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Analysis of human factor H-related
gene and protein expressed in
rheumatoid arthritis synovium
identifies a novel mechanism
promoting dysregulated
complement pathway activation

Nirmal K. Banda®>"?, Larry W. Moreland?, Kevin D. Deane’, Dmitri Simberg?,

Robert I. Scheinman?, Rachel M. Frank?3, Jennifer A. Seifert!, Accelerating Medicines
Partnership (AMP) RA/SLE Network, Rachel Lau*, Costantino Pitzalis*, Myles J. Lewis* &
V. Michael Holers':*

Factor H (FH) is a negative regulator of the alternative pathway (AP) of complement however, five
human factor H-related (FHR) proteins, can also function ex vivo as positive regulators. We compare
bulk FH and FHR mRNA expressions in both the human rheumatoid arthritis (RA) synovium and
blood cells from the Pathobiology of Early Arthritis Cohort (PEAC) and the Stratification of biological
therapies for Rheumatoid Arthritis by Pathobiology (STRAP) Cohort. FH and FHR proteins were
detected using multiplexed immunohistochemistry (MIHC) in synovium. In three pathotypes, in the
synovium, no differences were found in the expression of FHR mRNA. In the synovium, a significant
negative correlation was observed between FH expression and the disease activity score and X-ray
joint space narrowing. In RA patients, there was a significant positive correlation between FHR3 mRNA
level, anti-cyclic citrullinated peptide (CCP) antibodies and rheumatoid factor (RF). FHR proteins were
co-localized in the synovial lining area along with complement C3 while FH was almost undetectable
in the synovial lining but abundant in sub-synovial lining areas. We do not know whether FH and

FHR proteins are locally generated and deposited in synovium or come from circulation. In sum, due
to the absence of FH but the presence of FHRs, the synovial lining might fail to be protected from
complement-mediated attack, and FHR3 may play a particularly important pathogenic role.
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MAC (C5b-9) Membrane attack complex
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FHR Factor H-related protein

Human FHR1 Human Factor H-related 1
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Human FHR2 Human Factor H-related 2
Human FHR3 Human Factor H-related 3
Human FHR4 Human Factor H related 4
Human FHR5 Human Factor H-related 5

DAS28-CRP Disease activity score C-reactive protein

MIHC Multiplexed immunohistochemistry

RA Rheumatoid arthritis

PEAC Pathobiology of early arthritis cohort

STRAP Stratification of biological therapies for rheumatoid arthritis by pathobiology

Rheumatoid arthritis (RA) is a lifelong chronic inflammatory autoimmune disease. The disease process
primarily targets the synovium of the joints and affects approximately 0.24-1.0% of the world population'?,
with the prevalence among women higher than among men?. Early RA (eRA) of less than one year duration
can be diagnosed in patients with inflammatory arthritis using serological biomarkers such as anti-citrullinated
protein antibodies (ACPA aka anti-CCP) and rheumatoid factors (RF)*. Acute phase reactants such as C-reactive
protein (CRP) levels and an elevated erythrocyte sedimentation rate (ESR) are also measured as inflammatory
biomarkers in RA. Disease activity scores measured across 28 joints (DAS28) combined with ESR or CRP
measures, i.e., DAS28-ESR and DAS28-CRP, are clinically validated tools to determine clinical activity and
severity of the disease>. The etiology and pathology of RA are complex, and it is now known that the disease
process is initiated many years before the development of clinically apparent arthritis and a diagnosis’.

The focus of this study is on the complement system and expression of activation pathway components as
well as inhibitors in eRA and chronic RA, both in synovium and circulating blood cells i.e. PBMCs. It is well
accepted that the complement system plays an important role in the development of experimental models of
RA83°. We have previously shown, using bulk RNA-sequencing, that many complement mRNAs are significantly
expressed in the eRA synovium cell pathotypes compared with the blood cell pathotypes'®. The expression of
many complement genes such as C2, FCNI, FCN3, CFB, CFP, C3AR1, C5ARI, and CRI were correlated with
DAS28-ESR.

Overall, the complement system is activated by three pathways, namely the classical pathway (CP), lectin
pathway (LP) and alternative pathway (AP), and each plays a role in immune and inflammatory responses!!~13.
The activation of these three pathways leads to the sequential cleavage of the centrally important C3 and C5
complement proteins, resulting in the formation of a terminal membrane attack complex (MAC, aka C5b-9) and
release of pro-inflammatory mediators!*. Each pathway has unique components, and each pathway is controlled
by different natural plasma and membrane-bound complement inhibitors. The AP activation components include
C3, factor B (FB), and factor D (FD). In the AP, the central complement pathway protein C3 is cleaved by the
C3 convertases, while C5 is cleaved by the amplification of C5 convertases'”. C3 cleavage continues to ultimately
produce C3a, C3b, iC3b, C3c, C3dg and other fragments, while FB is cleaved into Bb and Ba by FD!®!7. The AP
is specifically regulated by the major plasma protein factor H (FH). There is an inverse correlation between FH
mRNA expression in the RA synovium with DAS28-ESR!?, supporting an important role for a relative lack of FH
control of the AP in RA complement-dependent inflammation and injury.

FH belongs to a protein family which includes factor H-like protein 1 (FHL1) and five factor H-related (FHR)
proteins'® i.e., FHR1, FHR2, FHR3, FHR4, and FHR5'?, which were originally discovered using Western blot
analysis by Zipfel and Skerka?’. FHR proteins are mainly generated in the liver'?, and their mRNA and protein
detection in the eRA or RA synovium has not been explored in-depth, especially in relation to FH and levels of
C3 activation. One study has shown that factor H family proteins such as FHL-1, FHR-1 and FHR-5, as well as
the recombinant mini-FH, are able to bind to both monocytes and neutrophils?!. FHR1 and FHR5 proteins have
been shown to modulate opsonization through their interactions with DNA, dead cells and pentraxins?2. FHL-
1 protein is an alternatively spliced transcript of the FH gene, and FHR proteins are transcribed from separate
genes but are structurally and antigenically similar to FHZ.

The main role of FHR proteins, in contrast to FH, appears to be to enhance complement activation and
opsonization, thus counter-balancing the inhibitory or regulatory effects of FH?. Relevant binding ligands of
FH are C3b, C3c¢, C3d, heparin, sialic acid, and C-reactive protein (CRP), while FHR1 ligands are native C3,
C3(HZO), C3b, Pentraxins, FP, extracellular matrix, apoptotic cells, and microbes?’; FHR2 ligands are C3b and
microbes?}; FHR3 ligands are C3b, C3d, microbes and heparin'®?*; FHR4 ligands are C3b, C3d, CRP, apoptotic
cells, and microbes'®?%; and FHR5 ligands are C3b, heparin, pentraxins, extracellular matrix, apoptotic cells,
microbes and CRP!$23, Although studied ex vivo, it is not known which of these interactions are most relevant
in vivo. It has been shown that FH and FHR gene mutations, polymorphisms and deletions are associated with
many different human diseases including atypical hemolytic uremic syndrome (aHUS), C3 glomerulopathy
(C3G), and age-related macular degeneration (AMD)'8. No genetic linkage or rare mutation associations
with RA have been reported. We have previously shown in eRA that FHR4 synovial mRNA expression at 6
months following treatment was positively correlated with the DAS28-ESR, suggesting its potential role in
the development of worse therapeutic responses by promoting AP activation!?. We have also evaluated the
expression of mRNA encoding mouse FH, FHR-B, and FHR-C in various murine autoimmune disease models,
including inflammatory arthritis, age-related macular degeneration and lupus and found that the mRNAs for
CFH, CFHR-B and CFHR-C were universally present in the liver from mice with and without dense deposit
disease, diabetes mellitus, basal laminar deposits, collagen antibody-induced arthritis®*.

