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ABSTRACT

Protease inhibitors influence a range of innate immunity and inflammatory pathways. We quantified plasma concentra-
tions of key anti-inflammatory protease inhibitors in chronic haemodialysis patients with coronavirus disease 2019
(COVID-19). The samples were collected early in the disease course to determine whether plasma protease inhibitor levels
associated with the presence and severity of COVID-19. We used antibody-based immunoassays to measure plasma con-
centrations of C1 esterase inhibitor, alpha2-macroglobulin, antithrombin and inter-alpha-inhibitor heavy chain 4 (ITIH4) in
100 serial samples from 27 haemodialysis patients with COVID-19. ITIH4 was tested in two assays, one measuring intact
ITIH4 and another also detecting any fragmented ITIH4 (total ITIH4). Control cohorts were 32 haemodialysis patients
without COVID-19 and 32 healthy controls. We compared protease inhibitor concentration based on current and future
COVID-19 severity and with C-reactive protein. Results were adjusted for repeated measures and multiple comparisons.
Analysis of all available samples demonstrated lower plasma C1 esterase inhibitor and «2M and higher total ITIH4 in
COVID-19 compared with dialysis controls. These differences were also seen in the first sample collected after COVID-19
diagnosis, a median of 4 days from diagnostic swab. Plasma ITIH4 levels were higher in severe than the non-severe
COVID-19. Serum C-reactive protein correlated positively with plasma levels of antithrombin, intact ITIH4 and total ITIH4.
In conclusion, plasma protease inhibitor concentrations are altered in COVID-19.
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INTRODUCTION

Infection by human severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) can lead to coronavirus disease 2019
(COVID-19) with clinical sequelae that range from mild symp-
toms to fatal pneumonitis. The immunological determinants of
COVID-19 severity are not understood. Innate immune
responses can influence COVID-19 susceptibility and severity by
contributing to viral clearance and inflammation triggered by
SARS-CoV-2 [1]. Severe COVID-19 is characterized by inflamma-
tory and immuno-thrombotic pathway activation, many of
which are regulated by protease inhibitors.

Inhibitors of plasma proteases often target multiple, dis-
tinct proteolytic events within immuno-thrombotic cascades,
making them prime candidates for influencing the disease
course of COVID-19. C1 esterase inhibitor (C1-INH, SERPING1) is
a protease inhibitor that influences multiple innate immunity
and inflammatory pathways [2]. In addition to inhibiting the
complement classical and lectin pathways, C1-INH is a primary
inhibitor of, e.g. activated coagulation pathway factors XII and
XI, activated plasma kallikrein, plasmin, tissue-type plasmino-
gen activator and thrombin [3]. C1-INH circulates at serum con-
centrations of 210-290 pg/ml in adults. Antithrombin III (AT,
SERPINC1), alpha2-macroglobulin («2M, A2M) and alphal-
antitrypsin (SERPINA1) are protease inhibitors that circulate at
similarly abundant serum concentrations of ~150, 140-410 and
1000-1500 pg/ml, respectively [*°]. The newly characterized in-
ter-alpha-inhibitor heavy chain 4 (ITIH4) has serum concentra-
tion of ~226 pg/ml (Laursen et al., manuscript in review) .
When ITIH4 is cleaved by an enzyme, such as lectin comple-
ment proteases and kallikrein, the cleaved ITIH4 fragment
forms a non-covalent, inhibitory complex that inhibits the en-
zyme [7].

Mass spectrometry-based proteomic studies have identified
associations between COVID-19 and protease inhibitors, includ-
ing C1-INH, ITIH4, AT and alpha-1-antitrypsin [*°]. SARS-CoV-
2 proteins are predicted to interact with C1-INH and reduce C1-
INH availability, which could contribute to inflammatory and
pro-coagulant states observed in severe COVID-19 [11]. Reduced
serum AT levels have been documented in patients with bacte-
rial septicaemia, associated with markers of disseminated in-
travascular coagulation [12, 13], and have been observed in
cohorts of critically ill patients with COVID-19 [**"*¢]. However,
accurate circulating protease inhibitor concentrations quanti-
fied with targeted antibody-based assays have not been
reported in COVID-19. Finally, the potential contribution of pro-
tease inhibitors to the pathogenesis of mild and recent-onset
COVID-19 is not known.

