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Abstract

Background Combined markers of renal dysfunction and inflammation, e.g., cystatin C, might assist with risk stratification
and clinical decisions in patients with coronavirus disease 19 (COVID-19). We conducted a systematic review and meta-
analysis with meta-regression of serum cystatin C in COVID-19.

Methods We searched PubMed, Web of Science and Scopus, between January 2020 and February 2021, for studies reporting
serum cystatin C concentrations, measures of clinical severity and survival outcomes in hospitalized COVID-19 patients
(PROSPERO registration number: CRD42021245295).

Results Thirteen studies in 2510 COVID-19 patients, 1972 with low severity or survivor status and 538 with high severity
or non-survivor status during follow up, were included in the meta-analysis. The pooled results showed that serum cystatin
C concentrations were higher in patients with high disease severity or non-survivor status (standard mean deviation, SMD,
1.71,95% CI 0.95 to 2.46, p <0.001). Extreme between-study heterogeneity was observed (I>=97.5%, p <0.001). Sensitivity
analysis, performed by sequentially removing each study and re-assessing the pooled estimates, showed that the magnitude
and direction of the effect size was not substantially modified. The Begg’s and Egger’s ¢ tests did not show publication bias.
In meta-regression, the SMD of serum cystatin C was not associated with age, proportion of males, C-reactive protein,
neutrophils, lymphocytes, aspartate aminotransferase, alanine aminotransferase, albumin, creatinine, creatine kinase-MB,
lactate dehydrogenase, and proportion of patients with diabetes or hypertension.

Conclusions Higher concentrations of serum cystatin C were associated with higher COVID-19 severity and mortality.
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Introduction

A number of clinical and demographic factors and biomark-
ers have shown significant associations with coronavirus dis-
ease 19 (COVID-19) severity, based on clinical presentation,
imaging findings, or need for intensive care unit (ICU) admis-
sion, and survival outcomes [1, 2]. In terms of biomarkers,
the excessive activation of inflammatory and oxidative stress
pathways observed in severe COVID-19 has prompted the
assessment of the diagnostic and prognostic role of C-reactive
protein, white blood cell components, procalcitonin, ferritin,
prealbumin, and serum amyloid A [3-7]. Additionally, patients
with more severe forms of the disease often experience
extrapulmonary abnormalities affecting different organs and
systems, e.g., cardiovascular, haematological, gastrointestinal,
and neurological [8]. Another key organ likely to be involved
in COVID-19 is the kidney, with a reported prevalence of
acute kidney injury (AKI) in hospitalized patients as high as
43% [9, 10]. While the exact mechanisms responsible for the
onset and the development of renal dysfunction are not fully
established, studies have reported positive staining of tubules
with antigens of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), the agent responsible for COVID-19,
and complement components, the presence of viral particles
in tubular epithelial cells and podocytes, and the isolation of
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SARS-CoV-2 in urine [9]. Other investigations have demon-
strated the presence of acute tubular injury, glomerular fibrin
thrombi, indicating endothelial dysfunction and coagulopathy,
and acute tubular necrosis [11-15]. Notably, the presence of
COVID-19-associated AKI independently predicts adverse
clinical outcomes [10]. The relatively frequent occurrence of
renal dysfunction in patients with COVID-19 suggests that
renal biomarkers might assist with early risk stratification,
monitoring and management in this group [10]. However, the
availability of biomarkers that are able to reflect not only the
early presence of kidney dysfunction but also other abnormal
processes, e.g., systemic inflammation, oxidative stress, and
cytokine storm, might be particularly useful in this context.
Cystatin C is a low-molecular-weight protein that is a mem-
ber of the cystatin superfamily of cysteine protease inhibitors.
Cystatin C is widely distributed in different organs and tissues
and, in view of its relatively small molecular weight and easy
detection, is also used as a marker of glomerular filtration rate.
Unlike other renal biomarkers, e.g., serum creatinine, cystatin
C is less susceptible to biological interference and more sensi-
tive to early deterioration in renal function [16—18]. Further-
more, there is increasing evidence that cystatin C is associated
with various immune responses to exogenous and endogenous
antigens and that its encoding gene is regulated by a number
of cytokines during inflammation and infection [19]. In turn,
cystatin C can exert several immunomodulatory functions by
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controlling the activity of cysteine proteases and other mecha-
nisms. This has led some authors to propose its prognostic use
in inflammatory disorders [19, 20]. Given that the assessment
of serum cystatin C in COVID-19 patients might provide use-
ful information regarding the combined presence of excess
systemic inflammation and kidney dysfunction, we sought
to investigate the clinical role of this biomarker by conduct-
ing a systematic review and meta-analysis of studies report-
ing serum cystatin C concentrations in patients with different
degrees of disease severity and survival status during follow-
up. In particular, we speculated that patients with severe dis-
ease and/or reduced survival had higher concentrations of
serum cystatin C when compared to those with milder disease
and/or favourable outcomes. A meta-regression analysis was
also performed to investigate possible associations between the
effect size of the between-group differences in serum cystatin
C concentrations, clinical and demographic factors, and mark-
ers of inflammation and organ damage.

