed 
after 6 weeks of  feeding mice with a diet containing 4-MU, which continued until day 14 post-UUO 
(33, 37). IHC analyses (Figure 4A) showed that HA levels were lower in 4-MU–fed UUO mice than 
control diet–fed UUO mice, while trichrome and α-SMA staining of  4-MU–fed UUO mice revealed 
higher interstitial ECM deposition and α-SMA levels. Strikingly, in contrast to mice fed with control 
diet, IL-10 treatment failed to attenuate interstitial ECM deposition or fibrosis in UUO-injured mice 
fed with 4-MU, strongly suggesting that the antifibrotic effects of  IL-10 are HA dependent. Next, to 
determine whether the canonical antiinflammatory function of  IL-10 was similarly affected by 4-MU–
mediated inhibition of  HA synthesis, we assessed the expression of  F4/80, a mouse macrophage 
proinflammatory marker (Figure 4B). We found that in comparison with uninjured controls, UUO 
increased F4/80+ macrophage invasion but that invasion was effectively reduced by IL-10 treatment 
in the 4-MU–fed mice kidney tissue, even though we did not observe differences in fibrotic outcomes 
shown previously (Figure 2B vs. Figure 4C). Our collective data indicate that HA synthesis is neces-
sary and sufficient to transduce IL-10 antifibrotic signaling effects in response to renal injury; however, 
IL-10’s antiinflammatory functions operate independently from the effect on HA.

We then compared HA synthases and hyaluronidase expression between UUO-only and IL-10–treat-
ed UUO kidneys in 4-MU–fed mice and found that only Has1 was significantly upregulated with IL-10 
treatment (Figure 4D). However, Has1 upregulation was less than 3-fold, which is approximately half  that 
measured in mice on regular diet (Figure 2C). Next, we measured HA levels in 4-MU–fed mice 14 days 
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post-UUO, and, consistent with histology data, the data did not show significant differences in tissue HA 
levels irrespective of  IL-10 treatment (Figure 4E). Moreover, 4-MU–fed UUO mice had lower total HA 
levels compared with their counterparts on the regular diet (Figure 1C). Taken together, these data further 
support our preceding conclusion that inhibition of  endogenous HA synthesis by 4-MU selectively inter-
rupts HA-dependent IL-10 antifibrotic effects.

IL-10–driven HMW-HA synthesis regulates kidney cell proliferation to attenuate fibrosis in I/R mice. To deter-
mine whether IL-10 treatment could attenuate fibrosis in other CKD models, we investigated its effects in 

Figure 2. IL-10 upregulates HA synthesis in vivo, increases HMW-HA, and reduces renal fibrosis. (A) Images of PAS, 
trichrome, α-SMA, and HABP staining in untreated controls, day 14 UUO, and IL-10–treated day 14 UUO kidneys. Scale 
bars: 75 μm for PAS, trichrome, and α-SMA staining; 100 μm for HABP staining. (B) Quantification of respective PAS 
intratubular space, trichrome fibrotic area, α-SMA, and HABP-stained HA levels from panel A. Data were analyzed by 
1-way ANOVA with post hoc Tukey’s tests. Significantly different groups are not connected by the same letter. P < 0.01 
for fibrotic area and α-SMA; P < 0.05 for intratubular space and HA. (C) Relative mRNA level of Has1–3 and Hyal1–2 with 
control, day 14 UUO, and day 14 IL-10–treated UUO kidneys. n ≥ 3 per sex per condition; P < 0.01 for Has1 and Has2; P < 
0.05 for Hyal1. (D) HA tissue concentration in IL-10–treated UUO kidneys was sustained for at least 21 days. Tissue HA 
concentration (ng/mL/mg) in untreated CTR and UUO kidneys with or without IL-10 treatment over time was measured 
by an ELISA-like HA assay. 21D UUO vs. IL-10–treated UUO (P < 0.001); 14D UUO vs. IL-10–treated UUO (P = 0.011); 3D 
and 7D of UUO vs. IL-10–treated UUO was not significant (ns). Data in B and C were analyzed by 1-way ANOVA with post 
hoc Tukey’s test. Data in D were used for covariance (ANCOVA) analyses with the time points as a continuous covariate, 
while post hoc Tukey’s tests were performed between the pairs at each time point. Groups annotated with different 
letters indicate they are significantly different. P < 0.01 unless otherwise noted.
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unilateral I/R. Images of  trichrome and α-SMA staining showed that IL-10–treated I/R kidneys exhibit-
ed reduced ECM deposition and α-SMA+ myofibroblasts compared with I/R-only kidneys (Figure 5A). 
Also, IL-10–treated I/R kidneys showed increased HA levels, which could be due to both I/R inju-
ry and IL-10 stimulation. Quantified fibrotic areas, α-SMA+ staining, and HA levels further supported 
our hypothesis that IL-10 overexpression can attenuate renal fibrosis in CKD models other than UUO 
(Figure 5B). Importantly, quantitative analysis of  HA by an ELISA-like assay further revealed that in 
comparison with I/R-only, IL-10–treated kidneys had increased HA at matched time points (Figure 5C), 
where the combination of  treatment and time was statistically significant (P < 0.01). Coherently, I/R-on-
ly kidneys had increased levels of  HA on days 7 and 14, which decreased at day 30 after I/R. Thus, our 
results revealed that IL-10 treatment increased HA levels at 3 and 7 days after I/R, which may contribute 
to the reduced fibrotic and α-SMA+ area observed at 7 days with IL-10 treatment (Figure 5A).

