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Once-monthly hemin suppresses inflammatory
and autoreactive CD4" T cell responses to robustly

ameliorate experimental rheumatoid arthritis

Bingzhi Sun,’? Gaojie Li,"? Ling Guo,"** Na Yin,"? Huan Huang,"? Xiaodong Wu,>* Runyue Huang,>**

and Min Feng'-#>*

SUMMARY

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease that would
permanently damage the affected joints. Unfortunately, a large proportion of
RA patients fail to respond adequately to current treatments. Here, repurposing
hemin and its ultra-long-acting formulation were explored for the effective treat-
ment of RA in animal models. We provided evidence that hemin prevented the
onset and ameliorated the clinical course of RA. Notably, hemin treatment
rescued the dysregulated gene expression in animal models of RA, resulting in
attenuation of Th1/Th17 cell-mediated responses and proinflammatory cyto-
kines. Moreover, we further formulated hemin into the in-situ forming implant,
and a single injection of the ultra-long-acting hemin exerted potent disease-modi-
fying effects for at least six weeks with a remarkable dose reduction. Taken
together, given the potent anti-inflammatory and immunosuppressive effects,
the once-monthly hemin injection holds promise for rapid clinical translation,
and represents a potential strategy to treat RA and possibly other autoimmune
diseases.

INTRODUCTION

Rheumatoid arthritis (RA) is a severe chronic autoimmune disease that can cause joint pain, stiffness, and
progressive structural damage (Smolen et al., 2016). The current recommendations address treatment of
RA consisting mainly of conventional synthetic disease-modifying antirheumatic drugs (DMARDs), biologic
DMARDs, targeted synthetic DMARDs, and glucocorticoids (Fraenkel et al., 2021). Among DMARDs, meth-
otrexate is the most commonly prescribed (Ferrara et al., 2018; Brown et al., 2016). Nevertheless, more than
40% of the patients receiving methotrexate treatment do not respond adequately after two years (Nair
etal., 2020). When such immunomodulators fail to attain sustained remission or low disease activity, uncon-
trolled inflammation fuels RA progression and drives joint damage, leading to functional disability and
reduced quality of life (Smolen et al., 2016; Ho et al., 2019). The work disability rates in RA patients are
up to 42% after six to ten years' disease duration due to the lack of universally effective treatments (Eber-
hardtetal., 2007). Thus, there remains a significant unmet need in the treatment of RA. The challenge in RA
treatment is to develop a new therapy that takes account of both early dominant autoimmunity and later
structural damage-related inflammation for improved clinical outcomes (Burmester and Pope, 2017).

As a chronic inflammatory and autoimmune disease, RA is relevant to oxidative stress. There is evidence
thatinducing heme oxygenase-1 (HO-1), a stress-responsive protein, is considered as an adaptive cytopro-
tective response against oxidative stress (Wruck et al., 2011). It has been reported that HO-1 is
overexpressed in synovium from RA patients, compared with that from healthy donors or osteoarthritis
patients (Kobayashi et al., 2006; Kitamura et al., 2011; Yang et al., 2019). In the collagen-induced arthritis
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(CIA) model, HO-1 induction alleviates joint inflammation and reduces arthritis severity (Yang et al., *Correspondence:
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Hemin is an FDA-approved drug for treating acute intermittent porphyria attacks (Siegert and Holt, 2008).
Repurposing existing drugs is an attractive strategy to offer more-effective options to patients, with the
substantial advantages of safer, faster, and cheaper preclinical and clinical validation protocols (Bertolini
etal., 2015). In the present study, we repurposed hemin for the treatment of RA. We discovered that hemin
exerted robust symptomatic and disease-modifying effects in both adjuvant-induced arthritis (AlIA) and CIA
models. Importantly, hemin rescued the dysregulated gene expression in RA and exerted immunosuppres-
sive effects on autoreactive CD4" T helper (Th) cells. The pathogenic CD4"IFN-y™ Th1 cell proportion and
Th17 cell-related cytokine production in CIA rats were downregulated after hemin treatment. Moreover, to
improve medication adherence, hemin was further formulated into the in-situ forming implant (hemin-ISFl).
Asingle injection of the hemin-ISFI attained sustained remission of RA for at least six weeks. The ultra-long-
acting hemin-ISFl decreased the total dose of hemin by nearly two-thirds, improving the safety and adher-
ence. Overall, once-monthly hemin-ISFl injection potentially maximizes clinical benefits at a minimal dose,
and holds great promise for rapid clinical translation in the treatment of RA via strong anti-inflammatory
and immunosuppressive actions.

RESULTS
Prophylactic effects of hemin in the AIA model

Clinically, early pharmacological interventions could delay or even prevent the onset of RA in patients who
have pre-rheumatoid arthritis features, such as swollen joints, but do not meet criteria for RA (Burmester
and Pope, 2017). It has been reported that in the cellular defense against oxidative and inflammatory pro-
cesses, the stress-responsive enzyme HO-1 plays a pivotal role (Loboda et al., 2016; Konrad et al., 2016).
Thus, we hypothesized that the natural substrate for HO-1, hemin, may be repurposed for the treatment
of RA. To test this hypothesis, we evaluated the prophylactic effects of hemin on acute inflammation and
RA onset in the AIA model, which is one of the most widely used animal models of RA and provides the
opportunity to study the severity of initial inflammation (Mossiat et al., 2015). AIA was established in rats
and treatment with hemin was started 1 h before adjuvant immunization, as shown in Figure 1TA. Changes
of right hind paw thickness were measured every other day, and arthritis severity was assessed using the
standardized clinical composite scores. The untreated AlA rats showed a rapid augmentation of paw thick-
ness, and the paw swelling peaked at 24-48 h after immunization. At 24 h, the thickness change was more
than 2.38 mm and the clinical score was up to four. Firstly, the effects of different doses and routes of
administration on treatment efficacy were investigated. Administration of 40 mg/kg or 90 mg/kg of hemin
(i.p.) resulted in efficiently reduced paw swelling, and no additional benefit was shown in hemin-treated
rats given a dose of 90 mg/kg (Figures 1B, 1C, and S1A). Thus, a dose of 40 mg/kg of hemin was adminis-
tered to evaluate the efficacy of treatment. In addition, s.c. injection did not compromise the anti-arthritic
efficacy of hemin (Figures S1B and S1C). Strikingly, the AIA rats treated with hemin exhibited little paw
thickening without developing a swelling peak, which was even superior to the efficacy of treatment with
dexamethasone. Changes of thickness were maintained at less than 1 mm with a low clinical score
(one to two) over a four-week period (Figures 1D-1G and S1D). In contrast, methotrexate and celecoxib
did not confer protection from arthritis under identical conditions (Figures STE, S1F, and S2). Together,
hemin had a potent ability to suppress arthritis flares and thus prevented RA onset.

