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Purpose: COVID-19 viral infection results in dysregulation of the complement system and a decrease in cortisol and adrenocortico-
tropin hormone (ACTH) levels. This study aimed to explore the complement system, as well as cortisol and ACTH responses in
patients with post-COVID-19 conditions (PCC) and type 2 diabetes mellitus (T2DM).

Patients and Methods: This study recruited 31 patients with PCC and T2DM (PCC-T2DM), 19 patients with PCC (PCC), 10
patients with T2DM (T2DM), and 10 healthy participants (control). Cortisol and ACTH in the PCC and PCC-T2DM groups were
assessed using the insulin tolerance test. In the fasting state, serum samples were collected for proteomic analyses. Spearman
correlation analysis was performed between proteins and cortisol, as well as between proteins and ACTH.

Results: Cortisol and ACTH levels were consistently decreased in the PCC and PCC-T2DM groups. Proteomic analyses revealed that
most of the differentially abundant proteins (DAPs) in the PCC vs control and PCC-T2DM vs T2DM were involved in the coagulation
and complement cascade, and the essential complement C3 was significantly upregulated in the PCC and PCC-T2DM groups when
compared to their controls. Additionally, complement-related DAPs in the PCC vs control and PCC-T2DM vs T2DM were
significantly correlated with cortisol and ACTH levels. In comparing PCC-T2DM samples with PCC samples, we found that
upregulated DAPs were linked to the complement system and other immune system, and most DAPs were negatively correlated
with cortisol and ACTH.

Conclusion: Our study revealed that T2DM exacerbated dysregulation of the complement system in patients with PCC, and
significant correlations were present between complement protein levels and those of cortisol and ACTH. These results provide
novel insights into the dysregulation of complement and endocrine hormones in patients with PCC and T2DM.

Keywords: post-COVID-19 condition, type 2 diabetes mellitus, complement, cortisol, adrenocorticotropin hormone

Introduction
Long-term effects of COVID-19 have been recently observed a distressing sequelae and are recognized by the World
Health Organization as post-COVID-19 condition (PCC).! Patients with PCC have a confirmed SARS-CoV-2 infection,
typically presenting 3 months of post-COVID-19 onset, with symptoms lasting for at least 2 months that cannot be
explained by other factors.”> A number of cognitive and autonomic dysfunctions are commonly reported by individuals
with PCC, including fatigue, post-exertional malaise, and pain after physical exertion.’

Diabetes mellitus (DM, mostly type 2) and COVID-19 show mutual interactions.* DM is a well-known risk factor for
worse clinical outcomes in patients with COVID-19.°> Compared with non-diabetics, diabetics infected with SARS-CoV-

2 have a higher rate of hospitalization, severe pneumonia, and mortality.® Conversely, COVID-19 alters energy
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metabolism in DM patients. When SARS-CoV-2 attaches to the pancreatic angiotensin-converting enzyme 2 (ACE2)
system, insulin production is perturbed, resulting in hyperglycemia.” Hyperglycemia further induces inflammation,
promotes insulin resistance, and reduces insulin secretion in patients with DM.® These studies indicate that the alterations
in metabolic pathways may be a hub of interaction between PCC and DM. However, the differential proteins involved in
metabolic alterations in patients with PCC and DM have not yet been investigated.

C,>*!'% such as complement immunity."' Comparing

Studies have found immune dysregulation in individuals with PC
the blood of patients with confirmed SARS-CoV-2 infection with that of uninfected controls, Cervia-Hasler et al found
that patients experiencing long COVID exhibit dysregulated activation of complement system, increased markers of
hemolysis and platelet activation, and altered coagulation cascade.'” Ma et al also suggested that enhanced activation of
the alternative complement pathway is most prevalent in patients with severe COVID-19."* An increasing evidence also
points toward a role of the complement system in the pathogenesis of DM, and complement upregulation and activation
is an important feature of insulin resistance and the development of type 2 diabetes mellitus (T2DM)."*"'® Nonetheless,
the complement system in patients with PCC and T2DM is unknown.

