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A B S T R A C T   

After years of disappointing clinical results, the tide has finally changed and complement targeted-therapies have 
become a validated and accepted treatment option for several diseases. These accomplishments have revitalized 
the field and brought renewed attention to the prospects that complement therapeutics can offer. Streamlining 
diagnostics and therapeutics is imperative in this new era of clinical use of complement therapeutics. However, 
the incredible success in therapeutics has not been accompanied by the development of novel standardized tools 
for complement testing. Complement biomarkers can assist in the risk assessment and diagnosis of diseases as 
well as the prediction of disease progression and treatment response. Recently, a group of complement proteins 
has been suggested to be highly relevant in various complement-associated disorders, namely the human factor H 
(FH) protein family. This family of closely related proteins consists of FH, FH-like protein 1, and five factor H- 
related proteins, and they have been linked to eye, kidney, infectious, vascular, and autoimmune diseases as well 
as cancer. The goal of this review is to provide a comprehensive overview of the available data on circulating 
levels of FH and its related proteins in different pathologies. In addition, we examined the current literature to 
determine the clinical utility of measuring levels of the FH protein family in health and disease. Finally, we 
discuss future steps that are needed to make their clinical translation a reality.   
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1. Introduction 

In the past two decades, complement therapeutics have elicited 
tremendous excitement due to their success in achieving durable re
sponses in previously difficult-to-treat diseases, such as paroxysmal 
nocturnal hemoglobinuria (PNH) and atypical hemolytic uremic syn
drome (aHUS) (Hillmen et al., 2006; Legendre et al., 2013). These ac
complishments renewed interest in the potential of complement 
therapeutics for other clinical conditions (Garred et al., 2021). Of note, 
the structure and complexity of the complement system creates the 
opportunity to select different targets at various levels within the 
cascade (Ricklin et al., 2018). In addition to these various targets, there 
is an equally diverse arsenal of available therapeutic strategies, ranging 
from orally administered small-molecules to subcutaneous injected 
small-interfering RNAs and intravenous infused monoclonal antibodies 
(Mastellos et al., 2019). Consequently, multiple clinical trials are 
currently ongoing for various diseases with an impressive panel of 
complement therapeutics (Harris et al., 2018; Poppelaars and Thurman, 
2020; Pouw and Ricklin, 2021; Zelek et al., 2019). In some diseases, 
even multiple different complement therapeutics are being evaluated. 
For example, in IgA nephropathy (IgAN) ongoing clinical trials are 
assessing the efficacy of seven distinct complement inhibitors (Poppe
laars et al., 2021a). Altogether, these trials offer an early glimpse into 
the future of disease-tailored complement targeting therapies. More
over, results are published at a breathtaking pace (Hasturk et al., 2021; 
Jaffe et al., 2021; Kulagin et al., 2021; Kulasekararaj et al., 2021; 
Lafayette et al., 2020; Pittock et al., 2019; Risitano et al., 2021). In 2021 
alone, the positive results of three phase III clinical trials with comple
ment therapeutics were published in the New England Journal of 
Medicine, namely: (i) Avacopan (an oral C5a receptor antagonist) in 
anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis 
(Jayne et al., 2021), (ii) Pegcetacoplan (an oral C3 inhibitor) in PNH 
(Hillmen et al., 2021), and (iii) Sutimlimab (a blocking monoclonal 
antibody against C1s) in cold agglutinin disease (Röth et al., 2021). 

This incredible success is threatened to be slowed down due to the 
lack of clinically available complement measurements (Bomback et al., 
2022; Frazer-Abel et al., 2021; Willrich et al., 2021). Complement 
analysis in routine clinical laboratories tends to be limited to measuring 
C3 and C4 with the possible addition of C1q. All other complement as
says require a specialized laboratory. To further complicate matters, 
many of the tests in development or used in research have not been 
standardized and do not address potential variances in assessing com
plement (Bomback et al., 2022; Frazer-Abel et al., 2021; Willrich et al., 
2021). Thus, streamlining the development and use of complement di
agnostics in a standardized manner is imperative in this new era of 
clinical complement therapeutics. It is commonly accepted that com
plement biomarkers are valuable to assess whether the system is effec
tively inhibited, thereby improving the pharmacodynamics and 
pharmacokinetics of complement therapeutics (Bomback et al., 2022; 
Prohászka et al., 2018). Moreover, complement biomarkers have the 
potential to serve as diagnostic, prognostic, and predictive tools to help 
clinicians identify the presence of disease and disease stage, predict 
disease outcome and progression, as well as anticipate the response to 
treatment. It is therefore vital to identify and validate novel complement 
biomarkers that will be useful for physicians as well as for patients and 
to optimize and standardize these assays for clinical use. In this regard, 
multiple reports have described altered levels of a specific group of 
complement proteins, named the factor H (FH) protein family, in pa
tients with complement-associated diseases. Despite the presence of 
several challenges and hurdles in this field (Poppelaars et al., 2021b), 
the results of these studies suggest significant promise for future clinical 
use of the FH protein family as biomarkers in complement-mediated 
diseases. Nevertheless, much more needs to be understood about the 
FH protein family, such as their role in complement biology and how 
they add to human disease. In the current review, we, therefore, provide 
an updated overview of the available data and potential clinical utility of 

measuring circulating levels of FH and its related proteins in different 
groups of diseases. 

1.1. Measurements of the factor H protein family in disease 

The FH protein family consists of seven unique proteins, namely FH, 
factor H-like protein 1 (FHL-1), and five factor H-related proteins 
(FHRs). These plasma proteins are primarily produced in the liver but 
extra-hepatic production has been reported for retinal pigment epithe
lial cells and glomerular mesangial cells (Estaller et al., 1991; McRae 
et al., 2001; Schwaeble et al., 1991, 1987; Van den Dobbelsteen et al., 
1994). FH is one of the main regulators of the complement system by 
inhibiting the complement cascade and is abundantly present in blood. 
Specifically, FH can differentiate between self and non-self and averts 
complement activation in plasma as well as on cellular and non-cellular 
surfaces (Sánchez-Corral et al., 2018). Furthermore, FH is an important 
co-factor for factor I-mediated cleavage of C3b into iC3b (a C3 activation 
fragment that cannot promote further complement activation). FH ac
celerates the decay of existing alternative pathway (AP) C3-convertases 
and C5-convertases. Additionally, FH also competes with factor B (FB) to 
prevent the formation of the C3-based convertases C3(H2O)Bb and 
C3bBb. FH is comprised of twenty structurally similar units commonly 
present in complement proteins and regulators, termed complement 
control protein (CCP) domains. The N-terminal domains (CCPs 1–4) of 
FH are responsible for the competition with FB, the decay-accelerating 
activity, and the FI co-factor activity, whereas an internal region 
located in CCPs 6–8 and the C-terminal CCPs 19–20 are needed for 
ligand binding and accordingly the protection of host surfaces (Ferreira 
et al., 2010; Kopp et al., 2012; Parente et al., 2017; Zipfel, 2001). FHL-1 
was later discovered as an alternative splice variant of FH (Fontaine 
et al., 1989; Misasi et al., 1989; Schwaeble et al., 1987). In accordance, 
FHL-1 shares CCP domains 1–7 with FH but has a unique four amino acid 
C-terminal tail due to alternative splicing (Fontaine et al., 1989; Misasi 
et al., 1989; Schwaeble et al., 1987). Finally, humans also have five 
FH-related proteins (FHRs) encoded separately in tandem in the CFH 
locus; CFHR3, CFHR1, CFHR4, CFHR2, and CFHR5 (Sánchez-Corral 
et al., 2018). FHL-1 has direct complement regulatory capabilities, 
identical to FH, but as it lacks the domains needed for host surface 
recognition it mainly seems to serve as fluid-phase regulator (Mannes 
et al., 2020). The functions of these altogether six related proteins are 
poorly understood. Nevertheless, their importance in various diseases 
has been established through genetic studies (Davila et al., 2010; Zipfel 
et al., 2020). Measuring FH and the FHRs could be of equal importance 
in these diseases. Measuring FH and FHR levels in disease will not only 
be important to understand the underlying pathological mechanisms but 
might also shed light on the still ambiguous function of the FHR proteins 
within the complement system. Below, current data is summarized on 
FH and FHRs levels in cancer, autoimmune and vascular diseases, kid
ney disease, eye disease, as well as infectious disease. 

1.2. Cancer 

The unexpected discovery that mice deficient in specific complement 
genes are protected from cancer, has prompted research into the role of 
complement in tumor biology (Markiewski et al., 2008). Since then, 
extensive research has confirmed the importance of the complement 
system in cancer and expanded on these findings (Thurman et al., 2020). 
Recent discoveries have made clear that complement is activated in 
many forms of tumors, and that the complement system plays a 
context-dependent role in anti-tumor immunity as well as carcinogen
esis (Roumenina et al., 2019; Thurman et al., 2020). In the landmark 
paper by Laskowski et al., Cfh deficient mice were shown to spontane
ously develop hepatocellular carcinoma, indicating a direct link be
tween dysregulation of the FH protein family and tumor formation, at 
least in this organ (Laskowski et al., 2020). Furthermore, accumulating 
evidence shows that certain human cancer cell types can produce FH, 
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FHL-1, FHR-1, FHR-3, and FHR-5 (DeCordova et al., 2019; Junnikkala 
et al., 2002; Liu et al., 2019; Zhang et al., 2019). In addition, data from 
The Cancer Genome Atlas has enabled the analysis of the expression of 
the FH family in human cancers. CFH is strongly expressed in the ma
jority of the cancer types, whereas the expression of the CFHR is 
generally low or absent (Roumenina et al., 2019). A striking feature is 
the fact that cholangiocarcinoma is the only cancer type where all 
members of the FH family are highly expressed (Roumenina et al., 
2019). Local expression of the FH family is also associated with prog
nosis in certain cancers. For example, higher expression of CFH and 
CFHR3 has been shown to be associated with a better prognosis in pa
tients with hepatocellular carcinoma (Laskowski et al., 2020; Liu et al., 
2020). However, expression of CFH has also been linked to progression 
in cutaneous squamous cell carcinoma (Johnson et al., 2022; Riihilä 
et al., 2014), underscoring the context-dependent role of FH in cancer. 

