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Abstract 

 

Objective: Drug-resistant epilepsy (DRE) poses significant challenges in treatment and 

management. While seizure-related alterations in peripheral immune players are increasingly 

recognized, the involvement of the complement system, central to immune function, remains 

insufficiently explored in DRE. This study aimed to investigate the levels of complement system 

components and their association with cytokine profiles in patients with DRE. 

Methods: We analyzed serum samples from DRE patients (n = 46) and age- and sex-matched 

healthy controls (n = 45). Complement components and cytokines were quantified using Multi- 

and Single-plex ELISA. Statistical analyses examined relationships between complement 

molecules, cytokines, and clinical outcomes including epilepsy duration, Full-Scale Intelligence 

Quotient (FSIQ) scores, and age.  

Results: We found common alterations in all DRE cases, including significant complement 

deficiencies (C1q, Factor H, C4, C4b, C3, and C3b/iC3b) and detectable bFGF levels. DRE 

females showed significantly lower levels of TNFα and IL-8 compared to healthy females. We 

observed a trend towards elevated CCL2 and CCL5 levels in DRE males compared to healthy 

males. These findings suggest potential sex dimorphism in immune profiles. Our analysis also 

indicated associations between specific complement and inflammatory markers (C2, IL-8, and 

IL-9) and Full-Scale Intelligence Quotient (FSIQ) scores in DRE patients. 

Interpretation: Our study reveals sex-specific peripheral complement deficiencies and cytokine 

dysregulation in DRE patients, indicating an underlying immune system vulnerability. These 

findings provide new insights into DRE mechanisms, potentially guiding future research on 

complement and cytokine signaling toward personalized treatments for DRE patients. 
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Introduction 

 

Epilepsy is a chronic neurological disorder characterized by spontaneous and recurrent 

seizures. One-third of epilepsy patients experience seizures that are resistant to standard anti-

seizure medications (ASM), a condition known as drug-resistant epilepsy (DRE) 1. Within the 

multifaceted causation of DRE, contemporary studies indicate the presence of immune system 

dysregulations with a complex interplay between brain and peripheral inflammation, 

destabilizing the neurovascular interface and possibly contributing to ictogenesis 2-5. Cellular 

and molecular immunity players have been examined in blood in association with seizures and 

epileptic conditions 3, 6-9, with indications of altered levels of pro-inflammatory cytokines such as 

Interleukin 6 (IL-6), IL-1β, and Tumor necrosis factor alpha (TNFα) suggesting increased 

inflammation 10-15.  

 

This emerging research has, however, neglected the immune complement system, a key 

orchestrator of inflammation 16. The complement system consists of over 30 small proteins 

produced in the liver and found in blood and tissue fluids 16-18. Under healthy conditions, the 

complement system contributes to immune surveillance and homeostasis. Its activation occurs 

through three pathways: classical, lectin, and alternative (Fig. 1A), triggering proteolytic 

reactions that generate complement proteins. These proteins enhance the immune response by 

acting as anaphylatoxins, chemokines, opsonins, and cell-lysis complexes 16-18. Activation of the 

complement system enables the release of inflammatory cytokines, which can, in turn, further 

activate the complement cascade, creating a feedback loop crucial for modulating immune 

responses 16. Complement system dysregulations occur in infections, autoimmune disorders 19-

21, and neurological conditions 22, including epilepsy 23-25, potentially impacting symptoms and 

disease progression. 

 

Given the complement system's crucial role in immune regulation, investigating its 

activation in epilepsy is of significant interest, with possible diagnostic and therapeutic value. 

Studies on circulating complement levels in epilepsy patients have yielded mixed results 23 24. 

One report found lower levels of complement component iC3b and higher levels of C4 in 

patients with uncontrolled focal seizures 23, while another showed reduced C3 and C4 levels in 

patients with idiopathic generalized epilepsy 24. Gene ontology enrichment and KEGG pathway 

analyses of serum from patients with DRE revealed upregulation in complement activation and 

coagulation cascades 25. However, the extent of complement alterations and their relationship to 
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the inflammatory response remains unclear. To address this knowledge gap, we measured the 

levels of multiple complement components and cytokines in the serum of individuals with DRE. 