Therapeutic efficacy of hemin in the established CIA model

Given the significant prophylactic effects of hemin on RA onset, we next evaluated the therapeutic efficacy
of hemin against established RA in the CIA model. CIA is the archetypical model of RA induced by active
immunization and considered the most successful by evaluating therapeutic compounds both intra-artic-
ularly and systemically (Caplazi et al., 2015). CIA rats were injected with hemin (i.p.) twice weekly for two
weeks at an optimal dose of 40 mg/kg (Figure 2A). Methotrexate (a disease modifying antirheumatic
drug), dexamethasone (a corticosteroid), and celecoxib (a non-steroidal anti-inflammatory drug), which
are three general classes of drugs commonly used in the treatment of RA, were also administered as con-
trols. Figure 2 showed the progression of arthritis during the treatment period in terms of paw swelling and
clinical score. Interestingly, a dramatic reduction in the paw swelling was observed in the hemin-treated
group as early as 24 h after the start of treatment, compared with untreated CIA rats (Figure 2B). The effi-
cacy of hemin treatment was comparable to dexamethasone which possesses strong anti-inflammatory
effects (Figures 2C and S3). Moreover, compared with the celecoxib-treated or methotrexate-treated
group, a significant decrease in clinical scores in the hemin-treated group was apparent throughout
most of the treatment period (Figure 2D). The thickness changes of inflamed paws in CIA rats treated
with hemin decreased from 1.98 + 0.14 mm before treatment to 0.85 + 0.30 mm after receiving six

2 iScience 24, 103101, October 22, 2021

iScience



iScience

A B Cc
Prophylactic effects of hemin in the AIA model -o- Model -m- 40 mg/kg -¥-90 mg/kg Model
@ Adjuvantimmunization 'V Hemin E 3 3
A sacrifice ©s ‘ﬁ’ 20%
——— g 2- Inflammation
¥
YYV V VvyVyVYyVYYVY &8 P
- 1 1 1 1 I " + — = -4
— + } . + . H— 5 :
0 3 7 10 14 18 21 24 2728 o 17
40 mg/k
* A ? :::lja iy
L T d 5 o Hemin-treated ,
Measure paw thickness and score right hind paw é 1l2 1IS 2'4 310 ‘
Time (h) 80%
D T3 E i
E . s
@ Model H H
§ 2 90 mg/kg
£ Dex
£
w1 .
o Hemin ;
g i : 60%
g Hemin 7 6 50 10 20 30 40 1
S0 T T T T T T T Thickness (mm) AUC
() 0 4 8 12 16 20 24 28
Time (d)
F G - Clinical score
da
Y 1 2 G
2 Model Dex Hemin
3 Model ) 4 GID
N INCTE j —p
g LN - \
£
[3) Dex

6.33 mm 5.95 mm IW

12 16 20 24 28
Time (d)

Figure 1. Prophylactic effects of hemin in AlA rats
(A) Experimental schedule of AIA establishment and treatment. Adjuvant immunization was given at day 0. Rats were
treated with hemin (i.p.) from day O (1 h before immunization) twice weekly and sacrificed at day 28.
(B) Changes of hind paw thickness, and (C) clinical scores of AlA rats treated with hemin (i.p., twice weekly) at 40 mg/kg or
90 mg/kg.
(D-F) (D) Changes of hind paw thickness, (E) the area under changes in paw thickness-time curve (AUCq_584), and (F) clinical
scores of AlA rats given different treatments were compared with those of untreated AIA rats.
(G) Representative photographs of hind paws of AlA rats treated with hemin and dexamethasone (Dex) as controls at 24 h
after immunization. Rats were administered with hemin (40mg/kg, i.p., twice weekly), Dex (0.225 mg/kg, i.m., twice
weekly).
Data shown are mean £ SD (n = é). (ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). See also
Figures S1 and S2.

consecutive injections, suggesting that less intense inflammatory reaction occurred after hemin treatment
(Figure 2C). Whereas, untreated CIA rats showed continued progress in arthritis severity. Immunohisto-
chemical analysis in inflamed joint tissue sections from CIA rats revealed that hemin treatment led to a
markedly reduced production of the key proinflammatory cytokines TNFa, IL-6 and IL-17 (Figure 2E). By
contrast, the expression level of FoxP3, a transcription factor directly linked to the immunosuppressive ac-
tivity, was found to elevate compared with untreated ClA rats (Figure 2E). In addition, the arthritis activity in
methotrexate-treated or celecoxib-treated rats remained severe, with the thickness change reaching 2 mm
and the clinical scores close to that of untreated CIA rats (Figures 2B and 2D). These results demonstrated
that hemin dramatically attenuated inflammatory response, resulting in marked amelioration of clinical
course of established RA in CIA rats.

Hemin rescues dysregulated gene expression in RA rats

After establishing that hemin prevented the onset and ameliorated the clinical course of RA in both AlA and
CIA models, we next turned to gain further insight into whether hemin treatment could rescue the dysre-
gulated genes of RA. To address this issue, we attempted to map the possible immunological conse-
quences of hemin treatment which may contribute to the amelioration of arthritis by RNA-seq. As hemin
mainly accumulates in the liver after injection (Siegert and Holt, 2008), we chose the liver as the primary
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Figure 2. Therapeutic efficacy of hemin in CIA rats

(A) Experimental schedule of CIA establishment and treatment. The firstimmunization was given at day 0. Rats were treated with hemin (40 mg/kg, i.p.) from
day 15 twice weekly and sacrificed at day 28.

(B) Changes of hind paw thickness of treated and untreated CIA rats.

(C) AUC of paw thickness change of CIA rats, and representative photographs of hind paws of hemin-treated CIA rats at day 28 after immunization.

(D) Clinical scores of treated CIA rats were compared with those of untreated CIA rats. Rats were treated with hemin (40 mg/kg, i.p., twice weekly), Dex
(0.45 mg/kg, i.m., twice weekly), Cele (50 mg/kg, i.g., twice weekly) and MTX (1 mg/kg, i.p., twice weekly).

(E) Sections of inflamed joints were analyzed by immunohistochemical staining with anti- TNFa antibody, IL-6 antibody, IL-17 antibody or anti-FoxP3
antibody. Joint tissue sections were obtained from untreated and hemin-treated CIA rats. Scale bar, 500 pm.