There are currently no published studies that measured circulating 
levels of the entire FH protein family in patients with cancer. Never
theless, several pieces of evidence hint at the potential clinical utility of 
measuring circulating levels of FH and the related proteins in cancer 
patients (Table 1). For example, in patients with small-cell lung cancer, 
low plasma levels of FH were associated with a higher risk of cancer- 
related death (Xiang et al., 2021). Furthermore, within the past few 
years, proteomics studies have identified FHRs as possible candidate 
biomarkers for different cancers as well, such as thyroid cancer, hepa
tocellular carcinoma, ovarium cancer, colon carcinoma, and small cell 
lung cancer. For example, circulating levels of FHR-1 were higher in 
patients with thyroid cancer than in controls and FHR-1 levels were able 
to distinguish between subtypes (Li et al., 2020). In contrast, proteomics 
studies also revealed that patients with metastatic hepatocellular car
cinoma have lower serum levels of FHR-1 than those without metastasis 
(Fu et al., 2009). This underscores that the role of FHRs in cancer is also 
context-dependent. Additionally, in patients with colorectal cancer, 
plasma levels of FHR-1, as well as FHR-4, were associated with the 
primary tumor location (Holm et al., 2020). Furthermore, plasma 
measurements of FHR-4 levels were also shown to help differentiate 

malignant from benign pulmonary nodules (Kuang et al., 2019). 
Recently, plasma-derived extracellular vesicles with FHR-4 deposits 
were shown to be a potential biomarker for the early diagnosis of small 
cell lung cancer (Pedersen et al., 2022). Proteomic analysis has also 
revealed that levels of FHR-4 and FHR-5 in serum of women with 
ovarian cancer are higher compared to controls and that these mea
surements might help in the early detection (Amon et al., 2010). In 
addition, the FH protein family has been suggested as a potential 
biomarker for cancer in other bodily fluids such as urinary levels of FH 
and FHR-1 in bladder cancer (Cheng et al., 2005), ascites levels of FHL-1 
in ovarian cancer (Junnikkala et al., 2002), and FH levels in bron
choalveolar lavage samples from lung cancer patients (Pio et al., 2010). 
In conclusion, there is an increasing body of evidence implicating that 
measuring levels of the FH protein family holds great promise as novel 
biomarkers for the diagnosis and prognosis of certain cancers. 

1.3. Autoimmune and vascular diseases 

Unlike cancer, the role of the complement system in auto-immune 
diseases such as systemic lupus erythematosus (SLE), where tolerance 
to self-antigens is lost, has long been recognized (Weinstein et al., 2021). 
Early reports demonstrated that genetic deficiencies of the classical 
pathway are highly associated with the development of SLE (Brodszki 
et al., 2020). Initial case reports suggested that a genetic deficiency in 
FH might also lead to the development of SLE (Fijen et al., 1996), 
however, later studies pointed towards loss of FH as an accelerator of 
disease rather than a cause (Bao et al., 2011; Jönsen et al., 2011). 
Moreover, circulating levels of FH were identified as a promising 
biomarker of disease activity in SLE patients (Hu et al., 2019; Tseng 
et al., 2018; Wang et al., 2012). Levels of FH were found to be lower in 
patients with active SLE than those in remission. In addition, the lowest 
levels of FH were found in SLE patients with renal involvement, termed 
lupus nephritis, and there were significant differences in the levels of FH 
among the various classes of lupus nephritis (Hu et al., 2019; Liu et al., 
2012). Genetic studies subsequently revealed that disease susceptibility 

Table 1 
FH and FHR levels in cancer.  

Cancer type Protein Technique 
(Company) 

Matrix Groups Median/ Mean 
[µg/mL] 

SD/ 
IQR 
[µg/mL] 

N P-value vs 
controls 

Ref. 

Ovarian 
cancer 

FH/ 
FHL-1 

In-house ELISA 
(Abs described) 

Serum 
Ascites fluids 

Ovarian 
cancer 
Ovarian 
cancer 
Liver 
cirrhosis 

Mean 
461 
758  
43 

SD 
63 
312 
27  

8 
16 
6 

- 
< 0.05 
- 

Junnikkala et al. 
(2002) 

Lung cancer FH In-house ELISA 
(Abs described) 

Broncho-alveolar 
lavage fluids 

Lung disease 
I 
Lung cancer I 
Lung disease 
II 
Lung cancer 
II 

Mean 
1.17 
2.61 
0.41 
2.65 

SD 
1.5 
1.88 
0.46 
2.2  

22 
17 
25 
26 

- 
< 0.01 
- 
< 0.001 

Pio et al. (2010) 

Thyroid 
cancer 

FHR-1 Commercial 
ELISA 
(Novus/ Bio- 
Techne) 

Serum Controls 
benign TN 
papillary TC 
follicular TC 
medullary 
TC 

Median 
0.00062 
0.00069 
0.00747 
0.00375 
0.01518 

IQR 
0.00056–0.00065 
0.00062–0.00081 
0.00064–0.00082 
0.00302–0.00621 
0.00123–0.00229  

178 
69 
248 
6 
38 

- 
NS 
NS 
< 0.001 
NS 

Li et al. (2020) 

Ovarian 
cancer 

FHL-1 In-house ELISA 
(Abs described) 

Serum 
Ascites fluids 
Follicle fluids 

Ovarian 
cancer 
Ovarian 
cancer 
Liver 
cirrhosis 
Liver 
cirrhosis 

Mean 
24 
130  
< 2  
18 

SD 
3 
– 
– 
–  

8 
16 
6 
6 

- 
< 0.01 
- 
- 

Junnikkala et al. 
(2002) 

Abs – antibodies, ELISA – enzyme linked immunoassay, N – numbers, NS – not significant, TC – thyroid cancer, TN – thyroid nodules, Q – quartiles, SD – standard 
deviation. 
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of SLE is greatly impacted by variants and alterations in the CFHR (Zhao 
et al., 2011). In this study, the CFH-CFHRs region was fine mapped in 
over 15,000 subjects from different ethnic groups to assess the associ
ation with SLE susceptibility. Intriguingly, the deletion of CFHR3 and 
CFHR1 (CFHR3–1Δ) showed a dose-dependent association with the risk 
of SLE (Zhao et al., 2011), suggesting that lower levels of FHR-1 and 
FHR-3 increase the risk of SLE. Yet a study by Schäfer et al. found higher, 
rather than lower, circulating levels of FHR-3 in SLE patients compared 
to controls (Schäfer et al., 2016). It is important to note that only 31 SLE 
patients were included in this study. Furthermore, information on the 
genetic background of the cohort was not provided, which can be a 
confounder since FHR-3 levels are largely determined by copy number 
variants (Pouw et al., 2016). Alternatively, this could suggest that the 
association found between the CFHR3–1Δ and SLE susceptibility is 
mediated via FHR-1. In another study, plasma levels of FHR-3 and 
FHR-5 (but not FHR-1, FHR-2, or FHR-4) were found to be increased in 
SLE patients with lupus nephritis and their concentrations increased 
with disease activity (Hu et al., 2019). These two initial studies suggest 
that, in addition to FH, measuring circulating levels of FHRs in SLE has 
potential as markers of disease activity, especially for lupus nephritis 
(Table 2). However, the FHRs concentrations reported by Hu et al. were 
much higher (10 – 50 times) than those reported by various other 
studies, raising important questions about the accuracy of the 

commercial assays used here. Nevertheless, Schäfer et al. also reported 
higher FHR-3 levels in SLE patients with lupus nephritis compared to 
those without renal involvement, making FHR-3 a potential biomarker 
of interest in SLE (Schäfer et al., 2016). Notably, in the same study 
FHR-3 concentrations were also found to be higher in patients suffering 
from rheumatoid arthritis, systemic sclerosis, spondylarthritis, and 
polymyalgia rheumatica compared to healthy controls (Schäfer et al., 
2016). 

Recent studies have suggested that FHRs are involved in the clear
ance of cellular debris as well as immune tolerance (Csincsi et al., 2017; 
Hebecker et al., 2010; Hebecker and Józsi, 2012; Józsi et al., 2008; 
Kárpáti et al., 2020; Mihlan et al., 2009). Some have suggested that the 
lack of FHRs is therefore linked to SLE due to defective clearance, 
whereas increased levels worsen disease activity of other autoimmune 
disorders by promoting sterile inflammation (Skerka et al., 2021). In 
accordance, FHR-1 was shown to bind to necrotic cells in vitro and also 
to necrotic sites in the glomeruli of patients with ANCA-associated 
vasculitis (AAV) (Irmscher et al., 2019). Furthermore, in AAV patients, 
serum FHR-1 levels were significantly increased compared to healthy 
controls (Table 2). While patients with AAV had increased serum IL-1β 
levels compared to healthy controls, AAV patients carrying the 
CFHR3–1Δ did not (Irmscher et al., 2019). In addition, there was also a 
positive correlation in AAV patients between serum FHR-1 and IL-1β 

Table 2 
FH and FHR levels in autoimmune and vascular diseases.  

