Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

This manuscript reports an interesting finding that circulating C-reactive protein (CRP) might be
used as an index to stratify RA patients for responsiveness to Leflunomide. The authors further
examined the mechanisms whereby CRP might get involved. Though how Leflunomide regulates
CRP expression appears to be convincingly demonstrated, why CRP is detrimental in RA remains
elusive.

Specific comments:

(1) Transgenic expression of human or rabbit CRP in mice has been shown to inhibit the
development of CIA (Arthritis Rheum, 2011; Scand J Rheumatol, 2006), while knockout of CRP
exacerbates CIA (Arthritis Rheum, 2011) and inflammation-induced bone damage (Front Immunol,
2018) in mice. Therefore, the protective role of CRP in CIA is seemingly incompatible with the
detrimental role of CRP in CIA proposed in this manuscript. Of note, the only piece of direct in vivo
evidence demonstrating the detrimental role of CRP in this manuscript is the treatment of CIA rats
with anti-CRP antibodies. Moreover, it is unclear whether these antibodies act via reducing CRP
levels, via forming immune complexes to regulate complement, or via other bystander effects.

(2) IL-6 is the chief inducer of CRP expression in hepatocytes. The authors found that Leflunomide
inhibited CRP expression in hepatocytes (Figure 3d), but this inhibition could be abrogated by IL-6
(Figure 3e). On the other hand, CRP was induced in both PBE+ and PBE- patients (over 10 pg/ml,
denoting the presence of notable inflammation in the clinical practice; Figure 1e) but with
comparable levels of upregulated IL-6 (Figure s1c). Therefore, it might be difficult to explain how
Leflunomide can inhibit CRP expression in PBE- patients in the presence of upregulated IL-6.

(3) The large and prevalent variations of circulating CRP levels found in inbreeding rats and mice
(Figure 2c and Figure s8d) are somewhat surprising. In addition, the high levels of baseline CRP in
mice (20-30 pg/ml) appear to be inconsistent to previous findings.

(4) In anti-CRP treated CIA rats, non-CRP antibodies might be better control. It is also unclear why
the authors did not examine the effects of anti-CRP antibodies in CRPL rats.

(5) The authors propose that CRP promotes osteoclastic activities (Figure 3g). However, no
evidence for this proposal has been provided in the manuscript, and previous study have identified
no (Front Immunol, 2018) or controversial actions of CRP on osteoclastic activities (Arthritis Res
Ther, 2015; Life Sci, 2016). Indeed, monomeric CRP instead of CRP has been reported to be active
in regulating osteoclastic activities. Moreover, monomeric CRP appears to inhibit osteoclastic
activities by neutralizing RANKL (Front Immunol, 2018).

(6) The authors do not provide actual levels of CRP released by hepatocytes (Figure 3d, 3e and
4K). It is thus unclear whether these levels are relevant to in vivo conditions. Usually, the levels of
CRP in cell culture are much lower than that in circulation. If it was that case, how will the authors
relate the in vitro HIF modulation by CRP in overexpression and knockdown experiments to in vivo
conditions.

(7) Circulating levels of CRP in HIF KO mice should be provided and compared to that in control
mice.

(8) The authors’ conclusion would predict that CRP KO would abrogate the differential
responsiveness to Leflunomide in mice and rats. These experiments might be essential to support
their conclusion.

Reviewer #2:

Remarks to the Author:

This manuscript explored the reasons why Leflunomide only ameliorates the bone erosion in partial
patients with rheumatoid arthritis. Based on the analysis of clinical data and animal experiments,
authors claimed that the levels of CRP and consequent HIF-1a play crucial roles in the sensitivity
of patients to the Leflunomide therapy. This study includes interesting data, and the manuscript
was well prepared. However, there are some issues to be considered.



1. It is un reasonable to divide CIA rats and mice into CRPH and CRPL based on the serum levels
of CRP. In this study, Leflunomide or A77 1726 was orally administered from the day of first
immunization. Partial animals, especially SD rats (the occurrence rates of arthritis are only
60%~70%), in model and treatment groups did not exhibit significant arthritis symptom. The
lower level of CRP in these animals was due to the unsuccessfulness of model preparation, distinct
from CRPL patients.

2. It is generally accepted that Leflunomide functions through its metabolite A77 1726. In this
study, authors stated that Leflunomide itself but not A77 1726 could activate AhR to inhibit the
expression of CRP in liver. More solid evidence is needed to support this conclusion. e.g., to give
Leflunomide together with specific inhibitors of its metabolism.

3. AhR might function through genomic or nongenomic pathway. The latter pathway is
independent on ARNT. AhR-ARNT binding/interaction might not represent the activation of AhR
signaling.

4. During CIA, some pro-inflammatory cytokines such as IL-17, IL-6, and RANKLE also play
innegligible roles in the occurrence of bone erosion. Leflunomide might exerts protective effects on
bone and cartilage by down-regulating the levels of these cytokines.

Reviewer #3:

Remarks to the Author:

In this paper, Liang and colleagues report that inhibition of HIFlalpha activity attenuates bone
erosions in experimental models of Rheumatoid Arthritis (RA) characterized by high levels of C-
reactive protein (CRP) and pharmacologically treated with leflunomide. The attenuation of bone
erosions correlates with decreased levels of CRP. Of note, leflunomide treatment alone corrects
inflammation but does not reduce bone erosions in the same experimental models. The authors
take advantage of both genetic and pharmacological approaches to test their working hypothesis.

The study is interesting, novel and potentially important. However, a few issues need to be
addressed to strengthen the authors’ conclusions and their biological relevance.