Here we describe plasma levels of key protease inhibitors in
patients with COVID-19, including individuals with mild dis-
ease. We collected serial samples during the first wave of the
COVID-19 pandemic in London, the UK, from patients estab-
lished on maintenance haemodialysis renal replacement ther-
apy. Because of pre-existing chronic kidney disease, high
comorbidity burden, relatively old age, and a high proportion of
non-white ethnicity, the patient population was at increased
risk of severe COVID-19 [14, ”7*°]. Furthermore, the necessity to
attend outpatient haemodialysis meant individuals were
screened for pyrexia and symptoms of COVID-19 and subse-
quently diagnosed, enrolled and sampled at an early point in
the disease course. We quantified plasma concentrations of C1-
INH, AT, «2M and ITIH4, and identified multiple associations be-
tween protease inhibitor levels and COVID-19 severity.

MATERIALS AND METHODS

All participants provided written informed consent and were
enrolled in The Impact of COVID-19 on Renal and
Immunosuppressed Patients study (IRAS ID 282077). The study
was approved by the Health Research Authority, Research
Ethics Committee (reference: 20/WA/0123) and conducted in ac-
cordance with the Declaration of Helsinki principles. We
screened all individuals for symptoms and pyrexia at haemo-
dialysis, clinic or emergency hospital attendance and tested
individuals with SARS-CoV-2 nasopharyngeal PCR swab. We di-
agnosed COVID-19 from the date of the first positive SARS-CoV-
2 PCR swab. We screened controls for asymptomatic COVID-19
infection with negative PCR swab and IgG assay for SARS-CoV-2
antibodies, as previously described [20]. Blood sampling com-
menced as soon as feasible after COVID-19 diagnosis.

Clinical data were collected from electronic medical records,
anonymized and stored on secure computer networks at
Imperial College Healthcare Trust. We defined COVID-19 sever-
ity based on World Health Organization (WHO) classifications
(WHO clinical management of COVID-19: Interim guidance 27
May  2020.  https://apps.who.int/iris/handle/10665/332196)
adapted for clinical data availability. Mild was defined as
COVID-19 symptoms but no evidence of pneumonia and no
hypoxia. Moderate was defined as symptoms of pneumonia,
but peripheral oxygen saturation (Sa02) >92% on air or an oxy-
gen requirement no >4 I/min. Severe was defined as Sa02 <92%
on air, respiratory rate >30/min or oxygen requirement >4 1/
min. Critical was defined as organ dysfunction, signs of sys-
temic shock, or the need for high dependency or intensive care
support, e.g. non-invasive ventilation or intubation. Severity
scores were charted throughout a patient’s illness, including at
each sampling point. For some analyses, we combined mild and
moderate COVID-19 as ‘non-severe’ and severe and critical as
‘severe’.

We measured plasma C1-INH, AT, ¢2M and ITIH4 concentra-
tions of 100 plasma samples from 27 patients with chronic kid-
ney disease and COVID-19, and 1 sample each from 32
haemodialysis control patients without COVID-19 (dialysis con-
trols) and 32 healthy volunteers with neither kidney disease nor
COVID-19 (healthy controls), providing a total of 164 samples.
Samples were taken at the start of haemodialysis treatment.
Blood was collected in EDTA tubes and centrifuged to obtain
plasma and stored at -80°C. Protease inhibitor concentrations
were analysed in EDTA plasma with ‘in-house’ sandwich-type,
antibody-based immunoassays designed and performed at
Aarhus University, Denmark [7] or with the use of commercial
antibody pairs (Supplemental methods). ITIH4 was tested in
two assays; one detects intact ITIH4 only, the other also detects
ITIH4 cleaved by enzymes (total ITIH4; Supplemental methods).
We did not have access to an assay to measure alphal-
antitrypsin. Of the 100 COVID-19 samples, 63 were collected co-
incidentally with clinical samples for C-reactive protein (CRP).

Statistical analyses were performed using Graphpad Prism
9.0. Protein concentrations were displayed as mean with inter-
quartile range (IQR). Differences in clinical characteristics were
calculated with the Mann-Whitney U test for continuous and
Fisher Exact tests for categorical data. Because our data in-
cluded serial samples and different sample numbers in each co-
hort, we analysed these data with a mixed model that uses a
compound symmetry covariance matrix and is fitted using
Restricted Maximum Likelihood (REML). We adjusted the data
for non-sphericity with the Geisser-Greenhouse correction.
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Differences between first sample lectin pathway concentrations
were calculated with Kruskal-Wallis tests, follow-up compari-
son of the mean rank of every column, and adjustment of P val-
ues for multiple comparisons. We calculated correlations with
Spearman’s rank test. We adjusted P -values for multiple com-
parisons using Bonferroni’s multiple comparisons test.