One of the primary immune invasive strategy employed by SARS-CoV is to knock down the host’s cortisol stress
response.'” The gene encoding ACE2 is the host receptor that binds SARS-CoV-2.'® Several endocrine organs have been
identified to be targeted by SARS-CoV-2,"? and the virus enters the target cells in the pituitary and adrenal glands via the
ACE2 receptor.”’ Recent reports indicated that cortisol level is lower among participants with long COVID.>%?! In
addition, Ahmadi et al reported that low cortisol level is linked to a high risk of mortality in patients with COVID-19.%
Cortisol is widely understood to suppress inflammation and immunity.>® However, the underlying correlation between
cortisol response and complement in patients with PCC and T2DM remains unclear.

The purpose of this study was to analyze the complement function and cortisol response in PCC patients, T2DM
patients, and patients with PCC and T2DM. Ultra-performance liquid chromatography (UPLC) and tandem mass
spectrometry (MS/MS) were used for proteomic analysis to reveal changes in pivotal complement proteins in subjects.
This study provides novel insights into the complement system and cortisol responses in patients with PCC and T2DM,
and identifies potential therapeutic targets for this patient population.

Methods and Materials

Subjects

Fifty patients with PCC who visited the Endocrinology Department of the Second Affiliated Hospital of Ningxia Medical
University from June, 2023 to December, 2023 were recruited, including 28 females and 22 males. The participants were
18-75 years old and divided into PCC patients (PCC group) and patients with PCC and T2DM (PCC-T2DM group). The
PCC group contained 19 PCC patients with an average age of 44.21£15.5 years old. Group PCC-T2DM included 31
patients with PCC and T2DM and an average age of 55.1+15.5 years old. Patients with PCC and T2DM followed the
diagnostic criteria of the American Diabetes Association and PCC,** respectively. Information on all individual
participants is shown in Table S1. Ten healthy participants with non-SARS-CoV-2 infection and non-DM (control
group) and 10 patients with non-SARS-CoV-2 infection and T2DM (T2DM group) who visited the Physical Examination
Center of the Second Affiliated Hospital of Ningxia Medical University from September, 2021 to November, 2021 were
recruited, including 10 females and 10 males.

The exclusion criteria were as follows:*> (1) type 1 DM or other specific types of DM; (2) patients with acute and
chronic complications of DM; (3) chronic kidney and liver disease or cancer; (4) secondary hypertension; (5) history of
anemia, severe cardiac and cerebrovascular diseases, or tumors; and (6) pregnant or breastfeeding women. This study
was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Yinchuan First
People’s Hospital (approval number KY-2024-034). Informed consent was obtained from all the patients.

Blood Tests

After an overnight fasting period of 8-12 hours, the patients were bedridden to collect peripheral venous blood. The
Beckman Coulter Automated Chemistry Analyzer AU5821 was used to detect fasting blood glucose (FBG), alanine
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aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), albumin (ALB), triglycerides (TG), total
cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), creatinine (Cr), and uric acid (UA).
Plasma cortisol and adrenocorticotropic hormone (ACTH) levels were measured using electrochemiluminescence (Cobas
6000 Automated Chemistry Immunological Analysis System). Partial blood samples were prepared for proteomic
sequencing, and residual samples were stored at —80°C.

Insulin Tolerance Test (ITT)

According to a final dose of 0.1-0.15 U/kg of insulin for intravenous injection, insulin was accurately calculated and
dissolved in the volume of the 2 mL glucose stock solution. Peripheral blood glucose, venous blood glucose, cortisol, and
ACTH in patients with a fasting period of 8 hours were detected at 0 min, 30 min, 60 min, and 90 min after insulin
injection. If there was no hypoglycemic reaction or blood glucose level did not drop below 2.2 mmol/L, the test was
repeated (insulin increased to 0.3 IU/kg). Symptoms of hypoglycemia (generally appeared after 15-30 min of insulin
injection) or blood glucose changes at 0, 15, 30, 45, and 60 min before and after insulin injection were observed. A blood
glucose level falling to 50% of the baseline or < 2.6 mmol/L was considered a valid ITT test. All the blood samples were
stored in an ice bath.