We compared them to healthy age- and sex-matched controls. In this cohort, we assessed 

potential sex dimorphism in complement and cytokine serum concentrations and their relation to 

epilepsy duration, Full-Scale Intelligence Quotient (FSIQ) scores, and age.  

 

Methods 

 

Ethics Statement: Serum samples were collected with patients’ informed consent under 

approved Institutional Review Board (IRB) protocol #1011004282 (Development of a 

Biorepository for Methodist Research Institute; Indiana University Health Biorepository). All 

identifiable information was removed before conducting experiments and analyses under IRB 

protocol #21-126 (Southern Methodist University). Following collection, serum samples were 

stored at -80°C.  

 

Sample population: The study included serum from 46 patients with DRE (Females, n = 22; 

Males, n = 24) and 45 age and sex-matched healthy individuals (controls) without a history of 

immune/inflammatory conditions (Females, n = 21; Males, n = 24) (Table 1). Blood samples 

were collected from this cohort of DRE patients as part of routine preoperative procedures. 

These patients subsequently underwent surgical resection to remove epileptogenic foci. 

Patients with DRE underwent neuropsychological assessment with a qualified 

neuropsychologist administering the Wechsler Abbreviated Scale of Intelligence (WASI) test. 

FSIQ scores were estimated from the WASI test.  

Characteristics DRE Females DRE Males 
Healthy 

Females  

Healthy 

Males 

Number of patients 22 24 21 24 

Age range (years) 21-69 20-68 22-65 19-69 

Mean age (years) 38.54±12.70 38.25±13.78 36.86±11.77 37.79±14.15 

Duration of epilepsy (years) 20.85±12.54 18.56±13.86 N/A N/A 

Mean FSIQ score  86.92±11.69 89.50±13.21 N/A N/A 

Patients with FSIQ scores 12 16 N/A N/A 

 
Table 1. Demographic and neurophysiological information of patients with drug-resistant 

epilepsy (DRE) and healthy individuals.  

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

The copyright holder for this preprintthis version posted September 18, 2024. ; https://doi.org/10.1101/2024.09.16.612934doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.612934
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

Enzyme-linked Immunoassay (ELISA): Complement and cytokine levels were measured 

using various Milliplex and ELISA kits: Complement Panel 1 (HCMPEX1-19K): C2, C4b, C5, 

C5a, MBL; Complement Panel 2 (HCMP2MAG-19K): C1q, C3, C3b/iC3b, C4, Factor B, Factor 

H; Human C3a ELISA Kit (BMS2089); C5b-9 Singleplex Panel (EZS1M-140K); Bio-Rad Pro 

Human Cytokine Grp I panel 27-plex (M500KCSF0Y). Kits were processed according to 

manufacturers' instructions with serum dilutions ranging from 1:100 to 1:20000. Samples below 

the detection limit were excluded from analysis, including 12 cytokines from the 27-plex kit. 

 

Statistical analysis: Complement and cytokine comparisons between two groups (DRE and 

healthy controls) were performed using unpaired t-tests with Welch's correction (Figure 1 and 

Supplementary Figure 5, Supplementary Table 1). We assessed variance equality between the 

two groups using Levene's test. As the test showed significant variance differences (p < 0.05), 

we applied Welch's t-test to compare group means, with α set at 0.05 for all tests. For analysis 

of complement and cytokine blood levels across sex and health status (condition), a two-way 

analysis of variance (ANOVA) was used to assess the main effects of condition (healthy vs. 

DRE) and sex (male vs. female), as well as their interaction (Figures 2, 4; Supplementary Figure  

6; Supplementary Table 2). Šídák's multiple comparisons test was then applied for post-hoc 

pairwise comparisons between groups. These analyses were conducted using GraphPad Prism 

(version 10.1.2, GraphPad Software). Correlations were calculated using simple linear 

regression and Pearson correlation coefficient (r) analysis using R software (Version 4.4.0). The 

r value measures the strength and direction of the linear relationship between two variables, 

with values ranging from -1 to 1 (Figures 3 and 5). Correlation strength was interpreted as 

follows: Positive correlation: High (0.5 to 1.0), moderate (0.30 to 0.49), and small (0.10 to 0.29); 

Negative correlation: High (-1.0 to -0.5), moderate (-0.49 to -0.30), and small (-0.29 to -0.10). No 

correlation was defined as r = 0. 