Data shown are mean £ SD (n = 6). (ns, no significance, *p < 0.05, ****p < 0.0001). See also Figure S3.

target organ of hemin to assess its potential immunoregulatory effects. We defined the altered expression
of 789 genes in the untreated RA group compared with the healthy group (Healthy vs. RA). And a total of
1,395 genes were differentially expressed in the hemin-treated group compared with the untreated RA
group (RA vs. Treated). Notably, up to ~37% of the differentially expressed genes (DEGs) in the untreated
RA group (295 genes) overlapped with those identified in the hemin-treated group (Figure 3A), indicating
that hemin had a profound impact on the biological responses to RA. Dysregulated expression of 213
genes among the 295 overlapping DEGs was corrected by hemin. We then conducted the hierarchical clus-
tering of these 213 DEGs in the untreated RA group and visualized using the heatmap. In the hemin-treated
group, ~82% of 158 DEGs induced by inflammation were downregulated to an expression level close to
that in the healthy group (Figure 3B). In addition, we assessed gene expression of immunoglobulin heavy
constant gamma 1 (Ighg1), encoding the IgG class antibody heavy chain constant region, in paw tissues of
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Figure 3. Hemin rescued the dysregulated gene expression in RA

(A) Venn diagram of differentially expressed genes (DEGs) in the untreated RA group compared with the healthy group (Healthy vs. RA) and the hemin-
treated group compared with the RA group (RA vs. Treated).

(B) Heatmap derived from the hierarchical clustering of the representative 268 overlapping DEGs regulated by hemin. The dysregulated genes in the RA
group were mostly corrected by hemin.

(C) Hemin inhibited the mRNA levels of proinflammatory cytokines in LPS-stimulated RAW 264.7 macrophages. Cells were stimulated by 500 ng/ml LPS for
6 h and incubated with 60 pM hemin or 250 nM Dex for 16 h, and the mRNA expression levels of IL-6, IL-18, and TNFa. were evaluated by gPCR.

(D) Sections of inflamed joints were analyzed by immunohistochemical staining with anti-IL-1B antibody or anti-TNFa antibody. Joint tissue sections were
obtained from untreated and hemin-treated CIA rats. Magnification, x 100. Joints of hemin-treated CIA rats showed marked reductions of IL-1B and TNFa
production (black arrows).

(E) Hemin strongly induced the expression of HO-1 in vivo. Total RNA was extracted from the livers, spleens, and hind paw tissues of CIA rats at day 28 after
the first immunization. The mRNA expression of HO-1 was quantified by gPCR.

Data shown are mean £ SD (n = 6). (ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figures S4-S6.

ClA rats. Gene expression of Ighg1 was markedly increased following the established CIA rat model. This
increase in Ighg1 gene expression was significantly inhibited in the hemin-treated group, as shown in
Figure S4, suggesting reduction of immune activation with hemin in RA.

Next, we further validated the anti-inflammatory effects of hemin in lipopolysaccharides (LPS) stimulated
RAW 264.7 macrophages, a well-established cellular model for anti-inflammatory drug screening
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(Xu et al., 2017). We showed that LPS markedly up-regulated the mRNA expression of proinflammatory cy-
tokines. These proinflammatory markers, including TNFe, IL-1B8, and IL-6, were dramatically inhibited by
nearly 50-70%, after treatment with 60 pM hemin (Figure 3C). Immunohistochemical analysis in inflamed
joint tissue sections from CIA rats further confirmed that the treatment of RA with hemin markedly reduced
production of the proinflammatory cytokines TNFa, IL-1B, IL-6 and IL-17, compared with untreated CIA rats
(Figures 3D and S5). Hemin possessed anti-inflammatory activity most likely because of it being the natural
substrate for HO-1, which has potent anti-inflammatory properties. We verified that hemin indeed stimu-
lated HO-1 mRNA expression significantly both in vitro and in vivo (Figures 3E and S6A). Additionally,
the anti-inflammatory responses of hemin were consistent with the downregulation of proinflammatory
transcripts (Tril, Tnfrsf14, and Inava) identified by RNA-seq analysis in vivo (Figure S6B). Therefore, these
results demonstrated that hemin could rescue dysregulated gene expression in RA rats and restore
homeostasis.

Suppression of autoreactive Th1/Th17 immune responses in vivo

Since prior work has identified a pathogenic role of autoimmune disorders in RA, we then performed gene
ontology (GO) enrichment analysis of 167 DEGs in the hemin-treated group involved in the immune system
process (GO: 0002376) (Figures 4A and S7). These immune-related genes were enriched in the GO biolog-
ical processes such as response to stimulus, inflammatory response, immune effector process, positive
regulation of immune system process, and the most enriched GO term was response to stimulus (GO:
0050896) (Figure 4A). We thus inspected the DEGs enriched in response to stimulus. The heatmap showed
the inhibition of interferon-related transcripts (Irf5, Irf7, Irgm, Ifit2, and Ifit3), as well as genes associated
with Th cell activation and recruitment (Cd300lf, Selplg, IL-1a, and AIF1) (Figure 4B). The altered gene
expression profile of Th cells revealed by RNA-seq implied that the symptomatic and disease-modifying
effects of hemin might be attributed to the regulation of autoreactive Th cells. A lineage of CD4" Th cells,
Th1 cells, is well-recognized to drive inflammation in RA (Minamino et al., 2001). We therefore sought to
validate whether hemin modulated the differentiation of Th1 cells in RA. Spleens of untreated CIA rats,
hemin-treated ClA rats, and healthy rats were collected to analyze the proportions of CD4*IFN-y* Th1 cells
using flow cytometry. The results indicated that the Th1 cell population was obviously increased by arthritis
in untreated CIA rats, compared with healthy rats (Figure 4C). This supported that collagen immunization
triggered a Th1-biased immune activation in established rat models of RA. Intriguingly, we found that the
frequency of splenic Th1 cells was severely decreased in hemin-treated CIA rats and returned to normal
levels as healthy rats, suggesting that hemin compromised the activated Th1 immune responses.

Emerging evidence detailed that Th17 is another critical initiator of RA (Dardalhon et al., 2008; Pfeifle
et al., 2017). Local Th17 cells orchestrate tissue inflammation by inducing proinflammatory cytokines
and chemokines, recruiting inflammatory cells, and then bolstering the inflammatory cascades (Komatsu
et al.,, 2014; Hirota et al., 2018). Thus, we evaluated the mRNA expression of Th17-related cytokines in
inflamed hind paw tissues of CIA rats using gPCR. As shown in Figure 4D, the mRNA expression levels
of IL-6 and IL-23, which induce Th17 differentiation and expand the Th17 population (Minamino et al.,
2001; Chemin et al., 2019), were significantly down-regulated in response to treatment with hemin,
consistent with the inhibition of arthritis flares. Furthermore, decreased mRNA levels of IL-17 and IL-
21, the proinflammatory cytokines primarily produced by Th17 cells (Baeten and Kuchroo, 2013; Bartlett
et al., 2014), were further identified in hemin-treated CIA rats (Figures 4D and S8). These Th17-related
cytokines were also inhibited by dexamethasone treatment, yet IL-23 and IL-21 were not affected by
treatment with celecoxib or methotrexate. Overall, these results suggested that hemin could inhibit
Th1/Th17 responses, resulting in the down-regulation of proinflammatory cytokines and suppression
of autoimmune responses in RA.