Sample Preparation

Blood samples were centrifuged to obtain serum. Serum samples were subsequently treated with lysate, protease inhibitor
(ROCHE, 04693132001) was added at 1:50 (protease inhibitors: lysate), and 8 M of urea (Amresco, M123-1KG) was
added. The samples were ultrasonically broken for 1 sec at 2 sec intervals, and the cumulative duration was 120 s. The
samples were then separated by centrifugation at 14,000xg for 20 min at 4°C to obtain the protein samples. These
proteins were then analyzed using UPLC-MS/MS.

UPLC-MS/MS Analysis

Mobile phase solutions A (100% MS-grade water with 0.1% formic acid) and B (80% acetonitrile with 0.1% formic acid)
were prepared. Lyophilized proteins were dissolved in 10 uL of solution A and centrifuged at 14000xg at 4°C for 20 min.
One microgram of supernatant was used for liquid quality detection using a RIGOL L-3000 high-performance liquid
chromatography system. Q Exactive HF-X Mass Spectrometer and the Nanospray Flex ion source were used in this
study.

Bioinformatics Analysis

Principal component analysis (PCA) was performed to visualize the separation of samples between groups using scales,
geplot2, ggrepel, and Scatterplot3d R packages. The Blast2GO software was used to identify enriched Gene Ontology
(GO) terms in the biological process, molecular function, or cellular component categories. Kyoto Encyclopedia of
Genes and Genomes (KEGG) was used to KEGG pathway analysis of proteins. Fisher’s exact test was used to calculate
enrichment p values according to the method of Benjamini and Hochberg for multiple testing corrections. The Reactome
database was used to explore the functional pathways of proteins. Statistical significance was considered when
Benjamini- and Hochberg adjusted p values were < 0.05.

Differential Analysis of Proteins

Differentially abundant proteins (DAPs) between groups were determined by #-test and fold change (FC) using the
ggplot2 software package. DAPs with FC > 1.30 or 1.20 and p value < 0.05 were considered to be upregulated DAPs.
DAPs with FC < 1/1.30 or 1/1.20 and p value < 0.05 were considered downregulated DAPs.

Statistical Analysis

SPSS 27.0 (IBM, USA) was used to statistically analyze the data, and the results are presented as mean + standard
deviation. The #-test was used for comparisons between the two groups. Pearson’s correlation analysis was used to
evaluate correlations. P < 0.05 was considered statistically significant difference.
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Results

Cortisol and ACTH Responses are Impaired in PCC Patients, as Well as Patients with
PCC and T2DM

The metabolic parameters of the PCC and PCC-T2DM groups are shown in Table S2. Patients with PCC and T2DM had
significantly higher fasting blood glucose (FBG) and glycosylated hemoglobin (HbAlc) levels than PCC patients (Table
S2). No significant differences were found in other metabolic parameters between diabetic and non-diabetic patients with
PCC (Table S2). ITT is a gold standard for evaluating the function of the hypothalamus-pituitary-adrenal (HPA) axis.? It
stimulates the release of cortisol and ACTH by inducing hypoglycemia. Thus, ITT was used to assessed the cortisol

response in patients with PCC. Fasting plasma cortisol and ACTH levels were considered as baseline cortisol and ACTH.
The cortisol and ACTH values are shown in Table 1. We found that AACTH in the PCC-T2DM group was significantly
lower than that in the PCC group. Importantly, both cortisol and ACTH levels showed negative growth after 30 min of
ITT, implying impaired cortisol and ACTH responses in patients with PCC.