Disease Protein Technique 
(Company) 

Matrix Groups Mean/ 
Median 
[µg/ 
mL] 

SD/ 
IQR 
[µg/mL] 

N P-value vs 
controls 

Ref. 

SLE FH In-house ELISA 
(Abs and calibration cited) 

Serum Controls 
SLE w/o renal 
involvement 
LN 

Mean 
561.3 
705.6 
409.6 

SD 
179.7 
196.5 
192.7  

51 
38 
241 

– 
< 0.001 
< 0.001 

Wang et al. (2012) 

SLE FH Commercial ELISA 
(Abnova) 

Serum active SLE 
remission SLE 
active SLE with LN 
active SLE w/o LN 
remission SLE with LN 
remission SLE w/o LN 

Mean 
1261.9 
1535.4 
1414.22 
1186.31 
1549.50 
1516.56 

SD 
349.7 
638.2 
140.63 
79.70 
130.24 
125.13  

40 
40 
29 
11 
29 
11 

– 
0.011 
NS 
NS 
NS 
NS 

Tseng et al. (2018) 

AAV FH In-house ELISA 
(Abs and calibration cited) 

Plasma Controls 
AAV (active) 
AAV (remission) 
LN (active) 

Mean 
559.72 
417.87 
551.33 
418.06 

SD 
87.92 
119.74 
114.12 
119.51  

65 
55 
27 
30 

– 
< 0.001 
NS 
– 

Chen et al. (2015) 

AAV FHR-1 Commercial ELISA 
(RayBiotech) 

Serum Controls 
Patients 

Mean 
26.50 
69.80 

SD 
2.30 
3.70  

55 
313 

– 
< 0.0001 

Irmscher et al. 
(2019) 

CVD FHR-1 Commercial ELISA 
(RayBiotech) 

Serum Controls 
Patients 

Mean 
26.50 
39.20 

SD 
2.30 
1.90  

55 
244 

– 
< 0.0001 

Irmscher et al. 
(2019) 

SLE FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls (young) 
SLE untreated 
SLE all 

Mean 
1.06 
4.14 
2.68 

Range 
0.41–2.49 
1.84–9.24 
0.6–9.24  

21 
12 
33 

– 
< 0.01 

Schäfer et al. 
(2016) 

rheumatoid 
arthritis 

FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls (young) 
Rheumatoid arthritis 

Mean 
1.06 
3.12 

Range 
0.41–2.49 
0.98–12.29  

21 
46 

– 
< 0.01 

Schäfer et al. 
(2016) 

PR FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls (young) 
PR 

Mean 
1.06 
3.37 

Range 
0.41–2.49 
0.41–9.99  

21 
30 

– 
< 0.01 

Schäfer et al. 
(2016) 

SSc FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls (young) 
SSc 

Mean 
1.06 
1.96 

Range 
0.41–2.49 
0.64–5.26  

21 
16 

– 
< 0.01 

Schäfer et al. 
(2016) 

SPA FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls (young) 
SPA 

Mean 
1.06 
2.08 

Range 
0.41–2.49 
0.31–8.46  

21 
41 

– 
< 0.01 

Schäfer et al. 
(2016)  

AAV – anti-neutrophil cytoplasmic antibody-associated vasculitis, Abs – antibodies, CVD – cardiovascular disease, ELISA – enzyme linked immunoassay, LN – Lupus 
nephritis, N – numbers, NS – not significant, PR – polymyalgia rheumatica, SD – standard deviation, SLE – systemic lupus erythematosus, SSc – systemic sclerosis, SPA – 
spondylarthritis, SSc –systemic sclerosis. 
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levels, while serum FHR-1 levels were negatively correlated with kidney 
function. Correspondingly, FH levels were shown in a separate study to 
be lower in patients with active AAV compared to those in remission and 
healthy controls (Chen et al., 2015). Circulating levels of FH were also 
shown to negatively correlate with systemic complement activation, 
while FH positively correlates with kidney function in a patient with 
AAV (Chen et al., 2015). Moreover, Irmscher et al. found that with 
increasing FHR-1 serum concentrations, the relapse and death rates 
increased in parallel in AAV (Irmscher et al., 2019), whereas Chen et al. 
reported that higher FH levels were associated with a lower risk of 
kidney failure and death (Chen et al., 2015). Altogether, these results 
suggest that circulating levels of FH and FHR-1 may have significant 
clinical value as prognostic biomarkers in AAV. 

The role of FHR-1 in vasculitis also sparked interest in the role of 
FHR-1 in other vascular disorders such as atherosclerotic cardiovascular 
disease (CVD) (Irmscher et al., 2021). Until recently, no evidence had 

shown that reducing inflammation improves outcomes in patients with 
CVD. However, the CANTOS trial demonstrated that targeting IL-1β 
significantly reduced the recurrent rate of cardiovascular events (Ridker 
et al., 2017). This finding has opened new avenues for other 
anti-inflammatory interventions and validates the clinical use of in
flammatory biomarkers in patients with CVD. The complement system 
has also been suggested to be involved in the pathogenesis of CVD (Kiss 
and Binder, 2022). Accordingly, various complement proteins have been 
proposed as prognostic biomarkers of CVD (Poppelaars et al., 2018, 
2016). Initial reports explored the importance of FH in CVD by 
analyzing the association between CFH polymorphisms and CVD. The 
results have thus far been conflicting: while previously it has been 
suggested to increase the risk of CVD in three large population-based 
studies (Jylhävä et al., 2008; Kardys et al., 2006; Volcik et al., 2008), 
a meta-analysis based on 48,646 individuals implied no or even an in
verse correlation between CFH polymorphisms and CVD (Pai et al., 

Table 3 
FH and FHR levels in kidney diseases.  

Disease Protein Technique 
(Company) 

Matrix Groups Mean/ Median [µg/ 
mL] 

SD/ 
IQR 
[µg/mL] 

N P-value vs 
controls 

Ref. 

aHUS FH In-house 
ELISA #1 
(Abs and calibration 
described) 

Serum Controls A 
Patients B 
Patients C 
Patients D 
Patients E 

Mean 
284 
297 
340 
248 
177 

SD 
66 
122 
141 
128 
77  

40 
24 
11 
111 
13 

– Nozal et al. (2014) 

aHUS FH In-house 
ELISA #2 
(Abs and calibration 
described) 

Serum Controls A 
Patients B 
Patients C 
Patients D 
Patients E 

Mean 
259 
278 
282 
136 
88 

SD 
73 
131 
117 
89 
44  

40 
24 
11 
111 
13 

– Nozal et al. (2014) 

IgAN FH In-house ELISA 
(Abs and calibration 
described) 

Plasma Controls 
No* 
Het 
Hom 
IgAN 
No 
Het 
Hom 
ADPKD 
No 
Het 
Hom 

Mean 
156 
168 
176 
144 
184 
104 
146 
176 
111 

SD 
39 
49 
39 
45 
65 
– 
31 
51 
28  

44 
24 
8 
75 
30 
1 
25 
18 
3 

– 
– 
– 
NS 
NS 
– 
NS 
NS 
NS 

Tortajada et al. 
(2017) 

IgAN FHR-1 In-house ELISA 
(Abs and calibration 
described) 

Plasma Controls 
No* 
Het 
Hom 
IgAN 
No 
Het 
Hom 
ADPKD 
No 
Het 
Hom 

Mean 
122 
61 
8 
155 
116 
– 
158 
91 
– 

SD 
26 
34 
2 
45 
65 
– 
47 
35 
–  

44 
24 
8 
75 
30 
1 
25 
18 
3 

– 
– 
– 
< 0.0001 
< 0.0001 
– 
0.0012 
0.0094 
– 

Tortajada et al. 
(2017) 

aHUS FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum/ 
Plasma 

Controls 
Patients 

Mean 
0.58 
2.06 

SD 
0.26 
1.77  

49 
230 

– 
< 0.0001 

Pouw et al. (2018a,b) 

C3G FHR-5 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
C3GN 
DDD 
IC-MPGN 
all 

Median 
2.1 
1.8 
1.6 
1.8 
1.8 

IQR 
1.8–2.5 
1.5–2.6 
1.4–2 
1.3–2.2 
1.4–2.3  

85 
41 
12 
67 
120 

– 
– 
– 
– 
0.0004 

Garam et al. (2021) 

C3G FHR-5 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Patients 

Median 
5.5 
4.3 

IQR 
3.4–10.1 
1.2–7.4  

13 
23 

– 
0.02 

Vernon et al. (2012) 

Abs – antibodies, ADPKD – autosomal dominant polycystic kidney disease, aHUS – atypical hemolytic uremic syndrome, C3G – C3 glomerulopathy, C3GN – C3 
glomerulonephritis, DDD – dense deposit disease, ELISA – enzyme linked immunoassay, IC-MPGN – immune complex-mediated membranoproliferative glomerulo
nephritis, IgAN - IgA Nephropathy, IQR – interquartile range, N – numbers, *No, Het and Hom refer to the CFHR3-CFHR1Δ genotypes (Het-heterozygote, Hom- 
homozygote), NS – not significant, SD – standard deviation. 
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2007; Sofat et al., 2010). Recently, the homozygous CFHR3–1Δ was 
found to be protective in two independent cohorts of patients with CVD 
(Irmscher et al., 2021). Furthermore, circulating FHR-1 concentrations 
were significantly elevated in patients with CVD compared to healthy 
controls, and correlated with serum CRP, IL-6, and LDL-cholesterol 
levels (Table 2). Thus, these results suggest a potential pathogenic role 
of FHR-1 in CVD as well as being a biomarker to improve risk assessment 
(Irmscher et al., 2021). 