We then determined the effect of  IL-10 treatment on Has1-3 and hyaluronidase 1–2 mRNA levels at 
day 3 post I/R. All HA synthesis and degradation genes were upregulated in both untreated and IL-10–
treated I/R kidneys, although IL-10 treatment did result in increased Has3 versus I/R-only (Figure 5D). 
Interestingly, all Has and hyaluronidase mRNA levels in both groups were dramatically reduced at later 
time points (data not shown), indicating that the HA production driven by injury and IL-10 in the I/R 
model could be transient. We also noted that hyaluronidase 1 and 2 changes in the I/R model were larger 
than those of  the UUO model, indicating higher HA turnover in I/R. Finally, we examined BrdU levels 
at day 3 in I/R kidneys with and without IL-10 treatment, which showed increased BrdU expression in 
the medulla versus the cortex (Figure 5, E and 5). Interestingly, IL-10–treated I/R kidneys showed more 
BrdU expression, especially in the interstitium, compared with I/R-only kidneys (Figure 5E). These results 
suggest that IL-10–treated I/R kidneys exhibited increased HA and reduced fibrosis, which could be due to 
IL-10–mediated cell proliferation in the interstitial area.

HA signaling in renal fibroblasts is partially regulated by IL-10/STAT3 signaling. In most organs, fibro-
blasts are the primary producers of  ECM components, including HA. Since HA is produced at the cell 
membrane, it is considered a major component of  the pericellular matrix. Thus, we investigated whether 

Figure 3. Increased IL-10 levels in kidney tissues are driven by lenti-GFP-IL-10 transduction. (A) Images of the kidney 
cortex at day 3 after UUO. Almost no GFP is observed in tissues transduced with control (empty GFP vector) versus 
strong signal from tissues treated with lenti-GFP-IL-10. Scale bars: 50 μm. (B) Quantification of imaging data was 
performed by measuring GFP intensity corresponding to immunofluorescence staining. **P < 0.001. (C) Tissue IL-10 
concentration (pg/mg tissue weight) from day 3 lenti-GFP (control) UUO or day 3 lenti-GFP-IL-10–treated UUO kidneys 
was measured by an IL-10 ELISA test kit. **P < 0.001.
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renal fibroblasts produce HA in response to IL-10 treatment by performing particle exclusion assay to 
measure in vitro pericellular matrix formation. Figure 6A images show that IL-10–stimulated renal fibro-
blasts produced significantly larger pericellular matrix than controls (fibroblasts vs. IL-10–stimulated 
fibroblasts, 1.45 ± 0.07 vs. 2.70 ± 0.11, P < 0.05). Then, when IL-10–stimulated renal fibroblasts were 
treated with hyaluronidase, we observed that pericellular matrix was reduced to control levels, indicating 
that HA is the primary component (Figure 6B).

Since STAT3 is recognized as a downstream signal transducer of  IL-10/IL-10 receptor interactions 
to promote HA synthesis, we investigated how the mechanism operates in renal fibroblasts. We found 
that in comparison with control, fibroblasts treated with 100 ng/mL IL-10 exhibited 2.49-fold higher 
phosphorylated STAT3 (p-STAT3) and a 1.88-fold increase in Has2 (Figure 6, C and D), which mainly 
synthesizes HMW-HA (P < 0.05). Of  note, 200 ng/mL IL-10 inhibited Has2 expression and STAT3 
phosphorylation without changing Has1 levels at either dose, consistent with the published range for 
IL-10 pleiotropic effects (10–100 ng/mL) (50).

