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Abstract 20 

 21 

Objective: Catastrophic antiphospholipid syndrome (CAPS), characterized by widespread thrombosis 22 

and multi-organ failure, is associated with high morbidity and mortality. We previously established 23 

complement activation as a pathogenic driver of CAPS and identified rare germline variants in 24 

complement-regulatory genes including Complement Receptor 1 (CR1) in 50% of CAPS.  25 

Methods: We quantified CR1 expression by flow cytometry across hematopoietic cell types. 26 

CRISPR/Cas9 genome editing of TF-1 (erythroleukemia) cells was performed to generate CR1 “knock-27 

out” and “knock-in” lines with patient-specific CR1 variants. Multiomics analysis was performed to 28 

investigate the role of methylation in CR1 expression in patients with reduced CR1 expression. Functional 29 

impact of low CR1 expression was assessed by complement-mediated cell killing using modified Ham 30 

(mHam) assay, cell-bound complement degradation products through flow cytometry and circulatory 31 

immune complexes (CIC) in serum samples through ELISA.  32 

Results: CR1 expression in erythrocytes was markedly reduced on CAPS erythrocytes (n=9, 21.80%) 33 

compared to healthy controls (HC; n=32, 82.40%), with promoter hypermethylation emerging as a 34 

plausible epigenetic mechanism for CR1 downregulation. A novel germline variant (CR1-V2125L; 35 

rs202148801) mitigated CR1 expression and increased complement-mediated cell death of knock-in cell 36 

lines. Erythrocytes from the patient with the CR1-V2125L variant had low CR1 expression. Levels of CIC, 37 

which are bound and cleared by CR1 on erythrocytes, were higher in acute CAPS (n=3, 25.55 µg Eq/ml) 38 

than healthy controls (n=3, 7.445 µg Eq/ml). Five patients were treated with C5 inhibition which mitigated 39 

thrombosis.  40 

Conclusion: Genetic or epigenetic-mediated CR1 deficiency is a potential hallmark of CAPS and predicts 41 

response to C5 inhibition. 42 

 43 

 44 

1. Introduction. 45 

Antiphospholipid syndrome (APS) is a thromboinflammatory disorder characterized by arterial or venous 46 

thrombosis and/or recurrent fetal loss in the presence of persistent antiphospholipid antibodies (aPL), 47 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 5, 2025. ; https://doi.org/10.1101/2025.05.01.25326429doi: medRxiv preprint 

https://doi.org/10.1101/2025.05.01.25326429
http://creativecommons.org/licenses/by-nc/4.0/


  
 

3 
 

namely lupus anticoagulant (LA), anticardiolipin (aCL) and/or anti-β2 glycoprotein-I antibodies (anti-48 

β2GPI)[1, 2]. The rate of recurrent thrombosis in APS may exceed 20% within the first two years despite 49 

anticoagulation[3-5]. “Catastrophic” APS (CAPS) is a rare subset (~1-2%) of APS, characterized by 50 

rapidly developing widespread thrombosis and multi-organ failure and is associated with high morbidity 51 

and mortality[1, 6]. Currently, no biomarkers predict the risk of developing CAPS, and it is unclear what 52 

differentiates APS and CAPS from a biological perspective. Indefinite anticoagulation with a vitamin K 53 

antagonist is the standard of care for thrombotic APS; however, this treatment is suboptimal for some 54 

patients with anticoagulant-refractory thrombosis and those with CAPS. 55 

 56 

Complement is implicated in the pathophysiology of thrombosis in CAPS and complement inhibition has 57 

been successfully used to treat anticoagulant refractory thrombosis in APS and CAPS[7-10]. We 58 

demonstrated abnormal complement activation in >85% of CAPS sera[11, 12] and found that 48% (9/19) 59 

of CAPS patients had rare germline variants in complement regulatory genes, a rate that is comparable to 60 

atypical hemolytic uremic syndrome, a prototypical complement-mediated thrombotic disorder[13, 14]. Of 61 

these, 44% (4/9) harbored novel rare Single Nucleotide Variants (SNVs) variants in Complement 62 

Receptor 1 (CR1). 63 

 64 

CR1 encodes a ~160-300kDa transmembrane glycoprotein expressed on neutrophils, B lymphocytes, 65 

erythrocytes and monocytes but not on platelets [15-18]. CR1 regulates complement through C4b and 66 

C3b binding and plays a dominant role in the clearance of soluble immune complexes[19],[20-22]. Similar 67 

to complement factor H (CFH), CR1 possesses decay-accelerating activity, leading to the dissociation of 68 

the C3 or C5 convertase, and acts as a cofactor for complement factor I (CFI) in the cleavage of C4b and 69 

C3b[22, 23],[19, 20, 24, 25]. Erythrocytes express 100-1000 CR1 molecules per cell [26]. CR1 also 70 

carries the Knops blood group system, which currently includes 13 antigens with 5 antithetical antigen 71 

pairs (Kna/Knb, McCa/McCb, Sla/Vil, KCAM/KDAS, DACY/YCAD) [27]. The Helgeson phenotype, 72 

previously considered to be the Knops "null" phenotype, is serologically defined as Kn(a-) McC(a-) Sl(a-) 73 

Yk(a-) and is characterized by extremely low CR1 expression on erythrocytes (<100 CR1 molecules per 74 

cell) [27, 28]. SNVs in the CR1 gene are linked to reduced CR1 expression. Previously described variants 75 
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associated with the Helgeson phenotype include rs11118133: A > T, rs2274567: A > G (represents the 76 

DACY- YCAD+ phenotype) and rs3811381: C > G[26, 29-31]. A recent study identified a SNV on CR1 77 

(rs11117991: T > C) that disrupts a GATA1-binding site and reduces CR1 expression on erythrocytes[32]. 78 

GATA1 is a transcription factor crucial for regulating gene expression in erythroid cells, however CR1 79 

expression in granulocytes (neutrophils, basophils and eosinophils) and monocytes are governed PU.1 80 