1.4. Kidney disease 

For incompletely understood reasons, the kidney is an organ 
particularly susceptible to complement-mediated damage; the fenes
trated endothelium and the high pressure needed for ultrafiltration are 
likely contributing factors. Common and rare gene variants in comple
ment components of the AP, as well as autoantibodies against its com
ponents, are associated with renal diseases including aHUS, C3 
glomerulopathy (C3G), and IgAN (Goicoechea de Jorge et al., 2018; 
Lemaire et al., 2021; Poppelaars and Thurman, 2020). In this regard, 
alterations involving the FH protein family account for a substantial 
proportion of the risk factors found in these patients, and they encom
pass variations that may either affect protein levels or its function 
(Goicoechea de Jorge et al., 2018; Józsi et al., 2015; Zipfel et al., 2020). 
The next paragraph will discuss the recent data on measuring FH and the 
related proteins in the context of the aforementioned kidney diseases 
(Table 3). 

aHUS is a rare renal disease characterized by thrombocytopenia, 
hemolytic anemia, and acute renal failure. Amongst the complement 
genes that are associated with aHUS, the CFH harbors the highest fre
quency of aHUS-associated mutations (Goodship et al., 2017). Proto
typical aHUS mutations are missense genetic variants located at the 
C-terminus of FH (Merinero et al., 2018). As a result, FH mutants are 
normally expressed, but their function is altered and they show a 
reduced ability to regulate complement activation on cell surfaces 
(Martín Merinero et al., 2021). Hence, despite FH mutations, circulating 
FH levels in aHUS patients are usually within the normal range of 
variation (Nozal et al., 2014). In this case, functional assays to test for FH 
activity are crucial. Besides mutations in CFH, common and rare gene 
variations in the CFHRs have also been associated with aHUS (Goi
coechea de Jorge et al., 2018; Lemaire et al., 2021; Zipfel et al., 2020). 
The common CFHR3–1Δ confers a risk to develop the disease (Zipfel 
et al., 2007). Importantly, this association is due to the occurrence of 
anti-FH antibodies in aHUS patients that are homozygous for the 
CFHR3–1Δ, but the deficiency of FHR-1 and FHR-3 itself is not a risk 
factor for the disease (Józsi et al., 2008). Later studies revealed that 
these FH autoantibodies are specifically associated with the deletion of 
CFHR1, since they are also found in patients with the much rarer 
CFHR1-CFHR4 deletion (Abarrategui-Garrido et al., 2009; Bhattacharjee 
et al., 2015; Moore et al., 2010). Other aHUS-associated mutations in the 
CFHRs lead to the generation of mutant proteins that have a functional 
impact on FH, either by altering FH regulatory activity on cell surfaces 
or by competing with this activity (Martín Merinero et al., 2021). Ex
amples include hybrid genes between CFH and CFHR1 or CFHR3, 
resulting in the exchange of the C-terminus of FH by the C-terminus of 
the corresponding FHR (De Jorge et al., 2018; Heinen et al., 2006; Valoti 
et al., 2015; Venables et al., 2006), or missense mutations at the C-ter
minus of FHR-1, which generate mutant proteins that can compete with 
FH for the binding to C3b deposited on cell surfaces (Martin Merinero 
et al., 2021). Interestingly, aHUS-associated FH or FHR mutations do not 
generally affect protein levels, however, it has been shown that the 
variation of circulating levels of some FH family members may be 
crucial in determining aHUS susceptibility. For instance, an extended 
haplotype spanning CFH and CFHR3, namely CFH-H3, confers a risk to 
develop aHUS and is particularly relevant in increasing the penetrance 
of the disease in carriers of FH mutations (Pouw et al., 2018b). Inter
estingly, the CFH-H3 haplotype has been reported to be associated with 

low FH and high FHR-3 plasma levels, and elevated FHR-3 plasma levels 
have been observed in aHUS patients compared with controls (Pouw 
et al., 2018b). Altogether, these observations suggest that, in addition to 
low levels of FH, elevated FHR-3 levels may also be helpful to assess 
disease risk for aHUS, although their involvement in the pathogenesis of 
aHUS remains unknown. 

C3 glomerulopathy is a heterogeneous group of renal diseases 
characterized by the predominant deposition of glomerular C3. About 
50% of the patients have a poor prognosis and progress to kidney failure 
eventually (Goodship et al., 2017; Pickering et al., 2013). Pathogenic 
gene variants in either CFH or the CFHRs have also been found in C3G 
patients. CFH variants leading to null alleles or variants that abrogate 
the regulatory activities of FH at the N-terminus of the molecule are 
amongst the commonest pathogenic variants found in the patients (de 
Córdoba, 2016; Goodship et al., 2017; Licht et al., 2006). This type of 
alterations, when in homozygosity, cause secondary C3 deficiency 
(Dragon-Durey et al., 2004; Levy et al., 1986). In this scenario, 
measuring FH levels is extremely informative and helps to identify the 
null alleles. Genomic rearrangements involving the CFHRs are also 
associated with C3G, which clearly illustrates the relevance of these 
proteins in the disease pathogenesis (Goicoechea de Jorge et al., 2018; 
Lemaire et al., 2021; Zipfel et al., 2020). Of note, FHR-1, FHR-2, and 
FHR-5 can dimerize due to the presence of a dimerization domain in 
their N-terminus (Goicoechea De Jorge et al., 2013). These FHRs can 
consequently form both homodimers and heterodimers, which have 
been suggested to impact their functionality (Goicoechea De Jorge et al., 
2013; van Beek et al., 2017). Mutations that lead to duplication of the 
dimerization domains in FHR-1, FHR-2, and FHR-5 are prototypical of 
C3G, and these do not generally affect protein levels but act as 
gain-of-function mutations that challenge the regulatory activity of FH 
by promoting excessive complement activation through the AP (Goi
coechea De Jorge et al., 2013; Tortajada et al., 2013). Hence, suitable 
functional assays would be recommended to test this type of mutations. 
Apart from these gain-of-function mutations, alterations in circulating 
levels of the FHRs also seem to be relevant in C3G. Several studies 
identified genomic rearrangements leading to the duplication of 
CFHR3-CFHR1 in C3G patients, suggesting that increased FHR-3 and 
FHR-1 levels are risk factors (Loeven et al., 2021; Piras et al., 2021). 
Moreover, low circulating FHR-5 levels in C3G patients compared with 
controls have been reported in two independent studies (Garam et al., 
2021; Vernon et al., 2012). Interestingly, low FHR-5 levels at presen
tation were associated with high evidence of complement activation and 
with better renal survival during the follow-up period (Garam et al., 
2021). These lower FHR-5 levels in C3G patients are more likely to be 
due to consumption, rather than being genetically driven. Although the 
exact reasons for this are still unknown, these data suggest that 
measuring circulating FHR-5 may be useful for monitoring complement 
activation and for patient stratification. 

IgAN is the most common primary glomerulonephritis worldwide 
and a frequent cause of chronic kidney disease. Although some patients 
may recover their renal function almost completely, up to 40% of the 
patients progress to chronic kidney disease and even kidney failure. The 
involvement of complement in IgAN comes from the observations that 
C3 is observed in both circulating immune-complexes and because C3 
co-localizes with glomerular deposits containing IgA (Poppelaars et al., 
2021a). A decade ago, genome-wide studies identified the CFHR3–1Δ to 
be associated with strong protection for the development of IgAN, 
supporting the involvement of AP dysregulation in the disease patho
genesis and putting the FH protein family in the spotlight (Gharavi et al., 
2011; Kiryluk et al., 2014, 2012). Further mechanistic studies demon
strated in IgAN patients the CFHR3–1Δ was associated with lower 
mesangial deposition of C3, increased circulating levels of C3 and FH, 
reduced systemic complement activation as well as improved histologic 
markers of kidney injury (Jullien et al., 2018; Xie et al., 2016; Zhu et al., 
2015). Consistent with these findings, IgAN patients present with 
abnormally elevated FHR-1 plasma levels as well as increased FHR-1/FH 
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ratios compared to controls (Medjeral-Thomas et al., 2017; Tortajada 
et al., 2017). Notably, the highest FHR-1 levels or FHR-1/FH ratios were 
found in IgAN patients with disease progression. Interestingly, some 
patients presented low FH levels, of which some were carriers of a CFH 
pathogenic variant (Tortajada et al., 2017). In addition to the elevated 
FHR-1 levels, FHR-5 levels have also been reported to be significantly 
increased in IgAN patients compared to controls and, importantly, 
FHR-5 has also been identified as an independent risk factor of IgAN 
progression (Medjeral-Thomas et al., 2017; Zhu et al., 2018). Altogether, 
these observations illustrate the relevance of the balance between the 
levels of FH and the FHRs in IgAN pathogenesis and suggest that either 
increased FHRs levels or a decrease in FH are risk factors for the disease 
development and progression. 