Preparation and characterization of ultra-long-acting hemin-ISFI

To avoid frequent dosing and improve therapeutic adherence, we next formulated hemin into the ISFI (he-
min-ISFI) to develop a long-acting injectable formulation. Hemin-ISFl was prepared by sufficiently mixing
the PLGA matrix dissolved in N-methyl-2-pyrrolidone and hemin powder. To test the injectability, rheolog-
ical analysis of hemin-ISFl was performed and the injectable blank implant matrix served as a control. The
results showed that the viscosity of hemin-ISFl was higher than that of the blank PLGA matrix, likely because
of the incorporation of suspending hemin powder. Importantly, hemin-ISFl exhibited non-Newtonian
shear-thinning behavior and its viscosity gradually decreased under shear strain (Figures 5A and S9). The
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Figure 4. Hemin suppressed autoreactive Th1/Th17 responses in vivo

(A) GO enrichment analysis of 167 DEGs involved in the immune system process (GO:0002376) in the hemin-treated
group.

(B) Heat map showing the logig (FPKM+1) changes of Th1/Th17-related DEGs in the hemin-treated group enriched in
response to stimulus (GO:0050896). Irf7, interferon regulatory factor 7; Irf5, interferon regulatory factor 5; Irgm, immunity
related GTPase M; [fit2, interferon induced protein with tetratricopeptide repeats 2; [fit3, interferon induced protein with
tetratricopeptide repeats 3; Cd300If, CD300 molecule like family member f; Selplg, selectin P ligand; Aif1, allograft
inflammatory factor 1.

(C) Flow cytometry analysis of splenic CD4" IFN-y* Th1 cell proportion in healthy rats, untreated or hemin-treated CIA
rats.

(D) Quantitative mRNA expression of Th17-related cytokines IL-6, IL-17, and IL-23 in inflamed hind paw tissues of treated
CIA rats at day 28 after the first immunization.

Data shown are mean + SD (n = 6). (ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). See also
Figures S7 and S8.

shear-thinning behavior of hemin-ISFl is suitable for the injection, because the viscosity near the injection
well is lower due to higher shear rate, which provides more favorable injectability.

After being subcutaneously injected into RA rats, hemin-ISFI formed hydrogel with a porous sponge-like
structure (Figure 5B). The hemin-ISFI could avoid surgical removal after the complete release of the
payload because of their biodegradation. To verify the biodegradation of hemin-ISFI, we isolated the im-
plants at day 10 and day 60 and measured their changes of dimensions and dry weights. The diameters and
dry mass of the hemin-ISFI at day 60 were markedly reduced, compared with those at day 10 (Figures 5C
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Figure 5. Characterization of ultra-long-acting hemin-ISFI

(A) Shear-thinning properties of hemin-ISFI. The viscosities of hemin-ISFl and blank matrix were measured by steady rate
scanning.

(B) SEM images showed a sponge-like porous structure of hemin-ISFI harvested at day 10 after s.c. injection. Scale bar,
10 um.

(C) Biodegradation of hemin-ISFl in vivo. Diameters (d) of the isolated implants shrank at day 60 compared with those at
day 10 due to degradation of the polymer matrix.

(D) The dry weights of the lyophilized implants formed in hemin-ISFl-treated rats at day 10 and day 60.

(E) Cumulative release of hemin from the implants formed in hemin-ISFl-treated rats.

Data shown are mean + SD (n = 3). (*p < 0.05, ***p < 0.001). See also Figure S9.

and 5D), demonstrating that hemin-ISFl was biodegradable. We then examined whether the slow degra-
dation of these implant matrices led to the sustained-release of hemin over long periods. The contents of
residual hemin in the implants were measured and the percentage of released hemin was determined by
subtracting the residuals from total drug mass (Figure 5E). At day 10, 33.04% of the total drug was released
from the implants. The released proportion increased to 95.74% at day 60, achieving almost complete
release of the payload. Overall, these results demonstrated the promise of using the ISFI formulation as
an ultra-long-acting hemin injection for improving therapeutic adherence.

Once-monthly long-acting hemin achieve sustained remission and joint protection in RA at
least six weeks

Having determined that hemin-ISFI offered sustained-release of hemin for two months, we next evaluated
whether it could achieve long-term remission in animal models of RA. AlA rats were treated with hemin-ISFI
by s.c. injection at a dose of 120 mg/kg (Figure 6A). The results showed that a single injection of hemin-ISFI
effectively prevented AIA onset for at least one month (Figures 6B, 6D, S10A, and S10B). Compared with
the methotrexate-treated group, the hemin-ISFl-treated AlA rats exhibited very mild symptoms of inflam-
mation, as well as a markedly lower clinical score during the four-week period of treatment. Furthermore,
we treated ClA rats with hemin-ISFI (120 mg/kg, s.c.) at day 15 after the first immunization. Changes of hind
paw thickness and clinical scores were measured every other day. The severe paw swelling and erythema
were soon alleviated by the initial two doses of i.p. injection of hemin. Inspiringly, therapy with a single s.c.
injection of hemin-ISFl achieved a long-term remission for at least six weeks and produced dramatic atten-
uation of the course of disease, as determined by reduction of swelling in the initially involved limb (Figures
6C, 6D, S10C, and S10D). The paw thickness changes in hemin-ISFI-treated CIA rats decreased from 1.82 +
0.36 mm before treatment at day 14 to 1.08 + 0.49 mm at day 56. Notably, by using hemin-ISFI, the total
dose for two months was 200 mg/kg, which was markedly reduced by nearly two-thirds, compared with the
cumulative dose of hemin given by i.p. injection (560 mg/kg). Taken together, these results suggested that
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Figure 6. Monthly hemin-ISFl injection achieved long-acting symptomatic and disease-modifying effects in RA
rats

(A) Experimental schedule of treating RA rats with hemin-ISFI. AlA rats were injected with hemin-ISFI (120 mg/kg, s.c.) at
one hour before adjuvant at day 0. CIA rats were treated with hemin-ISFI (120 mg/kg, s.c.) on day 15 after the first
immunization. Hemin-ISFl was administered combining two doses of i.p. injection of hemin (40 mg/kg/day) at the
beginning of treatment.

(B) Changes of hind paw thickness, AUC of thickness change, and clinical scores of untreated AlA rats, hemin-ISFI-treated
or MTX-treated AlA rats. Hemin-ISF| prevented the onset of RA for four weeks.