[33] [16, 34].  81 

 82 

Here, we demonstrate patients presenting clinically with CAPS have reduced CR1 expression, consistent 83 

with Helgeson-like phenotype. This reduced expression may be attributed to germline mutations or 84 

hypermethylation in CR1. CR1 deficiency leads to impaired clearance of immune complexes, complement 85 

dysregulation, and a severe thrombotic phenotype mitigated by C5 inhibition in vitro and in vivo. We 86 

propose that CR1 deficiency will help identify patients at the highest risk of refractory APS or CAPS and 87 

those likely to benefit from complement inhibition. 88 

 89 

Materials and methods 90 

 91 

Patient classification and samples 92 

We included patients with APS or CAPS enrolled in the Johns Hopkins Complement Associated 93 

Disorders Registry (CADR) as well as healthy controls without known APS or thrombosis. Patients were 94 

enrolled in the registry based on the International Society on Thrombosis and Hemostasis criteria for 95 

APS[2]. All CAPS patients and the majority of patients in the APS cohort without a history of CAPS also 96 

met American College of Rheumatology (ACR)/ European Alliance of Associations for Rheumatology 97 

(EULAR) 2023 criteria for APS[35]. Recurrent thrombosis was confirmed by imaging at any time before 98 

enrollment or during follow-up in the registry. For patients with multiple tests for aPLs, we report the 99 

results drawn closest to the study sample. Definite or probable CAPS was diagnosed according to 100 

international consensus criteria, including involvement of 3 or more organs, development of 101 

manifestations within a week, histologic confirmation of small vessel thrombosis, and laboratory 102 

confirmation of the presence of aPLs [36]. Definite CAPS requires all four criteria while probable CAPS is 103 
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diagnosed if 3 criteria are met [36]. We included patients with both definite and probable CAPS because 104 

the outcomes of patients with probable CAPS are comparable to those of patients with definite CAPS[37] 105 

(Table 1). Clinically, it is oftentimes challenging to obtain a tissue biopsy to confirm microvascular 106 

thrombosis, resulting in many patients having “probable” CAPS. 107 

Blood was collected by venipuncture in EDTA and serum separation tubes. Serum was allowed to clot 108 

prior to centrifugation at 4°C then separated and stored at −80°C. Whole blood was used to isolate 109 

genomic DNA for sequencing. This study was approved by the Institutional Review Board at Johns 110 

Hopkins University and was conducted in accordance with the Declaration of Helsinki. All patients 111 

provided written informed consent and were not involved in the design, conduct, reporting, or 112 

dissemination plans of this research. 113 

 114 

CR1 expression by flow cytometry 115 

Whole blood or Ammonium-Chloride-Potassium (ACK) lysed cells were washed, suspended in Hanks 116 

Balanced Salt Solution (HBSS)+1%BSA (HBSSA), and stained with fluorescent dye-conjugated CR1 117 

antibody for 30 minutes at room temperature. Flow cytometry was performed using Cytoflex S (Beckman 118 

Coulter, CA, USA) and analyzed using FlowJo. 119 

 120 

Targeted sequencing, multi-omics and CRISPR Cas9-mediated gene editing 121 

Genomic DNA was isolated using a DNeasy Blood & Tissue Kit (Qiagen, Germany) and quantified with 122 

Qubit fluorometric assay. 50ng of DNA was used for library preparation using a custom-seq panel of 24 123 

complement regulatory genes described in Table S1 (Illumina, USA). To understand the methylation 124 

fraction on CR1, we performed whole genome sequencing and multiomics using duet multiomics evoC kit 125 

(Biomodal, Cambridge, UK). 126 

The CRISPR/Cas9 system was used to generate CR1 knock-out (KO) and knock-in (KI) cell lines through 127 

homology-directed repair (HDR). The experiments described were performed on five cell lines – TF-1WT, 128 

TF-1CR1-/-, TF-1V2125L, TF-1G2109S and TF-1S1982G unless mentioned otherwise. 129 

 130 

Modified Ham (mHam) 131 
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mHAM assay was performed with TF-1WT, TF-1CR1-/-, TF-1V2125L, and TF-1G2109S cells as previously 132 

described [12]. NHS was treated as indicated with heat inactivation (HI) for 30 minutes at 56oC to 133 

inactivate complement proteins or addition of targeted complement inhibitors. Following incubation of the 134 

cells, serum viability was measured using a WST-1 dye. 135 

Bioluminescent mHam (bio-mHam) 136 

Bio-mHam was performed as previously described [37]. Bioluminescent HEK293PIGA-/- cells were 137 

incubated with patient serum after respective treatment (heat inactivation and complement inhibitors). 138 

Luminescence was monitored serially and percent relative luminescence at 1 hour was calculated as the 139 

luminescence of cells treated with the patient serum compared to cells treated with the sample’s heat-140 

inactivated control. A relative 1 h luminescence of ~12% defines the positive threshold for abnormal 141 

complement activity, corresponding to the lower 85th percentile. 142 

 143 

Complement fragment deposition through flow cytometry 144 

Each cell line was incubated with NHS at 37oC for various durations between 5 and 90 minutes). Cells 145 

were washed with HBSSA and stained with C3c and C3dneo murine mAbs (Quidel, San Diego, CA) at 5 146 

µg/ml for 30min at 4oC followed by anti-mouse AF488 (Invitrogen, MA, USA) antibody for 30 min at 4oC. 147 

Cells were washed and resuspended in HBSSA for flow cytometry analysis using a Cytoflex S flow 148 

cytometer (Beckman Coulter, CA, USA). Data was collected from at least 10,000 cells and analyzed using 149 

FlowJo. 150 

 151 

Quantification and statistical analysis 152 

Descriptive statistics and analysis were performed using Prism10 (GraphPad, MA, USA).  153 

A complete description of experimental details can be found in the supplemental data. 154 