PCC Induces Dysregulated Coagulation and Complement Cascade in Healthy and

T2DM subjects
Serum samples from PCC, PCC-T2DM, control (subjects with no SARS-CoV-2 infection and T2DM), and T2DM groups
were analyzed using a UPLC-MS/MS-based assay to quantitatively determine a panel of proteins with potential roles in
patients with PCC and T2DM. Unsupervised analysis using PCA showed a distinction among the groups: the control and
T2DM samples were clearly separated from the PCC and PCC-T2DM samples (Figure Sla). The precision of our
procedures was measured as RSD (Figure S1b). Subsequently, we compared DAPs between PCC patients and controls as
well as between PCC-T2DM and T2DM patients. A total of 24 DAPs were found to be upregulated, while 154 DAPs
were downregulated in PCC patients compared with controls (Figure la). Similarly, 23 upregulated and 154 down-
regulated DAPs were observed in the PCC-T2DM vs T2DM (Figure 1b). Notably, GO terms of DAPs in both PCC vs
control and PCC-T2DM vs T2DM were enriched in complement and coagulation cascades, such as complement
activation, lectin pathway, and positive regulation of blood coagulation (Figure 1c and d). These results indicate that
PCC induces dysregulation of the coagulation and complement cascade in both healthy subjects and T2DM patients.
Next, we depicted a network of shared 42 DAPs identified in both PCC vs control and PCC-T2DM vs PCC, which were
involved in the coagulation and complement cascade pathway in the KEGG database (Figure 2). Prothrombin (F2) is known

Table | Values of Cortisol and ACTH in the PCC and PCC-T2DM Groups

Baseline Cortisoly Cortisolzy | Cortisolgg | Cortisolgg | Acortisoly | Acortisolzy | Acortisolgg | Acortisolgg
Cortisol

PCC (n=19) 2.46+0.26 2.46+0.23 2.44+0.17 2.39+0.18 2.32+0.22 0+0.19 —-0.02+0.22 —-0.07+0.25 —0.13+0.27

PCC-T2DM 2.47+0.38 2.4+0.35 2.35+0.35 2.31+0.34 2.29+0.33 —0.07+0.13 —0.12+0.14 —0.160.15 —0.180.16

(n=31)

T -0.169 0.6 0.946 0.953 0.328 1.559 1.934 1.73 0.765

P 0.867 0.552 0.349 0.345 0.745 0.126 0.059 0.09 0.448
Baseline ACTH, ACTH;, ACTHgo ACTH,yo AACTH, AACTH;, AACTH,o AACTHy,
ACTH

PCC (n=19) 0.72+0.28 0.75+0.34 0.64+0.26 0.58+0.29 0.44+0.24 0.03+0.28 —0.08+0.3 —0.14+0.41 —0.27+0.35

PCC-T2DM 0.71+0.29 0.59+0.3 0.52+0.28 0.52+0.23 0.53+0.21 —0.11+0.21 —0.18+0.23 —0.19+0.24 —0.17+0.22

(n=31)

T 0.133 1.675 1.492 0.803 —-1.382 2.074 1.391 0.529 —1.266

P 0.894 0.1 0.142 0.426 0.173 0.043* 0.171 0.599 0.211

Notes: Cortisoly, cortisolsq, cortisolg, and cortisolgg (or ACTH,, ACTH30, ACTH¢o, and ACTHy,) represent the measurements of cortisol (or ACTH) taken at 0 minutes,
30 minutes, 60 minutes, and 90 minutes after ITT. Acortisol and AACTH represent the difference between the measured cortisol and ACTH values at different time points and
the baseline values. Data are expressed as mean * SD. T: t test value; P: p value; *: p value < 0.05.
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Figure | Dysregulation of complement and coagulation cascade in PCC patients and patients with PCC and T2DM. (a and b) Volcano plots indicate the DAPs in PCC vs
control (a) and PCC-T2DM vs T2DM (b). The orange, green, and black dots represent upregulated, downregulated, and normal DAPs, respectively. (c and d) GO
enrichment analysis of DAPs in the PCC vs control (c) and PCC-T2DM vs T2DM (d).