(C) Changes of hind paw thickness, AUC of thickness change, and clinical scores of untreated CIA rats, hemin-ISFl-treated
or MTX-treated ClA rats. A single dose of hemin-ISF| achieved sustained remission for at least six weeks. Clinical severity
scores of RA rats at day 28 (for AlA rats) or day 56 (for CIA rats) used to evaluate the therapeutic efficacy of hemin and MTX.
Score 1: mild swelling confined to the tarsals of ankle joint; Score 2: > 1 erosion, mild swelling extending from the ankle to
the tarsals; Score 3: marked erosions, moderate swelling extending from the ankle to metatarsal joints; Score 4: sever
erosions, severe swelling encompass the ankle, foot and digits, or ankylosis of the limb.

(D) Representative photographs of hind paws of untreated RA rats, hemin-ISFl-treated rats, and MTX-treated rats at day
28 (for AlA rats) or day 56 (for CIA rats).
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Figure 6. Continued

(E) Representative H&E staining (upper panels) and safranin-o staining (lower panels) images (100X) of ankle joints
isolated from healthy rats, untreated CIA rats, or hemin-ISFI treated rats at day 56. Inflammatory cell infiltration (black
arrows and green arrows), synovial hypotrophy (black arrows), pannus formation (red arrows), and cartilage erosion
(yellow arrows) were indicated in the images. Scale bar, 200 pm.

Data shown are mean £ SD (n = 6). (*p < 0.05, ****p < 0.0001). See also Figure S10.

once-monthly hemin-ISFl acted as an effective ultra-long-acting formulation with a remarkable dose reduc-
tion for preventing and curing RA.

The severity of synovitis and joint damage were then evaluated by histological analysis with safranin-o and
H&E staining (Figure 6E). Ankle joints of hemin-ISFI-treated CIA rats, untreated CIA rats, and healthy rats
were collected at day 56 after the first immunization. Joints of untreated CIA rats showed a massive influx of
inflammatory cells with synovial hypotrophy (black arrows) and pannus formation (red arrows). The
infiltrating cells eroded the cartilage layer (yellow arrows) and filled the marrow cavity (green arrows).
The evident proteoglycan loss in damaged cartilage was further revealed by decreased intensity of
safranin-o staining. In contrast, a representative ankle joint from hemin-ISFl-treated CIA rats manifested
normal architecture with a normal synovial membrane and smooth cartilaginous surfaces indistinguishable
from a normal joint. These results suggested that hemin-ISF| therapy could protect ankle joints against
synovitis and cartilage erosion in RA.

DISCUSSION

Repurposing old drugs for new clinical indications may allow faster development, at reduced costs and
possibly with fewer safety concerns, showing promise for difficult-to-treat diseases (Bertolini et al.,
2015). The work presented in this study demonstrated that repurposing hemin, a drug originally approved
for acute porphyria attacks as well as a natural substrate for HO-1, is a potential new weapon to treat RA that
currently has no universally effective therapy. There are several advantages of hemin for RA treatment in
animal models. First, hemin dramatically inhibited joint swelling within 24 h post-injection, and the symp-
toms of RA-related acute inflammation were almost completely suppressed by prophylactic and therapeu-
tic treatment. This rapid onset of hemin is superior to that of methotrexate, the first-line drug for the treat-
ment of RA. In patients receiving treatment with methotrexate, an appreciable time lag of several weeks
occurs in vivo before a clinical benefit is seen (Brown et al., 2016). Moreover, hemin exerted both anti-in-
flammatory and immunosuppressive effects as glucocorticoids did, and prevented joint destruction in
the RA models. The combination of low-dose glucocorticoids and methotrexate is used in clinical treat-
ment for remission of RA (Verschueren et al., 2017; Stouten et al., 2018). Using glucocorticoids, however,
risks impairing bone quality, which may aggravate arthritis severity (Hardy et al., 2020). In the CIA model,
hemin had no adverse effect of osteoporosis, as shown by histological analysis. Thus, these findings pro-
vided persuasive evidence that repurposing hemin may be an effective inspiring approach to the treatment
of RA.

RA is a multifactorial disease with multiple effects following immune activation such as synovial membrane
inflammation, cartilage damage, and bone erosion (Guo et al., 2018). The restoration of immune homeo-
stasis at the transcriptomic level may explain the robust anti-arthritic effects of hemin. RNA-seq analysis
showing regulated expression of Th cell-related genes hinted that hemin exerted immunosuppressive ef-
fects on CD4" Th cells. CD4" Th cells are central in initiating and perpetuating the chronic autoimmune
response (Skapenko et al., 2005). The Th1 subset of CD4" Th cells secretes IFN-y and other Th1 cytokines
associated with inflammation, and promotes cell-mediated immune responses (Arbore et al., 2016). The
clinical observation indicates that the marked decrease in Th1-mediated immunity during pregnancy im-
proves the symptoms of RA and enables these pregnant patients to taper or even stop the use of medica-
tions (Da Silva and Spector, 1992). In the present study, we unraveled that hemin could regulate pathogenic
CD4" Th cells by decreasing splenic CD4IFN-y* Th1 cell proportion to treat RA efficiently in animal
models. On the other hand, we noticed that hemin significantly down-regulated mRNA expression of
Th17-inducing cytokines such as IL-6, IL-23, and IL-21, as well as Th17-secreted IL-17. Emerging evidence
suggests that Th17 cells, another critical initiator in RA, amplify inflammatory cascades (Dardalhon et al.,
2008; Nistala et al., 2010). Synovial Th17 cells augment chronicjoint inflammation by recruiting neutrophils,
activating fibroblast-like synoviocytes, and inducing bone resorption (Hirota et al., 2018; Chemin et al.,
2019). Thus, the down-regulation of Th17-related cytokine profiles in the hemin-treated group antagonized
synovitis and cartilage erosion in the CIA model, as shown by the histological analysis of ankle joints. The
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Th17 subset of CD4"* T cells are important in the pathogenesis of inflammatory disease, but the mecha-
nisms of their actions and the role of the development of Th1 cells are incompletely understood. The pre-
cise molecular mechanisms underlying the anti-arthritic effects of hemin in the treatment of RA will be
extensively explored in our future work. In addition, it should be noted that the CIA and AIA animal models
used in the present study and other preclinical studies of RA represent aspects of human RA, but have also
limitations in recapitulating the pathogenetic spectrum and predicting treatment effects in human RA.
Thereby, a better understanding of the molecular mechanisms of hemin and proving the efficacy in treating
human RA will pave the way for promising treatment options for RA patients.