The liver also generates CRP protein after stimulation with IL-6%, but it is also expressed by many other
cell types such as lymphocytes, macrophages, and adipocytes®. CRP is a biomarker and regulator of systemic
inflammation in RA%, and it is believed to play a role in bone destruction and disease progression in RA. There is
a significant correlation between CRP serum levels and synovial inflammation in RA patients?. FHR4 that binds
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to pentameric CRP in the presence of calcium, and also binds and modifies FH, but independently of calcium?®.

Further studies have shown that FHR4 protein bound to native CRP activates the complement system*’. FHR5
protein also binds to CRP3L.

In this study, we examined, using MIHC imaging analysis, the presence of all five FHR proteins simultaneously
along with FH, C3c, and MAC in the synovium from eRA patients. We also examined and analyzed bulk RNA-
seq data from the PEAC (pathobiology of early arthritis cohort) clinical studies to assess in eRA patients the
levels of mRNA expression from all five human FHR genes in synovium as well as from the cells of the blood
in three different RA pathotypes namely lymphoid pathotype, myeloid pathotype and pauci immune®2. FHR3
mRNA expression was also examined in the STRAP (Stratification of Biological Therapy for RA by Pathobiology)
clinical study, i.e., in RA patients who failed treatment to Disease Modifying Anti-Rheumatic Drugs (DMARDs).
In addition, we determined the correlations between five FHR mRNA expression and DAS28-CRP in eRA
synovium. Gender-based differences in FHR and FH gene expression were examined. Finally, the variations in
FHR mRNA expression in eRA were analyzed based on ACPA and RF status.

Materials and methods

General characteristics of synovial biopsies and blood from pathobiology of early arthritis
cohort

To determine the levels of expression of mRNA encoded by all five FHR genes in three different pathotypes, we
examined data from the PEAC study website (https://peac.hpc.qmul.ac.uk/) created by three of our coauthors®.
Synovial biopsies (1=87) and blood samples (1 =67) were obtained as previously detailed®?. In the PEAC study,
a total of 46 (51%) synovial biopsies were classified as lympho-myeloid (B cells, T cells, plasmacytoid, dendritic
cells, NK cells), 21 (23%) as diffuse-myeloid (macrophage, basophil, eosinophil, neutrophil), 17 (19%) as pauci-
immune fibroid (synoviocytes, few immune cells) and 6 (7%) as unclassified by histological analysis®2. We also
analyzed limited FHR mRNA expression data from another clinical trial, stratification of biological therapies
for rheumatoid arthritis by pathobiology (STRAP) (n=208) (https://r4ra.hpc.qmul.ac.uk/), in which synovial
biopsies were obtained similarly using ultrasound but in patients who have failed prior DMARD treatment™.
STRAP primary data is not publically available at this time. We have examined eRA synovial biopsies from
PEAC (n=23) for MIHC for various FHR proteins, FH, C3¢c, MAC (C5b-9), immune cells staining.

RNA extraction from synovial biopsies and blood, RNA sequencing, RNA-sequencing data
processing
In PEAC clinical studies the RNA from synovial biopsies (1=87) and blood PBMCs (n=67) was extracted based
on the published protocol by our coinvestigators*. Similarly, RNA from synovial biopsies was extracted in the
STRAP study (n=208)%. RNA was extracted from a minimum of 10 mg of synovial tissue homogenized at 4 °C
in Trizol reagent (ThermoFisher Scientific, Invitrogen Division, UK). Chloroform was mixed with the lysate and
following centrifugation the aqueous RNA layer was transferred to a new microcentrifuge tube. Isopropanol at
4 °C was mixed with the RNA layer. Following incubation and centrifugation, the isopropanol was removed and
the RNA pellet washed with 70% ethanol. The pellet was re-dissolved in RNase-free water. Whole blood samples
were preserved in RNALater solution (ThermoFisher Scientific, UK) (500uL whole blood: 1.3mL RNALater
solution) and stored at — 80 °C prior to extraction. Blood samples in RNALater solution were thawed on ice and
RNA prepared using the Ambion Ribo-Pure Blood kit (ThermoFisher Scientific, UK), as per the manufacturer’s
instructions. The concentration of RNA samples was measured using the NanoDrop 2000 C (Lab Tech, UK).

For RNA sequencing 1 pig of total RNA was used for library preparation using TruSeq RNA Sample Preparation
Kit v2 (Illumina). Generated libraries were amplified with 10 PCR cycles. The size of the libraries was confirmed
using 2200 TapeStation and High Sensitivity D1K screen tape (Agilent Technologies). The libraries were first
multiplexed (five per lane) and then sequenced on Illumina HiSeq2500 (Illumina) to generate 50 million of
paired end 75 bp reads (154 samples) or 30 million single end 50 bp reads (10 samples).

For RNA-sequencing data processing transcript abundances and average transcript lengths were imported into
R using Bioconductor package tximport 1.4.0 and summarized over NCBI RefSeq transcript isoforms. Imported
abundances were normalized in R, including a correction for average transcript length and incorporating batch,
sex, and pathotype as model covariates, using DESeq2 1.14.1%*. Transcript abundances underwent regularized
log expression (RLE) transformation. The transcript abundances for the remaining synovium and blood samples
were re-imported into R, normalized, and underwent RLE transformation followed by Principal components
analysis (PCA) again to confirm homogeneity of each dataset. The quantification and statistical analysis of all of
the RNA-sequencing data have been described in detail®2.

Collection and processing of synovial biopsies from eRA subjects for MIHC of FHR proteins

We performed MIHC studies to analyze the expression of all five FHR proteins using synovial biopsies from
eRA patients obtained in Accelerated Medicines Partnership’ Rheumatoid Arthritis and Systemic Lupus
Erythematosus (AMP RA/SLE) studies'?. The disease duration of eRA patients from which we obtained formalin-
fixed paraffin-embedded (FFPE) synovial histology sections was less than 12 months. All eRA patients (male or
female) from the AMP and PEAC clinical trials were tested for ACPA positivity, RE, and other blood markers.
We also analyzed the presence of FHR proteins in some synovial biopsies from eRA patients (n=9), which
were collected locally by our team as a part of the Institutional Joint Biology Program (IJBP) at the University
of Colorado Anschutz Medical Campus. Written ethical informed consent was obtained from all eRA patients
according to the preapproved Colorado Multiple Institutional Review Board protocol (COMIRB # 20-1908 and
15-1389). All methods were carried out in accordance with relevant guidelines and regulations. All experimental
protocols related to these studies were approved by the Institutional Review Board committee. Some of the
synovial biopsies were used to standardize various complement protein antibodies (antigen retrieval, dilution,
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etc.) for FH and FHR proteins MIHC. Briefly, six to eight synovial biopsies (< 1-2 mm) from eRA patients (n=9)
were obtained using a needle (14 to 20 gauge) under local anesthesia from either the knee, ankle, wrist, and
metacarpophalangeal (MCP) joints. These synovial biopsies were fixed in 10% neutral buffered formalin (NBF)
and embedded in paraffin wax, followed by sectioning and staining with Hematoxylin and Eosin (H&E). FFPE
synovial sections were processed for eight-color FHR1, FHR2, FHR3, FHR4, FHR5, FH, C3c, MAC (C5b-9),
as well as for immune cells as well as macrophages and fibroblasts using MIHC staining followed by imaging
analysis.