to contribute significantly to the prothrombinase-catalyzed activation of prothrombin,” and can regulate C3 and C5 to
activate complement pathway.”® C3 and C5 are pivotal components of the complement cascade. In the PCC vs control and
PCC-T2DM vs T2DM, the upregulation of F2 and C3 was observed in PCC and PCC-T2DM patients (Figure 2).
Complement factor H (CFH or FH) can accelerate the decay of the complement alternative pathway C3 convertase
C3bBb.?*° The upregulation of FH in this study may further promote the decay of C3 convertase C3bBb (Figure 2).
Additionally, C1qr2 in classical pathway and mannose binding lectin (MBL) and MBL associated serine protease 1/2
(MASP1/2) in lectin pathway exhibited significant downregulation (Figure 2), which further inhibited the levels of C2 and
C4, indicating the block of classical pathway and lectin pathway. Interestingly, complement pathways were found to be
connected to the downstream B cell receptor signaling pathway (Figure 2). DAPs associated with the B cell response, such
as immunoglobulin heavy variable 3—7 (IGHV3-7) and immunoglobulin heavy constant alpha 1 (IGHA1), exhibited
significant downregulation in the PCC-T2DM group when compared to the T2DM group (Figure 1a and b). These findings
further validate the dysregulation of complement system in PCC and PCC-T2DM subjects.

Complement Proteins are Significantly Correlated with Cortisol and ACTH
Subsequently, several complement-related DAPs were selected for further excavation, as listed in Table 2. Interestingly,
classical and lectin pathway activation markers, such as complement Clr subcomponent-like protein (C1S) and
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Figure 2 KEGG map of coagulation and complement cascades. KEGG map of coagulation and complement cascades (ko04610) depicts the relationships among 42 DAPs
between PCC and control groups, as well as T2DM and PCC-T2DM groups. The red and green boxes represent upregulated and downregulated DAPs in the PCC and PCC-
T2DM groups compared to the control and T2DM groups, respectively.

complement Clq subcomponent subunit C (C1QC), were downregulated in PCC and PCC-T2DM patients compared to
control and T2DM patients, respectively (Table 2). In contrast, complement C3 (C3) was found an upregulation
(Table 2). To better understand the association of complement-related DAPs with cortisol and ACTH values, we

Table 2 Complement-Related DAPs

Protein Protein Log2FC_PCC vs Log2FC_ PCC-T2DM vs
ID Control (regulated) T2DM (regulated)
Q9NZP8 | Complement Clr subcomponent-like protein (CIRL) —5.8075 (down) —5.7905 (down)
P09871 Complement Cls subcomponent (CIS) —0.67613 (down) —0.94217 (down)
P02747 Complement Clq subcomponent subunit C (C1QC) —1.1304 (down) —1.5237 (down)
P20851 C4b-binding protein beta chain (C4BPB) —2.0698 (down) —1.6773 (down)
P04003 C4b-binding protein alpha chain (C4BPA) 17111 (up) 1.9713 (up)
P06681 Complement C2 (C2) —1.5239 (down) —1.1609 (down)
P27918 Properdin (CFP) —2.2605 (down) —1.8041 (down)
P01024 Complement C3 (C3) 49111 (up) 4.8105 (up)
P13671 Component C6 (C6) —1.4557 (down p) —1.3386 (down)
P07357 Complement component C8 alpha chain (C8A) —2.1373 (down) —2.1041 (down)
P08603 Complement factor H (CFH) 1.7049 (up) 1.8160 (up)
Q03591 Complement factor H-related protein | (CFHRI) —2.6517 (down) —2.0194 (down)
000187 Mannan-binding lectin serine protease 2 (MASP2) —5.7491 (down) —5.7616 (down)
075636 Ficolin-3 (FCN3) —2.1437 (down) —2.4660 (down)
P14151 L-selectin (SELL) —7.0704 (down) —7.0707 (down)
P36955 Pigment epithelium-derived factor (SERPINFI) —1.1395 (down) —1.4979 (down)
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performed Spearman correlation analysis. The findings demonstrated positive and negative correlations between MASP2
and C6 and Acortisolsg, Acortisolgy, and Acortisolyy, respectively (Figure 3a). C1S, C2, and C3 were negatively
correlated with cortisolgy and cortisolyg (Figure 3a). Intriguingly, complement-related DAPs such as CFP, MASP2, and
FCN3 were positively correlated with ACTH,, ACTH;9, ACTHgy, and ACTHy,, and C3 and C6 were negatively
correlated with most ACTH and its growth (Figure 3b). These results demonstrate a potential correlation between the
complement system and the production of cortisol and ACTH.