To identify the cell lineages that are prominently involved in the in vivo responses to renal injury, we 
performed IHC analyses using antibodies to identify kidney interstitial fibroblasts (FSP-1) and kidney prox-
imal tubular cells (E-cadherin), with a costain for TIM-1, a marker of  acute kidney injury. We found that 
lenti-IL-10–treated tissues at day 14 post-UUO expressed less TIM-1 than untreated UUO and that tubular 
cells expressed more TIM-1 than interstitial fibroblasts, indicating that tubular cells had a stronger injury 
response in the context of  UUO (Figure 6E).

In sum, our results show that Has2 and p-STAT3 are upregulated by IL-10 in renal fibroblasts, indicat-
ing that HMW-HA production is induced by IL-10 via STAT3 signal transduction. We further identified 
that tubular cells exhibit a strong injury response in vivo, indicating that they may gain the most cytoprotec-
tive benefit from the increased production of  antifibrotic HMW-HA in response to renal injury.

Figure 4. IL-10 antifibrotic effects depend on HA, while its antiinflammatory effects are independent. (A) HABP-stained kidney tissue images of day 14 
post-UUO mice fed with either regular diet or 4-MU–supplemented diet. Scale bar: 50 μm. (B) Images of kidney cortex of mice fed the 4-MU diet, which 
underwent UUO in the absence or presence of IL-10. Trichrome, α-SMA, and HA staining shows that treatment with IL-10 in the 4-MU diet group did not 
change the fibrotic phenotype, in contrast to previous results in the regular diet group. However, reduction of F4/80 (a marker of macrophage infiltration) 
suggested that inhibition of HA synthesis does not affect IL-10 antiinflammatory function. (C) Quantification of data from images of panel B as a percent-
age or ratio of each stain; **P < 0.01. (D) Relative mRNA levels of hyaluronan synthases (Has1–3) and hyaluronidases (Hyal1–2) of UUO and IL-10–treated 
UUO kidneys from 4-MU–fed mice; n ≥ 3 per sex per condition; **P < 0.01 for Has1; and *P < 0.05 for Hyal2. (E) Tissue HA concentration (ng/mL/mg) as 
measured by an ELISA-like assay in UUO kidneys or IL-10–treated UUO kidneys from mice on 4-MU diet showed no significant difference. All data were 
analyzed with t test for differences between groups; ns = no significant differences among groups.

https://doi.org/10.1172/jci.insight.136345


8insight.jci.org      https://doi.org/10.1172/jci.insight.136345

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

https://doi.org/10.1172/jci.insight.136345


9insight.jci.org      https://doi.org/10.1172/jci.insight.136345

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

Discussion
To our knowledge, the present study provides the first evidence of  IL-10–driven HMW-HA production 
in response to obstructive and ischemic renal injuries, the source of  which is likely fibroblasts. We also 
noted that exogenous IL-10 further increased and upheld HMW-HA levels via upregulation of  Has1 and 
2 expression for at least 14 days post-UUO injury, which was accompanied by attenuated tubulointerstitial 
fibrosis. Extending these conclusions to other injury models, our I/R model confirmed that high HA levels 
are produced in response to injury and that IL-10 can increase HA production to reduce fibrosis. Figure 7 
illustrates the pathway we are proposing based on our findings in the UUO model. Overall, our data sug-
gest that HMW-HA synthesis plays a transient but protective physiologic role in the response to obstructive 
and ischemic injury, and this response can be reinforced and extended by IL-10 treatment. Leveraging the 
physiologic roles of  HMW-HA and IL-10 could provide clues to design new antifibrotic therapies to resolve 
a major gap in the standard of  care for patients with CKD.

We reported that IL-10 regulates and sustains HMW-HA levels to promote regenerative dermal 
tissue repair (11), which is supported by the evidence that loss of  IL-10 leads to increased fibrosis 
in mouse models (51). IL-10 has been studied in other models of  organ fibrosis, including lung and 
kidney (51–53), and is known to improve renal function and reduce inflammation after acute kidney 
injury (43, 54). This led us to investigate whether IL-10 could upregulate HMW-HA in the kidney to 
attenuate fibrosis, which could uncover a new antifibrotic role for IL-10 in CKD (51). In agreement 
with this reasoning, our present studies show that IL-10–mediated HA upregulation can reduce renal 
fibrosis via Has2 and STAT3 signaling in renal fibroblasts. Our findings are further supported by earli-
er observations of  increased HA levels in response to kidney injuries in other animal models of  clinical 
disease (16). Moreover, the increase of  HA in UUO is commensurate with the relative mRNA levels 
of  all 3 Has enzymes, particularly Has1 and 2, which produce antiinflammatory HMW-HA variants. 
Liang et al. recently reported that knockdown of  Has2 impairs lung renewal capacity in mice (55), and 
Has2 has been shown to regulate TGF-β, a proinflammatory factor and key fibrosis mediator in several 
renal cell injury studies (33, 37, 47).