MIHC and multispectral fluorescence imaging for five FHR proteins from synovial biopsies
from the joints of eRA subjects

Prior to MIHC analysis, using AMP synovial biopsies for histopathology, one section from each eRA synovial
biopsy was used for examining their quality regarding the presence or absence of damage of the synovial lining
and sub-synovial areas or other artifacts such necrosis or excessive fat tissue, etc. For histopathology and
structural integrity, synovial sections were also stained using H&E followed by examination under the light
microscope by a pathologist. For MIHC, we used the antibodies described below as well as antigen retrieval (AR)
procedures to detect various FHR proteins.

FHR1, FHR2, FHR3, FHR4, FHR5, FH, C3c and MAC protein positive staining were measured in synovial
cells by MIHC. Synovial sections from eRA patients. Through our collaboration with the Human Immune
Monitoring Shared Resource (HIMSR) at the University of Colorado School of Medicine we performed
multispectral imaging using the PhenoImager HT instrument (formerly Vectra Polaris, Akoya Biosciences). To
quantify percentage of positive cells of human FHR1, FHR2, FHR3, FHR4, FHR5, FH, MAC/C5b-9 and C3c
FFPE eRA synovial sections were stained consecutively with specific primary antibodies for FHR1 (dilution
1:100, Opal 690) (Abcam, Waltham, MA): FHR2 (dilution 1:100, Opal 480) (LifeSpan BioSciences); FHR3
(dilution 1:50, Opal 570) (Antibodies-online, Limerick PA); FHR4 (dilution 1:400, Opal 650) (Gift from Dr.
Paul Morgan, UK); FHR5 (dilution 1:500, Opal 620) (abcam); FH (dilution 1:200, Opal 540) (Abcam); Mac/
C5b-9 (dilution 1:500, Opal 520) (Abcam) and C3c (dilution 1:800, Opal 780) (LifeSpan BioSciences). Opal is
a fluorochrome product (Akoya Biosciences, Marlborough, MA). The Opal dilution used for all markers was
1:150 except C3c and it was 1:25. We used 300 pl of the diluted fluorochrome solution, in two consecutive
150 pl injections. Briefly, the slides with eRA synovial section were deparaffinized, heat treated (94° for 20 min)
in antigen retrieval buffer (Leica ER1 or ER2), blocked (Antibody Diluent, Akoya Biosciences), and incubated
with primary antibodies as mentioned above, followed by horseradish peroxidase (HRP)-conjugated secondary
antibody polymer (Anti-Rabbit/Anti-Mouse Polymer, Akoya Biosciences), and HRP-reactive Opal fluorescent
reagents (Akoya Biosciences). Opal reagent was used to detect multiple markers in a single eRA synovial biopsy
section. The slides were stripped between each stain with heat treatment in antigen retrieval buffer. The antigen
retrieval buffers used for CFHR1 and CFHR5 were Leica ER2 buffer (pH9), while all other markers received
AR in Leica ER1 buffer (pH6). Spectral DAPI (Akoya Biosciences) was applied after the completion of the final
antibody staining step and slides were cover slipped with ProLong Diamond mounting media (ThermoFisher).
Whole slide scans were collected with PhenoImager HT v2.0.0 software using the 20 x objective with a 0.5 pm
resolution. Regions of interest were selected and re-scanned using the 20 x objective and the multispectral
imaging cube. Spectral references and unstained control images were measured and inForm software v3.0 was
used to create a multispectral library reference. To detect cell nuclei in synovium 4’,6-diamidino-2-phenylindole
(DAPI) was used. After MIHC staining, whole slide scans of the synovial biopsies were imaged.

Multispectral imaging to quantify cells expressing FHR proteins

To quantify the percentage of single or double positive synovial cells expressing various FHR proteins, FH,
C3c, and MAC (C5b-9), we performed multispectral imaging using the Phenolmager HT 9-color instrument
(formerly Vectra Polaris, Akoya Biosciences). To quantify levels of FHR, FH, C3c and MAC, FFPE eRA synovial
sections were stained consecutively with specific primary antibodies for FHR proteins, FH, C3c and MAC as
mentioned above. Briefly, the slides were deparaffinized, heat treated in antigen retrieval buffer, blocked, and
incubated with primary antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibody
polymer, and HRP-reactive OPAL fluorescent reagents. The slides were stripped between each stain with heat
treatment in antigen retrieval buffer. As mentioned above, the whole slide scans were collected with PhenoImager
HT v2.0.0 software. Some sections were also scanned using 40x objective for better and more detailed images.
Imaging analysis of the synovial sections was done blindly. The multispectral images (.im3 files) were spectrally
unmixed and analyzed with tissue segmentation, cell segmentation, and phenotyping using inForm software
v3.0 (Akoya Biosciences). Data were compiled and summarized using PhenoptrReports (Akoya Biosciences).

MIHC, imaging analysis and quantification of eRA synovium for macrophages and fibroblasts
The presence of macrophages and fibroblasts in the synovial biopsies from eRA MIHC was used according to
our previously published protocol’>*. Here, FPPE synovial biopsy sections from each eRA patient were used
in duplicate. To quantify percentage of positive cells of human FHR1, FHR2, FHR3, FHR4, FHR5, FH, FAP and
CD68 FFPE eRA synovial sections were stained consecutively with specific primary antibodies for FHR1 (dilution
1:100, Opal 690) (Abcam, Waltham, MA ): FHR2 (dilution 1:100, Opal 480)(LifeSpan BioSciences, Lynnwood,
WA); FHR3 (dilution 1:50, Opal 570) (Antibodies-online, Limerick PA); FHR4 (dilution 1:400, Opal 650) (Gift
from Dr. Paul Morgan, UK); FHR5 (dilution 1:500, Opal 620)(abcam); FH (dilution 1:200, Opal 540) (Abcam);
FAP (fibroblast associated protein) (dilution 1:100, Opal 520) (Abcam) and CD68 (dilution 1:500, Opal 780)
(Dako). The Opal dilution used for all markers was 1:150 except CD68 and it was 1:25. Briefly, the slides with
eRA synovial section were deparaffinized, heat treated (94° for 20 min) in antigen retrieval buffer (Leica ER1
or ER2), blocked (Antibody Diluent, Akoya Biosciences), and incubated with primary antibodies as mentioned
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above, followed by horseradish peroxidase (HRP)-conjugated secondary antibody polymer (Anti-Rabbit/Anti-
Mouse Polymer, Akoya Biosciences), and HRP-reactive Opal fluorescent reagents (Akoya Biosciences). Opal
reagent usestyramide signal amplification (TSA), allowing the detection of multiple markers in a single eRA
synovial biopsy section. The slides were stripped between each stain with heat treatment in antigen retrieval
buffer. Spectral DAPI (Akoya Biosciences) was applied after the completion of the final antibody staining step
and slides were cover slipped with ProLong Diamond mounting media (ThermoFisher). Whole slide scans were
collected with PhenoImager HT v2.0.0 software using the 20 x objective. As mentioned above spectral references
and unstained control images were measured and inForm software v3.0 was used to create a multispectral library
reference. In parallel, human tonsils were used as a positive control for macrophage and fibroblast analysis. For
quantification, multiple composite images from each eRA synovial biopsy were generated along with individual
staining for complete analysis of macrophages and fibroblasts. The 9-color images were analyzed with inForm
software V3 (Akoya Biosciences) to unmix adjacent fluorochromes, subtract autofluorescence, segment the
tissue, segment cellular membrane, cytoplasm, and nuclear compartments, and identify positive and negative
cells for each marker according to morphology and cell marker expression. The algorithm was applied to all
images in the project, exported as .txt files, and Phenoptr Reports (Akoya Biosciences) was used to merge the
data from all fields and all markers into one file. Phenoptr Reports was then used to identify cells expressing
combinations of markers, calculate cell percentages and densities, and summarize the data by slide ID.