 

Results 

 

Abnormal complement cascade components in DRE. 

 

The complement system consists of the classical (C1q), lectin (mannose-binding lectin; 

MBL), and alternative pathways which facilitate the cleavage of C3 into C3a and C3b (Fig. 1A). 

Subsequently, C3b facilitates C5 cleavage into C5a and C5b, with C5b initiating the formation of 

the membrane attack complex (MAC) (terminal pathway). C3a and C5a act as inflammatory 
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signals, while C3b and C5b can also aid in phagocytosis. To assess the status of the 

complement system in DRE patients, we quantified the levels of these key components and 

compared them to those in healthy controls (Fig. 1; see Table 1 for details on patient cohorts). 

The overall profile of these complement cascades indicated a general decrease in the serum 

levels of several complement components in DRE patients compared to healthy individuals (Fig. 

1B). Specifically, the components C1q, C4, C4b, C3, C3b/iC3b, C5, and regulatory Factor B and 

Factor H were significantly less abundant, by ~30%, in DRE patients compared to healthy 

controls (p < 0.05, Fig. 1C-O). In contrast, the levels of MBL, C2, C3a, C5a, and C5b-9 did not 

differ significantly between the two groups. These findings suggest a deficiency in complement 

levels in the serum of DRE patients compared to age-matched healthy individuals. 

 

Next, we investigated whether sex-dependent differences existed (Fig. 2), as emerging 

evidence suggests that immune responses can differ between sexes  26-32. The levels of 

complement components were similar between healthy males and females (p > 0.05, Fig. 2A).  

(Two-Way ANOVA shown in Supplementary Table 2 ). A decrease of approximately 30% in the 

levels of complement components C1q, Factor B, C4, C4b, and Factor H was consistently 

observed in both female and male DRE groups compared to their healthy counterparts (p < 

0.05, Figs. 2B and 2C). However, DRE males had significantly lower levels of C3b/iC3b 

compared to healthy males (C3b/iC3b, p = 0.039 ), while DRE females showed slight non-

significant reductions (C3b/iC3b, p = 0.372 ). The C3a, C5, C5a, and C5b-9 levels were similar 

between males and females in both groups (p > 0.05). These findings indicate that males and 

females with DRE have deficiencies in the levels of circulating complement components.   

 

Dysregulation of complement pathways in DRE. 

 

We further analyzed these molecular differences to elucidate potential functional defects 

within the complement cascade (Fig. 3, Supplementary Figs. 1-4). The sequential activation of 

specific components regulates the complement system, necessitating precise coordination to 

generate active molecules such as C3a, C3b, C5a, and C5b (Fig. 1A) 33. In healthy individuals 

(Figs. 3A and 3C), we observed high positive correlations between classical (C1q to C3b/iC3b), 

lectin (MBL to C3b/iC3b), and late cleavage pathways (C3b/iC3b to C5a), suggesting that these 

pathways may be functioning in a coordinated manner to maintain a balanced immune 

response. However, DRE females showed no correlation between levels of MBL and C3b/iC3b 

(Fig. 3J), suggesting a targeted impairment within the lectin pathway, while DRE males 
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exhibited a broader lack of correlation between the levels of molecules within both classical (Fig. 

3H) and lectin (Fig. 3L) pathways. Although positive C3b/iC3b to C5a correlations were 

maintained across groups (Fig. 3M-P), a significant positive correlation between C3b/iC3b to 

C5b-9 (terminal pathway) was only present in healthy males (Supplementary Figures 1-4). 

These findings suggest a more extensive complement system dysregulation, which could more 

severely impact immune homeostasis in DRE males.  

 

Cytokine serum levels in health and DRE.  