RAis a chronic and progressive disease that requires long-term therapy. However, the full clinical benefits
of the RA treatment are often attenuated because patients do not take their medications as prescribed
timing or dose (Marengo and Suarez-Almazor, 2015). In this study, an optimal dose of 40 mg/kg of hemin
was injected consecutively to maintain its anti-arthritic effects. Clinically, hemin is administered by daily i.v.
injection for the treatment of acute porphyria attacks. Such frequent administration would cause poor
adherence to the long-term RA therapies, and compromise the effectiveness of treatment. To improve
medication adherence, we further formulated hemin into the long-acting in-situ forming implant. The re-
sults presented that once-monthly injection of hemin-ISF| achieved sustained remission of RA for at least
six weeks. The dose of hemin-ISFl was decreased to only one-third of the cumulative dose of hemin i.p. in-
jection, significantly improving safety and adherence. The favorable long-acting efficacy was attributed to
the subcutaneous drug depot formed by the biocompatible polymer matrix PLGA (Jain et al., 2016). PLGA
underwent a phase inversion and precipitated to form a hydrogel network after contacting body fluids,
which allowed the prolonged release of the drug, and favored dose reduction, as well as avoided frequent
administration (Benhabbour et al., 2019; Parent et al., 2013). Thus, the once-monthly hemin-ISFl injection
holds great promise for bringing good therapeutic adherence to RA patients.

In summary, this study demonstrated that hemin, a drug prescribed for patients with attacks of acute
porphyria, prevented the onset and ameliorated the course of RA in animal models via anti-inflammatory
and immunosuppressive actions. The potent immunoregulatory effects of hemin on pathogenic Th1/Th17
responses laid the groundwork for further investigating the causal link between its immunosuppression and
therapeutic benefits. We further developed a once-monthly ultra-long-acting hemin-ISFl with good medi-
cation adherence. A single s.c. injection of the hemin-ISFI efficiently inhibited joint swelling and protected
against joint damage for at least six weeks at a relatively low dose. Thus, teaching hemin with new tricks and
formulating it into a once-monthly long-acting injection provided a promising strategy for improving
clinical outcomes in treating RA, and possibly other autoimmune diseases.

Limitations of the study

We developed a once-monthly hemin injection as a repurposed therapy in animal models of RA via anti-
inflammatory and immunosuppressive actions. But the molecular mechanisms underlying the anti-rheuma-
toid arthritis effects of hemin need to be further explored. In addition, comparing the effectiveness of
hemin vs approved biological or synthetic DMARDs, and the limitations of the AIA and CIA animal models
in predicting clinical efficacy of treatments in human RA need to be explored through further research.
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KEY RESOURCES TABLE

Reagent or RESOURCE Source Identifier
Antibodies

APC Mouse Anti-Rat CD4 BD Biosciences 550057
FITC Mouse Anti-Rat IFN-y BD Biosciences 559498
Anti-Rat TNFo Servicebio GB13452
Anti-Rat IL-1B Servicebio GB11113
Anti-Rat IL-6 Servicebio GB11117
Anti-Rat IL-17 Servicebio GB11110
Anti-Rat Foxp3 Servicebio GB11093

Chemicals, peptides, and recombinant proteins

Hemin

Celecoxib

Dexamethasone 21-acetate

Methotrexate

Sodium hydroxide

N-methyl-2-pyrrolidone

Ester terminated poly(D, L-lactide-co-
glycolide) (lactic: glycolic acid = 50:50)

Macklin Biochemical Technology

Macklin Biochemical Technology

Macklin Biochemical Technology

Macklin Biochemical Technology

Zhiyuan Chemical Reagent

Damao Chemical Reagent

Daigang Biology

H811002; CAS:
16009-13-5

C830895; CAS:
169590-42-5

D806496; CAS:
169590-42-5
M813626; CAS:
59-05-2
2015100129; CAS:
1310-73-2
20180424; CAS:
872-50-4
DG-50DLGH018

Complete Freund’s Adjuvant MP 0855828

Incomplete Freund’s Adjuvant MP 0855829

Bovine type Il collagen Chondrex 20022

Lipopolysaccharide Sigma-Aldrich 12880

Phorbol-12-myristate-13-acetate (PMA) and Multi Sciences 70-CS1001

ionomycin mixture

Critical commercial assays

TrueSeq RNA library preparation kit lllumina RS-122-2001

RNAex Pro Reagent (Total RNA extraction AG 21102

reagent)

Evo M-MLV RT Kit with gDNA Clean AG AG11705

SYBR Green Premix Pro Tagq HS qPCR Kit AG AG11701

Deposited data

RNA-seq data This paper SRA: PRINA749129

Metadata of Figure 1 This paper https://doi.org/10.6084/m9 figshare.
15087306

Metadata of Figure 2 This paper https://doi.org/10.6084/m9 figshare.
15087642

Metadata of Figure 3 This paper https://doi.org/10.6084/m?9.figshare.
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Reagent or RESOURCE Source Identifier

Metadata of Figure 4C This paper https://doi.org/10.6084/m9.figshare.
15087648

Metadata of Figure 4D This paper https://doi.org/10.6084/m9 figshare.
15087651

Metadata of Figure 5 This paper https://doi.org/10.6084/m9 figshare.
15087702

Metadata of Figure 6 This paper https://doi.org/10.6084/m9.figshare.
15087705

Metadata of Figure S8 This paper https://doi.org/10.6084/m9 figshare.
15087711

Metadata of Figure S9 This paper https://doi.org/10.6084/m9 figshare.
15087714

Experimental models: Cell lines

RAW 264.7 cells Laboratory Animal Center of NA

Sun Yat-sen University
Experimental models: Organisms/strains
Rat: Sprague Dawley (SD) Laboratory Animal Center of Sun Yat-sen NA
University
Oligonucleotides
Primers for mouse HO1, Sangon Biotech N/A

TCCTTGTACCATATCTACACGG (forward)

GAGACGCTTTACATAGTGCTGT (reverse)

Primers for mouse IL-6, Sangon Biotech N/A
CTCCCAACAGACCTGTCTATAC (forward)

CCATTGCACAACTCTTTTCTCA (reverse)

Primers for mouse IL-1B, Sangon Biotech N/A
TCGCAGCAGCACATCAACAAGAG (forward)

TGCTCATGTCCTCATCCTGGAAGG (reverse)

Primers for mouse TNFa, Sangon Biotech N/A
GCGACGTGGAACTGGCAGAAG (forward)

GAATGAGAAGAGGCTGAGACATAGGC

(reverse)

Primers for mouse Hnrnpab, Sangon Biotech N/A
ATCCCAAGTTGAACAAAAGACG (forward)

CATACTGCTGTTGCTGATACAC (reverse)

Primers for rat HO1, Sangon Biotech N/A
TATCGTGCTCGCATGAACACTCTG (forward)