Analysis of FHR gene expression from eRA and RA synovial biopsies

We datamined the PEAC database to explore mRNA expression encoded by FHR1, FHR2, FHR3, FHR4, and
FHR5 in three cell pathotypes (lymphoid, myeloid, and fibroid) and their correlations with DAS28-CRP in the
synovial and blood cell pathotypes from eRA patients (n=87), integrated with deep phenotypic profiling*2. In
this study, we compared bulk RNA-seq gene expression for all FHR proteins from male and female eRA subjects.
The levels of expression of FHR and FH mRNA were also compared based on the anti-CCP (aka ACPA) and RF
positive and negative status in eRA subjects. We also analyzed data related to FHR3 mRNA expression and its
relationship to DAS28-CRP from the STRAP trial** The relationship between FHR3 expression and anti-CCP
or RF status was also examined in the late stage of the disease. The RF status is positive if anti-CCP >=10 and if
RF>=20.

Statistical analyses

All data relating to the percentage of synovial cells expressing various FHR proteins, FH, macrophages, and
fibroblasts from MIHC studies were analysed using student t-tests using the GraphPad Prism program. P-values
shown on the pathotype boxplots of the PEAC study were derived from ANOVA using the Volcano3D R package
(v2.0.7). The correlation plots between baseline expression of PEAC synovium and baseline DAS28-CRP
(Spearman’s correlation), as well as correlations between FHR3 and CCP or RF, are shown.

Results

Presence of FHR proteins in synovial biopsies from eRA patients

Synovial biopsies were examined using MIHC for the presence of all five human FHR proteins as well as FH,
C3c, and MAC (C5b-9) (Fig. 1). We found that all five FHR proteins were expressed in synovial cells (Fig. 1A,
B). The composite image shown confirms that FHR1, FHR2, FHR3, FHR4, and FHR5 proteins are present in
the synovium with individual FHR shown using a pseudo color-coding scheme (Fig. 1). The presence of FHRI,
FHR2, FHR3, FHR4, and FHR5 is shown in magenta, white, green, pink and yellow colors, respectively (Fig. 1A,
B). All eRA and chronic RA samples showed the presence of the FHR proteins. The presence of FH, C3c and
MAC is shown in cyan, red and orange colors, respectively (Fig. 1A). All individual positive control staining
patterns in the synovium for FHR1, FHR2, FHR3, FHR4, FHR5, C3¢, FH and MAC (C5b-9) proteins have been
shown (Supplemental Fig. 1B, 1 C, 1D, 1E, 1 E1G, 1 H, 1I).

All FHR proteins are present and expressed by various cells in the synovial lining as well as in the sub-synovial
lining areas. Specifically, compared with FH, FHR2 and FHR3 were predominantly present in the synovial lining
(Fig. 1A, B). FH was undetectable in synovial lining as compared to the sub-synovial lining area (Fig. 1A, B). In
this composite image, FHR4 (pink color), and FH (cyan color) were predominately expressed by the synovial
cells present in the sub-synovial lining area (Fig. 1). In contrast C3c (red color) was predominately found in
cells present in the synovial lining (Fig. 1A). The pattern of expression of FH, as well as five FHR proteins, in the
synovial cells suggests that there is local regional regulation and counter-regulation, respectively, of the AP in
the synovial microenvironment.

Quantitative measurements of FHR proteins in the synovial cells from eRA patients

The composite images after MIHC were used to quantify the percentage of synovial cells positive for individual
FHR proteins in eRA synovial biopsies (Fig. 2). Surprisingly, FHR2 and FHR3 proteins were present the synovial
cells in the synovial lining and in the sub-synovial area. FHR2 protein was present significantly higher in the
synovial cells compared with FHR1 (p <0.037), FHR4 (p <0.0039) and FHR5 (p<0.0012) (Fig. 2A). FH protein
was also present significantly at a higher level in the synovial cells than FHR1 (p <0.0017), FHR4 (0.00012), and
FHR5 (p <0.000039) (Fig. 2A). C3c protein was present significantly (p <0.05) higher than FHR1, FHR2, FHR3,
FHR4, FHR5, FH and MAC (C5b-9) (Fig. 2A). The percentage of synovial cells positive for both FHR2/C3c,
FHR4/C3c and FHR5/C3c was significantly lower than FHR3/C3c (Fig. 2B). There were no differences in the
synovial cells stained for C3¢/MAC and C3c/FH (Fig. 2B). But the correlation between C3c and MAC positive
synovial cells was positive (r=0.83, p <0.0092). The correlation between C3c and FHR2 and FHR3 were negative
and non-significant (r — 0.73, p<0.069; r = — 0.49, p <0.20 respectively). These data show that synovial cells are
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Fig. 1. A representative composite image from nine eRA synovial samples generated after MIHC showing
the presence of all five human FHR proteins along with complement component C3¢c and membrane attack
complex (a.k.a. C5b-9). A The presence of FHRI (magenta color), FHR2 (white color), FHR3 (green color),
FHR4 (pink color), FHR5 (yellow color), FH (cyan color), C3c (red color) and MAC (C5b-9) (orange color)
has been shown in the synovial biopsies. B FHR2 and FHR3 compared with FH dominantly present in the
synovial lining of synovial biopsies. A false color-coding key was used for each complement protein shown
in this composite image. Adipocytes =black cobble-like stone cells in the synovium. A minimum of three to
five composite images were generated using a single synovial biopsy with 2 sections from each patient. eRA
synovial biopsies n=9. Magnification = x 40. Scale bar =100 um. *p <0.05.

differentially and highly positive for FHR2 and FHR3, in addition to the presence of FH and C3c proteins in
abundance. The data we have shown might represent both extra cellular and intracellular stores.

Expression of FHR proteins in synovial macrophages and fibroblasts

We next determined using MIHC the presence of all five FHR and FH in synovial macrophages and synovial
fibroblasts. Again, we used composite images after 9-color MIHC staining (Fig. 3). As mentioned above, all FHR
proteins and FH protein were present in the synovium (Fig. 3A). The macrophages (red color) and fibroblasts
(orange color) were present predominately in the synovial lining of eRA patients (Fig. 3). It was noted that the
synovial macrophages and synovial fibroblasts were largely co-located in the synovial lining in eRA and chronic
RA samples. Nonetheless chronic RA biopsies have both these cell types in abundance in the multilayer synovial
lining. In the sub-synovial lining area, many synovial cells predominantly expressed FHR3 (Fig. 3B). These data
show that synovial macrophages and synovial fibroblasts also expressed specific FHR proteins and FH.