 

We investigated the association between the concentrations of complement cascade 

components and cytokines in serum (Fig. 4-5; Supplementary Figures 1-5). Our findings 

revealed distinct cytokine profile patterns between healthy individuals and DRE patients (Fig. 

4A), as well as between males and females in both healthy (Fig. 4B) and DRE groups (Fig. 4C-

D) (Supplementary Tables 1 and 2). First, we observed that the DRE group exhibited 

significantly lower serum IL-8 levels (p = 0.001) and significantly higher CCL2 (p = 0.03 ) and 

CCL5 (p = 0.009 ) levels compared to the healthy group (Fig. 4A). Additionally, we noted a trend 

toward significance in the decrease of TNFα levels (p = 0.06) in the DRE group compared to the 

healthy group. Interestingly, ANOVA revealed significant sex dimorphism in some cytokine 

levels, with DRE females showing significantly lower levels of TNFα (p < 0.001) and IL-8 (p = 

0.007) compared to healthy females (Fig. 4E and 4F), suggesting that these cytokine changes 

in the DRE group are primarily driven by the DRE female population. In contrast, DRE males 

showed a trend towards elevated CCL2 (p = 0.125) and CCL5 (p = 0.066) compared to healthy 

males (Fig. 4G and 4H), although these differences did not reach statistical significance. This 

trend was not observed in female DRE vs. healthy groups (CCL2, p = 1 ; CCL5, p = 0.261). 

Notably, bFGF was detected only in the DRE groups, while levels within the healthy group were 

below the sensitivity limit of the assay kit. We acknowledge that this limitation in detection 

sensitivity could affect group comparisons.  

 

Furthermore, we observed marked alterations in the complement and cytokine 

correlations (Fig. 5). Healthy females (Fig. 5A) and healthy males (Fig. 5C) generally showed 

more positive correlations, which were less evident in DRE females (Fig. 5B) and DRE males 

(Fig. 5D). Examples of sex-specific differences include significant positive correlations between 

C3b/iC3b and IL-17 in females only (Fig. 5E-5H), and negative correlations between C4 and IL-

8 in males only (Fig. 5I-5L). Both DRE groups showed significant positive correlations between 
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C3b/iC3b and CCL2 levels that were absent in the corresponding healthy groups (Fig. 5M-5P). 

The positive correlation between complement and cytokines suggests better immune regulation 

in healthy individuals. In contrast, altered patterns in DRE patients may indicate maladaptive 

immune responses.  

 

Complement and cytokine correlations with age and clinical outcomes. 

 

Finally, we analyzed the associations between complement and cytokine profiles and 

epilepsy duration, FSIQ scores, and age (Supplementary Figures 1-4). No correlation between 

epilepsy duration and complement or cytokine levels was found in DRE patients of either sex 

(Supplementary Figures 1-4). Lower FSIQ scores were correlated with higher levels of C2 and 

IL-8 in DRE females (Supplementary Fig. 2), while in DRE males, lower FSIQ scores were 

linked to higher levels of IL-9 (Supplementary Fig. 4). Intriguingly, despite the observed 

complement deficiency in male DRE patients compared to healthy males, we found a significant 

positive correlation between serum levels of C1q, C3, and C5 with age (Supplementary Fig. 4), 

suggesting a potential progressive activation of the complement system with aging in the male 

DRE group. 

 

Discussion 

 

Our study presents evidence of complement system deficiency in DRE patients, 

suggesting potential implications for a seizure-related immune vulnerability that may be 

exacerbated in a sex-dependent manner. Within the DRE population, we observed a general 

reduction in the serum levels of multiple complement analytes (C1q, Factor B, C4, C4b, and 

Factor H) (Fig. 1) along with common increases in bFGF (Fig. 4). Additionally, we found sex-

specific differences in both the levels and coordination between complement components and 

cytokines (Fig. 3-5) in healthy individuals and DRE patients. Our analysis also revealed 

associations between specific complement and inflammatory markers (C2, IL-8, and IL-9) and 

FSIQ scores in DRE patients, suggesting their potential as biomarkers for cognitive disability. 