Critically, our studies aimed to understand the balance between HA synthesis and degradation 
during the injury processes, as the balance between these processes determines HA MW, which in turn 
determines its physiologic function (pro- vs. antifibrotic). Our quantitative assessment of  HA MW vari-
ants produced in the context of  UUO showed that HMW-HA production is part of  the initial physiolog-
ic response to kidney injury and provides evidence that these HMW-HA variants start to shift to lower 
MW variants after 7 days. This is supported by the increased expression of  both synthesis and degra-
dation enzymes in UUO. Declèves et al. reached similar conclusions in a study of  unilateral renal I/R 
injury in rats; the authors attributed the elevated levels of  HA in kidney to a combination of  increased 
HMW-HA production postinjury and increased degradation (56). Later studies by the same team report-
ed that HA inhibition by a 4-MU diet was protective against a renal I/R injury (34, 57); however, the 
authors did not appreciate the differential impact of  distinct HA MW variants (20). Their approach to 
prevent HA synthesis is likely effective because it prevents the creation of  profibrotic LMW-HA variants 
due to the action of  hyaluronidases on the synthesized HA. By contrast, we show that IL-10 treatment 
can increase HMW-HA synthesis while preventing increased hyaluronidase expression. This shifts the 
balance of  HA toward synthesis, upholding an antifibrotic, cytoprotective effect at longer time points. 
Indeed, we found upregulation of  hyaluronidase genes in the I/R model in parallel with increased HA 
synthesis, which increased the LMW-HA variants that lead to long-term fibrotic outcomes (P < 0.05). 

Figure 5. IL-10–driven HMW-HA synthesis and regulation of kidney cell proliferation attenuate fibrosis in I/R mice. (A) Images of trichrome and 
α-SMA staining of control and day 7 I/R-only and IL-10–treated I/R tissue, with HABP staining of day 14 I/R-only and IL-10–treated I/R tissue. Scale bars: 
75 μm for trichrome and α-SMA staining, 100 μm for HABP staining. (B) Quantification of fibrotic area (trichrome), α-SMA, and HABP from images of 
panel A. Data were analyzed with an unpaired t test. (C) HA concentration (ng/mL/mg) extracted from control and day 3, 7, and 14 post-UUO kidneys was 
measured by an HA test kit (modified ELISA). CTR vs. 3D/14D/30D (P < 0.01); CTR vs. 7D (P < 0.05); 3D and 7D I/R vs. IL-10–treated I/R (P < 0.01); 14D 
and 30D I/R vs. IL-10–treated I/R were not significant (ns). (D) Relative mRNA expression of Has1–3 and Hyal1–2 in normal kidney, I/R kidney, and IL-10–
treated I/R kidney. n ≥ 3 per sex per condition, P < 0.05. (E) Images of BrdU incorporation at day 3 post-I/R and IL-10–treated I/R in the kidney cortex 
and medulla. Scale bar: 50 μm. (F) Quantification of proliferating cells (% positive cells) from cortex and medulla sections in normal, I/R-only, and IL-10–
treated I/R kidneys. P < 0.01. Data from panels B, D, and F were analyzed by 1-way ANOVA with post hoc Tukey’s test. Data from C were analyzed by 
covariance (ANCOVA) with the time points as a continuous covariate, and post hoc Tukey’s tests were performed between the pairs at each time point. 
Groups annotated with different letters indicate significant differences at indicated P values.
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In both of  our models, we observed that IL-10 promoted HMW-HA synthesis and stability (58), leading 
to our working hypothesis that IL-10 induces and upholds renal HMW-HA production in a measured 
and transient fashion to promote regenerative wound healing.

Our present study focuses on the potential pathophysiology of  the renal fibroblast responses to injury; 
however, we did note that Has1 and Has2 levels can be different in vivo (Figure 1D) and in vitro (Figure 
4D). Therefore, we could not rule out the potential involvement of  other cell lineages or critical pathways in 
tubulointerstitial fibrosis. For instance, Kang et al. reported that renal tubular epithelial cells contribute to 
the development of  fibrotic tubules in a large cohort study (59). Future studies could address the potential 
role of  other kidney cells in HA-mediated mechanisms of  renal fibrosis, interrogate STAT3 signaling by 
suppressing STAT3 and/or Has2, and generate kidney cell–specific Has2-knockout mouse models. Such 
studies would further allow us to uncover how HA MW variants differentially regulate the direction of  
renal responses to injury toward regenerative tissue repair or fibrosis.