 155 

Results 156 

Patient cohort and samples 157 

A total of 11 patients with CAPS, 8 with thrombotic APS, and 32 healthy controls were evaluated. Clinical 158 

presentation and characteristics of the CAPS group are detailed in Table 1. Amongst the 11 patients with 159 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 5, 2025. ; https://doi.org/10.1101/2025.05.01.25326429doi: medRxiv preprint 

https://doi.org/10.1101/2025.05.01.25326429
http://creativecommons.org/licenses/by-nc/4.0/


  
 

7 
 

CAPS, CR1 sequencing was completed in 8 patients (three had not consented to genetic studies), and 160 

erythrocytes to evaluate CR1 expression were available for 9 (the other two were deceased). 161 

 162 

Loss of CR1 makes APS catastrophic 163 

Building on previous findings that revealed novel germline variants in 48% of CAPS patients, we 164 

evaluated CR1 expression in our CAPS cohort. CR1 expression was significantly reduced in patients with 165 

CAPS (n=9, 21.80% ± 5.146) compared to the patients with APS (n=8, 85.30% ± 2.797) and healthy 166 

controls (n=32, 82.40% ± 2.291). The mean erythrocyte CR1 expression for the Helgeson phenotype 167 

controls (obtained from the Johns Hopkins transfusion medicine division, n=2) was 24.80% ± 7.1 (Figure 168 

1A-B).  169 

Serial samples from CAPS patients P2, P3, P4 and P7 were collected during the acute and remission 170 

phase of CAPS. Samples collected during the remission phase showed significantly higher CR1 171 

expression (49.58% ± 13.50) compared to the acute phase (12.30% ± 4.572), suggesting a loss of CR1 172 

during the acute phase of the disease (Figure 1C). 173 

 174 

CR1 Polymorphisms and patient-specific cell line models 175 

CR1 variants were found in 4 of 8 CAPS patients who underwent sequencing. None of the sequenced 176 

control samples (healthy control, n=7 and APS, n=8) had CR1 variants. The index patient, first identified 177 

with a CR1 variant in our cohort was a female in her mid 30’s (P1) with APS (lupus anticoagulant and 178 

high titer anticardiolipin IgG) with multiple venous and arterial thrombotic events despite anticoagulation 179 

and three pregnancy losses was evaluated during her fourth pregnancy. The mHam assay was negative 180 

at 17 weeks gestation, however, the mHam assay became positive at 23 weeks (44.5% cell killing) 181 

(Figure 2B). Two days later, she developed thrombocytopenia, liver function tests elevation and 182 

hypoxemic respiratory failure consistent with either CAPS or HELLP. Targeted sequencing for 24 183 

complement regulatory genes (Table S1), identified a heterozygous missense mutation in CR1 184 

(CR1V2125L; rs202148801, Figure 2A), which was verified by Sanger sequencing. Pedigree analysis of 185 

samples collected from her family members revealed that one of her parent and sibling carried the same 186 
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heterozygous variant but never presented with any disease manifestations most likely due to lack of aPL 187 

(data not shown, please contact the corresponding author to request access to data.). 188 

Missense variants in CR1 were identified in 3 additional patients (Table 3 and S2). We generated two 189 

knock-in cell line models with the CAPS patient-specific variants (V2125L from P1 and S1982G from PD1; 190 

Figure S1). We also identified the CR1-G2109S variant (CR1G2109S; negative control) in a woman without 191 

APS who presented with pre-eclampsia (separate cohort). These variants were studied because they 192 

were located either within the same exon (G2109S) or in adjacent exons (S1982G, Figure 3A). 193 

 194 

CR1-V2125L (rs202148801) abolishes CR1 mRNA and protein expression. 195 

We evaluated CR1 expression in the respective cell lines (TF-1WT, TF-1CR1-/-, TF-1V2125L, TF-1G2109S and 196 

TF-1S1982G) cells. To evaluate the role of the variant, the coding sequence (CDS) was PCR amplified from 197 

three regions using specific primers (Figure 3A, Table S3). We found that the V2125L mutation abolishes 198 

CR1 full-length mRNA expression to levels consistent with the CR1 KO, whereas the G2109S and 199 

S1982G variants did not affect CR1 transcription (Figure 3B). Flow cytometry, immunofluorescence and 200 

western blot analysis also confirmed that surface expression of CR1 was reduced in TF-1V2125L cells when 201 

compared to the TF-1WT, TF-1G2109S and TF-1S1982G (Figure 3C-F). Western blot analysis revealed a low 202 

molecular weight (black arrow in Figure 3E) CR1 protein in TF-1V2125L which suggests the V2125L 203 

polymorphism yields an allotypic size variant, either by aberrant mRNA splicing or unequal crossing over 204 

and loss in the LHR, as described previously [38]. 205 

To determine whether the V2125L variant in CR1 induces protein misfolding and subsequent proteasomal 206 

degradation, potentially leading to CR1 loss, we treated TF-1WT and TF-1V2125L cells with the proteasome 207 

inhibitor bortezomib (BTZ). However, CR1 expression levels remain unchanged in TF-1V2125L (Figure S4). 208 

 209 

Polymorphisms and hypermethylation resulting in CR1 downregulation  210 

Polymorphisms on CR1, rs2274567: G, HindIII on intron 27 rs11118133: T and rs11117991:C, have been 211 

previously reported to reduce CR1 expression and are associated with the Helgeson phenotype. We 212 

performed targeted sequencing and investigated these previously reported polymorphisms in our CAPS 213 

patient cohort and found that P2 and P3 had all three Helgeson variants whereas P1, who possessed the 214 
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novel germline variant, CR1 SNV rs202148801 (V2125L) linked to low CR1 expression, lacked the 215 

previously identified Helgeson variants (Table 3). Two patients, despite low erythrocyte CR1, lacked all 216 

known CR1 polymorphisms (Table 3). We next investigated the methylation profile of CR1 gene in 217 

healthy controls and the CAPS cohort. All CAPS patients except (P1) displayed a hypermethylated profile 218 

in the CR1 promoter region as compared to controls (Figure 4A, 4B), suggesting transcriptional silencing 219 

as an alternative mechanism for CR1 regulation. To investigate further, CR1 expression across 220 

hematopoietic cells, lymphocytes and neutrophils were also analyzed since they too express CR1. In 221 

erythroid cells, CR1 expression is primarily regulated by GATA1, whereas PU.1 plays a dominant role in 222 

development and function of neutrophils and lymphocytes[16]. 223 

We observed significant loss of CR1 in neutrophils (n=4, 53.99 ± 12.05) and lymphocytes (n=4, 5.96 ± 224 