Quantitative measurements of synovial macrophages and fibroblasts stained for FHR
proteins in the synovial biopsies from eRA patients

We determined the percentage of synovial macrophages and synovial fibroblasts from composite images positive
for individual FHR proteins in the synovial biopsies from eRA patients (Fig. 4). Synovial macrophages expressed
significantly higher levels of FHR2 compared to FHR1 (p<0.018), FHR4 (p<0.0009) and FHR5 (p <0.0010)
(Fig. 4A). Similarly synovial macrophages expressed significantly higher levels of FHR3 compared to FHR1
(p<0.041), FHR4 (p <0.0074) and FHR5 (p <0.0074) (Fig. 4A). In contrast synovial fibroblasts have significantly
higher levels of FHR2 compared to FHR1 (p <0.017), FHR3 (p <0.005), FHR4 (p <0.004) and FHR5 (p <0.008)
(Fig. 4B). FHR1, FHR3, FHR4, and FHR5 were almost undetectable in contrast to FHR2 in the synovial
fibroblasts (Fig. 4B). Interestingly, 17% of the synovial cells other than macrophages and fibroblasts were positive
for FHR3 (data not shown), though the identity of these cells remains unknown. All of these data show that
specific synovial cells are differentially positive for specific FHR proteins in the synovium from eRA patients.

Regional localization of FHR proteins in the synovium from eRA patients

To further explore and quantitate differences in regional localization, we examined synovial biopsies from eRA
patients composite images after MIHC for levels of various FHR proteins along with FH (Fig. 5). After scanning
many synovial composite images using MIHC, we found that there was a clear and distinct regional localization
and colocalization of some FHR and FH proteins (Fig. 5). For example, FHR2 (white color) protein was not only
predominately present in the synovial lining but it was also present in the sub-synovial lining areas (Fig. 5A,
B). Although FH (cyan color) was rarely present in the synovial lining, and was abundantly present in the sub-
synovial areas, FHR2 protein could occasionally be localized with FH protein in the synovial lining (Fig. 5A, B).
FHR4 (pink color) protein was present in cells in the sub-synovial lining area (Fig. 5C). Rarely FHR1, FHR2 and
FHR4 were also co-localized in the sub-synovial lining area (Fig. 5D). There was distinct regional localization/
and or distribution of C3c (red color) and FH (cyan color) in the synovial lining and sub-synovial lining areas,
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Fig. 2. Showing percentage of FHR, FH, C3c and MAC single and double positive synovial cells in the
synovium from eRA patients. MIHC was used to generate composite images followed by quantitation of single
and double positive cells showing the presence of FHR1, FHR2, FHR3, FHR4, FHR5, FH, C3c, and MAC. A
Presence of single positive synovial cells expressing FHR1, FHR2, FHR3, FHR4, FHRS5, FH, C3c, and MAC.

B Presence of double positive synovial cells positively stained for proteins FHR1/C3c, FHR2/C3, FHR3/C3,
FHR4/C4, FHR5/C3c, FH/C3c and MAC/C3c. Synovial cells expressed a lower level of FHR1, FHR4, FHR5
and MAC. eRA synovial biopsies # = 8. Data are shown as mean+ SEM. *p < 0.05 considered significant.
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Fig. 3. A representative composite image from eight synovial samples showing the presence of macrophages
and fibroblasts expressing FHR proteins in eRA patients. A Synovial cells showing the presence of FHR1
(magenta color), FHR2 (white color), FHR3 (green color), FHR4 (pink color), FHR5 (yellow color), FH (cyan
color), DAPI (blue), macrophages (red color) and fibroblasts (orange color). B Synovium cells showing the
predominance of FHR3 (green color) in the sub synovial lining area. A false color-coding key was used for
each complement protein, macrophages and fibroblasts shown in this composite image. Adipocytes =black
cobble-like stone cells in synovium. A minimum of three to five composite images were generated using a
single synovial biopsy with 2 sections from each patient. Magnification = x 40. eRA synovial biopsies n=8.
Scale bar =100 pm.

respectively (Fig. 5D). These data related to the localization of FHR along with FH and C3c further show that
there is pronounced regional alteration in the localization of FHR proteins in the synovium from eRA patients.

Gene expression of FHR in three different pathotypes in synovium and blood from eRA
patients

We also analyzed and compared the bulk RNA-seq data, generated in the PEAC study, based on specific
pathotypes (lymphoid, myeloid and fibroid) for baseline gene expression of FHRI, FHR2, FHR3, FHR4 and
FHR5 in synovium and in the blood from eRA patients (Supplemental Fig. 2). Although the trends of FHRI
and FHR3 gene expression in the synovium were higher in the myeloid pathotype, these were not statistically
significant (Supplemental Fig. 2A & B). The mRNA expression from FHR2 was not detected in the original
database from the PEAC clinical study. In the blood, the mRNA expression of FHR1, FHR3, and FHR4 was also
not different in the three pathotypes (Supplemental Fig. 2E, 2 E, 2G). The negative scale numbers indicate low
RNA counts. There was no detection of FHR5 mRNA expression in either of the three pathotypes in the blood
due to negative numbers (Supplemental Fig. 2H). Overall, these data show that all three synovial or blood cell
pathotypes, i.e., lymphoid, myeloid, and fibroid, transcribed FHRI, FHR3, and FHR4 mRNA equally.

Gender-based differences in +FHR and FH expression in eRA

We analyzed gene expression data related to the expression of FHR and FH in males and females in the synovium
and blood from eRA patients (Supplemental Fig. 3). There were no significant differences in the expression of
FHRI, FHR3, FHR4, FHR5, and FH both in synovium and in blood in both genders (Supplemental Fig. 3).
However, in the synovium, in females, non-significant higher trends in gene expression of FHRI and FHR3
were noticed (Supplemental Fig. 3A, 3B). In contrast, in blood, in males, non-significant higher trends in gene
expression of FHR1 and FHR4 were noticed (Supplemental Fig. 3E, 3 H). These data show that, based on gender,
there were no significant differences in the gene expression of FHR and FH in synovium or in blood cells in the
eRA population.

Correlation between FHR3 gene expression and ACPA and RF in the STRAP clinical trial

In RA synovium, there were positive and significant correlations between the expression of FHR3 and RF
(r=0.14, p=0.038) and FHR3 and anti-CCP (r=0.17, p=0.015) (Fig. 6A, B). These correlation data suggest that
some FHR proteins may be associated with increased pathogenic during the evolution of RA.

Correlation between FHR, and FH gene expression with X-ray erosion and joint space
narrowing

Radiographic joint destruction in RA is measured by the Sharp/van der Heijde scoring method*” and the
Genant-modified Sharp score (GSS) is normally used to measure joint space narrowing for RA patients®®. We
found, in RA synovium from the STRAP study, there were no significant correlations between FHR3 expression
and X-ray erosions (r=0.042 p=0.58) (Fig. 7A) and FHR3 and X-ray joint space narrowing (r = — 0.089, p=0.24)
(Fig. 7B). The correlations between FH and X-ray erosion was negative and non-significant (r = — 0.18, p=0.13)
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Fig. 4. Bar graphs show the presence of macrophages and fibroblasts positive for individual FHR proteins

in the synovium from eRA patients. MIHC composite images were analyzed for the presence of percentages
of synovial macrophages (CD68 positive) and fibroblasts (FAP) positive for FHR1, FHR2, FHR3, FHR4 and
FHRS5 proteins. A Percentage of macrophages positive for FHR1, FHR2, FHR3, FHR4 and FHR5 proteins. B
Percentage of fibroblasts positive for FHR1, FHR2, FHR3, FHR4 and FHR5 proteins. Both macrophages and
fibroblasts have a low level of FHR1, FHR4 and FHR5 proteins compared with FHR2 and FHR3 proteins. eRA
synovial biopsies n=8. Data are shown as mean + SEM. *p <0.05 considered significant.