In the interim, we sought to determine whether our studies on UUO are relevant to other CKD mod-
els. We examined a unilateral I/R model with 40 minutes of  ischemia to mimic acute kidney injury that 
can lead to regenerative wound healing or fibrosis. Indeed, the reduced fibrosis and increased HA levels 
in IL-10–treated I/R kidneys support the conclusions drawn from the UUO model. We are aware that 
the inherent nature of  the unilateral I/R model limits HA accumulation, which, while measurable via 
IHC, is not sufficient to assess MW distribution by size-exclusion chromatography or gel electrophoresis. 

Figure 6. HA-driven attenuation of renal fibrosis is mediated by Has2- and STAT3-dependent mechanisms in renal 
fibroblasts. (A) Images of pericellular matrix (PCM) measurements on renal fibroblasts after a 24-hour incubation with 
media, IL-10 treatment, or IL-10 and hyaluronidase treatment. The yellow dashed line traces the cell body while the 
white dashed line traces the PCM area, as bordered by sheep red blood cells. (B) Quantification of renal fibroblast PCM 
area based on panel A images. (C) Immunoblotting of renal fibroblast Has1, Has2, p-STAT3, STAT3, and control β-actin 
protein levels after incubation in the presence or absence of IL-10. P < 0.0001 for p-STAT3; P < 0.01 for STAT3. (D) 
Adjusted quantification of immunoblotting data from panel C. (E) Representative images of E-CAD and TIM-1 expres-
sion colabeled on the cortex of day 7 UUO or day 7 lenti-GFP-IL-10–treated UUO by IHC and representative images of 
FSP-1 and TIM-1 expression colabeled on the cortex of day 14 UUO or day 14 lenti-GFP-IL-10–treated UUO by IHC. Scale 
bars: 50 μm. All data were analyzed by 1-way ANOVA with post hoc Tukey’s test for differences among groups. Groups 
not connected by the same letter are statistically different at the indicated P value.
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Other I/R models, such as bilateral I/R (60) or nephrectomy (61), may need to be specifically rede-
signed and applied to produce more extreme fibrotic responses that facilitate quantification of  HA MW 
changes. Consistent with studies by Chao et al. (62), we observed an impact of  injury on epithelial cell 
proliferation in the interstitial area at the medullar part of  the I/R kidney (Figure 5). Indeed, others have 
reported similar findings, namely that HA can promote proliferation in pulmonary tissues and wounds 
(63, 64). Undoubtedly, more work is needed to determine the pro- or antifibrotic characteristics of  these 
proliferating interstitial cells in the I/R model and explain their overall significance in fibrotic outcomes 
(65). Our data suggest that HA synthesis and IL-10 share common mechanisms of  injury response, 
which may be implicated in pathologies that end in CKD and renal fibrosis.

Figure 7. Schematic illustration of renal tubulointerstitial fibrosis attenuated by HMW-HA. As illustrated here, we per-
formed UUO procedures to model injury in mouse kidneys and harvested the tissues after 14 days. Kidneys treated with 
IL-10 demonstrated reduced fibrosis and better preserved tubules, whereas untreated UUO kidneys showed more activat-
ed profibrotic renal myofibroblasts. This figure illustrates how IL-10 stimulates renal fibroblasts, activates the STAT3 path-
way, and upregulates HA synthesis (predominantly HMW via Has2) to ultimately result in cytoprotection and less fibrosis. 
T, tubule; G, glomeruli; C, capsular space; F, fibroblast. The schematic is a broad illustration that is not drawn to scale.
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In sum, our present study underscores 3 fundamental physiologic factors: (a) HA MW matters (20); (b) 
cytokines and HMW-HA function in concert to promote and sustain antiinflammatory, antifibrotic, and 
cytoprotective effects; and (c) UUO and I/R highlight bona fide pathophysiologic models to assess IL-10/
HMW-HA concerted responses to renal injury. We conclude that regulation of  Has and hyaluronidase 
results in preferential synthesis, and stability of  HMW-HA has transient but sufficient cytoprotective effects 
in response to renal fibrosis. Further studies on renal fibroblasts and the potential role of  STAT3 in human 
and animal models of  CKD will contribute a better understanding of  the pathophysiology of  fibrosis, in 
addition to how crosstalk between interstitial fibroblasts and tubular cells could influence the outcome of  
wound healing. These results provide a proof  of  concept to support the bench-to-bedside work of  HMW-
HA and IL-10 regulatory mechanisms into adjuvant therapies for CKD.

Methods
Animal studies. C57BL/6J mice (The Jackson Laboratory 000664) were purchased, bred, and maintained in 
the Texas Children’s Hospital Feigin Center vivarium under pathogen-free conditions with access to food 
and water ad libitum.