Specific Comments:

1. Figure 2: Histological analysis of treated and untreated specimens with either high or low CRP
should be performed to document synovial hyperplasia/inflammation and bone erosions. Along
those lines, TRAP stained sections should be shown.

2. Figure 4: In vitro incubation of THLE-2 cells in hypoxia should be pursued as a positive control
for HIF-1alpha stabilization and activity.

3. Figure 4: The modalities that lead to increased HIF-lalpha stabilization downstream of CRP are
completely elusive. It would be helpful if the authors could more extensively discuss this point.

4. Figure 5: Histological analysis of control and mutant specimens with or without leflunomide
treatment should be performed to document synovial hyperplasia/inflammation and bone erosions.
Moreover, the authors should document efficient recombination of the HIF-1alpha floxxed allele.
5. Figure 6: as above, in vitro incubation of THLE-2 cells in hypoxia should be pursued as positive
control for HIF-1alpha stabilization and activity. Moreover, the authors should document that ACF
treatment impairs HIF-1alpha activity by studying classical downstream targets of HIF-1alpha.

6. Figure 7: as above, histological analysis should be pursued to document synovial
hyperplasia/inflammation and bone erosions.

7. Numerous typos are present and should be corrected.

Reviewer #4:

Remarks to the Author:

This is a well perfumed and beautiful studies addressing the mechanisms of Leflunamid for
treatment in rheumatoid arthritis, RA. It is known that leflunamid is effecting for treatment of



inflammation but less effective for treatment of bone erosions, a common problem in severe RA.
They show by combined experimental animals and clinical studies that the mechanisms is related
to the level and MOA of CRP and suggest a way to overcome the lack of efficiency against bine
erosions for clinical treatment. it is an unusual study combining both experimental insight and
clinical practice. My expertise is more animal models anta clinical studies and from my perspective
the animal experiments are well performed, thy have event taking care of using the relevant MHC
class Il molecules in the mouse models leading to that they actually use a proper CIA model for RA
and not the less defined arthritis induced by collagen in B6 mice.



Point-by-point responses to reviewer #1’ comments

Overall comment: This manuscript reports an interesting finding that circulating C-reactive
protein (CRP) might be used as an index to stratify RA patients for responsiveness to
Leflunomide. The authors further examined the mechanisms whereby CRP might get
involved. Though how Leflunomide regulates CRP expression appears to be convincingly

demonstrated, why CRP is detrimental in RA remains elusive.

Our response: Thanks for the positive and constructive comments. We understood the reviewer
1’s concern regarding the detrimental role of CRP demonstrated in our manuscript. Actually, the
exact role of CRP in RA has been an unsettled dispute for a long time. No human study to date has
directly investigated the contribution of CRP in RA, and animal studies performed so far have shown
mixed results. As mentioned by the reviewer 1 in the following specific comment 1, transgenic
expression of human and rabbit CRP in mice has been shown to inhibit CIA development’: 2, while
knockout of CRP exacerbates CIA and bone damage' 3, suggesting that CRP plays a protective
role in RA. However, CRP has also been reported to induce prolonged inflammation in arthritic
rabbits and directly promotes osteoclastogenesis* °, indicating that CRP makes a detrimental

contribution to RA.

In our study, we also demonstrated the detrimental function of CRP by inhibition of CRP with
anti-CRP antibodies in ClA rats. To validate this result in our revised manuscript, we used an in vivo
RNA interference (RNAi)-based strategy to silence CRP expression in hepatocytes. We are
experienced in targeted delivery of therapeutic siRNAs® 7. Lipid nanoparticles (LNPs) has been
proven as liver-targeted delivery systems for siRNAs in vivo® 2 1011 The relative success of LNPs
for liver delivery of siRNAs can, at least in part, be attributed to the favorable physiology of the liver,
a well-perfused organ with a fenestrated endothelium®. On the other hand, LNPs are known to
interact with serum proteins that can direct them to hepatocytes after systemic administration''. We
developed the LNPs-based delivery systems for CRP siRNA according to the optimized
formulation®. The CRPH CIA rats were intravenously administrated with PBS (Veh), LNPs, LNPs
encapsulating negative control siRNA (LNPs-NC siRNA) or LNPs encapsulating CRP siRNA
(LNPs-CRP siRNA). About 90% of the administered dose of LNPs-CRP siRNA was found in liver,
which was consistent with the results from a previous study®. Please refer to the Supplementary
Table 3 and the highlighted revision in Results (line 139-152) and Materials and Methods
(line 493-504). LNPs-CRP siRNA lowered CRP expression, attenuated bone erosion and
prevented bone loss in CRP" rats when compared to PBS, LNPs or LNPs-NC siRNA. Please refer
to the Supplementary Figure 3e-3i and the highlighted revision in Results (line 139-152) and
Materials and Methods (line 493-504). These results together with our previous data confirmed

that CRP played a detrimental role in RA.



We compare the above studies which seem to draw incompatible conclusions about the role of
CRP in RA. Regarding the studies demonstrating the protective role of CRP in RA" 2 3, CRP
expression is manipulated prior to arthritic induction in genetic models (CRP transgenic and
knockout mice). For our work and another studies demonstrating the detrimental role of CRP in
RA* however, CRP level is influenced after arthritic induction in CIA models. The above studies
actually reveal the different roles of CRP in distinct stages of RA development (early induction stage
versus late active stage). Together, they suggest that CRP may have double-faced functions in RA.
CRP may confer benefit during the early induction phase of RA but play a detrimental role during
active RA, which is consistent with the assumption in one of the above study’. Please refer to the

highlighted revision in Discussion (line 298-313).