1.5. Eye disease 

Among all the research conducted on levels of the FH protein family 
so far, the most extensively studied disease is age-related macular 
degeneration (AMD), and the clinical utility of these measurements in 
AMD are becoming extremely compelling. AMD is a multifactorial 
ophthalmic disease that causes retinal degeneration in the elderly. As for 
the other diseases discussed above, the importance of the FH protein 
family became apparent through genetic studies in AMD. In 2005, three 
independent studies demonstrated that an SNP in CFH substantially 
contributed to the susceptibility of AMD (Edwards et al., 2005; Haines 
et al., 2005; Klein et al., 2005). This polymorphism (rs1061170, T > C, 
Y402H) results in a tyrosine to histidine change in CCP 7 of FH, the 
domain involved in FH binding to various surfaces. Consequently, rather 
than altering FH concentrations, this polymorphism is believed to 
impact the binding affinity of FH to certain ligands (Toomey et al., 
2018). Since then, other studies have identified novel genetic risk factors 
for AMD in the regulators of complement activation (RCA) locus, which 
includes the CFH and the CFHRs (Cantsilieris et al., 2018; Fritsche et al., 
2010). More specifically, GWAS identified the CFHR3–1Δ as protective 
against AMD (Hughes et al., 2006). In contrast, later studies showed that 
rare variants in CFHR2, CFHR4, and CFHR5 were associated with an 
increased AMD risk (Lorés-Motta et al., 2021, 2018a). These genetic 
association studies have established the FH protein family as a main 
driver of disease and these proteins are now being turned into useful 
novel biomarkers for the stratification of disease risk. 

Multiple studies have examined the systemic levels of various 
members of the FH protein family in AMD using in-house ELISAs 
(Table 4). Hakobyan et al. assessed the levels of FH in an AMD case- 
control series and found no difference in systemic FH levels for AMD 
cases compared to controls (Hakobyan et al., 2008). This was supported 
by later studies that reported no significant differences in FH levels in 
AMD cases compared to controls (Ansari et al., 2013; Cipriani et al., 
2021, 2020; Lorés-Motta et al., 2021). In addition to FH, circulating 
levels of FHRs have also been investigated as risk factors and prognostic 
biomarkers in AMD. The work by Ansari et al. was the first to measure 
plasma FHR-1 levels in AMD patients using once again an in-house ELISA 
(Ansari et al., 2013). They observed decreased concentrations of FHR-1 
in the AMD case versus the control samples. In contrast, more recent 
work reported increased FHR-1 and FHR-2 levels in AMD patients 
compared to controls (Cipriani et al., 2021; Lorés-Motta et al., 2021). 
These differences could be explained by cross-reactivities described for 
the Ansari et al. ELISA with FHR-2 and FHR-5, which was compensated 
by mathematical normalizations (Ansari et al., 2013). These cross re
activities were not reported for the other assays (Cipriani et al., 2021, 
2020; Lorés-Motta et al., 2021). Lorés-Motta et al. therefore specifically 
addressed this point and determined the levels of the FHR-1 hetero- and 
homodimers, showing also rather increased concentrations in AMD pa
tients (Lorés-Motta et al., 2021). Additionally, FHR-1/− 2 homo- as well 
as heterodimers were shown to be associated with an increased risk for 
advanced AMD (Lorés-Motta et al., 2021). Furthermore, two indepen
dent studies demonstrated that serum levels of FHR-3 are increased in 

AMD patients, which fits with the observation that the CFHR3–1Δ is 
protective against AMD (Lorés-Motta et al., 2021; Schäfer et al., 2016). 
The results of FHR-3 levels using ELISA approaches in AMD were later 
confirmed by mass-spectrometry measurements that revealed similar 
plasma concentration ranges in healthy controls and AMD patients 
(Cipriani et al., 2021). Interestingly, the importance of CFHR4 in AMD 
was discovered through unbiased GWAS approaches (Lorés-Motta et al., 
2018b). Lorés-Motta et al. discovered that variants in CFH and CFHR4 
impacted the extent of systemic complement activation seen in AMD 
patients (Lorés-Motta et al., 2018b). In their follow-up study using two 
different cohorts, they found elevated systemic FHR-4 levels in AMD 
patients and this was shown to be genetically driven (Cipriani et al., 
2020). Moreover, levels of FHR-4 are positively associated with the risk 
of AMD (Cipriani et al., 2020). These results corresponded to later re
ported concentrations determined by a different in-house ELISA and 
mass spectrometry approach (Cipriani et al., 2021; Lorés-Motta et al., 
2021). Additionally, the same investigators described that FHR-5 levels 
were slightly increased in AMD patients (Cipriani et al., 2021; Lorés-
Motta et al., 2021). In sum, these studies indicate that increased sys
temic levels of the FHR proteins, but not of FH, are a major risk factor for 
the development of AMD. 

In addition to plasma/serum measurements, there has also been an 
interest in local levels of complement in ophthalmic disease (Smith 
et al., 2022). Detection of the complement proteins in eye liquids, such 
as tears, vitreous and aqueous humor could provide further insight into 
the contribution of complement to AMD. In the healthy retina, CFH 
expression was described for retinal, choroidal as well as pigment 
epithelium cells, while CFHR transcripts were only weakly detected in 
retinal cells and hardly detected in the pigment epithelium cells and the 
choroid (Lyu et al., 2021). Recently, FH concentrations were measured 
in aqueous humor of neovascular AMD patients and shown to be 
significantly increased compared to controls (Altay et al., 2019). How
ever, elevated FH levels were not observed in early or intermediated 
AMD. A later study confirmed these results in another cohort of early 
AMD (Sitnilska et al., 2021). So far, FHRs haven’t been reported for 
vitreous, aqueous humor, or tears, but this could be of major interest. 
Lastly, the role of the complement system has been implicated in various 
other ocular diseases namely autoimmune uveitis, glaucoma, and dia
betes retinopathy and myopia, but the involvement of the FH protein 
family has thus far not been investigated (Bansal and Gupta, 2020; Clark 
and Bishop, 2018; Fiedorowicz et al., 2021; García-Gen et al., 2021; Gui 
et al., 2020; Jha et al., 2007; Rajagopal et al., 2021; Sundstrom et al., 
2018; Torok et al., 2013; Youngblood et al., 2019; Zhang et al., 2020). 

1.6. Infectious disease 

Another disease area in which the FH protein family plays an 
important role and measurement of their levels is highly relevant, albeit 
likely not for diagnostics purposes per se, is infectious diseases. The 
studies outlined above show that the role of complement in homeostatic 
processes and diseases is increasingly recognized, but it is still primarily 
viewed as a defense system protecting its host from various life- 
threatening microbes. The destructive capabilities of complement 
formed a constant evolutionary pressure for human pathogens. Today, 
this is testified by the numerous complement evasion strategies mi
crobes employ to evade complement-mediated destruction upon infec
tion (reviewed by Hovingh et al., 2016; Lambris et al., 2008). This 
includes secreting complement inhibiting proteins (Jongerius et al., 
2007), as well as mimicry of host regulators (McKenzie et al., 1992; 
Rosengard et al., 2002). Pathogens also exploit the human complement 
regulators, hijacking them to evade complement-mediated destruction. 
With FH as the main regulator of the AP and the amplification feedback 
loop within cascade, and circulating freely in our bloodstream, it is not 
surprising many human pathogens can bind FH to their surface to evade 
complement-mediated destruction (reviewed by Moore et al., 2021). 
Binding of human FH for complement evasion purposes has been 
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Table 4 
FH and FHR levels in eye diseases.  

Disease Protein Technique 
(Company) 

Matrix Groups Mean/ 
Median 
[µg/mL] 

SD/ 
Range/CI 
[µg/mL] 

N P-value vs 
controls 

Ref. 

AMD FH In-house ELISA 
(Abs and calibration 
described) 

Plasma Controls 
(young) 
Controls (aged) 
AMD 

Mean 
222.24 
268.69 
287.84 

Range 
135.54–349.27 
83.05–398.38 
120.49–498.76  

63 
75 
53 

– 
– 
NS 

Hakobyan et al. (2008) 

AMD FH In-house ELISA Plasma Controls 
AMD 

Mean 
428.3 
412.6 

Range 
302.2–541.6 
127.8–540.2  

201 
382 

– 
< 0.001 

Ansari et al. (2013) 

AMD FH In-house ELISA Serum Controls 
Advanced AMD 

Median 
305 
304.25 

IQR 
355.62–261.00 
352.37–252.25  

202 
216 

0.847 Lorés-Motta et al. 
(2021)# 

AMD FH LC-SRM-MS Plasma Controls 
AMD 

Mean1 

114 
114 

Range1 

111–117 
112–116  

252 
352 

– 
NS 

Cipriani et al. (2021) 

AMD FH In-house ELISA Plasma 
Serum/ 
Plasma 

Controls 1 
AMD 1 
Control 2 
AMD 2 

Mean 
349 
348.6 
304.7 
308.7 

CI 
338.9–359.4 
340.2–357.2 
297.3–312.2 
298.0–319.8  

214 
304 
308 
180 

– 
NS 
– 
NS 

Cipriani et al. (2021) 

AMD FH Commercial Multiplex- 
ELISA 
(Merck) 

Aqueous 
humor 

Controls 
AMD 

Median 
0.045 
0.065 

–  71 
35 

– 
NS 

Sitnilska et al. (2020) 

AMD FH Commercial Multiplex- 
ELISA 
(Merck) 