UUO and treatment. We adapted a well-established UUO model of  renal fibrosis (66). Briefly, 8- to 
10-week-old male and female C57BL/6J mice fed with normal or 4-MU diet underwent UUO procedures 
in identical anatomic locations on their bilateral flanks, wherein 1 ureter was doubly ligated with sutures at 
the proximal end. The contralateral kidney remained untreated as an internal control. During surgery, mice 
were sedated with 2% isoflurane (Henry Schein Animal Health NDC 11695-6776-2) inhaled intranasally. 
Mouse muscle and skin layers were sutured separately with 4-0 vicryl and 6-0 prolene sutures (Ethicon 
J386h and 8711h), respectively. Kidney samples were harvested 3, 7, 14, or 21 days later. Buprenorphine 
(BSRLAB1 ZooPharm) was administered for pain management.

For lentivirus transduction, 1 × 109 transducing units of  lenti-IL-10-GFP or lenti-GFP genetically engi-
neered lentivirus (CMV promoter) constructs (53) were diluted up to 20 μL with pharmaceutical-grade 
saline and injected under the kidney capsule of  mouse cohorts with a 29-gauge insulin syringe (BD 
329424J) (11). UUO procedures were performed 3 or 4 days after lenti-IL-10-GFP injection to ensure rel-
evant expression of  the cytokine. Wound dressings (Tegaderm, 3M) were applied to prevent postoperative 
complications. Concentrated lenti-IL-10-GFP and lenti-GFP were prepared by Baylor College of  Medicine 
Vector Development Lab.

4-MU (MilliporeSigma M1381) was pressed into the mouse chow at 5% (wt/wt) by TestDiet and irra-
diated before shipment, as previously described (33).

Renal unilateral I/R injury and treatment. We induced renal unilateral I/R in 8- to 10-week-old male 
C57BL/6J mice according to a previously published protocol that we adapted for the present study (60). 
Briefly, the left-side renal artery and vein were isolated and occluded with microaneurysm clamp (15913, 
World Precision Instruments) for 40 minutes. During surgery, mice were sedated with 2% isoflurane inhaled 
intranasally. After removal of  the clamp, mouse muscle and skin layers were sutured separately with 4-0 
vicryl and 6-0 prolene, respectively. Kidney samples were harvested 3, 7, or 14 days later. Buprenorphine 
was administered for pain management. We used the same method of  lenti-IL-10-GFP construct injection 
to induce IL-10 expression in the I/R model as in the UUO model, and we performed I/R injury 3 or 4 
days after lenti-IL-10-GFP injection. Wound dressings were applied to prevent postoperative complications.

HA extraction for gel electrophoresis and ELISA. To extract HA from our renal samples, we adapted a pro-
tocol based on previous literature, including a protocol developed by Cleveland Clinic with support from 
NIH P01HL107147 (67–69). Briefly, mouse kidney tissues (medulla and cortex) were weighed and treated 
with 1 mg/mL proteinase K (Invitrogen, Thermo Fisher Scientific) at 25 mg tissue/mL, then incubated 
at 60°C for 4 hours. Samples were vortexed every 30 minutes until tissues were completely dissociated. 
Four volumes of  prechilled 200-proof  ethanol were added to each sample, and samples were kept at –20°C 
overnight. The second day, samples were centrifuged at 14,000 g for 10 minutes at room temperature, and 
the resulting pellets were washed with 4 volumes of  prechilled 75% ethanol (EtOH) before being vortexed. 
The centrifugation process was repeated, and then pellets were allowed to air-dry at room temperature for 
20 minutes. Then, 100 mM ammonium acetate was added to each sample, which was then vortexed and 
spun down. Proteinase K was inactivated by heat at 100°C for 5 minutes, and samples were chilled on 
ice for 5 minutes. Samples were incubated at 37°C overnight with 1 μL of  Benzonase (MilliporeSigma), 
after which the enzyme was inactivated at 95°C for 5 minutes. Four volumes of  cold 200-proof  EtOH 
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were added to each sample and left to precipitate overnight at –20°C. On the fourth day, samples were 
centrifuged at 14,000 g for 10 minutes at room temperature. The pellet was washed with 1 mL of  cold 
75% ethanol and centrifuged again. Finally, samples were air-dried and resuspended in 20 μL 100 mM 
ammonium acetate (pH 7.0) and loaded onto 0.5% agarose gel. All reagents were purchased from Thermo 
Fisher Scientific unless otherwise noted.