Specific comment 1: Transgenic expression of human or rabbit CRP in mice has been shown
to inhibit the development of CIA (Arthritis Rheum, 2011; Scand J Rheumatol, 2006), while
knockout of CRP exacerbates CIA (Arthritis Rheum, 2011) and inflammation-induced bone
damage (Front Immunol, 2018) in mice. Therefore, the protective role of CRP in CIA is
seemingly incompatible with the detrimental role of CRP in CIA proposed in this manuscript.
Of note, the only piece of direct in vivo evidence demonstrating the detrimental role of CRP
in this manuscript is the treatment of CIA rats with anti-CRP antibodies. Moreover, it is
unclear whether these antibodies act via reducing CRP levels, via forming immune

complexes to regulate complement, or via other bystander effects.

Our response: Thanks for the constructive comments. Actually, the exact role of CRP in RA has
been an unsettled dispute for a long time. No human study to date has directly investigated the
contribution of CRP in RA, and animal studies performed so far have shown mixed results. As
mentioned by the reviewer 1 in this specific comment 1, transgenic expression of human and rabbit
CRP in mice has been shown to inhibit CIA development’- 2, while knockout of CRP exacerbates
CIA and bone damage’: 3, suggesting that CRP plays a protective role in RA. However, CRP has
also been reported to induce prolonged inflammation in arthritic rabbits and directly promotes

osteoclastogenesis* %, indicating that CRP makes a detrimental contribution to RA.

In our study, we also demonstrated the detrimental function of CRP by inhibition of CRP with
anti-CRP antibodies in ClA rats. To validate this result in our revised manuscript, we used an in vivo
RNA interference (RNAi)-based strategy to silence CRP expression in hepatocytes. We are
experienced in targeted delivery of therapeutic siRNAs® 7. Lipid nanoparticles (LNPs) has been
proven as liver-targeted delivery systems for siRNAs in vivo® ® 101 The relative success of LNPs
for liver delivery of siRNAs can, at least in part, be attributed to the favorable physiology of the liver,
a well-perfused organ with a fenestrated endothelium®. On the other hand, LNPs are known to
interact with serum proteins that can direct them to hepatocytes after systemic administration''. We

developed the LNPs-based delivery systems for CRP siRNA according to the optimized



formulation®. The CRPH CIA rats were intravenously administrated with PBS (Veh), LNPs, LNPs
encapsulating negative control siRNA (LNPs-NC siRNA) or LNPs encapsulating CRP siRNA
(LNPs-CRP siRNA). About 90% of the administered dose of LNPs-CRP siRNA was found in liver,
which was consistent with the results from a previous study®. Please refer to the Supplementary
Table 3 and the highlighted revision in Results (line 139-152) and Materials and Methods
(line 493-504). LNPs-CRP siRNA lowered CRP expression, attenuated bone erosion and
prevented bone loss in CRP" rats when compared to PBS, LNPs or LNPs-NC siRNA. Please refer
to the Supplementary Figure 3e-3i and the highlighted revision in Results (line 139-152) and
Materials and Methods (line 493-504). These results together with our previous data confirmed

that CRP played a detrimental role in RA.

We compare the above studies which seem to draw incompatible conclusions about the role of
CRP in RA. Regarding the studies demonstrating the protective role of CRP in RA" 2 3, CRP
expression is manipulated prior to arthritic induction in genetic models (CRP transgenic and
knockout mice). For our work and another studies demonstrating the detrimental role of CRP in
RA*, however, CRP level is influenced after arthritic induction in CIA models. The above studies
actually reveal the different roles of CRP in distinct stages of RA development (early induction stage
versus late active stage). Together, they suggest that CRP may have double-faced functions in RA.
CRP may confer benefit during the early induction phase of RA but play a detrimental role during
active RA, which is consistent with the assumption in one of the above study’. Please refer to the

highlighted revision in Discussion (line 298-313).

Specific comment 2: IL-6 is the chief inducer of CRP expression in hepatocytes. The authors
found that Leflunomide inhibited CRP expression in hepatocytes (Figure 3d), but this
inhibition could be abrogated by IL-6 (Figure 3e). On the other hand, CRP was induced in
both PBE+ and PBE- patients (over 10 pg/ml, denoting the presence of notable inflammation
in the clinical practice; Figure 1e) but with comparable levels of upregulated IL-6 (Figure
s1c). Therefore, it might be difficult to explain how Leflunomide can inhibit CRP expression

in PBE- patients in the presence of upregulated IL-6.

Our response: Thanks for the constructive comments. In our study, we found that PBE+ patients
demonstrated a higher CRP level, while CRP level was relatively lower in PBE- patients when
compared to PBE+ patients. Thus, we termed the PBE- individuals as “CRP“" and the PBE+
individuals as “CRP"” (Figure 1e). Inhibition of CRP attenuated bone erosion in ClArats, suggesting
the detrimental role of CRP in RA. We mainly focused on exploring the downstream signaling of
high CRP-mediated failure of Leflunomide in attenuating bone erosion in CRP" RA. We induced
overexpression of CRP in hepatocytes in vitro by incubating them with IL-6, as IL-6 axis was the
chief inducer of CRP expression in hepatocytes'?. We found that Leflunomide induced AHR

activation to inhibit hepatic CRP expression in normal hepatocytes but not in hepatocytes