 

Our findings demonstrate lower serum concentrations of complement components such 

as C1q, C3, and C4 in DRE cases (Figs. 1-2). This evidence aligns with previous research 

showing alterations in the levels of these molecules in different populations of epilepsy patients 

23, 24. A study of 157 epilepsy patients found significant decreases in iC3b levels among patients 
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with uncontrolled seizures compared to those with controlled seizures 23. Another study 

involving 37 patients with idiopathic generalized epilepsy reported reduced serum levels of C3 

and C4 compared to healthy controls, with a more pronounced decrease in untreated patients 

24. These findings indicate that patients with epilepsy have a weakened complement system that 

may potentially render them more susceptible to immune-related comorbid conditions.  

 

A weakened complement system can lead to various health challenges, including 

compromised innate and adaptive immunity, increased susceptibility to infections, a higher risk 

of autoimmune diseases, and chronic inflammation 19-21. Deficiencies in classical pathway 

components (C1q, C1, C2, C4) are linked to autoimmune disorders such as systemic lupus 

erythematosus 20, 34, 35. Deficiencies in the MBL, C3, and C5 pathways are also associated with 

an increased risk of bacterial and viral infections 19, 21. Thus, we speculate that reduced levels of 

complement components in epilepsy patients may increase the risk of developing these immune 

conditions. Although our literature review did not identify studies linking epilepsy with increased 

susceptibility to infections or prolonged inflammation, this remains an intriguing area for future 

research. However, unprovoked seizures have been reported in patients with systemic lupus 

erythematosus 20, 36-38, and C1q knockout mice exhibit neuronal hyperexcitability and epilepsy 39, 

suggesting a plausible mechanistic link between peripheral complement deficiency, seizures, 

and epilepsy. 

 

Additionally, our findings reveal sex-specific variations in the complement system of 

DRE patients. Females exhibit a targeted impairment of the lectin pathway, while males show a 

broader dysregulation of the classical, lectin, and terminal pathways. Our novel findings suggest 

a more severe complement system dysregulation in males with epilepsy (Fig. 3 and 

Supplementary Fig. 4). Despite the absence of sex-dependent differences in complement 

component levels within the healthy groups in this study, previous research has shown 

significant sex-based variations in both the levels and functional activity of serum complement 

among healthy individuals 31, 32. Research involving 120 healthy Caucasian individuals revealed 

lower basal serum concentrations of C3, MBL, and C5-C9 components in females compared to 

males 32. Conversely, another study reported higher serum levels of C1q and C3b and 

enhanced antibody-mediated cell lysis in healthy females, while healthy males showed 

increased activation of early complement pathway components 31. This discrepancy between 

the current findings and existing literature highlights the complexity of complement system 
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regulation and suggests that factors like sample size, population demographics, or 

methodological variations (e.g. sensitivity of ELISA kits) may impact the observed outcomes. 

 

The complement system modulates inflammation through its reciprocal relationship with 

cytokines, creating a feedback loop that initiates and resolves inflammatory responses, thereby 

maintaining immune homeostasis 16-18. Our study revealed common alterations in all DRE 

cases, including complement deficiencies and detectable bFGF levels (Fig. 4 and 

Supplementary Figs. 5-6). In DRE females, these changes were accompanied by reduced TNFα 

and IL-8 levels, while in DRE males, a trend towards elevated CCL2 and CCL5 levels was 

observed, indicating potential sex dimorphism in their immune signatures. These alterations 

may affect inflammatory processes. For instance, in DRE females, reduced TNFα may indicate 

a dampened immune response, potentially affecting inflammation resolution or increasing the 

risk of chronic inflammation, as lower levels of TNFα are also linked to increases in IL-6 40. 

Furthermore, reduced IL-8, which is crucial for neutrophil recruitment, infection resolution, 

wound healing, and angiogenesis 41, could affect responses to infections and tissue damage. In 

contrast, the trend towards elevated CCL2 and CCL5, pro-inflammatory chemokines that recruit 

monocytes and lymphocytes 42, suggests a potential shift in inflammatory state in DRE males. 