Primary cell isolation and culture. Primary C57BL/6J murine kidney fibroblasts were purchased from 
CellBiologics (N.C57-6016). Passage 4–10 fibroblast cultures were maintained at 37°C under 5% CO2 in 
a humidified chamber with DMEM/F12 supplemented with 10% fetal bovine serum (Corning) and 1× 
penicillin-streptomycin.

For all experimental procedures, cells were subcultured and settled overnight in growth medium. Cells 
were washed with 1× PBS twice before being treated with serum-free culture medium for 16 hours. Various 
treatments were then added to the conditioned medium (n ≥ 3 per time point). All reagents are from Ther-
mo Fisher Scientific unless otherwise noted.

Particle exclusion assay and morphometric analysis of  pericellular matrix. Pericellular matrix analysis was 
performed as described previously (11). Briefly, fibroblasts were plated at a density of  1.5 × 105 cells/well in 
6-well plates (BD Falcon) and then left untreated or exposed to murine IL-10 (100 ng/mL or 200 ng/mL; 
PeproTech) for 24 hours. To determine whether the pericellular matrix contained HA, 1 U/mL of  hyalu-
ronidase from Streptomyces hyalurolyticus (H1136; MilliporeSigma) was added to the culture medium for 20 
minutes after the initial 24-hour incubation. Cells were washed in PBS, and 500 μL of  glutaraldehyde-sta-
bilized sheep erythrocytes (1 × 108 cells/mL; Intercell Technologies) was added to each well to visualize 
fibroblast pericellular matrix. The cell body and pericellular matrix were outlined as a halo around the cells 
bounded by red blood cells. Pericellular matrix ratio was calculated as the ratio of  total pericellular matrix 
area to the cell body area (20–30 cells analyzed per condition).

Real-time quantitative PCR. Quantitative PCR was performed as previously described (11). Briefly, 
tissues were lysed to isolate total RNA with RNeasy Micro Kit (QIAGEN). cDNA was synthesized 
using a High-Capacity Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). Gene 
expression was assayed in triplicate using Power SYBR Green PCR Master Mix with a StepOnePlus 
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). Gene expression was nor-
malized against mouse GAPDH. Relative expression values were calculated using the ΔΔCT method. 
Oligonucleotide primer sequences are listed in Supplemental Table 1; see also Supplemental Data and 
Supplemental Figures 1 and 2; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.136345DS1. Mouse Has2 and hyaluronidase 1 primers (Bio-Rad 10025636, 
qMmuCID0011459, and qMmuCED0040215) were purchased from Bio-Rad Laboratory.

HA extraction and Hyaluronic Acid Test Kit (an ELISA-like assay). Mouse kidney sections, including 
medulla and cortex, were weighed and digested in freshly made pH-optimized lysis buffer containing 
0.15 M Tris base, 0.15 M NaCl, 0.01 M CaCl2, 5 mM deferoxamine mesylate, and 20 U/mL Strepto-
myces griseus protease (MilliporeSigma) in a ratio of  15 μL buffer per 1 mg of  tissue (70). Samples were 
digested at 55°C for 16 hours while shaking at 1400 rpm. Protease was denatured at 95°C for 15 minutes 
to stop digestion and the sample supernatant was collected. HA quantification was performed using a 
Hyaluronic Acid Test Kit (Corgenix).

ELISA. Kidney tissues were weighed and lysed in 150 μL of  Pierce RIPA buffer (Thermo Fisher 
Scientific 89900) containing 1% protease inhibitor (MilliporeSigma P8340) and 1% phosphatase inhib-
itors (MilliporeSigma P5726). Tissue lysates were subjected to a mouse IL-10 quantikine ELISA kit 
(R&D Systems, Bio-Techne, M1000B).

Size-exclusion chromatography and hyaluronic acid ELISA-like assay. Analysis of  HA MW was per-
formed as described previously (71). Briefly, kidney tissues were lyophilized overnight, weighed, and 
digested with Proteinase K (250 μg/mL) in 100 mM ammonium acetate pH 7.0 at 60°C overnight. 
After digestion, the enzyme was inactivated by heating to 95°C for 15 minutes. Total concentration of  
HA per tissue weight was determined by a modified competitive HA ELISA, where the samples were 
first mixed with biotinylated HABP (MilliporeSigma 385911) and then added to microtiter plates (BD 
Falcon) coated with bovine HA (gift from Wight’s laboratory, Seattle, Washington, USA). The final sig-
nal is inversely proportional to the concentration of  HA in the sample. An analytical Sephacryl S-1000 
column (GE Healthcare Life Sciences) was used to assess the size of  HA (46, 72). A 200-μL aliquot con-
taining 6–7 μg of  isolated HA was applied to an analytical Sephacryl S-1000 column. HA was eluted 
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from the column with 1× PBS at a flow rate of  12–15 mL/h and 0.3-mL fractions were collected. Upon 
completion, fractions were quantitated by the HA ELISA-like assay to generate a profile.