pretreated with IL-6 in vitro. Knockdown of CRP in hepatocytes pretreated with IL-6 recovered the
efficacy of Leflunomide in induction of AHR activation, suggesting that IL-6 abrogated the
Leflunomide-AHR-CRP signaling via induction of CRP overexpression. We further showed that
overexpression of CRP upregulated HIF1a, which competed with AHR for ARNT association and
interfered Leflunomide-AHR-CRP signaling, leading to the limited efficacy of Leflunomide in PBE+
(CRP") RA individuals. Even though the PBE- (CRP!) RA individuals had a relatively lower serum
CRP when compared to the higher CRP in the PBE+ (CRP") individuals, CRP in PBE- individuals
was mildly elevated in contrast to the normal reference range in clinical practice’. Our results
showed that Leflunomide could inhibit CRP expression in PBE- (CRP') individuals rather than in
PBE+ (CRP") individuals (Figure 1f, Figure 2d and Supplementary Figure 9e), implying that the
mildly elevated CRP in CRP" individuals might be insufficient for interfering the Leflunomide-AHR-
CRP signaling in vivo, while the higher CRP in CRP" individuals could significantly interfere the
signaling. To validate this speculation, we further isolated hepatocytes from CRP'- and CRP" CIA
rats treated with Leflunomide or vehicle. Binding of AHR with ARNT and CRP inhibition induced by
Leflunomide was remarkable in hepatocytes from CRP" CIA rats but not significant in hepatocytes
from CRP" CIA rats. Please refer to the Supplementary Figure 8e and 8f and the highlighted
revision in Results (line 226-228) and Material and Methods (line 451-456).

As mentioned by the reviewer 1, serum CRP level greater than 10 mg/l is a sign of chronic
inflammation in clinical practice'®. Our data showed that both PBE+ (CRP") and PBE- (CRP') RA
patients had serum CRP levels above 10 mg/l. We investigated the mechanism underlying the
distinctive CRP levels between the two groups of RA individuals. IL-6 axis was the chief inducer of
CRP expression in hepatocytes'?. We found that serum IL-6 were comparable between PBE+ and
PBE- individuals (Supplementary Figure 1a, Supplementary Figure 2c and Supplementary Figure
9c), while IL-6 receptor (IL-6R) in liver was differentially expressed between the two groups. Please
refer to the Supplementary Figure 2e and the highlighted revision in Results (line 132-134).
This finding was interesting. We will perform big data analysis to confirm this finding and reveal the
difference of upstream signaling network of CRP expression between the two groups of RA

individuals.

Specific comment 3: The large and prevalent variations of circulating CRP levels found in
inbreeding rats and mice (Figure 2c and Figure s8d) are somewhat surprising. In addition,
the high levels of baseline CRP in mice (20-30 pg/ml) appear to be inconsistent to previous

findings.

Our response: Understood the reviewer 1’s concern. In our study, Sprague-Dawley (SD) rats and
DBA/1 mice were used for establishment of CIA, as they are common animal models for exploring
the pathogenic mechanism of RA and therapeutic action of anti-arthritic agents' 5. SD rat is an

outbred strain and DBA/1 mouse is an inbred strain'® 7. We find the large variations of serum CRP



levels in both SD rats and DBA/1 mice, which are the basis for classification of CIA models into
CRP' and CRP" subgroups (Figure 2c and Supplementary Figure 9d). For many decades, inbred
rats and mice are preferred over outbred strains because it is assumed that they display lower
levels of variations due to their greater homogeneity'®. However, very few studies with adequate
sample sizes have in fact compared phenotypic variations between inbred strains and outbred
strains of animals'®. Surprisingly, recent reports suggest that inbred and outbred animals show
comparable phenotypic variations' 1 20, On one hand, they conclude that the outbred animals
could be widely adopted as research subjects like the inbred animals. On the other hand, it could
not be ignored that the coefficients of variation vary in large ranges for both of them'®. We reviewed
other studies, which also showed large variations of serum CRP?"22, In our previous work, we also
demonstrate the large variations of other proteins in signaling pathways?3. Even though the large
variations of proteins in established animal models seem to differ from the common sense and the
underlying reasons are still unknown, the variations could be used for explaining non-response of
therapeutics in human disease?®. Please refer to the highlighted revision in Discussion (line
341-355).

Previously, pertinent publications frequently reiterate that mouse CRP is a trace protein and
serum levels of CRP in mice are markedly lower than in humans and rabbits, < 3 mg/ml even after
inflammatory stimuli? 2. However, recent studies argue that such statements is not convincing as
they either refer to review articles devoid of experimental data or an early publication, which fails
to detect any mouse CRP using sheep anti-human CRP antibodies cross-reacting with mouse CRP
before acute phase induction®® 26, To date, reliable reagents specific for mouse have become
available and studies suggest that serum CRP levels may be vastly underestimated?® 27. High
serum CRP levels ranging from 5 mg/ml to 50 mg/ml have been determined in different mouse
models?" 22, 26, 28, 29,30 which are consistent with our results. Please refer to the highlighted

revision in Discussion (line 332-339).

Specific comment 4: In anti-CRP treated CIA rats, non-CRP antibodies might be better
control. It is also unclear why the authors did not examine the effects of anti-CRP antibodies
in CRPL rats.

Our response: Thanks for the constructive comments. IgG isotypes are usually used as the
negative controls for in vivo antibody therapy3' 32. In our revised manuscript, we used rabbit IgG
as the negative controls when examining the effects of rabbit anti-rat CRP antibodies on bone
erosion in CRP" ClA rats. Our results showed that anti-CRP antibodies effectively attenuated bone
erosion and prevented bone loss, while IgG had no therapeutic effects. Please refer to the
Supplementary Figure 3a-3d and the highlighted revision in Results (line 137-129) and
Materials and Methods (line 544-545).