0.79) in the CAPS cohort as compared to healthy control neutrophils (n=6, 92.06 ± 1.28) and lymphocytes 225 

(n=6, 11.84 ± 0.94; Figure 4C-4F). Taken together, these results suggest that transcriptional silencing of 226 

CR1 due to hypermethylation in the CR1 promotor region can lead to a Helgeson-like phenotype.  227 

 228 

Low CR1 modulates cell surface complement fragment deposition and increases complement-229 

mediated cell death 230 

We next examined functional consequences of the low CR1 on cell surface. First, we analyzed 231 

complement activation and deposition on different cell lines using C3c and C3dg monoclonal antibodies. 232 

Following C3b deposition, Factor H in the serum and CR1 can serve as the cofactor for the conversion of 233 

C3b to iC3b. Final degradation of iC3b into C3c and C3dg is CR1-dependent [21]. C3b deposition and its 234 

cleavage fragments were monitored using flow cytometry with C3c and C3dneo monoclonal antibodies 235 

(mAbs). Monoclonal anti-C3c detects uncleaved C3b and iC3b while monoclonal anti-C3d ab detects 236 

C3b, iC3b and C3dg. No C3b cleavage was observed on TF-1CR1-/- and TF-1V2125L when compared to TF-237 

1WT (31.77%), TF-1G2109S (49.78%) and TF-1S1982G (44.25%) after 90 mins (Figure 5A, 5B, Figure S3A, 238 

Table S4). C3c deposition was significantly higher in cells lacking CR1 (TF-1CR1-/-and TF-1V2125L) (Figure 239 

S3B). 240 

Further, we performed the mHam assay using the four-cell line to assess the impact of the CR1V2125L on 241 

complement regulation [12]. TF-1V2125L cells were as susceptible to complement-mediated cell death 242 
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induced by NHS as TF-1CR1-/- cells (~21% and 23%, respectively), and were more susceptible to 243 

complement-mediated killing than TF-1WT (7%) and TF-1G2109S (5%) cells (Figure 5C). 244 

 245 

Low CR1 increases circulating immune complexes (CIC) 246 

To test the hypothesis that an increase in circulating immune complexes due to low CR1 contributes to 247 

increased complement activation, we quantified CIC-C1q ELISA in serum from patients with acute CAPS, 248 

CAPS in remission, thrombotic APS and healthy controls. CICs were significantly increased in sera from 249 

acute CAPS (CIC-C1q=14.32µg Eq/ml; CIC-C3=25.55 µg Eq/ml) compared to CAPS sera collected in 250 

remission (CIC-C1q=3.798 µg Eq/ml and CIC-C3=11.40 µg Eq/ml), healthy controls (CIC-C1q=3.267µg 251 

Eq/ml and CIC-C3=7.445 µg Eq/ml), and APS patients (CIC-C1q=3.913 µg Eq/ml and CIC-C3=6.316 µg 252 

Eq/ml) (Figure 5D, 5E). 253 

 254 

CAPS is triggered through classical complement activation 255 

We next assessed complement-mediated cell killing induced by CAPS patient sera (remission or acute) 256 

using the bio-mHam. Serum samples collected from acute CAPS patients led to higher complement-257 

mediated cell killing of the HEK293PIGA-/- bioluminescent cells compared to sera from CAPS patients in 258 

remission (Figure 6A-B). As compared to their respective serum collected during the acute CAPS 259 

episode, subsequent serum samples from five patients treated with therapeutic terminal complement 260 

inhibition (C5i), demonstrated significant inhibition of complement-mediated cell death (Figures 6C-D). In 261 

vitro addition of the classical pathway inhibitor (sutimlimab) and C5i (eculizumab) but not factor D inhibitor 262 

(ACH-5548/ACH-4471) to serum from patients with acute CAPS rescued the cells from complement-263 

mediated cell death, confirming that complement activation in CAPS is predominantly through the 264 

classical pathway 265 

 266 

C5 inhibition mitigates thrombosis in CAPS  267 

Five patients from the CAPS cohort (P2, P3, P4, P7, and P8) were treated with either eculizumab or 268 

ravulizumab at the discretion of the treating clinician (duration of therapy 2 months to 9 years). 269 

Eculizumab and ravulizumab were administered at the doses recommended for treatment of atypical 270 
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hemolytic uremic syndrome, at maintenance dosing of 900 mg every 2 weeks for eculizumab and 3300 or 271 

3600 mg ravulizumab every 8 weeks depending on weight. Collectively these patients had over 40 272 

thrombotic events despite therapeutic anticoagulation before therapeutic C5 inhibition. Since starting 273 

therapy there has been only one thrombotic event when P4 received her eculizumab 1 week after it was 274 

due. Since restarting eculizumab she has had no further thromboses despite discontinuing her 275 

anticoagulation over one year ago. The swimmer plot summarizes the thrombotic events and duration of 276 

C5i (Figure 6E) 277 

 278 

Discussion 279 

Complement dysregulation in a subset of APS patients predisposes to inflammation and thrombotic 280 

events and is a feature of CAPS.[11, 39-41]. Here, we demonstrate that a severe reduction in CR1 281 

expression on erythrocytes, in APS, is a biomarker for severe APS/CAPS. We demonstrate that low CR1 282 

results from novel germline variants in CR1 (CR1V2125L, rs202148801) or hypermethylation of the CR1 283 

promoter region which may occur in the context of previously described CR1 variants associated with the 284 