Scientific Reports|  (2025) 15:19633

| https://doi.org/10.1038/s41598-025-03589-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 5. Representative snapshots of MIHC composite images showing the regional and differential distribution
of FHR proteins in the synovial biopsies from eRA patients. A Composite image showing coexistence of FHR2/
FH in the synovial lining but coexistent of FHR5/FH in the sub synovial lining area. B FH is predominately
present in the sub synovial lining area, not in the synovial lining area. C FHR1 and FHR4 proteins are
positively stained in cells in the synovial lining area. FHR3 is also present in the sub-synovial lining areas. D
C3c is predominately and constantly present in the synovial lining cells. The coexistence of FHR1, FHR2, and
FHR4 was also noticed in the sub-synovial lining areas. A false color-coding key represents FHR1 = magenta,
FHR2 = white, FHR3 = green, FHR4 = pink, FHR5 = yellow, C3c=red, FH =cyan and DAPI=blue. SL =synovial
lining. SSL=sub synovial lining Magnification = x 40. eRA synovial biopsies #=4. Scale bar =100 pm.

(Fig. 7C) but the correlation between FH and X-ray joint space narrow was negative but significant (r = — 0.23,
p=0.05) (Fig. 7D).

Correlations between FHR and DAS28-CRP in the synovium from eRA patients

To explore the correlation between FHR mRNA expression and DAS28-CRP, a marker for inflammation in
the body, we examined the correlation in the synovium and blood from eRA patients (Supplementary Figure.
4). While all the correlations between DAS28-CRP and FHRI (r=0.077, p=0.51), FHR3 (r=0.01, p=0.93),
FHR4 (r=0.051, p=0.65) and FHR5 (r=0.23, p=0.84) in synovium were positive, they were not significant
(Supplementary Figure. 4 A, 4 C, 4E & 4G). Similarly, only weak positive trends in correlations between DAS28-
CRP and FHRI (r=0.02, p=0.88), FHR3 (r=0.28 p=0.033), and FHR4 (r=0.01, p=0.94) in blood cells gene
expression were noticed, but these correlations were also not significant (Supplementary Fig. 4B, 4D, 4 F). As
mentioned above, FHR2 mRNA expression was not detected in the synovium or in the blood cells. FHR4/5 are
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Fig. 6. Correlations between FHR3, RF, and anti-CCP in the synovium from RA patients from STRAP clinical
trial. A Positive and significant correlation between FHR3 gene expression and RF autoantibodies. B Positive
and significant correlation between FHR3 gene expression and anti-CCP autoantibodies. RF rheumatoid factor
antibody. CCP anti-cyclic citrullinated peptide antibody. STRAP n =208. Correlation=r and *p <0.05 are
considered significant.

expressed at very low levels in the synovium and FHR1/3/4 are expressed at very low levels in the blood. However,
FHR5 mRNA expression in blood was undetectable in contrast to the synovium in eRA patients (Supplementary
Fig. 4G, 4 H). In contrast, in the synovium there was again a negative significant correlation between FH mRNA
levels and DAS28-CRP (r = - 0.32, p=0.0037) (Supplementary Fig. 5A). In contrast, in blood there was a positive
and non-significant correlation (r=0.11, p=0.42) between FH and DAS28-CRP (Supplementary Fig. 5B). The
lack of correlations between FHR expression and DAS28-CRP show that DAS28-CRP and FHR expression are
likely not dependent on each other. FHR proteins may not be directly related to inflammation or clinical disease
score activity, or their effects might be independent and focused on regional complement dysregulation. In
contrast, FH expression decreases with increasing DAS28-CRP, indicating inflammation or disease activity score
increases with the decrease in FH expression, confirming the likely regulatory role of local produced FH in
inflammation specifically in the joints.

FHR and FH mRNA expression based on anticyclic citrullinated protein antibodies status
Based on anti-cyclic citrullinated protein antibodies (anti-CCP) positive and negative status, no significant
differences were noticed in expression of FHRI, FHR3, FHR4, and FHR5, mRNAs in the synovium as well
as in blood from eRA patients (Supplementary Fig. 6). In synovium, FHR4 and FHR5, while in blood, FHRI
and FHR3 were below detection limits both in anti-CCP positive and negative subjects (Supplementary Fig.
6C, 6D, 6E, 6 F). These data show that the presence or absence of the anti-CCP autoantibodies, which develop
during eRA, have no relationship to bulk mRNA expression of FHR1, FHR3, FHR4, FHR5, and FH mRNA in the
synovium and blood cells locally or systemically.

FHR and FH mRNA expression based on rheumatoid factor status

We found that based on RF positive and negative status, there were no significant differences in the expression of
FHRI, FHR3, FHR4, and FHR5 mRNAs in the synovium as well as in blood from eRA patients (Supplementary
Fig. 7). The expressions of FHR4 and FHR5 mRNAs were below the detection limits in the eRA synovium, while
FHRI, FHR3, and FHR4 mRNA levels were below the detection limits in the blood (Supplementary Fig. 7C, 7D,
7E, 7 F). Again, the presence or absence of RF does not exhibit a relationship to the bulk mRNA expression by
FHRs.

Discussion

In this study we utilized paired synovial and blood (PBMCs) samples collected via the PEAC, STRAP and AMP’
RA/SLE clinical studies'®*>*-4! to measure proteins associated with the complement system, including C3
fragments, MAC components, FH, and members of the FHR family. We then utilized clinical data including
DAS28-CRP, ACPA, RE and gender as well as gene expression data to perform bioinformatic analyses and
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Fig. 7. Correlations between FHR3, X-ray erosion, and X-ray joint space narrowing from the STRAP clinical
trial. A No correlation between FHR3 mRNA expression and X-ray erosion in RA patients. B No correlation
between FHR3 mRNA expression and X-ray joint space narrowing in RA patients. C No correlation between
FH mRNA expression and X-ray erosion in RA patients. D A negative and significant correlation between FH
mRNA expression and X-ray joint space narrowing in RA patients. X-ray erosion =radiographically (X-ray)
demonstrable bone erosion in RA. X-ray joint space narrowing = radiographs (X-ray) used to manually
measure and quantify joint space to determine the severity of RA. STRAP n=208. Correlation=r and *p <0.05
are considered significant.

evaluate correlations with disease’>*%%. We found C3 protein to be primarily located within the synovial lining,
with a subset of these cells also containing MAC proteins. FH protein positive staining was mostly limited to
cells of the sub-synovial lining. Members of the FHR family were widely distributed among cells of the RA joint
including the intimal and sub-intimal areas of the synovial lining. In eRA synovium, immune cells such as
synovial macrophages and synovial fibroblasts differentially expressed FHR2 and FHR3 proteins, respectively.
The presence of all five FHR proteins along with FH, C3c, and MAC (C5b-9) in the synovium from eRA
patients’” knee joints confirms that there is complement activation and likely ongoing counter-regulation of the
AP pathway locally in the knee joints. C3c was present in abundance in the synovial lining, which was consistent
with previous reports!®. Importantly, our data shows that FH was relatively absent from cells of the synovial lining,
predominantly being present in the sub-synovial lining area, while FHR proteins were distributed throughout
this region. Of these, FHR1 and FHR2 proteins were the major constituents. This type of regional distribution
of FHR proteins and FH likely controls the spatial distribution of C3 fragment deposition present in the RA
synovium. Since activating FHR proteins compete with inhibitory FH for control of C3, the lack of colocalization
of FHR along with FH in synovial lining cells is surprising and suggests that at the very early stages of the disease,
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activating forces predominate specifically within synovium, and FHR proteins are present to keep FH from
controlling this state. We hypothesize that the synovial lining is susceptible to complement-mediated attack
because it has less protection by natural inhibitory proteins. Thus, the balance between complement regulators
and activators in eRA is lost on the synovial membrane, which leads to dysregulation of the AP on the synovial
lining where the disease might initiate.