Previously, we did not examine the effects of anti-CRP antibodies in CRP- CIA rats. Reasons are
as follows. We began this study based on our observation that Leflunomide was effective in
attenuating bone erosion in CRP- RA individuals but showed limited efficacy in CRP" individuals.
This finding driven us to propose an initial idea about developing a precision medicine-based
therapeutic strategy for RA. Thus, we focused on exploring an alternative treatment option for the
CRPH" RA individuals who poorly responded to Leflunomide. Previous reports suggest that CRP
stimulates osteoclastogenesis and plays a detrimental role during active RA* ®. Serum CRP was
positively associated with TRAP5b in CRPH RA patients (Figure 1g), implying that CRP inhibition
could be a therapeutic strategy for attenuating bone erosion in CRPH RA. Thus, we examined the
effects of anti-CRP antibodies on bone erosion in CRP" CIA rats but not in CRP- CIA rats as the

CRP: ClA rats showed satisfactory responsiveness to Leflunomide.

In our revised manuscript, we further tested whether anti-CRP antibodies could attenuate bone
erosion in CRP! CIA rats to address the reviewer 1’s question. As we have proven that besides
immunomodulation via metabolite A77 1726, Leflunomide itself could induce AHR activation to
inhibit hepatic CRP production and then attenuate bone erosion in CRP' arthritic rats (Figure 39).
We speculated that CRP inhibition by anti-CRP antibodies might partially mimic the therapeutic
effects of Leflunomide in CRP- CIA rats. As expected, the anti-CRP antibodies effectively
attenuated bone resorption and bone erosion in CRP' rats when compared to PBS or IgG controls.
Please refer to the Supplementary Figure 4e-4h and the highlighted revision in Results (line
151-152).

Specific comment 5: The authors propose that CRP promotes osteoclastic activities (Figure
3g). However, no evidence for this proposal has been provided in the manuscript, and
previous study have identified no (Front Immunol, 2018) or controversial actions of CRP on
osteoclastic activities (Arthritis Res Ther, 2015; Life Sci, 2016). Indeed, monomeric CRP
instead of CRP has been reported to be active in regulating osteoclastic activities. Moreover,
monomeric CRP appears to inhibit osteoclastic activities by neutralizing RANKL (Front
Immunol, 2018).

Our response: Understood the reviewer 1's concern. Previously, Kim et al. report that CRP
promotes osteoclastic activities via FcyRs signaling with the absence of RANKLS®, while Cho et al.
demonstrate that CRP inhibits RANKL-induced osteoclastic activities in vitro33. Recently, Jia et al.
suggest that CRP regulates osteoclast differentiation in conformation- and RANKL dependent
manners®. Circulating native CRP is composed of five identical subunits but dissociates into the
monomeric conformation upon entering local lesions®*. Jia et al. show that monomeric CRP induces
osteoclast differentiation with the absence of RANKL in vitro®, which is consistent with Kim’s report
5. However, Jia et al. also demonstrate that monomeric CRP inhibits RANKL-induced osteoclastic

differentiation by neutralizing RANKL in vitro3, which is consistent and accounts for Cho’s findings®3.



Jia et al. further explain that native CRP is inefficient for osteoclastic activity in vitro but the
prolonged incubation time (3-21 days) in cell culture would favor the conversion of native CRP to
monomeric CRP3, suggesting that in both Kim and Cho’s studies, CRP regulates osteoclastic
activity actually via the monomeric conformation, as they incubate cells with CRP for 3-21 days and
3-5 days, respectively® 33, Based on these studies, we think whether CRP promotes or inhibits
osteoclastic activities in vivo may be dependent on ratio of monomeric CRP to RANKL. We find
that molar concentration of the monomeric CRP is over 10,000-fold of RANKL in both CRP' and
CRPH" RA patients, indicating that the monomeric CRP is enough to neutralizing RANKL and the
redundant free monomeric CRP would dominate osteoclastic activities in RA. Please refer to the
Supplementary Figure 1d and the highlighted revision in Results and Materials and Methods
(line 109-117 and line 486).

Specific comment 6: The authors do not provide actual levels of CRP released by
hepatocytes (Figure 3d, 3e and 4k). It is thus unclear whether these levels are relevant to in
vivo conditions. Usually, the levels of CRP in cell culture are much lower than that in
circulation. If it was that case, how will the authors relate the in vitro HIF modulation by CRP

in overexpression and knockdown experiments to in vivo conditions.

Our response: Thanks for the constructive comments. As mentioned by the reviewer 1, we
provided the relative levels of CRP released by hepatocytes rather than the actual CRP levels in
cell culture experiments in vitro (Figure 3d, Figure 3f and Figure 4k). We had our own concerns as
follows. In fact, the actual CRP levels released by hepatocytes in cell culture experiments in vitro
usually rely on many anthropic conditions, such as medium volumes, cell densities, incubation
times, sizes of culture plates, etc. It is difficult to perform all cell culture experiments using an
absolutely identical conditions across different in vitro studies. Thus, we calculated relative levels
of CRP in treatment groups by normalizing them to vehicle or controls in our cell culture

experiments in vitro, thus making our manuscript clear and readable.

In our in vitro experiments, we found that overexpression of CRP increased HIF 1a level, whereas
knockdown of CRP reduced expression of HIF1a in hepatocytes, suggesting that hepatic CRP
positively modulated HIF1a expression in vitro. To relate these results with in vivo conditions, we
examined levels of HIF1a in hepatocytes from non-immunized, CRP- and CRP" CIA rats. Both
CRP and CRP" CIA rats had elevated HIF1a expression than non-immunized rats. HIF1a level
was significantly higher in CRP" CIA rats when compared to CRP" CIA rats. There was a positive
association between CRP and hepatic HIF1a expression in both CRP" and CRP" ClA rats. Please
refer to Figure 4a and Supplementary Figure 8a and the highlighted revision in Results (line
214-218). In addition, CRP inhibition by LNPs-CRP siRNA led to a reduction of HIF1a expression
in hepatocytes from CRP" rats. Please refer to Supplementary Figure 8b and the highlighted

revision in Results (line 218-219). These in vivo results together with our in vitro data,



demonstrated that CRP was an upstream molecule of HIF1a and could positively regulate HIF1a

expression in hepatocytes.