Aqueous 
humor 

Controls 
early AMD 
interm. AMD 
CNV 

Mean 
0.068 
0.123 
0.136 
0.117 

SD 
0.082 
0.176 
0.227 
0.091  

77 
17 
27 
35 

– 
NS 
NS 
0.018 

Altay et al. (2019) 

AMD FHL-1 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

0.51 
0.55 

Range1 

0.49–0.53 
0.54–0.57  

252 
352 

– 
1.4 × 10-3 

Cipriani et al. (2021) 

AMD FHR-1 In-house ELISA Plasma Controls 
AMD 

Mean 
0.99 AU 
0.94 AU 

Range 
0.99–1.7 AU 
0.34–1.48 AU  

201 
382 

– 
< 0.001 

Ansari et al. (2013) 

AMD FHR-1 In-house ELISA Serum Controls 
Advanced AMD 

Median 
15.82 
20.64 

IQR 
22.59–11.32 
24.06 15.33  

202 
216 

1.84 × 10-6 Lorés-Motta et al. 
(2021) 

AMD FHR-1 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

1.15–1.31 
1.42–1.61 

Range1 

1.09–1.38 
1.37–1.67  

252 
352 

– 
2.1 × 10-10 

Cipriani et al. (2021) 

AMD FHR-2 In-house ELISA Serum Controls 
Advanced AMD 

Median 
2.95 
3.77 

IQR 
3.89–2.41 
4.63–2.76  

119 
213 

1.47 × 10-4 Lorés-Motta et al. 
(2021)# 

AMD FHR-2 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

1.1–1.3 
1.3–1.6 

Range1 

1.03–1.38 
1.28–1.66  

252 
352 

– 
1.9 × 10-9 

Cipriani et al. (2021) 

AMD FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
(young) 
CNV 

Mean 
1.06 
1.83 

Range 
0.41–2.49 
0.63–4.36  

21 
22 

– 
< 0.1 

Schäfer et al. (2016) 

AMD FHR-3 In-house ELISA Serum Controls 
Advanced AMD 

Median 
0.62 
0.88 

IQR 
0.98–0.36 
1.21–0.60  

202 
216 

1.05 × 10-6 Lorés-Motta et al. 
(2021)# 

AMD FHR-3 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

0.89–1.21 
1.07–1.45 

Range1 

0.8–1.33 
1–1.54  

252 
352 

– 
4.4 × 10-5 

Cipriani et al. (2021) 

AMD FHR-4 In-house ELISA Plasma 
Serum/ 
Plasma 

Controls 1 
AMD 1 
Control 2 
AMD 2 

Mean 
5.5 
6.6 
6.0 
7.2 

CI 
4.9–6.2 
6.0–7.2 
5.6–6.3 
6.6–7.8  

214 
304 
308 
180 

– 
0.016 
– 
1.7 × 10-4 

Cipriani et al. (2020) 

AMD FHR- 
4A 

In-house ELISA Serum Controls 
Advanced AMD 

Median 
3.00 
3.32 

IQR 
3.93–2.04 
4.36–2.24  

202 
216 

0.012 Lorés-Motta et al. 
(2021)# 

AMD FHR-4 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

1.98–3.96 
2.31–4.63 

Range1 

1.84–4.27 
2.17–4.91  

252 
352 

– 
2.1 × 10-3 

Cipriani et al. (2021) 

AMD FHR-5 In-house ELISA Serum Controls 
Advanced AMD 

Median 
1.54 
1.58 

IQR 
1.82–1.31 
1.89–1.37  

202 
216 

0.052 Lorés-Motta et al. 
(2021)# 

AMD FHR-5 LC-SRM-MS Plasma Controls 
AMD 

Mean1 

1.66 
1.81 

Range1 

1.59–1.72 
1.76–1.88  

252 
352 

– 
1.9 × 10-4 

Cipriani et al. (2021) 

Abs – antibodies, AMD – age-related macular degeneration, CI – confidence interval, CNV – choroidal neovascularization, ELISA – enzyme linked immunoassay, 
interm. – intermediated, LC-SRM-MS – liquid-chromatography-selected reaction-monitoring mass-spectrometry, N – numbers, NS – non-significant, IQR- inter-quartile 
range1, SD – standard deviation/ 1 numbers are reported as nM converted into µg/mL (supplementary data). 
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described for viruses such as West Nile virus (Kyung et al., 2006), 
various parasites including Plasmodium falciparum (Kennedy et al., 2016; 
Rosa et al., 2016; Simon et al., 2013), and a wide range of bacteria, with 
Neisseria meningitidis likely being the most infamous within the field 
(Madico et al., 2006; Schneider et al., 2006). Binding of FH by pathogens 
confers its normal complement regulatory function to their surface. One 
of the FH-binding proteins of Streptococcus pneumoniae, PspC, is even 
reported to enhance the regulatory capacity of FH upon binding (Her
bert et al., 2015), presumably to further increase its survival chances in 
the host. Thus, with many pathogens exploiting human FH, genetic 
variations in the CFH locus and the plasma concentration of FH are 
associated with the risk of infections (Table 5) (Davila et al., 2010; 
Haralambous et al., 2006; Martinón-Torres et al., 2016; Pastor et al., 
2013; van Beek et al., 2018). While lower levels of FH seem to be pro
tective against infection, too low FH levels would result in inadequate 
control of the C3 tick-over, leading to C3 consumption and 

complement-mediated damage to host tissues. Likewise, increased FH 
levels protect the host from complement-mediated damage to its tissues, 
but aid the pathogen in evading complement-mediated destruction 
(Kasanmoentalib et al., 2019; Van Der Maten et al., 2016). 

The FH-binding proteins of pathogens often target the CCPs of FH 
that would normally interact with ligands on human surfaces, such as 
CCP 6–7 or CCP 19–20. As all five FHRs also contain domains similar to 
CCP 6–7 and CCP 19–20 of FH, albeit to a different extent, several 
pathogens are also described to recruit FHRs to their surface via their 
FH-binding proteins (Józsi, 2017). For instance, Borrelia burgdorferi ex
presses complement regulator-acquiring surface proteins (CRASPs) that 
recruit FH through the binding to CCP 19–20 and are also reported to 
bind FHR-1, FHR-2 and FHR-5 (Haupt et al., 2007; Siegel et al., 2010). 
Similar, Staphylococcus aureus recruits both FH and FHR-1 by binding 
to Staphylococcus aureus binder of IgG (Sbi), mediating immune 
recognition (Haupt et al., 2008). In contrast, the FH-binding protein of 

*”Abs and calibration described” – further information are available or referenced regarding the specificity of the used antibodies and/or the assay. 
# The data has been obtained via personal communication from Prof. Dr. Y. Lechanteur and Dr. L. Lóres-Motta, The Radboud University Medical Centre, Nijmegen, 
Netherlands. 

Table 5 
FH and FHR levels in infectious diseases.  

Disease Protein Technique 
(Company) 

Matrix Groups Median/ Mean 
[µg/mL] 

Range/ 
IQR 
[µg/mL] 

N P-value vs 
controls 

Ref. 

MD FH In-house ELISA Serum Controls 
Acute 
Convalescent 

Median 
313 
223 
395 

Range 
31–953 
47–601 
94–776  

147 
105 
89 

– 
NS 
0.001 

Haralambous et al. 
(2006) 

MD FH In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
282 
131 
295 

IQR 
238–326 
109–181 
234–320  

110 
106 
91 

– 
– 
NS 

van Beek et al. (2022) 

Bacterial 
meningitis 

FH Commercial ELISA 
(Quidel) 

CSF Controls 
Patients 

Median 
1.12 
11.27 

IQR 
0.93–1.55 
6.62–15.86  

18 
362 

– 
< 0.001 

Kasanmoentalib et al. 
(2019) 

Malaria FH In-house ELISA 
(Abs and calibration 
described) 

Plasma Controls 
Uncom. 
malaria 
Severe 
malaria 

Mean 
257 
288 
328 

95% CI 
250–264 
268–309 
313–344  

173 
67 
82 

– 
0.0016 
< 0.0001 

van Beek et al. (2018) 

Sepsis FH Commercial ELISA 
(Hycult) 

Plasma Controls 
Survivors 
Non-survivors 

Median 
114.8 
104.8 
70 

IQR 
100.00–158.80 
68.80–124.20 
51.20–97.60  

10 
44 
18 

– 
NS 
0.001 

Shimizu et al. (2021) 

MD FHR-1/ 
1 

In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
11.36 
5.59 
11.85 

IQR 
7.39–14.26 
3.96–8.07 
7.50–14.48  

110 
104 
89 

– 
– 
NS 

van Beek et al. (2022) 

MD FHR-1/ 
2 

In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
5.40 
2.59 
5.39 

IQR 
3.92–7.01 
1.81–3.53 
3.99–6.90  

110 
104 
89 

– 
– 
NS 

van Beek et al. (2022) 

MD FHR-2/ 
2 

Imputed from FHR-1/1 & 
FHR-1/2 data 

Serum Controls 
Acute 
Convalescent 

Median 
0.64 
0.28 
0.78 

IQR 
0.40–1.11 
0.19–0.47 
0.41–0.98  

110 
104 
89 

– 
– 
NS 

van Beek et al. (2022) 

MD FHR-3 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
0.57 
0.30 
0.69 

IQR 
0.38–0.80 
0.20–0.50 
0.48–0.98  

110 
104 
89 

– 
– 
NS 

van Beek et al. (2022) 