RESULTS

In total, 11 of the 27 COVID-19 patients (41%) had severe disease
(Table 1). Four patients (15%) died from COVID-19. Levels of
clinical biomarkers associated with COVID-19, including CRP
and D-dimer, were higher in the severe compared with non-se-
vere disease cohorts (Table 1). Of the COVID-19 patients, 37% (10
of 27) were Asian and 22% (6 of 27) were of Black ethnicity (Table
1). Our COVID-19 patient population had a median age of 73
years (range 40-88 years), which was significantly older than
the dialysis control (62 years, P=0.004) and the healthy control
(48 years, P < 0.0001) cohorts (Table 1).

We identified significantly greater plasma C1-INH and «2M
levels in haemodialysis patients without COVID-19 than healthy
controls (Supplementary table). Mean plasma C1-INH concen-
trations were 325 pg/ml in dialysis control compared with 127
pg/ml in healthy control cohorts (P=0.0005). Mean plasma 02M
concentrations were 1500 pg/ml in dialysis control compared
with 866 pg/ml in healthy control cohorts (P <0.0001). We used
the dialysis control cohort for ongoing comparisons.

We first determined whether protease inhibitor levels asso-
ciated with COVID-19 diagnosis and severity at the time of sam-
pling. This approach allowed us to utilize all samples and
avoided sample selection bias. We identified lower plasma con-
centrations of C1-INH (P=0.0003) and «2M (P=0.0002) and
higher plasma concentrations of total ITIH4 (P=0.008) in
COVID-19 samples (Fig. 1 and Supplementary table). Plasma in-
tact ITIH4 levels were higher in samples from severe than non-
severe COVID-19 (P=0.02, Fig. 1 and Supplemental table). We
did not identify differences between sub-cohorts of white, black
and Asian ethnicity patients (data not shown).

We identified similar associations between protease inhibi-
tor concentrations and COVID-19 at the first sample collected
after COVID-19 diagnosis. Plasma C1-INH (P=0.01) and «2M
(P=0.001) were lower and total ITIH4 (P=0.003) were higher in
COVID-19 patients (Fig. 2). Intact ITIH4 was higher in patients
who developed severe COVID-19 (P =0.01, Fig. 2). These samples
were collected at median 4 days (IQR: 2-10 days) from positive
SARS-CoV2 swab and 6 days (IQR: 4-11 days) from symptom on-
set. These data demonstrate protease inhibitor concentrations
are altered early in COVID-19 disease course.

We next examined if plasma protease inhibitor concentra-
tions correlated with CRP because this clinical biomarker associ-
ates with active inflammation and severity of COVID-19 [22].
Plasma AT, intact ITIH4 and total ITHI4 correlated with serum
CRP measured on coincidentally collected samples (Fig. 3A).
Correlations between AT and intact ITHI4 and CRP were also
significant when only the first collected samples post COVID-19
diagnosis were analysed (Fig. 3B).

DISCUSSION

We demonstrated significant differences in protease inhibitor
plasma concentrations in COVID-19. We identified reduced C1-
INH and «2M and raised total ITIH4 levels in COVID-19 samples.
Intact ITIH4 also associated with COVID-19 severity. In addition,
AT and ITIH4 levels correlated positively with CRP, a biomarker
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of COVID-19 severity and inflammation [21]. Notably, the asso-
ciations were also detectable in samples collected early in the
disease course. These findings indicate that plasma protease
inhibitors and inflammation interact both in early and estab-
lished COVID-19. Accordingly, raised plasma ITIH4 could be de-
veloped as a biomarker of COVID-19 severity. Furthermore, the
rebalancing of protease inhibitor levels, such as replenishing
C1-INH or o2M, could be considered a therapeutic strategy for
COVID-19. This is of particular relevance given the description
of clinical improvement in four of five patients treated with hu-
man recombinant C1-INH for severe COVID-19 [22]. However,
further research is needed to establish whether associations be-
tween protease inhibitor changes and COVID-19 are causative
and to delineate the mechanisms that explain these
associations.