Normally, FH binds to C3b and sialic acid present on the surface of cells. Thus, if C3b or sialic acid abundance
is diminished or absent, then that could dampen FH binding. However, we found C3c to be abundant in the
synovial lining which must be derived from abundant C3b and iC3b. This would rule against the lack of
complement C3 protein and favor the hypothesis that lack of FH is due to a lack of sialic acid. A membrane-
bound enzyme, p-galactoside a2,6-sialyltransferase 1 (ST6Gall), controls the addition of a2,6-linked sialic acids
to the termini of glycans, and it is expressed in many tissues*2. This enzyme is related to the transport of sialic
acid, and we found that the fibroid pathotype (pauci immune pathotype) has significantly (p=0.000000026) less
ST6Gall expression than the lymphoid pathotype (data not shown). Studies have also shown that the reduction
of a2,6-sialylation is emblematic of the inflammatory status of synovial fibroblasts in RA®. In this study, it
has been shown that the transformation of fibroblasts into pro-inflammatory cells is associated with glycan
remodeling. This process involves TNF-a-dependent inhibition of the glycosyltransferase ST6Gall and a2-6
sialylation®’. Other studies have shown that RA is associated with the reduction of cell-surface sialylation of
synovial fibroblasts*!. We noticed that FHR1 and FHR2 are present on the synovial lining in the absence of
FH (Fig. 3). FHR2 binds to C3b and allows C3 convertase formation but FHR2 bound C3 convertases do not
cleave the C3 substrate®. It has been shown that in contrast with FH, FHR-1 lacks the capacity to bind sialic
acids, which prevents C3b-binding competition between FH and FHR-1 in host-cell surfaces*’. While it might
seem that FHRI1 antagonizes FH*"~* by out competing with FH for binding to sialic acid, FHRI sialic acid
binding sites were shown to be inactive?S; therefore, this should not be a possibility. Additionally, we hypothesize
that sialic acid levels are diminished in RA tissue due to low levels of ST6Gall. Alternatively, FHR might be
binding to necrotic tissue or damaged cells*® present in the synovial lining and in the sub-synovial lining area,
however, we have not seen necrotic cells in the eRA synovium lining under a light microscopic investigation.
It has been shown that FH selectively inactivates C3b bound to surfaces bearing host-specific polyanions such
as heparan sulfate, therefore limiting complement activation on self surfaces such as the glomerular basement
membrane, which are not protected by cell-bound complement regulators®!. We have not examined the presence
of heparan sulphate on the synovial lining. Nonetheless the FH-C3b interaction has been shown to be enhanced
by surface glycosaminoglycans and the FH-glycosaminoglycans interaction is also well known>2 It has been
shown that the due to FHR-5-surface glycosaminoglycans interaction the ability of FHR-5 to prevent binding
of FH to surface C3b is enhanced by surface kidney heparan sulfate®?. It has also been shown that the absence
of intrinsic FH alters gene expression in cultured kidney endothelial cells and upregulation of genes is involved
in inflammation and complement system®*. We don’t rule out the possibility that there is upregulation of other
FHR genes involved in inflammation in the synovial lining, and these could downstream remodel the synovial
microenvironment. Thus, the reason for the presence of FHR proteins in the synovial lining and the absence of
FH remains unexplained. It has been shown by using ELISA that FH is present approximately four times less
based on the graph scales in the synovial fluid in the RA joints than in the RA serum®*. Therefore, FH is not
evenly distributed locally vs. systemically®. Thus, there might be a threshold of FH to protect the synovial lining,
and due to the presence of FHR proteins, FH failed to protect the synovial lining. Interestingly, it has been shown
that FH plays an important role in anti-angiogenesis in synovium®>*. The distribution of FH within the synovial
tissues might play a role in the angiogenic process seen in RA joint tissue. Angiogenesis and synovial hyperplasia
are the pathological characteristics of RA.

Bone erosion in RA is normally measured using X-rays, and joint space narrowing is a symptom of structural
deterioration. In the more advanced stage of the disease, there were positive and highly significant correlations
between FHR3 expression and ACPA, RF, but not with X-ray erosions, and X-ray joint space narrowing. A
negative and significant correlation between FH expression and X-ray joint space narrowing confirms that FH
might be playing a protective role in contrast to FHR3 which increases during the evolution of disease and
contributes to pathogenesis in chronic RA. No significant differences were seen in the eRA synovium and in
blood in the gene expression of FHRI, FHR3, FHR4, and FHR5 in three different pathotypes, i.e., lymphoid,
myeloid, and fibroid (Fig. 6), although myeloid pathotype showed increased trends of FHRI and FHR3 in the
synovium. In contrast, we have demonstrated that FH gene expression was highest in the fibroid pathotype vs.
lymphoid and myeloid pathotypes'®, with the understanding it might be protecting the fibroid pathotype in eRA
from AP activation because the expression of FB was suppressed in this pathotype!®. A low expression of TNF
has been previously reported in the fibroid pathotype in contrast to lymphoid and myeloid pathotypes in eRA*.
Our observation regarding a high expression of FH in fibroid pathotype was consistent with the published studies
that FH protected TNF-a-induced inflammation by upregulating EIF3C (eukaryotic translation initiation
factor 3 subunit C) in FLS* confirming anti-inflammatory role of FH in eRA. We noticed that although FHR2
protein was present in the synovium from eRA patients, its gene expression was not found in the PEAC synovial
tissue or blood databases®2. Interestingly, FHR2 gene expression was also missing from AMP/RA/SLE Network
database”, indicating both studies used 10 x Genomics platform, single data source, sequencing platform, and
quality control tools. In contrast FHR5 gene expression was present in the synovium but not detected in cells of
the blood indicating a more localized expression pattern for this gene. We rule out the possibility of degradation
of mRNA for already lower levels of FHR5 proteins in two different independent well controlled studies.

The correlations between DAS28-CRP and FH were negative and significant (Supplementary Fig. 5). FH has
been shown to bind to CRP proteins to reduce its proinflammatory activity®. Therefore, FH might be dampening
CRP locally to reduce inflammation. CRP is a well-known serum biomarker of chronic inflammation in heart
disease, and its role in AMD has also been documented®-!. We speculate regardless of how much FH is present
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in the eRA synovium, the increasing trend in the expression of FHR and CRP might be disturbing the site-
specific regulation of AP in the synovium. Nonetheless, FHR, FH, and CRP might play independent roles in
inflammation and also interacting with each other independently to activate the complement system in eRA.
Previously it has been shown that FH mRNA negatively and significantly correlated with DAS28-ESR in the
synovium only'® which is consistent with the correlation between FH gene expression and DAS28-CRP. We
don’'t know whether FHR proteins, due to their presence in the synovium, have some direct role in inflammation
or simply compete with FH in the synovium to dysregulate AP to cause inflammation. The positive correlation
between C3c and MAC confirms activation of the AP in the synovium in eRA.