Materials and methods
Search strategy and study selection

A literature search was conducted, using the terms “cys-
tatin C” and “coronavirus disease 19” or “COVID-19”, in
the electronic databases PubMed, Web of Science and Sco-
pus, from January 2020 to February 2021, to identify peer-
reviewed studies reporting serum cystatin C concentrations
in COVID-19 patients (PROSPERO registration number:
CRD42021245295). The references of the retrieved articles
were also searched to identify additional studies. Eligibility
criteria for inclusion were as follows: (a) reporting continu-
ous data on serum cystatin C concentrations in COVID-19
patients, (b) investigating COVID-19 patients with differ-
ent degrees of disease severity and/or survival status dur-
ing follow up, (c) adult patients, (d) English language, and
(e) full-text article available. Two investigators indepen-
dently screened all abstracts. If relevant, they independently
reviewed the full-text articles. The Newcastle-Ottawa scale

Potential relevant studies
identified and screened through
database search (n=65)

51 records were excluded, due to:
Duplicate or Irrelevant (n=51)

Studies retrieved for more
detailed evaluation (n=14)

1 records were excluded, due to:
¢ Missing information (n=1)

Studies included in
meta-analysis (n=13)

Fig.1 Flow chart of study selection

was used to assess study quality. A score of > 6 indicated
high quality [21].

Statistical analysis

Standardized mean differences (SMD) and 95% confidence
intervals (CIs) were calculated to build forest plots of con-
tinuous data and evaluate differences in cystatin C con-
centrations between COVID-19 patients with low vs. high
severity or survivor vs. non-survivor status during follow up.
A p value <0.05 was considered statistically significant. If
studies reported concentrations as median and interquartile
range (IQR), the corresponding mean and standard devia-
tion were estimated [22]. When individual studies described
more than two patient groups (e.g., mild, moderate, severe,
and critical illness) the mild/moderate and the severe/critical
were combined. The mean and standard deviation of the new
combined group was calculated by weighting for the sample
size of the original groups. The Q-statistic was used to assess
the heterogeneity of the SMD across studies (the signifi-
cance level was set at p <0.10) and to select the model, ran-
dom vs. fixed, to be used. Inconsistency across studies was
evaluated using the ? statistic: > <25%, no heterogeneity;
I? between 25 and 50%, moderate heterogeneity; I> between
50 and 75%, large heterogeneity; and I2>75%, extreme het-
erogeneity [23, 24]. Sensitivity analyses were conducted to
evaluate the influence of individual studies on the overall
effect size using the leave-one-out method [25]. The possible
presence of publication bias was assessed using the Begg’s
adjusted rank correlation test and the Egger’s regression
asymmetry test at the p <0.05 level of significance [26, 27].
The Duval and Tweedie “trim-and-fill” procedure was also
used to further test and correct for the possible presence of
publication bias. This method recalculates a pooled SMD
by incorporating the hypothetical missing studies as though
they existed, to augment the observed data and the symmetry
of the funnel plot [28]. To explore possible contributors to
the between-study variance, we further investigated in uni-
variate meta-regression analysis the associations, expressed
as ¢ values, between the SMD and the following parameters,
expressed as summary statistics in means or medians: age,
proportion of males, study endpoint, inflammatory markers
(C-reactive protein, neutrophils, lymphocytes), liver func-
tion (aspartate aminotransferase, alanine aminotransferase,
albumin), renal function (creatinine), myocardial damage
(creatine kinase-MB), multi-tissue damage (lactate dehydro-
genase), proportion of patients with diabetes and proportion
of patients with hypertension. Sub-group analysis was con-
ducted to investigate possible differences in SMD and heter-
ogeneity according to specific endpoints, i.e., disease sever-
ity vs. survival status. Statistical analyses were performed
using Stata 14 (STATA Corp., College Station, TX, USA).
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Table 2 Newcastle—Ottawa Scale assessment of individual studies
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We fully complied with the PRISMA statement regarding
the reporting of systematic reviews and meta-analyses [29].