Immunoblotting. C57BL/6J murine kidney fibroblasts were lysed in RIPA buffer (Thermo Fisher Scientif-
ic), and digested samples were run on a 4%–12% Tris-glycine gel (Mini-PROTEAN TGX Stain-Free Precast 
Gels) and transferred to a nitrocellulose membrane using a Trans-Blot Turbo Transfer System. All protein 
electrophoresis and blotting experiments were performed using Bio-Rad Laboratory products. Membranes 
were blocked with 5% bovine serum albumin in 1× Tween TBS and incubated with primary antibodies anti-
HAS1 (Abcam 198846), anti-HAS2 mAb (Abcam 199794), rabbit anti-STAT3 (79D7), or rabbit anti–p-STAT3 
(Tyr705) mAb (D3A7) (Cell Signaling Technology 9145) at 4°C overnight, or with β-actin (Cell Signaling Tech-
nology 4970) at room temperature for 1 hour, then incubated with HRP-linked secondary antibodies (Abcam 
ab97080 and Cell Signaling Technology 7076) at room temperature for 1 hour. All primary antibodies were 
diluted 1:1000. Protein bands were visualized with ECL (Pierce, Thermo Fisher Scientific) and imaged by Bio-
Rad ChemiDoc XRS+ (Bio-Rad). Band densitometry was performed using Image Lab image analysis software 
using β-actin as a loading control. See full-length immunoblotting images in Supplemental Figure 3.

Histology and IHC. Tissues were dehydrated, paraffin-embedded, and cut into 5-μm-thick sections. PAS 
and trichrome kits were purchased from Leica Biosystems and used with a Leica ST5020 Autostainer. A 
standard IHC protocol was followed for all stains, which were performed using a Dako Autostainer Link 48 
(Agilent) and its accompanying software (Dakolink version 4.1, edition 3.1.0.987, Agilent). Primary anti-
bodies against α-SMA (Abcam 5694), F4/80 (Abcam 111101), and BrdU (MilliporeSigma, B2531) were 
detected by EnVision+System-HRP (DAB) kit (Agilent). HABP staining, adapted from a previous publi-
cation (35), was performed using HABP (MilliporeSigma, 385911), streptavidin (MilliporeSigma, S-5512), 
and ImmPACT DAB Peroxidase (HRP) Substrate kit (Vector Labs, SK-4105) to detect HA. For double 
staining, TIM-1 polyclonal antibody (Invitrogen, Thermo Fisher Scientific, PA5-98302) was detected by 
EnVision+System-HRP (AEC) kit (Agilent), and E-cadherin (Cell Signaling Technology 3195) and FSP-1 
(MilliporeSigma 07-2274) were detected by EnVision+System-HRP (DAB) kit (73).

Immunofluorescence staining. We adapted the immunofluorescence staining protocol from the study by 
Cheng et al. (74). Briefly, tissues were dehydrated, embedded, and cut into 5-μm-thick samples that were 
mounted onto slides. Sections were deparaffinized and blocked with 5% goat serum in PBS for 1 hour at 
room temperature. Primary antibodies were diluted in PBS with 1% bovine serum albumin. For GFP stain-
ing, we used anti-GFP antibody (Abcam 183734) and goat anti-rabbit IgG (H+L) cross-adsorbed secondary 
antibody, cyanine3 (Invitrogen, Thermo Fisher Scientific A10520).

For GFP expression, we followed the protocol by Nakagawa et al. (75). Briefly, paraffin slides were 
gently agitated in 2 changes of  prechilled xylenes and 2 changes of  prechilled 95% EtOH, followed by 3 
changes of  prechilled TBS and final mounting with DAPI medium.

Microscopy. Histology slides were imaged with a Leica DM2000 microscope using Leica application 
Suite X version 3.0.4.16529. Immunofluorescence slides were imaged with a Leica DMi8 fluorescent 
microscope using Leica application Suite X version 3.0.4.16319.

Statistics. Statistical analysis was performed with GraphPad Prism 8.2.1 using 1-way ANOVA and/
or multiple linear regression (ANCOVA, for data in Figure 2D and Figure 4C) when the number of  
groups exceeded 2 or 2-tailed mean t test when numbers of  groups equaled 2. All quantitative data are 
expressed as mean ± SD, and P ≤ 0.05 was considered statistically significant.

Study approval. The animal protocol was approved by the Institutional Animal Care and Use Commit-
tee at Baylor College of  Medicine.
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