Helgeson phenotype such as rs11117991. Acquired loss of CR1 in the acute phase of CAPS may also 285 

result from proteolytic cleavage of immune complexes bound to erythrocyte CR1 by macrophages of the 286 

reticuloendothelial system, [33] as is reported in Systemic Lupus Erythematosus (SLE) [17]. However, our 287 

finding of reduced CR1 on leukocytes in CAPS suggests that genetic and epigenetic mechanisms play an 288 

important role. We show that functionally CR1 deficiency leads to impaired clearance of immune 289 

complexes promoting ongoing classical complement activation, as evidenced by an increase in circulating 290 

immune complexes and classical pathway activation in sera from patients with acute CAPS. Finally, we 291 

demonstrate that complement inhibition at C5 inhibits classical pathway activation ex vivo and therapeutic 292 

C5 inhibition in vivo blocks complement activation and prevents thrombosis in CAPS patients. Together 293 

with our previous findings in APS[36], this study supports the potential benefit of complement-targeted 294 

therapies to improve patient outcomes and prevent recurrent thrombosis. 295 

 296 

We demonstrate a potential association between severe APS/CAPS and the Helgeson-like phenotype 297 

(low CR1). Eight out of nine patients in the CAPS cohort met the criteria for the Helgeson-like phenotype 298 
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on their erythrocytes (Figure 1B), whereas none of the healthy controls or APS patients displayed this 299 

phenotype. CR1 expression in CAPS erythrocytes was markedly reduced to an average of 26% of HC 300 

levels, closely resembling the Helgeson phenotype (30%), whereas erythrocytes from the APS cohort 301 

showed normal expression levels at 103% of the HC mean. The Helgeson phenotype was originally 302 

identified serologically, however, serologic evaluation of Knops antigens is often not feasible due to a lack 303 

of available ABO-compatible antisera. Additionally, variations in antibody potency and antigen expression 304 

between erythrocytes of similar phenotypes may lead to discrepancies when positive reactivity is 305 

observed for erythrocytes with low CR1 copy number[28]. Erythrocyte flow cytometry appears to be a 306 

simple screening approach to identify APS patients who may be at risk of developing CAPS. We 307 

correlated CR1 expression in our CAPS cohort with the already known Helgeson variants and uncovered 308 

a novel SNV, CR1V2125L (rs202148801) that results in low CR1 expression leading to a Helgeson-like 309 

phenotype. Out of eight sequenced CAPS patients (Table 3), six (75%) harbored SNV associated with 310 

low CR1 expression and two had rs11117991 (25%), which was demonstrated by Wu et al.,[32] to block 311 

GATA1 binding.  312 

 313 

GATA1 is primarily recognized for its role in erythroid cells, whereas the transcription factor PU.1 is 314 

essential for development and function of myeloid cells (e.g., neutrophils, monocytes) and lymphoid 315 

cells[16]. Our findings reveal that hypermethylation in the CR1 promoter region may play a significant role 316 

in regulating its expression in CAPS patients. All CAPS patients, except P1, exhibited a similar 317 

hypermethylation profile in the CR1 promoter region compared to HC, suggesting epigenetic silencing as 318 

a potential mechanism underlying CR1 deficiency. Furthermore, CR1 expression in neutrophils and 319 

lymphocytes from CAPS patients was reduced to 58.6% and 50.3% of HC levels, respectively, indicating 320 

systemic downregulation across hematopoietic cell types. These observations suggest that CR1 321 

expression is governed not only by genetic predisposition but also by epigenetic modifications, such as 322 

promoter hypermethylation, reflecting a dynamic interplay between inherited and environmentally 323 

influenced regulatory factors. This hypothesis is further reinforced by the observed increased CR1 324 

expression during clinical remission in CAPS patients with the Helgeson phenotype (P2 and P3, Figure 325 

1C). 326 
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 327 

Dysregulation in the function of CR1 may amplify classical complement activation by failing to control 328 

immune complexes, a known activator of the classical pathway. Indeed, almost 90% of CAPS patients 329 

have evidence of classical complement activation by serologic assays compared to roughly 35% of 330 

patients with thrombotic APS[36]. Using a patient-specific variant cell line, we characterized the 331 

consequences of reduced CR1 expression that lead to increased C3b deposition and enhanced 332 

complement-mediated cell death. A major function of CR1 is to bind and process C3b/C4b coated 333 

immune complexes[19]. Low CR1 influences immune adherence by reducing the binding of opsonized 334 

immune complexes containing C3b and C4b to erythrocytes, leading to an inflammatory response[42-44]. 335 

We observed a significantly increased level of immune complexes in the serum of acute CAPS patients 336 

as compared to healthy controls and remission CAPS patients. 337 

The etiology of CAPS is multifactorial with genetic and environmental factors contributing to the 338 

pathogenesis. Our index case (P1) exemplifies this hypothesis. She inherited the CR1 mutation (V2125L) 339 

from one of her parent who did not exhibit thrombosis or pregnancy-related complications, most likely 340 

because she did not have aPL. Moreover, P1 developed CAPS manifestations only in the setting of 341 

pregnancy, a well-established complement amplifying condition, although she had had macrovascular 342 

thrombosis before pregnancy. Our study extends the previous case reports and a small series of 343 

eculizumab therapy suggesting that C5 inhibition is efficacious in CAPS patients[45, 46]. We extend these 344 

observations by identifying two potential biomarkers (erythrocyte CR1 expression and the bio-mHam) to 345 

identify patients who are most likely to respond to complement inhibition. Importantly, we show for the first 346 

time that it may be feasible to stop anticoagulation in CAPS patients, but this will need validation in larger 347 

trials. Two patients (P2 and P4) are off anticoagulation for over 6 and 13 months respectively; thus, 348 

similar to paroxysmal nocturnal hemoglobinuria, the prototypic complement-driven thrombophilia, long-349 

term anticoagulation may not be required for patients well-controlled on complement inhibitors[47, 48].  350 