Results
Study selection

We initially identified 65 studies. Of them, 51 were excluded
after the first screening because they were either duplicates
(same article identified in different databases) or irrelevant
(not fulfilling the inclusion criteria). After a full-text revi-
sion of the remaining 14 articles, one was excluded because
of missing information, leaving 13 studies for further analy-
sis (Fig. 1) [30—42]. The characteristics of these studies, all
conducted in China, are described in Tables 1, 2. A total of
2510 COVID-19 patients were assessed, 1972 (51% males,
mean age 51 years) with low severity or survivor status and
538 (58% males, mean age 59 years) with high severity
or non-survivor status. Eleven studies were retrospective
[30-32, 34-37, 39-42], whilst the remaining two were pro-
spective [33, 38]. Endpoints included disease severity based
on current clinical guidelines (8 studies) [31, 33-35, 37, 39,
40, 42], disease progression (one study) [38] and occurrence
of acute respiratory distress syndrome (ARDS) (one study)
[36], and survival status (4 studies) [30, 32, 36, 41]. Only
two studies reported the presence of AKI [32, 39]. All stud-
ies reported cystatin C concentrations measured on admis-
sion, except one study that reported mean values throughout
the hospitalization [34].

Meta-analysis

The overall SMD in cystatin C concentrations between
COVID-19 patients with low vs. high severity or survivor
vs. non-survivor status is reported in Fig. 2. In 12 stud-
ies, patients with high severity or non-survivor status had
higher cystatin C concentrations when compared to those
with low severity or survivor status (mean difference range,
0.19-9.51) [31-37]. The pooled results confirmed that cysta-
tin C concentrations were higher in patients with high sever-
ity or non-survivor status (SMD=1.71, 95% CI 0.95-2.46,
p<0.001) (Fig. 2). Extreme heterogeneity between studies
was observed (I>=97.5%, p<0.001).

Sensitivity analysis, performed by sequentially remov-
ing individual studies and re-assessing the pooled estimates,
showed that the magnitude and direction of the effect size
was not substantially modified (effect size range, between
1.12 and 1.83) (Fig. 3). However, the funnel plot showed a
distortive effect of the two prospective studies (Fig. 4) [33,
38]. Removing these studies attenuated both the effect size
(SMD =0.89,95% CI, 0.64-1.14, p <0.001) and the magni-
tude of the heterogeneity (I>=74.7%, p <0.001).
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Fig.3 Sensitivity analysis of the association between cystatin C and
COVID-19 disease. The influence of individual studies on the over-
all standardized mean difference (SMD) is shown. The middle verti-
cal axis indicates the overall SMD, and the two vertical axes indicate
the 95% confidence intervals (Cls). The hollow circles represent the
pooled SMD when the remaining study is omitted from the meta-
analysis. The two ends of each broken line represent the 95% CI

Analysis of the 11 remaining studies did not show publi-
cation bias (Begg’s test, p=0.15; Egger’s test, p=0.10). The
trim-and-fill method identified four potential missing stud-
ies to add to the left of the funnel plot to ensure symmetry
(Fig. 5). This resulted in a reduced effect size (SMD =0.64,
95% C10.36-0.92, p <0.001).
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Fig.4 Funnel plot of studies investigating low vs. high severity or
SUrvivor vs. non-survivor status

Meta-regression

There were no associations between the SMD and age
(t=0.76, p=0.47), proportion of males (r=0.26, p =0.80),
C-reactive protein (t= —0.76, p=0.47), neutrophils
(t=1.65, p=0.15), lymphocytes (t= —0.38, p=0.72),
aspartate aminotransferase (r=0.25, p=0.81), alanine ami-
notransferase (= —0.26, p=0.80), albumin (= —1.69,
p=0.14), creatinine (r=0.57, p=0.59), creatine kinase-
MB (¢t=0.41, p=0.70), lactate dehydrogenase (t=1.37,
p=0.22), proportion of patients with diabetes (r=1.08,
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Filled funnel plot with pseudo 95% confidence limits

theta, filled
/

s.e. of: tﬁeta, filled

Fig.5 Funnel plot of studies investigating low vs. high severity or
survivor vs. non-survivor status after trimming and filling. Dummy
studies and genuine studies are represented by enclosed circles and
free circles, respectively

p=0.31), or proportion of patients with hypertension
(t=1.43,p=0.19).

In addition, sub-group analysis according to the spe-
cific endpoint evaluated, i.e., disease severity or survival
status, did not show any differences (r=2.10, p=0.06)
between the effect size in studies evaluating disease sever-
ity (SMD =0.69, 95% CI 0.47-0.90, p <0.001) and those
assessing survival (SMD=1.23, 95% CI 0.73-1.72,
p<0.001) (Fig. 6), with a relatively lower between-study
heterogeneity in the former (I*=50.3% vs. I>=78.3%).