The presence of detectable bFGF in DRE cases, but not in healthy controls, suggests a 

potential compensatory mechanism to enhance tissue repair and angiogenesis 43. While these 

findings provide interesting insights into the immune profiles of DRE patients, a more 

comprehensive understanding of cytokine and chemokine profiles is essential for drawing 

targeted conclusions, particularly given the observed trends and sex-specific differences. 

 

A growing body of evidence in human and animal studies demonstrates sex-based 

disparities in cytokine production and immune responses in both health and disease conditions 

26-30, an aspect understudied in epilepsy. For example, studies of healthy human subjects 

revealed that males have higher plasma levels of TNFα, IL-1β, and IL-6 27 and a stronger 

monocyte-derived pro-inflammatory cytokine production in response to in vitro 

lipopolysaccharide challenge of blood samples than females 29. In association with critical 

trauma events, males exhibit higher circulating concentrations of cytokines like TNFα and IFN-γ 

28. In the context of Alzheimer's disease, evaluation of inflammatory profiles in peripheral blood 

leukocytes revealed higher levels of TNFα and IL-1β in males than females 30. These findings 

collectively indicate sex-based differences in cytokine levels, with males generally displaying 

enhanced pro-inflammatory profiles compared to females in both healthy and injury or disease 
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conditions. This pattern aligns with our findings, showing that DRE males exhibit elevated CCL2 

and CCL5 levels. The alterations in these chemokine levels may be linked to the more extensive 

complement system dysregulation observed in DRE males. However, further research is 

necessary to confirm this potential connection. 

 

Several limitations warrant consideration in future research. It remains unclear whether 

the observed weakened complement system and the altered landscape of cytokine/chemokine 

profiles cause the seizures or are a result of them, and whether they are beneficial or harmful in 

epilepsy. Moreover, these alterations could also be attributed to the use of ASMs, as these 

medications can affect immune function  44. Some ASMs, such as phenytoin, carbamazepine, 

and valproate, have immunosuppressive effects 44, which may increase the risk of infection 45. 

Additionally, immune system function can be influenced by various factors, including sex 

hormones 46 and age 47. The timing of blood sampling is also critical, as interictal and ictal 

phases could present different blood biomarker profiles. These limitations underscore the need 

for comprehensive, controlled studies that account for ASMs and other medication effects, 

health comorbidities, age, and seizure timing. Such studies would further elucidate the complex 

relationship between the complement system, immune responses, and uncontrolled versus 

controlled seizures. 

 

The concept of a vulnerable immune profile leading to maladaptive inflammatory 

responses in DRE cases aligns with previous research showing changes in CD4+ T cell 

abundance, a key component of the immune system, in the blood of epilepsy patients. These 

changes vary across different types of epilepsy with decreased proportions of CD4+ T cells 

reported in temporal lobe epilepsy 11 and focal epilepsy of unknown cause 12, and increased 

abundance found in DRE cases 13. Despite these variations, all these epilepsy types often 

exhibit elevated inflammatory cytokines 11-14. However, the relationship between peripheral 

immune cells, cytokines, the complement cascade, and their impact on immune responses or 

epilepsy outcomes likely depends on a broader set of immune regulators, which may also vary 

by sex. Taken together, our findings emphasize the importance of sex in immune signatures, an 

aspect often overlooked in clinical and pre-clinical epilepsy research. The ultimate goal is that 

our findings help develop clinical management strategies accounting for the individual variability 

in immunological trajectories and to improve outcomes for patients with DRE. 
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Figures  and Legends  

Figure 1 

 

Figure 1. Serum complement component concentrations in patients with drug-resistant epilepsy (DRE) and healthy 
controls. A, The diagram illustrates the convergence of the three complement pathways: alternative, classical, and lectin, 
leading to the cleavage of C3 and C5. The alternative pathway is activated through spontaneous hydrolysis of C3. The 
formation of C3b and Bb components (from Factor B) allows the cleavage of C3, being regulated by Factor H. All the 
pathways converge in the cleavage of C5 into C5b which helps assemble the membrane-attack complex (MAC)(terminal 
pathway). B, A volcano plot showing the significance (unpaired t-test) and mean fold change of complement proteins 
between DRE patients and healthy controls. The X-axis represents Log2 Fold Change (FC), with dots on the left (< 0) 
indicating downregulated proteins and dots on the right (> 0) representing upregulated molecules. The Y-axis shows -Log 
p-value, with significant points appearing in the upper part of the plot; the higher the dots, the stronger the statistical 
significance. The significance threshold was set at 1.30103 (-log 0.05). C-O, Serum concentrations of multiple 
complement molecules in DRE patients (blue) and healthy controls (gray): C1q, Mannose-binding Lectin (MBL), Factor B, 
Factor H, C2, C4, C4b, C3, C3a, C3b/iC3b, C5, C5a, and C5b-9. Violin plots show individual data points, median, and 
quartiles. Statistical analysis was performed using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 2 