 351 

There are limitations in our study. First, the cohort size is small and the follow-up for patients treated with 352 

C5i is relatively short. Second, larger cohorts of patients with CAPS and APS are needed to confirm the 353 

association between CR1 deficiency and CAPS and the predictive value of the bio-mHam for response to 354 
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C5 inhibition. Lastly, more patients are needed to confirm the cellular and molecular mechanisms of the 355 

Helgeson-like phenotype in CAPS.  356 

 357 

In summary, CAPS is a multi-hit disorder of classical complement activation mediated by aPL, impaired 358 

immune complex handling, and environmental triggers in the presence of marked CR1 deficiency on 359 

erythrocytes. CR1 deficiency exhibits a genetic and epigenetic association with Helgeson-like phenotype, 360 

serves as a novel biomarker for CAPS, and is a potential screening tool for risk stratification and 361 

response to therapy. The severe suppression of CR1 across multiple cell types (erythrocytes, neutrophils 362 

and lymphocytes) in CAPS patients highlights the need for further investigation into therapeutic strategies 363 

targeting epigenetic regulation to restore CR1 function. C5i inhibition appears highly efficacious in 364 

preventing thrombosis in CAPS, although large multicenter, prospective trials are needed to confirm this 365 

finding. 366 
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Tables 539 
 540 
Table 1. Clinical features for CAPS/ probable CAPS patients 541 
Patie

nt 
Ag
e, 
se
x 

APS 
Laborat

ory 
Criteria

^ 

Thrombotic 
and 

obstetric 
history 

Thrombo
tic 

Trigger 

CAPS 
Manifestatio

ns 

CAPS 
treatment 

Current 
Treatment 

CR1 % 
express

ion 

P1 36-
40, 
F 

Triple 
positive; 
primary 

HELLP x3, 
fetal death 
x2, PVT, 

renal failure 
VTE on 

anticoagulati
on 

Pregnanc
y 

Renal failure, 
thrombocytop

enia, and 
elevated 

transaminase
s 

plasma 
exchange, 
high-dose 

corticosteroids
, 

anticoagulatio
n 

Anticoagulatio
n, no further 
TE outside 
pregnancy 

15.2 

P2 41-
45, 
M 

Triple 
positive; 
primary 

Stroke, 
biopsy-
proven 

thrombotic 
vasculopathy 

of toes 

None Transient 
ischemic 
attack, 

myocardial 
infarction and 

diffuse 
alveolar 

hemorrhage 
 

Anticoagulatio
n, antiplatelet 

agents, 
corticosteroids
, rituximab, C5i 

Continues on 
C5i, 

anticoagulatio
n stopped, no 

further TE 

8.4 

P3 51-
55, 
M 

Triple 
positive; 
seconda

ry 

DVT, PE, 
myocardial 
infarction 

Infection Thrombocytop
enia, liver 

injury, 
proteinuria, 

and 
encephalopat
hy, bilateral 

adrenal 
hemorrhage 

Anticoagulatio
n, 

hydroxychloro
quine, plasma 

exchange, 
corticosteroids
, rituximab, C5i 

Continues on 
C5i and 

anticoagulatio
n, no further 

TE 

1.9 

P4 56-
60, 
F 

LAC; 
seconda

ry 

Recurrent PE 
on 

anticoagulati
on, multiple 
episodes of 

ischemic 
colitis, 

adrenal 
infarction, 
ischemic 

retinopathy 
and TIA 

None Pulmonary 
embolism, 

TIA, ischemic 
colitis, 

ischemic 
retinopathy 

Anticoagulatio
n, antiplatelet 

agents, 
hydroxychloro

quine, 
rituximab, C5i 

Continues on 
C5i; 

anticoagulatio
n stopped, 1 

DVT post-op in 
the setting of 
delayed C5i 

23 

P5 21-
25, 
F 

LAC; 
seconda

ry 

Recurrent 
DVT (both on 

and off 
anticoagulati
on), placental 

abruption, 
chronic 

thrombocytop
enia, HELLP 

syndrome 

Pregnanc
y 

  Anticoagulatio
n, 

hydroxychloro
quine 

20.9 

P6 
 

56-
60, 
M 

Triple 
positive; 
primary 

Recurrent 
DVT on 

anticoagulati
on, IVC filter 
thrombosis, 
renal vein 

None   Anticoagulatio
n, aspirin, 

hydroxychloro
quine 

27.2 
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thrombosis, 
stroke 

P7 
 

56-
60, 
M 

LAC, 
aCL 
IgM; 

primary 

SMA 
thrombosis, 

SMV 
thrombosis, 

PVT 

Surgery, 
infection 

Progressive 
SMV 

thrombosis, 
bilateral 
adrenal 

hemorrhage, 
stroke, splenic 

infarcts 

IVIg, plasma 
exchange, 

anticoagulatio
n, C5i 

Anticoagulatio
n, C5i 

15.9 

P8 
 

51-
55, 
M 

Triple 
positive, 
primary 

LLE arterial 
thrombosis 

None Thrombocytop
enia. DAH, 
acute renal 
failure with 
renal TMA 

 