T2DM May Exacerbate the Complement System Dysregulation in Patients with PCC
We learned that PCC results in dysregulation of the coagulation and complement cascade in healthy and T2DM subjects. To
further explore the vital DAPs between PCC and PCC-T2DM patients, we extracted their UPLC-MS/MS data for differential
analysis. A total of 10 DAPs were acquired, including targets of Nesh-SH3 (ABI3BP), apolipoprotein M (APOM), periostin
(POSTN), neural cell adhesion molecule L1-like protein (CHL1), neuropilin-1 (NRP1), ACE, fructose-bisphosphate aldolase
B (ALDOB), collectin-11 (COLECI11), IgGFc-binding protein (FCGBP), and immunoglobulin kappa variable 1D-16
(IGKV1D-16), which were upregulated in PCC-T2DM patients compared with those in patients with PCC (Figure 4a).
These DAPs comprise the domains of fasciclin, lectin C-type, immunoglobulin, immunoglobulin V-set, and angiotensin-
converting enzyme (Figure 4b). In addition, DAPs were enriched in the renin-angiotensin system and renin secretion pathways

a
ACortisol901 X X X X X X X X X X X X
ACortisol601 X X X X X X X X X X X X X
ACortisol301 X X X X X X X X X X| cor
ACorisalof X X X X X X X X X X X X X XX X| W
Cortisol901 X X X X X X X X X X 0.0
Cortisol601 X X X X X X X X X X X X X -05
Cortisol301 X X X X X X X X X X X X X X .-1~0
Cortisolo1 X X X X X X X X X X X X X X
Baseline cortisol1 X X X X X X X X X X X X X X X X
FESFF 0 T T GES TS
b 3
AACTH901 X X X X X X X X X X X
AACTHE0T X X X X X X X X X X X X X
AACTH30{ X X X X X X X X X X X X X X| cor
BACTHO! X X X X X X X XX XX XXX B
ACTH90{ X X X X X X X X X X X X 0
ACTHE0{ X X X X X X X X X X X -05
ACTH307 X X X X X X X X X X X .'1»0
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)

Figure 3 Correlation analysis between complement proteins and levels of cortisol ACTH. (a and b) Correlations between complement-related DAPs and cortisol (a) and
ACTH (b) levels. The “X” in each box indicates that the p value is > 0.05, with color intensity indicating the Spearman correlation intensity. P < 0.05 is considered statistically
significant correlations between two factors.
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showing the enriched protein domains (b) and Reactome pathways (c) of DAPs between the PCC-T2DM and PCC subjects.

(Figure S2a), and the KEGG map shows that upregulated ACE is involved in the regulation of complement and coagulation
cascades via the renin-angiotensin system (Figure S2b). In addition, DAPs were not only associated with complement-related
Reactome enrichment pathways but also with other immune-related pathways like antigen activates B cell Receptor leading to
generation of second messengers, adaptive immune system, and innate immune system (Figure 4c). Upregulated DAPs were
also found to be associated with nervous system development (Figure 4c), suggesting an effect of T2DM on the nervous
system in patients with PCC. Collectively, T2DM may exacerbate the complement system dysregulation in patients with PCC.