 
 
Figure 2. Serum complement component concentrations in male and female patients with drug-resistant epilepsy (DRE) 
and healthy controls. A-C, Volcano plots showing significance (two-way ANOVA) and mean fold change between: (A) 
Healthy females and healthy males (B) DRE females and healthy females (C) DRE males and healthy males. D-P, Serum 
concentrations of multiple complement molecules: C1q, Mannose-binding Lectin (MBL), Factor B, Factor H, C2, C4, C4b, 
C3, C3a, C3b/iC3b, C5, C5a, and C5b-9. DRE patients are represented in blue, and healthy controls in gray. Violin plots 
display individual data points, median, and quartiles. Statistical analysis was performed using two-way ANOVA with 
categorical variables: condition (DRE or healthy control) and sex (female and male). Significance levels: *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 3 
 

 
Figure 3. Correlations between complement components. A-D, Pearson correlation matrices of all complement 
components in:  (A) Healthy females, (B) DRE females, (C) Healthy males, and (D) DRE males. E-H, Pearson 
correlations between C1q and C3b/iC3b in:  (E) Healthy females, (F) DRE females, (G) Healthy males, and (H) DRE 
males. I-L, Pearson correlations between MBL and C3b/iC3b in: (I) Healthy females, (J) DRE females, (K) Healthy males, 
and (L) DRE males. M-P, Pearson correlations between C5a and C3b/iC3b in: (M) Healthy females, (N) DRE females, (O) 
Healthy males, and (P) DRE males. Gray areas in panels E-P indicate 95% confidence intervals. Top: Simplified diagram 
showing the classical (C1q) and lectin (MBL) pathways and downstream cleavage of C3 and C5. Red indicates 
correlations shown in panels E-P. Supplementary Figures 1-4 show all r and p values for all correlations by group. 
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Figure 4 
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Figure 4. Serum cytokine concentrations in male and female patients with drug-resistant epilepsy (DRE) and healthy 
controls. A-D, Volcano plots showing significance (unpaired t-test and two-way ANOVA) and cytokine mean fold change 
between: (A) DRE patients and healthy controls (B) Healthy females and healthy males (C) DRE females and healthy 
females (D) DRE males and healthy males. E-I , Serum concentrations of TNFα, IL-8, CCL2, CCL5, and bFGF in male 
and female patients. DRE patients are represented in blue, and healthy controls in gray. Violin plots display individual data 
points, median, and quartiles. Statistical analysis was performed using two-way ANOVA with categorical variables: 
condition (DRE or healthy control) and sex (female and male). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 5 
 

 
 
 
Figure 5. Correlations between serum concentrations of complement components and cytokines. A-D, Pearson 
correlation matrices between complement components and cytokines in: (A) Healthy females, (B) DRE females, (C) 
Healthy males, and (D) DRE males. E-H, Pearson correlations between IL-17 and C3b/iC3b in:  (E) Healthy females, (F) 
DRE females, (G) Healthy males, and (H) DRE males. I-L, Pearson correlations between IL-8 and C4 in: (I) Healthy 
females, (J) DRE females, (K) Healthy males, and (L) DRE males. M-P, Pearson correlations between CCL2 and 
C3b/iC3b in: (M) Healthy females, (N) DRE females, (O) Healthy males, and (P) DRE males. Gray areas in panels E-P 
indicate 95% confidence intervals. Supplementary Figures 1-4 show all r and p values for all correlations by group. 
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