MD FHR-4A In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
0.91 
1.07 
2.16 

IQR 
0.48–1.50 
0.63–1.49 
1.35–3.46  

110 
106 
91 

– 
– 
< 0.0001 

van Beek et al. (2022) 

MD FHR-5 In-house ELISA 
(Abs and calibration 
described) 

Serum Controls 
Acute 
Convalescent 

Median 
1.23 
0.58 
1.23 

IQR 
0.92–1.47 
0.37–0.88 
0.92–1.55  

110 
106 
91 

– 
– 
NS 

van Beek et al. (2022) 

Abs – antibodies, CSF – cerebrospinal fluid, ELISA – enzyme linked immunoassay, IQR – interquartile range, MD - Meningococcal disease, NS – non-significant, SD – 
standard deviation, uncom. – uncomplicated 
*”Abs and calibration described” – further information are available or referenced regarding the specificity of the used antibodies and/or the assay. 
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N. meningitidis binds CCP 6–7 of FH and consequently also CCP 1–2 of 
FHR-3 (Caesar et al., 2014; Schneider et al., 2009). As the FHRs lack 
direct complement inhibiting activity in contrast to FH, it is tempting to 
hypothesize that the recruitment of FHRs by pathogens pre-disposes the 
pathogen for complement-mediated clearance (Józsi et al., 2015). 
Consequently, local competition between FH and FHRs is thought to 
determine the success of infection. Therefore, accurately determining 
the levels of FHRs and more importantly the physiological ratio between 
FH and the relevant FHR in plasma is highly needed to assess if such 
competition truly occurs in vivo and indeed dictates susceptibility to
wards infection. The first specific measurement of FH and all FHRs in an 
infectious disease has only recently been reported, namely in menin
gococcal disease (MD) (Table 5) (van Beek et al., 2022). 

The causing agent of MD, N. meningitidis, is the archetypical example 
of the need for pathogens to evade complement-mediated destruction 
that would otherwise protect against infection. This is demonstrated by 
the recurrent N. meningitidis infections that occurs in patients with de
ficiencies in components of the terminal complement pathway (Rosain 
et al., 2017). N. meningitidis evades complement by expressing various 
proteins capable of binding FH, with FH-binding protein (fHbp) being 
the most well-known (Welsch and Ram, 2008). Meningococcal fHbp 
binds FH at CCP 6–7, mimicking the binding as it would occur on human 
cells (Schneider et al., 2009). In 2010, a genome-wide association study 
(GWAS) not only identified SNPs in the CFH gene to associate with MD 
susceptibility but also an SNP in CFHR3 (Davila et al., 2010). As FHR-3 
CCP 1–2 have the highest similarity with FH CCP 6–7 among the FHRs 
(91% and 85% similarity, respectively), it was hypothesized that fHbp 
also recruits FHR-3 to the meningococcal surface. Indeed, this was 
confirmed in a later study, demonstrating competition between FH and 
FHR-3 on fHbp at equal molar concentrations (Caesar et al., 2014). 
FHR-3 decreased the in vitro survival of N. meningitidis in human serum 
due to increased complement-mediated killing of the bacteria. While 
this model seems highly probable, some questions remain. For instance, 
the relatively common CFHR3–1Δ has not been reported to predispose 
for MD to date, despite the lack of the proposed protective FHR-3. More 
importantly, the recent measurements of FH and FHRs in MD patients 
revealed that the ratio between FH and FHR-3 is closer to a 100-fold 
difference (1.90 µM FH versus 0.019 µM FHR-3, considering an molec
ular weight of 155 and 36 kDa, respectively) instead of close to equal 
molar levels (van Beek et al., 2021). This challenges the proposed role of 
FHR-3 as a relevant in vivo competitor of FH for binding to fHbp, as at 
physiological levels and taking into account differential binding affin
ities of fHbp for FH and FHR-3, the majority of fHbp is likely still binding 
FH and thus conferring protection to the meningococci (Fig. 1). This 

highlights the pressing need to measure FHRs in other infectious dis
eases in which the FH:FHR ratio is thought to be of great clinical 
importance. The recent work of van Beek et al. in acute MD also reveals a 
major challenge when measuring FH and FHR proteins in patients dur
ing an infectious disease (van Beek et al., 2021). Ideally, measurements 
are done during the acute stage of disease, to determine any possible 
consumption of FH or FHRs by the bacteria, and any relevant shifts in 
the balance within the FH protein family. However, the interpretation of 
such measurements is greatly confounded by complications such as loss 
of kidney function or treatments including administration of fluids 
during this acute stage. Measurements of samples after convalescence 
will not elucidate the status of the FH protein family during the infec
tion, but will rather shed light on possible underlying (genetic) sus
ceptibility risks caused by altered baseline levels. 

2. The current landscape of complement testing in the clinical 
laboratory 

The complexity of the complement system becomes apparent when 
looking at the options for complement analysis (Willrich et al., 2021). 
Complement testing can be divided into five general categories: (1) 
measurements of complement proteins, (2) levels of activation frag
ments or complexes formed during activation, (3) assessment of func
tionality, (4) testing for auto-antibodies against complement proteins, 
and (5) identification of mutations or disease-associated genetic variants 
of complement genes. Every category as well as every individual assay 
comes with its own set of challenges (Bomback et al., 2022; Frazer-Abel 
et al., 2021; Willrich et al., 2021). For example, to accurately assess 
plasma levels of activation fragments, correct sample acquisition, 
handling and storage are vital to prevent ex-vivo complement activation, 
that would otherwise lead to incorrect results (Mollnes et al., 1988; Yang 
et al., 2015). Furthermore, clinical analysis of the complement system 
requires multiple and preferably orthogonal tests to cover the whole 
system and to ensure correct interpretation. For example, low functional 
levels can be caused by a genetic complement deficiency, but this can 
also be the consequence of complement consumption due to massive 
activation (Bomback et al., 2022; Frazer-Abel et al., 2021; Willrich et al., 
2021). Despite the growing and unmistakable importance of these an
alyses, the number of complement tests routinely performed in clinical 
practice is limited. In addition, specialized complement-testing labora
tories are rare and not present in every region/country. Moreover, as
says for measuring FHRs as biomarkers in a clinical setting are neither 
commercially available nor standardized. Extensive efforts by the IUI
S/ICS Committee for the Standardization and Quality Assessment in 

Fig. 1. Theoretical occupation of fHbp by FHR-3 considering various concentration ratios and binding affinities of fHbp variants. (A) Graphical representation of the 
results obtained by applying the reported physiological molar levels (green line) for FHR-3 and FH in MD patients in the theoretical model proposed by Caesar et al. 
to calculate the % of fHbp occupied by FH (Caesar et al., 2014; van Beek et al., 2022). Graph adjusted from by Caesar et al., the red (theoretical equal concentration) 
and blue line (theoretical FHR-3 concentration half of FH) were previously proposed by Caesar et al., the gray area’s indicate the ratios of KD (FH/FHR-3) for variant 
1, 2 and 3 of fHbp, as reported by Caesar et al. (B) Theoretical % of fHbp occupied by FHR-3 resulting from the model of by (Caesar et al., 2014) for three fHbp 
variants, and applying a theoretical equal and half concentrations of FHR-3 compared to FH, and the physiological ratio between FH and FHR-3 as measured by van 
Beek et al. (2021). *fHbp variants were selected based on those tested in Caesar et al., applying the reported affinities for FHR-3 CCP 1–2 and FH CCP 6–7. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Complement Measurements have greatly improved the standardization of 
complement testing among research and clinical laboratories 
(Prohászka et al., 2016). Unfortunately, within the FH protein family, 
only serum measurements of FH are included in their standardization 
activities. However, this will hopefully change as measurements of the 
related proteins gain in popularity and commercial assays become 
readily available. 