Plasma 
exchange, 
steroids, 

anticoagulatio
n and IVIg, C5i 

Continues on 
C5i, 

hydroxychloro
quine, warfarin 

and 
clopidogrel 

56.3 

P9 21-
25, 
M 

Triple 
positive, 
primary 

Recurrent 
venous 

thrombosis 
including 

cerebral vein 
thrombosis, 
bilateral leg 

arterial 
thrombosis 

Non-
complian
ce with 

anticoagu
lant 

Bilateral limb-
threatening 
leg ischemia 

Thrombotic 
storm treated 

with 
prednisone, 

plasmapheresi
s and 

unfractionated 
heparin 

transitioned to 
fondaparinux 

Anticoagulatio
n, aspirin, 

hydroxychloro
quine 

27.4 

^Primary APS is defined in the absence of a second underlying autoimmune disorder, commonly lupus, 542 
whereas secondary APS occurs in the setting of a concomitant diagnosis of a defined autoimmune 543 
disorder. 544 
 545 
HELLP, Hemolysis, Elevated Liver enzymes, and Low Platelets; PVT, Portal Vein Thrombosis; VTE, 546 
Venous Thromboembolism; C5i, C5 inhibitor; TE, Thromboembolism; LAC, Lupus anticoagulant; aCL, 547 
Anti-cardiolipin antibodies; aβ2GPI, Anti β2 Glycoprotein-I antibodies; PE, Pulmonary Embolism; DVT, 548 
Deep Vein Thrombosis; TIA, Transient Ischemic Attack; IVC, Inferior Vena Cava; SMA, Superior 549 
Mesenteric Artery; SMV, Superior Mesenteric Vein; LLE, left lower extremity; DAH, Diffuse Alveolar 550 
Hemorrhage; TMA, Thrombotic Microangiopathy; IVIg, Intravenous Immunoglobulin 551 
 552 
Table 2. Clinical feature of APS patient cohort 553 

Patient 
identification 

Age (y)/ Sex Abs profile TE history CR1 % 
expression 

APS1 
 21-25, M 

LAC, 
secondary 

Myocardial infarction 
 

76.3 

APS2 
 

66-70, F LAC, primary 
PE, DVT 

 
74.1 

APS3 
 

51-55, M LAC, primary 
 

Arterial thrombosis 
(necrotic toes), 

thrombocytopenia 
 

85.4 

APS4 
 

31-35, F 

aCL IgM 
aβ2GPI

 
IgM*, 

primary 
 

Stroke 
 

85.2 

APS5 
 36-40, F 

aCL IgM*, 
primary 

 

Late fetal loss 
 

88.9 

APS6 
 41-45, F 

Triple positive, 
primary 

Recurrent DVT and 
PE 

92.4 

APS7 
 36-40, M aβ2GPI IgG, 

primary 

Bilateral retinal vein 
occlusion, 

myocardial infarction 

82.2 
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APS8 66-70, F 
LAC, aCL IgM, 

secondary 
PE 

97.9 

 554 
LAC, Lupus anticoagulant; aCL, Anti-cardiolipin antibodies; aβ2GPI, Anti β2 Glycoprotein-I antibodies; PE, 555 
Pulmonary Embolism; DVT, Deep Vein Thrombosis 556 
* Meets International Society on Thrombosis and Hemostasis criteria for APS, not ACR/EULAR. All other 557 
patients meet both criteria. 558 
 559 
Table 3. CR1 Genotyping of CAPS patients 560 

 Previously reported polymorphisms Novel polymorphisms 

Sample SNV: 
A3650G 

(rs2274567) 

SNV: HindIII 
(rs11118133) 

SNV: GATA1 
(rs11117991) 

SNV: V2125L 
(rs202148801) 

SNV: H1503G 
(rs758055423) 

CR1 % 
expressio

n 
P1 Absent Absent Absent Present Absent 15.2 

P2 Present Present Present Absent Absent 8.4 

P3 Present Present Present Absent Absent 1.9 

P4 Present Present Absent Absent Absent 23 

P5 Absent Absent Absent Absent Absent 20.9 

P6 NS NS NS NS NS 27.2 

P7 Present Present Absent Absent Absent 15.9 

P8 Absent Absent Absent Absent Present 56.3 

P9 Absent Absent Absent Absent Absent 27.4 

PD1
† 

 NS NS NS NS NS - 

PD2† NS NS NS NS NS - 

NS Not sequenced 561 
† Deceased 562 
* TF-1 knock-in (KI) cell lines were generated, because these were the first identified CR1 variants. 563 
 564 
  565 
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Figures. 566 

 567 
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Figure 1. Loss of CR1 impairs immune clearance and makes APS catastrophic. A. Representative 568 

histograms of CR1 expression in whole blood samples from healthy control (blue) or CAPS patient (red). 569 

Dashed line represents fluorescence minus one (FMO) control. B. CR1 expression in erythrocytes from 570 

HC (82.40% ± 2.291, n=32), CAPS (21.80% ± 5.146, n=9), APS (85.30% ± 2.797, n=8) and Helgeson 571 

phenotype (24.80% ± 7.1, n=2). C. CR1 expression in serial samples from CAPS patients representing 572 

increased CR1 expression during the remission phase (49.58% ± 13.50) of the disease as compared to 573 

the acute phase (12.30% ± 4.572). Patients identified with Helgeson phenotype (rs11117991) are 574 

represented as hollow circles. Data is represented as mean ± SEM, ns: not significant, ****: P < 0.0001. 575 

 576 

 577 
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Figure 2. Novel Complement Receptor 1 (CR1) variants and Pedigree tree. A. Overview of CR1 579 

protein, which contains 4 long homologous regions (LHR A, B, C and D). Each LHR consists of 7 580 

complement control proteins (CCPs). CR1 variant V2125L was identified in CCP22 B. modified Ham 581 

(mHam) assay demonstrated complement-mediated cell death in Patient 1 (P1) at 23 weeks compared to 582 

the 17-week sample. The dashed line represents the threshold for a positive mHam assay. 583 

 584 

 585 

 586 

 587 
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Figure 3. V2125L abolishes CR1 expression. A. Representation of CR1 coding sequence (CDS). CDS 589 

was PCR amplified from three regions: region 1(blue), region 2 (red), and region 3 (green) to analyze the 590 

role of variants of unknown significance. Specific primer sets are described in Table S2. B. Isolated RNA 591 

from respective cells was subjected to RT-PCR for cDNA synthesis. cDNA templates were used for semi-592 

quantitative PCR demonstrating that the V2125L variant results in failure to fully transcribe CR1, whereas 593 

variants G2109S and S1982G did not affect CR1 transcription. C. Flow cytometry analysis represents 594 