Nonetheless, FHR proteins can recognize various surfaces but can’t regulate AP. Most of the FHR proteins
don’t bind to CRP except FHR4, which has been shown to bind pentameric CRP in contrast to FH, which
binds monomeric CRP%. In RA, a significant correlation has been demonstrated between serum CRP levels
and tissue inflammation scores from knee synovium biopsy samples?’. We have shown that a higher levels of
FHR4 mRNA expression in the RA synovium were specifically associated with a worse future clinical outcome
following treatment'®. In another autoimmune disease, ankylosing spondylitis (AS), FHR5 has been shown to be
significantly elevated in the synovial fluid vs. healthy controls®? and furthermore, high FHR5 levels in AS were
significantly and positively correlated with the high CRP group®. Thus, the role of FHRs may be disease specific.

We asked the question whether there was any gender-based differences in synovium and blood in the gene
expression of FHR and FH, and although the trends in the synovium in females were higher, they were not
statistically different (Supplementary Fig. 3). A larger study is required to explore FHR gender-based differences.
Regardless, the prevalence of RA is three times more in females than males®® and more plasma-based ELISA
assays are needed to measure the absolute levels of various FHR in females and males. We speculate that FHR1
and FHR3 might exacerbate the disease in females. In this PEAC study, we also could not find any significant
differences in the gene expression of FHRI, FHR3, FHR4, and FHR5 in synovium and blood-based on ACPA
and RF status (Supplementary Figs. 6 and 7). Rheumatoid factors (RF) positivity increases the risk of developing
RA%>%6 Amongst ACPAs, the assay for anti-cyclic citrullinated peptide (anti-CCP2) is widely clinically used as
a biomarker for RA and has excellent diagnostic and prognostic value®”. However, in the STRAP clinical study,
i.e., in the advanced stage of the disease, a significant correlation was seen between FHR3 expression and RF
and CCP levels (Fig. 6). Systemic appearance of RF and ACPA predates the onset of RA by many years®® and
crucially important to pathogenesis of RA. FHR3 has been shown to be involved in B cell regulation and FHR3
neutralized the adjuvant effect of C3d on B cells® therefore synovial local imbalance in FHR3 gene expression
can alter B cell tolerance affecting RF and CCP levels. Together with these data from PEAC, eRA, and STRAP,
RA clinical studies show that higher trends in FHR3 might point out worsening disease outcomes during the
development of RA. The high expression of C3¢/FHR3 synovial cells vs. C3¢/FHR2, C3¢/FHR4 and C3¢/FHR5
synovial cells confirm FHR3 crucial role in RA. Thus, there is a pathological association of FHR3 in RA but not
in eRA, indicating specific roles of FHR at different stages of RA.

We do acknowledge limitations in our current study. We do not have a specific explanation as to why FH
presence is low is missing from the synovial lining. FH binds to sialic acid, however, we have not determined the
presence of sialic acid using IHC in the synovial lining of eRA patients along with healthy controls. Nonetheless,
we examined the expression of the ST6Gall enzyme in the fibroid pathotype and another pathotype, as
mentioned above. We have also not determined the presence of other C3 fragments iC3b, C3dg, or C3d to
which FHR proteins bind. We have not examined, using MIHC, the presence of FHL-1 proteins in the eRA
synovial biopsies, as it may play an inflammatory role in arthritis’®. FHL-1 is a multifunctional plasma protein
in which 3-5 short consensus repeats have 98% sequence similarly with FH, and interestingly FHR-1 uses all
three C-terminal domains to make a contact with the surface. These can be altered, both in FH and FHR-1, in
patients with atypical hemolytic-uremic-syndrome’!. We don’t know if this type of unique alteration can happen
in FH and FHR-1 during inflammatory conditions in RA. It has been shown that as a dimeric modulator, FHR-
1 competitively removes FH from surfaces that strongly fix opsonic C3b molecules’. We have examined the
presence of FHR proteins and FH using MIHC in macrophages and fibroblasts, however, we cannot distinguish
between expression or binding of systemic proteins as an explanation for differences in abundance. Nonetheless
the expression of various FHR genes and proteins simultaneously can be measured using the combination of
RNAscope and MITHC which we have not yet performed. This cutting-edge RNAscope technology will allow for
highly specific visualization and quantification of RNA and protein staining within synovium of RA patients. We
have not measured the absolute levels of five-complement proteins individually in the synovial fluid from eRA
due to the lack of available ELISA methods and availability of paired samples.

We conclude that all five FHR and FH proteins are expressed in the synovium, but FH is mostly absent from
the synovial lining as shown in a putative model (Fig. 8). We speculate that this expression asymmetry could be
the active hub of AP dysregulation. Nonetheless individual FHR protein roles in RA synovium can be examined
by generating individual humanized FHR transgenic mice with or without FH deficiency. But the caveat will
be if the same degree of sialic acids, and expression from cells and interactions across species are maintained.
Interestingly, the synovial lining is the well-known major site of disease initiation’>”%. In sub-synovial tissues,
there was a regional distribution of various FHR proteins, and co-expression with FH in eRA and RA biopsies.
FHR3 seems to be a pathogenic protein in RA but is also present in eRA, suggesting a role during the evolution
of the disease because like FHR1 it competes with FH for binding to C3b”°. Thus in vivo, on the synovial lining,
FHR proteins can bind but can’t regulate the AP due to the absence of regulatory domains. We hypothesize
that this could be the mechanism of complement deregulation locally in the synovium. This study explains the
conundrum of why FH, although present in abundance in eRA synovium, fails to protect the synovial lining.

Our data suggests the possibility that reintroduction of FH to cells of the synovial lining may have therapeutic
benefit. Use of targeted adeno-associated viruses, (AAVs) expressing FH might be possible. Alternatively,
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Fig. 8. A putative model showing the theoretical inhibition and activation of complement system by FH

and FHR proteins respectively on the surface of synovial lining in eRA. A No complement activation in the
presence of FH binding to the synovial lining surface bound C3b and sialic acid. B Complement activation in
the presence of FHR proteins and absence of FH binding to various complement fragments such as C3b, iC3b,
C3dg, and C3d on the surface of the synovial lining. C Complement activation in the presence and binding of
various FHR proteins to the synovial lining. All complement fragments, FH, FHR proteins and sialic acid have
been color coded. SL=synovial lining (red color arch outer area). Sub synovial lining area FH is present.

inhibitory humanized anti-FHR3 antibodies might be therapeutic for the treatment of RA. In the future, clinical
studies also should focus on the role of FHR3 and other FHRs in managing RA.

Data availability

The data that supports the findings of this study are available from the data exploration website (https://peac.h
pc.qmul.ac.uk/). Restrictions apply to the availability of these raw data, which were used for the current study,
and so are not publicly available. Some MIHC data are, however, available from the corresponding authors upon
reasonable request and but restrictions apply to the availability of raw data from PEAC and STRAP study related
groups in UK because some of the data such as STRAP shiny app is not public yet.
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