Specific comment 7: Circulating levels of CRP in HIF KO mice should be provided and

compared to that in control mice.

Our response: Agree with the reviewer 1’'s comments. In our revised manuscript, we examined
whether hepatocyte-specific deletion of HIF 1a affected CRP expression in vivo. Our results showed
that serum CRP level was comparable between the hepatocyte-specific HIF1a knockout (HIF1a-
HKO) mice and the control HIF1a'o®'o" mice. Please refer to the Supplementary Figure 10c
and the highlighted revision in Results (250-252).

Specific comment 8: The authors’ conclusion would predict that CRP KO would abrogate
the differential responsiveness to Leflunomide in mice and rats. These experiments might

be essential to support their conclusion.

Our response: Agree with the reviewer 1’s comments. In our revised manuscript, we determined
whether CRP knockdown by liver-targeted LNPs-siRNA could abrogate the differential
responsiveness to Leflunomide between CRPH and CRP: CIA rats. Our results showed that
Leflunomide in combination with LNPs-siRNA effectively attenuated bone erosion in CRP" ClA rats.
The therapeutic efficacy of the combination in CRP" CIA rats was equivalent to that of Leflunomide
alone in CRP" CIA rats. Please refer to the Supplementary Figure 4a-4d and the highlighted

revision in Results (line 146-150).

Point-by-point responses to reviewer #2’ comments

Overall comment: This manuscript explored the reasons why Leflunomide only ameliorates
the bone erosion in partial patients with rheumatoid arthritis. Based on the analysis of
clinical data and animal experiments, authors claimed that the levels of CRP and
consequent HIF-1a play crucial roles in the sensitivity of patients to the Leflunomide therapy.
This study includes interesting data, and the manuscript was well prepared. However, there

are some issues to be considered.

Our response: Thanks for the positive comments. Regarding the issues raised by the reviewer 2,

we made the following point-by-point response.



Specific comment 1: It is un reasonable to divide CIA rats and mice into CRPH and CRPL
based on the serum levels of CRP. In this study, Leflunomide or A77 1726 was orally
administered from the day of first immunization. Partial animals, especially SD rats (the
occurrence rates of arthritis are only 60%~70%), in model and treatment groups did not
exhibit significant arthritis symptom. The lower level of CRP in these animals was due to

the unsuccessfulness of model preparation, distinct from CRPL patients.

Our response: Understood the reviewer 2’s concern. Actually, Leflunomide or A77 1726 was orally
administered to rats and mice after immunization with type Il collagen. Please refer to Figure 2a,
Figure 6a, Supplementary Figure 3a and 3e, Supplementary Figure 4a and 4e and
Supplementary Figure 9a. As mentioned by the reviewer 2, occurrence rate of collagen-induced
arthritis in SD rats are 60%-70%3. However, we excluded the unsuccessful animal models prior to
dividing CRP" and CRP! CIA animals. We confirmed that all the CRP" and CRP" CIA animals
exhibited arthritic symptom before drug treatment, as evidenced by microCT data and clinical
arthritic score of baseline group in contrast to the non-immunized group. Please refer to the Figure
2a, Figure 6b, Supplementary Figure 3b and 3g, Supplementary Figure 4b and 4f,
Supplementary Figure 9b and Supplementary Figure 10d and 10e.

Specific comment 2: It is generally accepted that Leflunomide functions through its
metabolite A77 1726. In this study, authors stated that Leflunomide itself but not A77 1726
could activate AhR to inhibit the expression of CRP in liver. More solid evidence is needed
to support this conclusion. e.g., to give Leflunomide together with specific inhibitors of its

metabolism.

Our response: Thanks for the constructive comments. As mentioned by the reviewer 2, it is
generally accepted that Leflunomide functions through its metabolite A77 172636, Previously, we
treated human normal hepatocyte cell line (THLE-2) with DMSO (vehicle), Leflunomide and A77
1726, respectively. Our results showed that Leflunomide, rather than A77 1726, induced binding of
AHR with ARNT (AHR activation) and decreased CRP expression in dose-dependent manners.
After knockdown of AHR, Leflunomide could not decrease CRP level in THLE-2 (Figure 3¢ and 3d,
Supplementary Figure 6¢ and 6d). These results suggest that Leflunomide itself but not A77 1726
activates AHR to inhibit CRP expression in normal hepatocytes. In our revised manuscript, we
provided more solid evidences to support this conclusion based on the reviewer 2’s advice.
Leflunomide is mainly metabolized to A77 1726 by a cytochrome P450 1A2 enzyme (CYP1A2)%.
Furafylline, a specific inhibitor of CYP1A2, could suppress metabolism of Leflunomide®”- 3. Human
normal primary hepatocytes are considered as the gold standard model for drug metabolism
studies3? 40. 41 We incubated human normal primary hepatocytes with Leflunomide in the presence
of Furafylline or not. Leflunomide induced binding of AHR with ARNT and decreased CRP

expression and release. Stabilization of Leflunomide via inhibition of its metabolism by Furafylline



further enhanced AHR-ARNT interaction and CRP inhibition. Please refer to Supplementary
Figure 6e and 6f and the highlighted revision in Results (line 182-187).

Specific comment 3: AhR might function through genomic or nongenomic pathway. The
latter pathway is independent on ARNT. AhR-ARNT binding/interaction might not represent
the activation of AhR signaling.