GTTGAGCAGGAAGGCGGTCTTAG (reverse)

Primers for rat IL-6, Sangon Biotech N/A
AGGAGTGGCTAAGGACCAAGACC

(forward)

TGCCGAGTAGACCTCATAGTGACC

(reverse)

Primers for rat IL-17, Sangon Biotech N/A
CCTGATGCTGTTGCTGCTACTG (forward)

TGGAACGGTTGAGGTAGTCTGAG (reverse)

(Continued on next page)
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Continued
Reagent or RESOURCE Source Identifier
Primers for rat IL-23 Sangon Biotech N/A

CCAGTGTGGTGATGGTTGTGATCC
(forward) AGATGTCCGAGTCCAGCAGGTG

(reverse)

Primers for rat Hnrmpab Sangon Biotech N/A
CAGCAACAGCAGTATGGCTCTGG (forward)

ACCACGTCGCTGGCTCTTCC (reverse)

Primers for rat IL-21 Sangon Biotech N/A
AAGGGGCAATGTGAGCACGAAG (forward)

CAGGCAGCCTCCTCCTCAGC (reverse)

Software and algorithms

Graphpad Prism 8.0 M de Castro Fonseca. et al., 2021 https://www.graphpad.com/scientific-

software/prism/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Min Feng (fengmin@mail.sysu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

RNA-seq data have been deposited at SRA (SRA: PRINA749129) and are publicly available as of the date of
publication. Accession numbers are listed in the key resources table. The DOl is listed in the key resources
table. Microscopy data reported in this paper will be shared by the lead contact upon request. Accession
numbers are listed in the key resources table. All other data have been deposited at Figshare and are pub-
licly available as of the date of publication. DOls are listed in the key resources table. All data reported in
this paper will be shared by the lead contact upon request. This paper does not report original code. Any
additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animal studies

Sprague-Dawley (SD) rats (250-350 g, male, 8-10 weeks old) were used for adjuvant-induced arthritis and
collagen-induced arthritis in rats. All animals were maintained under special pathogen free (SPF) conditions
and randomly assigned to treatment groups. All in vivo studies were carried out in accordance with the
Guide for Care and Use of Laboratory Animals which were approved by the Institution Animal Care and
Use Committee of Sun Yat-sen University and Guangdong Provincial Hospital of Chinese Medicine.

Cell line

RAW 264.7 cells were obtained from the Laboratory Animal Center of Sun Yat-sen University (LACSYSU)
(Guangzhou, China). RAW 264.7 cells were cultured at 37°C with 5% CO2 in complete DMEM supple-
mented with 10% (v/v) FBS, 100 IU/ml of penicillin and 100 pg/ml of streptomycin. Cells were passaged
at ~80% confluence and seeded into 12-well plates at 1x10° cells/well.

Primary cells

Single-cell suspensions of rat splenic cells were prepared by filtering the cells with a nylon mesh filter
(40 um) and washing with PBS. After lysis of red blood cells, splenic cells were centrifuged and seeded
into a 48-well plate at 1x10° cells/well at 37°C with 5% CO2 in RPIM 1640 medium containing 10% (v/v)
FBS, 100 IU/ml of penicillin and 100 pg/ml of streptomycin. Cells were incubated with 0.05 pg/ml PMA
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and 1 pg/ml ionomycin combining 2 pM monensin overnight, followed by cell counting and adjusting cell
density to 1x107 cells/ml.

METHOD DETAILS
Evaluation of prophylactic effects of hemin in the AIA model

Sprague-Dawley (SD) rats (250-350 g, male, 8-10 weeks old) were purchased from the LACSYSU. All in vivo
studies were carried out in accordance with the Guide for Care and Use of Laboratory Animals which were
approved by the Institution Animal Care and Use Committee of Sun Yat-sen University. Rats were injected
with 0.1 ml CFA in the plantar side of right hind paws at day O to establish the AIA model. All animals were
maintained under special pathogen free (SPF) conditions and randomly assigned to treatment groups. Rats
were then treated with hemin (i.p., twice) at 40mg/kg, 60 mg/kg or 90 mg/kg to determine an optimal dose.
To verify the fast-acting prophylactic effects of hemin on acute inflammatory symptoms and arthritis pro-
gression, rats were then divided into six groups and treated with hemin at an optimal dose of 40 mg/kg
by i.p. or s.c. injection, or methotrexate at 1 mg/kg by i.p. injection, or dexamethasone at 0.225 mg/kg
by i.m. injection, or celecoxib at 50 mg/kg by i.g. administration at 1 h before immunization. All treatments
were given twice weekly except that an extra dose of hemin, or celecoxib, or dexamethasone was given at
15 h after immunization. Untreated AIA rats served as the model group. Thickness of right hind paw was
measured by a caliper every other day and the clinical scores were graded to evaluate paw swelling, ery-
thema and joint erosions mainly according to the literature (Brand et al., 2007). Photographs of right
hind paws were taken at 24 h after immunization to observe the inflammatory symptoms at the peak of
swelling. Rats were sacrificed at day 28.

Determination of therapeutic efficacy of hemin in the CIA model

CIA was established following the reported protocol with minor modifications (Liang et al., 2018). Briefly,
2 mg/ml bovine type Il collagen was emulsified with IFA at a volume ratio of 1:1 and the final concentration
of collagen was 1 mg/ml. At day O, rats were intradermally injected with 0.1 ml emulsion at the base of the
tail and 0.1 ml in the plantar side of the right hind paws. Boost immunization was given at day 7 by injecting
with 0.05 ml emulsion at the two sites mentioned above. All animals were maintained under special path-
ogen free (SPF) conditions and randomly assigned to treatment groups. At day 15, rats were divided into
five groups and treated with hemin at 40 mg/kg by i.p. injection, or methotrexate at 1 mg/kg by i.p. injec-
tion, or dexamethasone at 0.45 mg/kg by i.m. injection, or celecoxib at 50 mg/kg by i.g. administration. All
treatments were given twice weekly except that an extra dose of hemin or celecoxib was given at day 16.
Untreated CIA rats served as the model group. Paw thickness changes and clinical scores were evaluated
every other day as above. Photographs of right hind paws were taken at day 28 after the first immunization
and rats were sacrificed for subsequent experiments.