Most of DAPs Between PCC and PCC-T2DM Groups Show Negative Correlations
with Levels of Cortisol and ACTH

To gain a deeper understanding of the relationship between the 10 DAPs in Figure 4a and cortisol and ACTH, Spearman
correlation analysis was performed. We observed that APOM expression positively correlated with values of cortisoly,
cortisolzg, and Acortisoly (Figure 5a). DAPs, including ABI3BP, NRP1, and ALDOB, were significantly negatively
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Figure 5 Correlation analysis between DAPs in the PCC-T2DM vs PCC and levels of cortisol ACTH. (a and b) Heatmap visualizing Spearman correlations between the
expression of DAPs in the PCC-T2DM vs PCC and levels of cortisol (a) and ACTH (b).

correlated with Acortisolsg, Acortisolgy, and Acortisolyg (Figure 5b). In addition, NRP1 levels were negatively correlated
with both cortisol and ACTH levels (Figure 5a and b). Interestingly, COLECI11 was the only DAP with a significant
positive correlation with ACTH levels at different time points (Figure 5b). Together, most of the DAPs between the PCC
and PCC-T2DM groups showe negative correlations with cortisol and ACTH levels.

Discussion

Complement dysregulation has been observed in patients with PCC and patients with T2DM and PCC. PCC is
characterized by dysregulation of the terminal complement system and ongoing activation of the alternative and classical
complement pathways.'? Previous study suggested that patients undergoing COVID-19 infection have elevated levels of
alternative pathway activation markers, C3bBbP, and C5a.>' Additionally, antibodies against SARS-CoV-2 antigens can
activate the classical complement pathway.’” In our results, DAPs involved in the classical and lectin complement
pathways were downregulated in patients with PCC and those with both PCC and T2DM. The classical complement
pathway is known as “antibody dependent” because IgM/IgG antibodies are involved in complement activation. C1 is
shown to comprise three subcomponent proteins: Clq, Clr, and Cls, in which Clq binds to the Fc domain that leads to
the activation of C1r and Cls.>*** Then, C1 cleaves the next components of C4 and C2 to produce C4b2a complex, also
known as the C3 convertase.>® In the lectin pathway, hexamers of MBLs bind to bacterial carbohydrate motifs. MASPs
are complexed with large pattern recognition molecules such as MBL, collectins, and ficolins.”> MASPs also function
similarly to Clr and Cls to cleave C4 and then C2, generating the C4bC2b C3 convertase.>® In this study, classical
pathway markers such as C1S, C1QC, and C1RL and lectin pathway markers such as MASP2 and FCN3 exhibited
downregulation in patients with PCC and patients with PCC and T2DM, as compared to both their controls, suggesting
suppressed classical complement and lectin pathways. In contrast, complement C3 was upregulated in PCC and PCC-
T2DM subjects. The central effector molecule of the complement system, C3, mediates multiple complement functions
through different binding sites and receptors.®” C3 dysregulation implies the blocked complement pathways. Skendros
et al reported that complement C3 activation contributes to COVID-19 pathology, and C3 targeting has emerged as
a promising therapeutic strategy.>® Nonetheless, other studies have shown that low complement C3 levels are associated
with poor prognosis in COVID-19 patients and a higher risk for clinical worsening among patients with COVID-19.%*
The role of complement in COVID-19 is still limited by controversial results.

Complement regulation of lymphoid cell function has evolved greatly since lymphocytes synthesize the most soluble
complement components. Effectors of the complement system are involved in the regulation of B lymphocyte function.
Specifically, the products of complement system activation, particularly C3-derived fragments such as C3b, C3a, iC3b,
and C3d, play a pivotal role in regulating B cell responses by binding to their corresponding receptors, including C3aR,
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CRI1, CR2, CR3, and CR4.*"* In this study, IGHV3-7 and IGHA1, which are immunoglobulins produced by
B lymphocytes, were significantly downregulated in patients with PCC and T2DM compared to those in T2DM patients.
In addition, compared to PCC patients, FCGBP and immunoglobulin IGKV1D-16 exhibited a significant upregulation in
patients with PCC and T2DM. Regulatory trends of these immunoglobulins were similar to those observed in comple-
ment proteins between samples, suggesting an association between complement dysregulation and impaired
B lymphocyte function in patients with PCC and T2DM.