Our response: Thanks for the constructive comments. As mentioned by the reviewer 2, AHR
functions through both genomic and nongenomic pathways*?. The genomic pathway of AHR is
already well-characterized and it is dependent on AHR-ARNT interaction. In addition to the genomic
pathway, AHR also functions through nongenomic pathways, which is independent of AHR-ARNT
interaction. Some ligands have been reported to trigger AHR nongenomic pathways to regulate
activities of certain proteins, such as Src, JunD and cyclin A*> 43, We have found that Leflunomide
induces AHR-ARNT interaction to activate AHR genomic signaling. In this revised manuscript, we
determined whether Leflunomide had any effects on non-genomic pathways of AHR. Our results
demonstrated that Leflunomide had no effects on expression of JunD and cyclin A and Src
activation. These results indicated that Leflunomide specifically induced ARNT-dependent AHR
genomic signaling. Please refer to Supplementary Figure 6g and the highlighted revision in
Results (line 70-71, line 187-194, line 223 and line 234).

Specific comment 4: During CIA, some pro-inflammatory cytokines such as IL-17, IL-6, and
RANKLE also play innegligible roles in the occurrence of bone erosion. Leflunomide might
exerts protective effects on bone and cartilage by down-regulating the levels of these
cytokines.

Our response: Thanks for the constructive comments. As mentioned by the reviewer 2, cytokines
(such as IL-17, IL-6 and RANKL) produced by immune cells and inflammatory synovial fibroblasts
play critical roles in the occurrence of bone erosion in RA** 45, In our revised manuscript, we
examined their serum levels in PBE- and PBE+ RA patients or CIA animal models after Leflunomide
treatment. Our results showed that Leflunomide decreased serum IL-17, IL-6 and RANKL levels in
both PBE- and PBE+ individuals. Please refer to the Supplementary Figure 1a, Supplementary
Figure 2c and Supplementary 9c and the highlighted revision in Results (line 98-100, line
124-127, line 261-243, line 482 and line 485-486). These were consistent with our other results
that the well-known immunomodulatory action of Leflunomide was significant in both PBE- and
PBE+ RA individuals (Figure 1c, Figure 2b and Supplementary 9c).



Point-by-point responses to reviewer #3’ comments

Overall comment: In this paper, Liang and colleagues report that inhibition of HIF1alpha
activity attenuates bone erosions in experimental models of Rheumatoid Arthritis (RA)
characterized by high levels of C-reactive protein (CRP) and pharmacologically treated with
leflunomide. The attenuation of bone erosions correlates with decreased levels of CRP. Of
note, leflunomide treatment alone corrects inflammation but does not reduce bone erosions
in the same experimental models. The authors take advantage of both genetic and
pharmacological approaches to test their working hypothesis. The study is interesting,
novel and potentially important. However, a few issues need to be addressed to strengthen

the authors’ conclusions and their biological relevance.

Our response: Thanks for the positive comments. Regarding the few issues raised by the reviewer

2, we made the following point-by-point response.

Specific comment 1: Figure 2: Histological analysis of treated and untreated specimens with
either high or low CRP should be performed to document synovial hyperplasia/inflammation

and bone erosions. Along those lines, TRAP stained sections should be shown.

Our response: In our revised manuscript, we performed histological analysis to document
inflammatory  synovial hyperplasia and bone erosion. Hematoxylin and eosin
(H&E) staining showed that Leflunomide attenuated inflammatory synovial hyperplasia in both the
PBE- and PBE+ CIA rats. Please refer to the Supplementary Figure 2d and the highlighted
revision in Results (line 126-127). These were consistent with our other results that the well-
known immunomodulatory action of Leflunomide was significant in both PBE- and PBE+ CIA rats
(Figure 2b). TRAP staining data demonstrated that Leflunomide inhibited osteoclastic activity in
PBE- (CRP') ClArats but notin PBE+ (CRP") ClArats. Please refer to the Supplementary Figure
2d the highlighted revision in Results (line 129-131).

Specific comment 2: Figure 4: In vitro incubation of THLE-2 cells in hypoxia should be

pursued as a positive control for HIF-1alpha stabilization and activity.

Our response: Thanks for the constructive comments. In our revised manuscript, THLE-2 cells
incubated in hypoxia were used as a positive control. Hypoxia induced high expression of HIF1a
and increased binding of ARNT with HIF1a in THLE-2 cells. Please refer to the Figure 4d and 4e.

Specific comment 3: Figure 4: The modalities that lead to increased HIF-1alpha stabilization
downstream of CRP are completely elusive. It would be helpful if the authors could more

extensively discuss this point.



Our response: Thanks for the constructive comments. In our in vitro experiments, we found that
overexpression of CRP increased HIF1a level, whereas knockdown of CRP reduced expression of
HIF1a in hepatocytes, suggesting that hepatic CRP positively modulated HIF1a expression in vitro.
To relate these results with in vivo conditions, we examined levels of HIF1a in hepatocytes from
non-immunized, CRP- and CRP" CIA rats. Both CRP- and CRP" CIA rats had elevated HIF1a
expression than non-immunized rats. HIF1a level was significantly higher in CRPH CIA rats when
compared to CRPt CIA rats. There was a positive association between CRP and hepatic HIF1a
expression in both CRP- and CRPH CIA rats. Please refer to Figure 4a and Supplementary
Figure 8a and the highlighted revision in Results (line 214-218). In addition, CRP inhibition by
LNPs-CRP siRNA led to a reduction of HIF1a expression in hepatocytes from CRP" rats. Please
refer to Supplementary Figure 8b and the highlighted revision in Results (line 218-219).
These in vivo results together with our in vitro data, demonstrated that CRP was an upstream

molecule of HIF1a and could positively regulate HIF1a expression in hepatocytes.