CR1 expression on respective cell surfaces TF-1WT, TF-1CR1-/-, TF-1V2125L, TF-1G2109S and TF-1S1982G. D. 595 

Immunofluorescence staining shows that CR1 expression (Green) is significantly reduced in TF-1V2125L. 596 

Nuclei are stained with DAPI (blue) and Phalloidin (red) was used to stain the actin cytoskeleton. The 597 

images were captured using a Leica SP8 confocal microscope. The scale bar in the figure insets 598 

represents 200µm. E. Western blotting represents CR1 protein expression in TF-1WT, TF-1CR1-/-, TF-599 

1V2125L, TF-1G2109S and TF-1S1982G. Black arrowhead represents a possible allotypic variant caused by the 600 

V2125L mutation. A total protein stain was used to verify equal loading of proteins. F. Densitometric 601 

quantification of relative CR1 expression through western blot. Images representative of n=3 experiments, 602 

data is presented as mean ± SEM; ns = not significant; **** = P < 0.0001. 603 

 604 
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Figure 4. Hypermethylation results in CR1 downregulation. A. Representation of methylation fraction 607 

profile of CR1 gene on the X-axis and with the reference position on the Y-axis. B. Inset of the 608 

methylation fraction around CR1 promoter region in healthy controls and CAPS patients. Showing 609 

hypermethylation in CAPS patients except index patient (P1) with V2125L SNV as compared to the 610 

healthy controls. C-F. CR1 percent expression was assessed by flow cytometry in C. neutrophils and E. 611 

lymphocytes of healthy controls (n=6) and CAPS patients (n=4). Live cells were gated using Live/Dead 612 

dye, CD45 staining was used to gate the lymphocytes and CD15 staining was used to gate neutrophils. 613 

The neutrophils with CR1 on the cell surface were determined by CD15+ CR1+ cell population. 614 

Fluorescence Minus One (FMO) controls were used to determine the positive threshold and define the 615 

background signal. D. Example histogram of CR1 expression in neutrophils, and F. Lymphocytes. Data is 616 

represented as mean ± SEM and P values are calculated using a two-tailed student t-test, ** = P < 0.01. 617 

 618 
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Figure 5. Absence of CR1 leads to complement dysregulation and enhances complement-620 

mediated cell death. A. Cell lines were exposed to normal human serum (NHS) for 5-90 mins and 621 

surface C3b and its fragments were detected by flow cytometry. Representative images at 5 and 90 mins 622 

for each cell line are shown. Monoclonal anti-C3c detects uncleaved C3b and iC3b while monoclonal anti-623 

C3d ab detects C3b, iC3b and C3d, g. FITC labeled goat anti-mouse was used as the secondary ab. Blue 624 

solid lines represent C3c deposition and red solid line represents C3d deposition, dashed line represents 625 

fluorescence minus one (FMO) control, exposed only to secondary ab. C5 inhibitor was used in the serum 626 

to ensure the viability of the cells. B. Representative example of C3b cleavage in the cell lines. Time 627 

course of C3b cleavage demonstrates the inability of cells to cleave C3b to C3d,g without CR1. Data 628 

represents median fluorescence intensity (MFI), representative analysis of n=3 experiments. C. modified 629 

Ham (mHam) test was performed to analyze complement-mediated cell death in the following cell lines: 630 

TF-1WT (7%), TF-1CR1-/- (~23%), TF-1V2125L (~21%) and in TF-1G2109S (~5%), representative analysis of n = 631 

3 experiments, P value was calculated using two-tailed student t-test. data presented as mean ± SEM; 632 

ns= not significant; **** P < 0.001). D. Serum specimens (diluted 1:50) from represented cohorts were 633 

subjected to ELISA immunoassay to evaluate immune complexes bound to immobilized human C1q 634 

purified protein and E. ability of immune complexes to covalently bind C3 fragments. The µg Eq/ml 635 

concentration for each sample is represented in HC, n=3; APS, n=3; CAPS-remission, n=4; CAPS-acute, 636 

n=3. Data is represented as mean ± SEM and P values are calculated using a two-tailed student t-test, 637 

ns= not significant; * = P < 0.05; **= P < 0.01. 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 
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Figure 6. Bioluminescent mHam (bio-mHam) represents enhanced complement activation and 649 

efficacy of C5i in CAPS. HEK293PIGA-/- cells were used for monitoring complement activation in CAPS 650 

sera through bio-mHam assay. Relative luminescence units (RLU) were measured every 5 minutes for 651 

2.5 h. A. Representative example of CAPS sera on PIGAKO cells with or without heat inactivation (HI), 652 

eculizumab (Ecu, 50 µg/ml), sutimlimab (Sut, 30 µg/ml) or ACH-5548 (Fdi, 1 µM). B. Summary of relative 653 

luminescence at 1 h for healthy controls (HC, n= 8), CAPS (acute, n=3 or remission, n=4), with the 654 

addition of eculizumab, sutimlimab and Fdi. CAPS remission samples are represented as orange dots. C. 655 

Representative example to monitor the efficacy of therapeutic C5i in CAPS sera after C5i therapeutic 656 

treatment. D. Summary of significant reduction of complement-mediated cell killing after C5i therapy in 657 

acute CAPS patients. Data is represented as mean ± SEM and P values are calculated using a two-tailed 658 

student t-test, ns= not significant: *=p<0.05. E. Swimmer plot illustrating the timeline of venous 659 

thrombosis, arterial and microvascular thrombotic events and CAPS episodes in patients receiving C5 660 

inhibition (C5i) therapy. Therapy durations for Eculizumab and Ravulizumab are depicted with green and 661 

dark green regions, respectively. P2 and P4 are off anticoagulation. LMWH, Low Molecular Weight 662 

Heparin; UFH, Unfractionated Heparin; PEX, Plasmapheresis Exchange. 663 

 664 
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