3. The future of clinical analysis for the factor H protein family 

The clinical utility of measuring levels of FH and FHRs has the po
tential to assist in the risk assessment, prognosis, and diagnosis of dis
eases. Based on the data discussed above, their measurements could 
already help assess the disease risk of aHUS, AMD, and CVD, as well as 
improve prognostication of C3G, IgAN, and vasculitis. This information 
could thus help doctors identify individuals who are at risk for disease or 
complications and help guide personalized interventions which can 
improve patients’ clinical outcomes. Albeit this fundamental under
standing is known, significant knowledge gaps still impede any analysis 
for clinical use. For example, it is not yet known, whether quantification 
of all members of the FH protein family simultaneously is needed or if 
focusing on individual proteins is sufficient for certain diseases. Never
theless, various studies have demonstrated the context-dependent roles 
of the different members of the FH protein family in complement- 
associated diseases. Furthermore, in diseases such as IgAN and MD, 
the balance between the levels of FH and FHRs has been shown to be of 
importance (Tortajada et al., 2017; van Beek et al., 2021). Besides, 
functional analysis might be even more informative for other diseases 
such as aHUS and C3G. Ideally, clinical analysis of the FH protein family 
should therefore include orthogonal approaches that quantify protein 
concentrations, assess protein functionality and perhaps total comple
ment activity. This can be accomplished by quantifying specific proteins, 
simultaneous multiplexed analysis (Prohászka and Frazer-Abel, 2021), 
and possibly also determining a sum parameter of the concentration of 
the entire FH protein family through traditional immunoassay strategies 
or proteomics approaches (Cipriani et al., 2021). Like in any quantita
tive immunoassay, the homology of these proteins makes antibody 
development very challenging as cross-reactivity has to be avoided 
(Poppelaars et al., 2021b). However, it has been demonstrated in recent 
years that it is feasible to develop highly-specific assays for individual 
FH protein family members (Pouw et al., 2018a, 2016; van Beek et al., 
2017). In addition, it is of vital importance that future assays, designed 
and approved for clinical analyses of the FH protein family meet key 
requirements and are standardized and validated for robustness, speci
ficity, sensitivity, and are easy-to-use and cost-effective. Importantly, 
there are first indications for the potential of robust assay development 
as Pouw et al.’s recent work suggests that sample handling and storage 
may not pose significant challenges. FHR-3 and FHR-4A levels in plasma 
and serum did not differ, nor were they impacted by repeated freeze/
thaw cycles (Pouw et al., 2018a, 2016). This suggests that measuring 
FHRs could be easier than assessing complement activation fragments. 
However, it should be noted, that, analysis of the FH protein family 
would not replace other complement testing, but instead add to current 
complement analysis. Nevertheless, these technical aspects need to be 
further evaluated and monitored to set assay specifics such as (but not 
limited to): the limit of blank, the limit of detection, the limit of quan
titation, linearity, precision, and interference/matrix effects and 
batch-to-batch variation. In addition, unified protocols are needed for 
pre-analytical sample handling, including collection, processing, and 
storage thereby allowing a better comparison of test results between 
laboratories (Prohászka et al., 2018). Subsequently, each assay needs to 
be validated for each intended disease or condition by performing ac
curacy and cutoff studies using certified reference tests. Measuring 
levels of the FH protein family has most extensively been studied in 
patients with AMD, while the use of these measurements in other dis
eases is still in its infancy. For example, although proteomics studies in 

different types of cancer have identified FHRs as potential diagnostic 
and prognostic biomarkers, larger studies are needed to confirm these 
results. Overall, standardized clinical assays for the FH protein family 
are required for both fundamental studies and clinical applications. 

4. Therapeutic directions 

FH and FHRs could not only help as diagnostic and prognostic bio
markers, but could also form targets for disease-directed therapeutic 
approaches. Moss-produced recombinant human FH and mini-FH con
structs have already been shown to be effective in different disease 
models, such as C3G and aHUS (Hebecker et al., 2013; Kamala et al., 
2021; Michelfelder et al., 2017; Nichols et al., 2015). Recombinant FH 
protein GEM103 is already in clinical trials for AMD treatment 
(NCT04684394), whereas a potentiating antibody against FH (GEM307) 
is currently being evaluated in preclinical phase for aHUS (Dekkers 
et al., 2020; Pouw et al., 2019). Recombinant FH along with IgG proteins 
have also been considered as complementary treatment strategies in 
streptococcal-associated multidrug-resistant bacterial infections 
(Shaughnessy et al., 2021). In contrast, therapeutic targeting of the FHRs 
has only recently been considered. Various therapeutic approaches have 
been proposed, such as regulating systemic levels of FHRs by using 
specific antibodies, by regulating their hepatic synthesis or by the use of 
sequestering agents, but these strategies have not been tested in exper
imental settings (Chen et al., 2016; Cipriani et al., 2020; 
Medjeral-Thomas et al., 2017). Nevertheless, Schäfer and colleagues 
developed a specific monoclonal antibody against FHR-3 that can 
modulate its binding to C3b, thereby regulating FHR-3 deposition on the 
retina (Schäfer et al., 2016). In another study, gene therapy was used for 
a fusion homo-dimeric construct of human mini-FH and a murine FHR, 
that was then shown to reduce complement dysregulation in vivo in a 
mouse model of C3G (Kamala et al., 2021). Hence, the therapeutic tar
geting of FHRs still remains esoteric and is still in its early stages. 

5. Conclusion 

Altogether, these initial findings suggest that there is a great need, 
but also a great opportunity in the development of clinical assays for the 
FH protein family in various diseases. Simultaneous determination of 
levels and ratios for the entire protein family across different disease 
groups in validated assays and larger, diverse patient cohorts will pro
spectively demonstrate the path of the FH protein family into the clinic. 
It will advance understanding of the associated pathophysiology and 
help clinicians build consensus for the management of patients suffering 
from associated diseases. Our review has stockpiled the characteristics 
of the FH protein family by bringing available data on circulating con
centrations of this family in one place as well as emphasized the 
knowledge gaps on which the future of more precise complement di
agnostics could be built on and aid to advance therapeutics. 
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Nordmark, G., Sturfelt, G., Blom, A.M., 2011. Mutations in genes encoding 
complement inhibitors CD46 and CFH affect the age at nephritis onset in patients 
with systemic lupus erythematosus. Arthritis Res. Ther. 13, R206. https://doi.org/ 
10.1186/ar3539. 
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Córdoba, S.R., 2013. C3 glomerulopathy-associated CFHR1 mutation alters FHR 
oligomerization and complement regulation. J. Clin. Investig. 123, 2434–2446. 
https://doi.org/10.1172/JCI68280. 

P. Banerjee et al.                                                                                                                                                                                                                                

https://doi.org/10.1056/NEJMOA1900866/SUPPL_FILE/NEJMOA1900866_DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA1900866/SUPPL_FILE/NEJMOA1900866_DATA-SHARING.PDF
https://doi.org/10.1016/j.molimm.2020.10.015
https://doi.org/10.1186/s12967-016-0995-5
https://doi.org/10.3389/fimmu.2018.02070
https://doi.org/10.3389/fimmu.2018.02070
https://doi.org/10.3390/JCM10204715
https://doi.org/10.3389/fimmu.2021.660194
https://doi.org/10.3389/fimmu.2021.660194
https://doi.org/10.1007/S00281-021-00892-7
https://doi.org/10.1007/S00281-021-00892-7
https://doi.org/10.1371/journal.pone.0152164
https://doi.org/10.3389/fimmu.2018.00729
https://doi.org/10.3389/fimmu.2018.00848
https://doi.org/10.1182/bloodadvances.2018025692
https://doi.org/10.1182/bloodadvances.2018025692
https://doi.org/10.1016/J.MOLIMM.2021.10.006
https://doi.org/10.1016/J.MOLIMM.2021.10.006
https://doi.org/10.1016/j.imbio.2016.06.008
https://doi.org/10.1016/j.molimm.2018.06.001
https://doi.org/10.1016/j.molimm.2018.06.001
https://doi.org/10.1016/J.JBC.2021.101104
https://doi.org/10.1016/J.JBC.2021.101104
https://doi.org/10.1038/nrneph.2017.156
https://doi.org/10.1038/nrneph.2017.156
https://doi.org/10.1056/NEJMOA1707914/SUPPL_FILE/NEJMOA1707914_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA1707914/SUPPL_FILE/NEJMOA1707914_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA1707914/SUPPL_FILE/NEJMOA1707914_DISCLOSURES.PDF
https://doi.org/10.1038/jid.2013.346
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
http://refhub.elsevier.com/S0161-5890(22)00404-7/sbref148
https://doi.org/10.1111/CMI.12535
https://doi.org/10.1093/INFDIS/JIX143
https://doi.org/10.1073/PNAS.112220499
https://doi.org/10.1056/NEJMOA2027760/SUPPL_FILE/NEJMOA2027760_DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA2027760/SUPPL_FILE/NEJMOA2027760_DATA-SHARING.PDF
https://doi.org/10.1038/s41568-019-0210-0
https://doi.org/10.3389/fimmu.2018.01607
https://doi.org/10.3389/fimmu.2018.01607
https://doi.org/10.3389/fimmu.2016.00542
https://doi.org/10.3389/fimmu.2016.00542
https://doi.org/10.4049/JIMMUNOL.176.12.7566
https://doi.org/10.1038/nature07769
https://doi.org/10.1002/eji.1830171015
https://doi.org/10.1002/eji.1830171015
https://doi.org/10.1111/j.1432-1033.1991.tb16028.x
https://doi.org/10.1111/j.1432-1033.1991.tb16028.x
https://doi.org/10.4049/jimmunol.1700426
https://doi.org/10.4049/jimmunol.1700426
https://doi.org/10.1371/JOURNAL.PONE.0013519
https://doi.org/10.1371/JOURNAL.PONE.0013519
https://doi.org/10.1016/J.CHOM.2012.11.013
https://doi.org/10.1007/S00417-020-04910-6
https://doi.org/10.1111/BPH.15290
https://doi.org/10.1167/TVST.11.4.13
https://doi.org/10.1167/TVST.11.4.13
https://doi.org/10.1016/j.atherosclerosis.2010.07.021
https://doi.org/10.1016/j.atherosclerosis.2010.07.021
https://doi.org/10.1167/IOVS.17-23678
https://doi.org/10.3390/antib9040061
https://doi.org/10.3390/antib9040061
https://doi.org/10.1016/J.PRETEYERES.2017.09.001
https://doi.org/10.1016/J.PRETEYERES.2017.09.001
https://doi.org/10.1186/1471-2415-13-40/FIGURES/3
https://doi.org/10.1186/1471-2415-13-40/FIGURES/3
https://doi.org/10.1172/JCI68280


Molecular Immunology 151 (2022) 166–182

182

Tortajada, A., Gutiérrez, E., Goicoechea de Jorge, E., Anter, J., Segarra, A., Espinosa, M., 
Blasco, M., Roman, E., Marco, H., Quintana, L.F., Gutiérrez, J., Pinto, S., Lopez- 
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