Discussion

The results of this systematic review and meta-analysis
support a potential clinical role of cystatin C in the evalu-
ation of patients with COVID-19. Specifically, serum cys-
tatin C concentrations were associated with COVID-19
severity and mortality. The magnitude of the observed
SMD value, 1.71, indicates the presence of a large effect
size [43]. Although the between-group heterogeneity was
extreme the sequential removal of individual studies did
not substantially affect the overall SMD value. While the
funnel plot identified a distortive effect of two studies,
their removal attenuated the effect size, but not the signifi-
cance of the between-group difference, and the magnitude
of the heterogeneity. Furthermore, no publication bias was
observed.

The cysteine protease inhibitor cystatin C has been stud-
ied for a relatively long time as a marker of renal function,
specifically glomerular filtration rate. In contrast with the
traditional biomarker creatinine, cystatin C is less influ-
enced by differences in muscle mass and other factors such
as age and changes in diet [17, 44, 45]. In support of these
characteristics, cystatin C has been shown to have superior
sensitivity to changes in borderline renal function, and to
rise earlier than creatinine in different patient groups, e.g.,
transplant, surgical, cardiovascular, and diabetic [18, 46, 47].
While higher serum concentrations of cystatin C are likely
to reflect the presence of kidney dysfunction, e.g., AKI, in
patients with COVID-19, they might also be a marker of the
excessive systemic inflammatory and pro-oxidant state that
characterizes this group [3]. An increasing number of studies
have provided convincing evidence that cystatin C plays an

Fig.6 Forest plot of studies Study %
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:
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important pathophysiological role in the immunomodulatory
responses observed during inflammatory states and infec-
tions [19]. Furthermore, its production can be modulated by
several cytokines [19]. Consequently, fluctuations in serum
cystatin C concentrations can be associated not only with
changes in glomerular filtration rate but also with alterations
in its production and/or consumption [19]. In turn, cystatin
C can modulate the release of a number of cytokines, e.g.,
tumour necrosis factor-a, interleukin-12, and interleukin-10,
as well as nitric oxide (NO) [19]. In particular, cystatin C
activates the inducible isoform of NO synthase (iNOS),
which is primarily responsible for the excessive NO pro-
duction observed in local and systemic proinflammatory
states [48]. This leads to the generation of highly reactive
NO derivatives, nitrosative stress and irreversible modifica-
tions of several intracellular components, with consequent
cell apoptosis and organ dysfunction. These phenomena play
an important role in the pathophysiology of the cytokine
storm and severe COVID-19, and the associated multi-organ
compromise observed in these patients [3, 49]. There is also
evidence that cystatin C can exert antiviral effects. Stud-
ies have shown that cystatin C can inhibit the replication
of human coronaviruses other than SARS-CoV-2 in human
lung cells, poliovirus, adenovirus, and herpes simplex virus
[50-53]. Taken together, these data support the proposition
that elevations in serum cystatin C concentrations in severe
COVID-19 may reflect the presence of one or more coexist-
ing processes, including reduced renal function, excessive
release of pro-inflammatory cytokines, anti-viral effects,
iNOS-mediated stimulation of NO synthesis, and cytokine
storm. Notably, our meta-regression did not show any sig-
nificant association between the SMD of cystatin C concen-
trations and markers of inflammation and renal function.
This suggests that the information provided by cystatin C
is complementary to that of conventional markers of renal
function and inflammation, rather than redundant.

The extreme between-study heterogeneity observed in
our meta-analysis represents a significant limitation that
curtails the generalizability of the results. However, the
trend and magnitude of the reported differences in cystatin
C were maintained, in the presence of reduced heterogene-
ity (>=50.3%, p=0.05), in a sub-group of eight studies
that had disease severity as endpoint. It is possible that
other, unreported factors might have contributed to this
residual heterogeneity. One such factor is the inter-labo-
ratory difference in cystatin C assay measurement, which
can involve nephelometric, turbidimetric, or spectrophoto-
metric immunoassays [54-56]. At the same time, there was
no evidence of publication bias and the overall effect size
was not affected in sensitivity analysis. Another limitation
is that no selected study, barring one [34], performed a
serial measurement of complement component concentra-
tions during hospitalization. This might provide additional

@ Springer

information regarding possible clinical deterioration.
Further studies are required to determine whether serial
measurements of cystatin C provide additional prognostic
information to that of single measurements on admission.
In conclusion, our systematic review and meta-analysis
with meta-regression has shown that higher serum concen-
trations of cystatin C, indicating one or more processes
including deterioration of renal function, excess inflamma-
tion, anti-viral activity, and cytokine storm, are associated
with severe disease and increased mortality in hospitalized
patients with COVID-19. Additional studies are required
to determine whether single or serial measurement of this
biomarker, with or without other clinical, demographic,
and biochemical variables, can further enhance early risk
stratification and clinical decisions in this patient group.
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