RNA sequencing

Total RNA of liver tissues was extracted with RNAiso Plus and concentrations were measured with Nano-
Drop Spectrometer (ND-2000; NanoDrop Technologies, USA). Samples were sent to BGlI Genomics
(Shenzhen, China) for library construction and RNA sequencing (RNA-seq). The library was constructed us-
ing lllumina TrueSeq RNA library preparation kit and validated on the Agilent 2000 bioanalyzer (Agilent
Technologies, USA). The constructed library was sequenced on the HiSeq 2000 platform (lllumina, USA)
and paired-end 100-bp reads per sample were generated. Statistically significant differentially expressed
genes (DEGs) with a threshold of FDR;<0.05 and |Log,Ratio|>1 were selected. Venn diagram was gener-
ated using the Dr. Tom BGlI online supporting system. Heat map showing the expression and hierarchical
clustering of overlapped DEGs regulated by hemin was performed by Multi Experiment Viewer (MeV) soft-
ware (v4.9.0). GO enrichment analysis of DEGs enriched in the immune system process (GO: 0002376) in the
hemin-treated group compared with the untreated RA group (RA vs. Treated) was performed using Phyper
based on the Hypergeometric test. Expression of representative Th1/Th17-related DEGs enriched in the
response to stimulus (GO: 0050896) was visualized by the heat map generated by GraphPad Prism 7.0
software, showing the logqg (FPKM+1) changes. Data have been uploaded in the National Center for
Biotechnology Information SRA database (accession No. PRINA749129).

In vitro inhibition of proinflammatory cytokines and induction of HO-1

RAW 264.7 cells were cultured at 37°C with 5% CO2 in complete DMEM supplemented with 10% (v/v) FBS,
100 IU/ml of penicillin and 100 pg/ml of streptomycin. Cells were passaged at ~80% confluence and
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seeded into 12-well plates at 1% 10° cells/well. To investigate the anti-inflammatory effects of hemin in vitro,
cells were stimulated with 500 ng/ml LPS for 6 h and then incubated with 60 pM hemin or 250 nM dexameth-
asone for 16 h. Total RNA was extracted to evaluate the mRNA expression of IL-6, IL-1B, TNFa, and HO-1 by
quantitative real-time PCR (gPCR) as described below.

RNA preparation and qPCR analysis

RAW 264.7 macrophages were collected and total RNA was extracted with RNAiso Plus. Livers, spleens,
and inflamed tissues of hind paws of CIA rats were isolated and total RNA was extracted by grinding the
tissues in RNAiso Plus at 4°C. After measuring concentration with NanoDrop Spectrometer (ND-2000;
NanoDrop Technologies, USA), 1 pg of total RNA was reverse-transcribed into cDNA and gPCR analysis
was performed with the high-performance gPCR system (Lightcycler 480; Roche, USA). Relative mRNA
expression levels normalized to that of heterogeneous nuclear ribonucleoprotein A/B (Hnrnpab) were

calculated by the 2° €T method. The sequences of primers were listed in the key resources table.

Flow cytometry analysis

Spleens of CIA rats were harvested and grinded under sterile conditions. Single-cell suspensions were pre-
pared by filtering the cells with a nylon mesh filter (40 um) and washing with PBS. After lysis of red blood
cells, splenic cells were centrifuged and seeded into a 48-well plate at 1x10° cells/well at 37°C with 5%
CO2 in RPIM 1640 medium containing 10% (v/v) FBS, 100 IU/ml of penicillin and 100 pg/ml of streptomycin.
Cells were incubated with 0.05 pg/ml PMA and 1 pg/ml ionomycin combining 2 pM monensin overnight,
followed by cell counting and adjusting cell density to 1%107 cells/ml. Then cells were stained with APC-
conjugated anti-CD4 antibody for surface antigen staining. For intracellular staining, cells were incubated
with FITC-conjugated anti-IFN-y antibody after being fixed and permeabilized with Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit. The acquisition was performed using the flow cytometer (NovoCyte
Quanteon; ACEA Biosciences, USA). Flowjo 7.6 software was used to analyze the data.

Preparation and characterization of the long-acting hemin-ISFI

Hemin-ISFl was prepared by mixing the implant matrix (150 mg PLGA dissolved in 0.3 mI NMP (50% w/V))
and 36 mg hemin powder with two connected syringes. The sufficient mixing of the two parts was achieved
by pushing and pulling the syringe piston repeatedly, and the final mixture was injected through one of the
syringes. The viscosities and shear stresses of hemin-ISFI and blank implant matrix were measured using
the rheometer (Kinexus; Malvern Instruments Ltd., U.K.) with the shear rate ranging from 1 to 100 s at
25°C. To confirm the biodegradation of hemin-ISFl, the in situ formed implants were isolated at day 10
and day 60 after s.c. injection and diameters were measured to observe the changes in dimensions. The
scanning electron microscope (SEM) was used to observe the morphology of hemin-ISFI harvested at
day 10 after s.c. injection. The isolated implants were lyophilized for 24 h (VirTis; SP Scientific, USA),
weighted, freeze-fractured, and coated with gold before being imaged using SEM (SUPRA 60; Carl Zeiss,
Germany). To evaluate the sustained-release of hemin from the implants, 3 mg of isolated implants was dis-
solved with 1 M NaOH and the concentration of hemin was measured by UV spectrophotometer (TU-1901;
Puxi, China) at 385 nm. Contents of residual hemin in implants were then calculated. Cumulative release
proportions were determined by subtracting residual weight from the total mass of hemin in a single
formulation.

Investigation of long-acting anti-arthritic effects of hemin-ISFI

To explore whether hemin-ISFI could exert sustained remission of RA, AIA and CIA animal models were
established as above. RA rats were injected with hemin-ISFI (s.c.) at 120 mg/kg, combining two doses of
i.p. injections of hemin. Rats treated with methotrexate (i.p.) at 1 mg/kg twice weekly served as a positive
control. Changes of paw thickness and clinical scores were evaluated every other day as above. Rats were
sacrificed at day 28 after adjuvant immunization or day 56 after the first immunization with collagen.

Histological analysis of ankle joints

The ankle joints from healthy rats, untreated CIA rats, and hemin-ISFI-treated CIA rats were collected and
fixed in 10% formalin. The joints were decalcified in 15% EDTA for one month, followed by being
embedded in paraffin. The sections (4 pm) were cut and stained with hematoxylin-eosin (H&E) and
safranin-o. The samples were subjected to immunohistochemistry staining recognizing TNFe, Foxp3, IL-
6 and IL-1B. The slides were observed using a digital imaging system (DS-U3; Nikon, Japan) to evaluate
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the severity of cartilage erosion, pannus formation, and inflammatory cell infiltration, and expression of
TNFa, Foxp3, IL-6 and IL-1B.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were analyzed using unpaired Student’s t-test when two groups were being
compared or by one-way ANOVA with Tukey post-test for multiple comparisons using Graphpad Prism
8.0 software. All experiments were repeated as indicated in the figure legends. For in vivo experiments,
n represents the number of animals. The error bars in the figures refer to mean + SD. A P value of <0.05

was considered to be statistically significant and significance was displayed as follows: ns, no significance,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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