We used ITT to evaluate the stress function of cortisol and ACTH in PCC patients and patients with PCC and T2DM,
and found that cortisol and ACTH levels did not rise normally following ITT. HPA axis dysregulation is characterized by
impaired ACTH secretion due to a disease or injury to the hypothalamus or the pituitary gland, leading to reduced
cortisol production.** HPA is a center of homeostasis, stress responses, energy metabolism, and neuropsychiatric
function.*> Mounting evidence of disruption of the HPA axis in COVID-19 is known. For example, SARS-CoV can
induce the injury of the adrenal glands.***’” Patients who had COVID-19 underwent impaired pituitary functions.*®
A relative hypo-responsiveness of the HPA axis with persistently low cortisol levels appears in PCC participants.*’ Our
findings were consistent with current studies that cortisol and ACTH levels in PCC participants and participants with
PCC and T2DM consistently decreased following ITT and were lower than the baseline. We speculate that the impaired
HPA axis may be one of the reasons for the abnormal cortisol and ACTH production.

Cortisol and ACTH are closely related to hemostasis.’®>* Hypercoagulability has been identified as a common
complication in patients with Cushing’s syndrome.”® In this study, enrichment of coagulation pathways has been
observed in PCC patients and patients with PCC and T2DM. Several studies have reported abnormal coagulation
parameters, imbalance of thrombotic and thrombolytic factors, and endothelial cell injury in patients with COVID-19,
and severe COVID-19 infection is associated with significant coagulopathy that correlates with disease severity.”> >* We
noted that DAPs involved in the coagulation cascade were mostly downregulated in patients with PCC and patients with
PCC and T2DM compared to their controls, implying that COVID-19 infection or abnormal regulation of cortisol
responses may both lead to coagulation abnormalities.

Several complement proteins exhibited significant positive and negative correlations with cortisol and ACTH as well
as the increase in cortisol and ACTH. HPA axis-mediated communication between the immune and endocrine system is
important for the control of inflammation.>*-¢° Interestingly, Francis et al have reported the existence of C3a receptors in
the anterior pituitary gland and the presence of C5a receptors in the gland.®™®" Our results found a significant
upregulation of C3 in patients with PCC and patients with PCC and T2DM compared to their controls, and C3 exhibited
a negative correlation with both cortisol and ACTH levels. The relationship between the complement system and the
cortisol response warrants further investigation.

DM has been recognized as a significant risk factor for the rapid progression and poor prognosis of COVID-19.%8
After SARS-CoV-2 infection, individuals with DM exhibit significantly elevated serum levels of IL-6, C-reactive protein,
ferritin, and D-dimer compared to those without DM, which obliges the cytokine storm and contributes to the rapid
deterioration of patients.®*% Hypercoagulability and hypo-fibrinolysis are common features of both DM and COVID-19
because of the variations in hemostatic factors and overactivation of the endothelium.®*®* Similarly, complement
dysregulation occurred in both PCC patients and patients with PCC and T2DM. When DM and COVID-19 overlapped,
dysregulation of procoagulant factors and deficiency of fibrinolytic mechanisms were exacerbated in patients with PCC
and T2DM. Additionally, these upregulated DAPs also participate in the renin-angiotensin system and renin secretion,
and ACE is linked to the complement pathways via the renin-angiotensin system. The renin-angiotensin system responds
to blood pressure. Under pathophysiological conditions, the effects of the renin-angiotensin system can intensify to
trigger inflammation and structural remodeling, thus promoting cardiac and vascular damage.®® Renin-angiotensin system
exerts a pivotal role in the pathogenesis of COVID-19.°” DM may respond to COVID-19 by regulating the cardiovas-
cular system through the renin-angiotensin system combined with the complement system, exacerbating host patholo-

gical progression. This may be an important cause of cardiovascular complications in PCC patients.
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Conclusion

Our study not only uncovered dysregulation in the complement and coagulation cascades and abnormal cortisol and
ACTH responses in patients with PCC, but also revealed significant correlations between complement proteins and the
levels of cortisol and ACTH. Importantly, T2DM further promotes complement disorders in patients with PCC. These
results provide novel insights into the dysregulation of complement and endocrine hormones in PCC patients.
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