Our data are consistent with data from mass spectrometry-
based proteomic analyses of plasma and sera samples from
COVID-19 patients. C1-INH was the protein with the most sig-
nificantly reduced levels in samples from 31 COVID-19 patients
compared with 262 controls [23]. From the same study, levels of
ITIH4 were increased at first sampling in COVID-19 patients and
inpatients who died from COVID-19 [24]. These results replicate
associations between COVID-19 severity and C1-INH and ITIH4
identified from an isotope-labelled, targeted proteomic strategy
applied to sera from 46 COVID-19 patients and 53 controls [10].
Increased ITIH4 levels were also demonstrated in a high
throughput, mass spectrometry-based analysis of plasma and
serum from 31 COVID-19 patients. This study also found in-
creased Clr and Cls, the proteases inhibited by C1-INH, in
COVID-19 [8]. Although these results from high protein coverage
proteomic techniques are relevant, the accuracy of protein con-
centration measurements from proteomic approaches is limited
[24]. In contrast, our assays are derived from targeted antibody-
based techniques and provide robust quantification of protease
inhibitor plasma concentrations. Furthermore, we tested ITIH4
with two assays, one that gives a signal from intact ITIH4 only
and one that, in addition, provides a signal from cleaved ITIH4
(total ITIH4). Both assays detected differences between the dial-
ysis controls and COVID-19 cohorts, whereas only the intact
ITIH4 assay identified differences between non-severe and se-
vere COVID-19.

We observed markedly increased plasma C1-INH and «2M
levels in uninfected haemodialysis patients compared with
healthy controls. Associations have been identified between el-
evated serum o2M and dialysis related amyloidosis [25, 26]. To
our knowledge, circulating C1-INH has not been measured in
haemodialysis patients previously. We do not know why
plasma C1-INH is increased compared with healthy controls.
Similar to «2M, these proteins could accumulate as a result of
incomplete removal across semi-permeable dialysis mem-
branes [26]. However, whether this is due to molecule size,
charge, solubility or other factors requires further investigation.
In addition, assessment of the functional activity of C1-INH,
which we did not measure in our cohort, is needed in haemo-
dialysis patients.

Because these proteins influence multiple homeostatic
mechanisms, altered concentrations could contribute to the
complex, inflammation-associated morbidity associated with
chronic haemodialysis [27]. Furthermore, although these find-
ings require further investigation, they are immediately rele-
vant to research of C1-INH and «2M in individuals with kidney
impairment, including patients with COVID-19. Recently, asso-
ciations were identified between increased plasma C1-INH and
COVID-19 RNAemia in samples from 123 hospitalized COVID-19
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Figure 1: COVID-19 infection associates with reduced plasma C1-inhibitor, alfa2-macroglobulin, and increased ITIH4 levels. Plasma protease inhibitor levels in 100
samples from 27 haemodialysis patients with COVID-19. Overall, 31 samples were from patients with severe (red triangles) and 69 samples were from patients with
non-severe (blue triangles) COVID-19 at sampling. Controls are 32 haemodialysis patients without COVID-19 (grey squares). Line and whiskers show the mean and
standard deviation of the mean. Levels are shown in Supplemental Table S1. We analysed differences in protease inhibitor levels by fitting a mixed model in GraphPad
Prism 8.0. This mixed model uses a compound symmetry covariance matrix and is fitted using REML. In the absence of missing values, this method gives the same P
values and multiple comparisons tests as repeated measures ANOVA. In the presence of missing values, the results can be interpreted like repeated measures ANOVA.
We adjusted the data for non-sphericity with the Geisser-Greenhouse correction. All P-values are adjusted with Bonferonni’s multiple comparisons tests. ITIH4 was
tested in two assays, one measuring intact ITIH4 only and another that in addition also detects any fragmented ITIH4 (total ITIH4).

patients, 78 of whom required intensive care unit support [28].
On the basis of our data, these findings could be confounded by
an increased burden of kidney impairment and renal replace-
ment therapy in patients with high RNAemia and severe
COVID-19.

In conclusion, we identified multiple associations between
plasma levels of highly abundant protease inhibitors and
COVID-19. Protease inhibitor plasma concentrations reflect and
may influence COVID-19 pathology. Further research into the
mechanistic interplay between protease inhibitor levels and
COVID-19 pathogenesis is warranted to establish whether pro-
tease inhibitors are useful biomarkers and therapeutic targets
for COVID-19.

SUPPLEMENTARY DATA

Supplementary data is available at Oxford Immunology
online.
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