Specific comment 4: Figure 5: Histological analysis of control and mutant specimens with
or without Ileflunomide treatment should be performed to document synovial
hyperplasia/inflammation and bone erosions. Moreover, the authors should document

efficient recombination of the HIF-1alpha floxed allele.

Our response: Agree with the reviewer 3's comments. In our revised manuscript, we performed
histological analysis to document inflammatory synovial hyperplasia and bone erosion in CRP- and
CRP" subgroups of HIF1a-HKO and control HIF1a'>®ox? CJA mice with or without Leflunomide
treatment. H&E staining data showed that inhibition of inflammatory synovial hyperplasia by
Leflunomide in CRP- and CRP" subgroups was comparable for both HIF1a'*®"oxP gnd HIF1a-HKO
ClArats. Please refer to the Supplementary Figure 10f and the highlighted revision in Results
(line 256-258). TRAP staining demonstrated that Leflunomide decreased osteoclastic activity in
CRPL HIF1g/oP/loxP CIA mice but not in CRPH HIF1aloxP/loxP CIA mice. However, Leflunomide
inhibited osteoclastic activity in both CRP- and CRP" subgroups of HIF1a-HKO CIA mice. Please
refer to the Supplementary Figure 10i and the highlighted revision in Results (line 258-261).

Moreover, we demonstrated the efficient recombination of the HIF1a floxed allele in HIF 1 qgloxP/loxP
mice. The data was consistent with the genotyping report from Jackson Laboratory. Please refer
to the Supplementary Figure 10a and the highlighted revision in Results (line 245-250).
Deletion of HIF-1a was observed in HIF1a-HKO but not in HIF1a'®ox” mice. Please refer to the

Supplementary Figure 10b and the highlighted revision in Results (line 245-250).

Specific comment 5: Figure 6: as above, in vitro incubation of THLE-2 cells in hypoxia

should be pursued as positive control for HIF-1alpha stabilization and activity. Moreover,



the authors should document that ACF treatment impairs HIF-1alpha activity by studying

classical downstream targets of HIF-1alpha.

Our response: Thanks for the constructive comments. In our revised manuscript, THLE-2 cells
incubated in hypoxia were used as a positive control. Hypoxia induced high expression of HIF1a
and increased binding of ARNT with HIF1a in THLE-2 cells. ACF had no effects on HIF1a
expression but decreased the binding of ARNT with HIF1a, which was consistent with previous
reports that ACF was a selective inhibitor blocking HIF1-ARNT interaction?® 47- 48, Please refer to
the Figure 5a and the highlighted revision in Results (line 266-268). We also examined effects
of ACF on the most classical target gene of HIF1a-ARNT signaling, i.e., vascular endothelial growth
factor (VEGF)*°. Our results showed that ACF downregulated expression of VEGF in THLE-2 cells.
Please refer to the Figure 5a and the highlighted revision in Results (line 266-268).

Specific comment 6: Figure 7: as above, histological analysis should be pursued to

document synovial hyperplasia/inflammation and bone erosions.

Our response: Thanks for the constructive comments. In our revised manuscript, we performed
histological analysis to document inflammatory synovial hyperplasia and bone erosion.
H&E staining data showed that Leflunomide alone or the combination of Leflunomide with ACF
attenuated inflammatory synovial hyperplasia in CRP" CIA rats. Please refer to the
Supplementary Figure 11 and the highlighted revision in Results (line 285-287). TRAP
staining results demonstrated that the combination of Leflunomide and ACF inhibited bone
resorption in CRP" CIA rats. Please refer to the Supplementary Figure 11 and the highlighted
revision in Results (line 282-285).

Specific comment 7: Numerous typos are present and should be corrected.
Our response: We appreciated the reviewer 3’s patience for reading our manuscript with

numerous typos. In the revised manuscript, we have carefully checked the grammar, words and

figures and corrected the typos.

Point-by-point responses to reviewer #4’ comments

Overall comment: This is a well perfumed and beautiful studies addressing the mechanisms of
Leflunomide for treatment in rheumatoid arthritis, RA. It is known that leflunomide is effecting for

treatment of inflammation but less effective for treatment of bone erosions, a common problem in



severe RA. They show by combined experimental animals and clinical studies that the mechanisms
is related to the level and MOA of CRP and suggest a way to overcome the lack of efficiency against
bine erosions for clinical treatment. it is an unusual study combining both experimental insight and
clinical practice. My expertise is more animal models anta clinical studies and from my perspective
the animal experiments are well performed, thy have even taking care of using the relevant MHC
class Il molecules in the mouse models leading to that they actually use a proper CIA model for RA

and not the less defined arthritis induced by collagen in B6 mice.

Our response: Thanks for the positive comments.
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Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
The authors have addressed most of my concerns.

Reviewer #2:

Remarks to the Author:

The authors responded to my comments point-by-point, such as animal choice, the in vivo efficient
form of Leflunomide against AhR signaling, and the involved AhR pathway for Leflunomide action. |
have no additional comments, and agree to the acceptance of the article for publication in Nature
Communications.

Reviewer #3:

Remarks to the Author:

In this revised manuscript, the authors have satisfactorily addressed reviewers' comments and
concerns.



REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

The authors have addressed most of my concerns. Our response: Thanks for the positive comments.
Reviewer #2 (Remarks to the Author):

The authors responded to my comments point-by-point, such as animal choice, the in vivo efficient
form of Leflunomide against AhR signaling, and the involved AhR pathway for Leflunomide action. |
have no additional comments, and agree to the acceptance of the article for publication in Nature
Communications. Our response: Thanks for the positive comments.

Reviewer #3 (Remarks to the Author):

In this revised manuscript, the authors have satisfactorily addressed reviewers' comments and
concerns. Our response: Thanks for the positive comments.
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