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ABSTRACT COVID-19 is associated with a wide range of extrarespiratory complica-
tions, of which the pathogenesis is currently not fully understood. However, both
systemic spread and systemic inflammatory responses are thought to contribute to
the systemic pathogenesis. In this study, we determined the temporal kinetics of vi-
ral RNA in serum (RNAemia) and the associated inflammatory cytokines and chemo-
kines during the course of COVID-19 in hospitalized patients. We show that
RNAemia can be detected in 90% of the patients who develop critical disease, com-
pared to 50% of the patients who develop moderate or severe disease. Furthermore,
RNAemia lasts longer in patients who develop critical disease. Elevated levels of
interleukin-10 (IL-10) and MCP-1—but not IL-6—are associated with viral load in se-
rum, whereas higher levels of IL-6 in serum were associated with the development
of critical disease. In conclusion, RNAemia is common in hospitalized patients, with
the highest frequency and duration in patients who develop critical disease. The fact
that several cytokines or chemokines are directly associated with the presence of vi-
ral RNA in the circulation suggests that the development of RNAemia is an impor-
tant factor in the systemic pathogenesis of COVID-19.

IMPORTANCE Severe COVID-19 can be considered a systemic disease as many extra-
respiratory complications occur. However, the systemic pathogenesis is poorly under-
stood. Here, we show that the presence of viral RNA in the blood (RNAemia) occurs
more frequently in patients who develop critical disease, compared to patients with
moderate or severe disease. In addition, RNAemia is associated with increased levels
of inflammatory cytokines and chemokines, like MCP-1 and IL-10, in serum during
the course of disease. This suggests that extrarespiratory spread of SARS-CoV-2 con-
tributes to systemic inflammatory responses, which are an important factor in the
systemic pathogenesis of COVID-19.

KEYWORDS COVID-19, SARS-CoV-2, RNAemia, inflammatory cytokines,
extrarespiratory, IL-6, MCP-1, IL-10, viral load, pathogenesis, cytokine storm, interferon

COVID-19 has been associated with a wide range of extrarespiratory complications,
including neurologic, cardiac, and thromboembolic complications. The pathogene-

sis of these extrarespiratory complications is not fully understood, but several mecha-
nisms are thought to contribute, including the systemic spread of SARS-CoV-2 and sys-
temic inflammatory cytokines (1, 2). Even though SARS-CoV-2 viral RNA and
inflammatory cytokines have been detected in the blood, their kinetics during infec-
tion are poorly understood, and it is unclear if either RNAemia or inflammatory cyto-
kines are associated with each other or with other disease parameters. We hypothesize
that RNAemia occurs frequently during severe COVID-19 and that it contributes to the
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systemic inflammatory responses. Therefore, we aimed to get insight into the kinetics
of SARS CoV-2 RNAemia and associated systemic inflammatory response during the
course of COVID-19.

Diagnostic specimens of 20 patients (16 male, 4 female), hospitalized at the Erasmus
MC in The Netherlands in March and April 2020, were analyzed. Ten patients developed
moderate or severe disease (grouped together), and 10 developed critical disease, accord-
ing to NIH disease severity guidelines (https://www.covid19treatmentguidelines.nih.gov/
overview/management-of-covid-19). One or more underlying diseases were present in 19
patients, which included cardiovascular diseases (11), diabetes (9), previous cerebrovascu-
lar accident (4), previous respiratory disease (3), cancer (3), solid organ transplantation (2),
kidney failure (1), psychosis (1), or sarcoidosis (1). None of the patients received dexa-
methasone during the course of disease. Further patient characteristics are included in
Table S1 in the supplemental material and described in Text S1 (supplemental materials
and methods). A total of 176 serum samples were analyzed, and a paired respiratory tract
(RT) sample ([naso]pharyngeal swab or sputum) was available for 131 specimens
(Table S2). For cytokine and chemokine analyses, sera of 18 healthy control donors were
included (Table S1).

Viral RNA was measured by quantitative PCR (qPCR) for the E gene in all serum and
RT samples as described previously (3). RNAemia was detected in 50% and 90% of the
patients with moderate/severe or critical disease, respectively. The duration of the
RNAemia per patient could not be determined, since samples early after disease onset
were not available for all patients. RNAemia was more frequently detected from
11days post-disease onset (dpd) in patients who developed critical disease (odds ratio
[OR] 4.65; confidence interval [CI], 1.05 to 20.64; P= 0.038; Fig. 1A and Table S2), as cal-
culated using generalized estimated equations, corrected for repeated samples within
patients. Furthermore, independent of disease severity, RNAemia was associated with
a threshold cycle (CT) value of ,30 in paired RT samples (OR, 9.47; CI, 3.08 to 29.07;
P=0.009) and,11 dpd (OR, 4.61; CI, 1.80 to 11.87; P=0.001; Fig. 1B). In this study,
there was no correlation between RNAemia and age (OR, 1.0; CI, 0.99 to 1.01; P=0.31)
or body mass index (BMI) (OR, 1.0; CI, 0.9 to 1.2; P=0.58). Virus could not be isolated
from serum samples, but since these had been collected for molecular and serological
diagnostics, the sample handling and storage were most likely suboptimal for virus cul-
ture. In addition, we have previously shown that virus is difficult to culture from sam-
ples with a CT value above 27 (4).

Next, we used a 13-plex cytometric bead assay to determine the kinetics of interleu-
kin-1b (IL-1b), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IP-10, gamma interferon (IFN-
g), tumor necrosis factor alpha (TNF-a), MCP-1, and transforming growth factor b (TGF-
b) in serum of patients up to 21 dpd (Text S1 and Fig. S1). All tested cytokines were
significantly regulated during the course of infection, with the exception of IL-4, IL-
12p70, and TGF-b , which were therefore excluded from further analysis. IFN-g, IL-1b ,
IL-2, IL-6, IL-8, IL-10, IL-17A, IP-10, MCP-1, and TNF-a were induced during the course of
disease (Fig. 1C), although large differences were observed among individual patients.
Overall, a dynamic response was observed in the majority of patients (Fig. S1). In
COVID-19 patients, IL-1b , IL-6, IL-8, IL-17A, IP-10, and MCP-1 levels differed significantly
from the healthy control group (Fig. 1C and Table S3). Generalized estimated equa-
tions, corrected for repeated sampling within patients, were used to determine associ-
ations of individual cytokines with RNAemia, an RT CT of ,30, disease severity and out-
come, and period after disease onset. Of all cytokines and chemokines, only IFN-g was
associated with a disease period of #10 days in both univariate and multivariate analy-
sis (Table 1 and Fig. 1C).

RNAemia was associated with increased levels of IL-1b , IL-6, IL-8, IL-10, IP-10, and
MCP-1 in a univariate analysis. Subsequent multivariate analyses showed that IL-10
and MCP-1 were independently associated with RNAemia (Table 1 and Fig. S2A). In a
univariate analysis, a CT value of ,30 in the RT was associated with increased serum
levels of IFN-g, IL-1b , IL-2, IL-6, IL-8, IL-10, IP-10, and MCP-1 compared to a CT value of
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$30 in the RT and with increased levels of IFN-g and IL-1b in a multivariate analysis
(Table 1 and Fig. S2B).

Patients who developed critical disease had significantly higher levels of IL-1b and
IL-6 than patients who developed moderate or severe disease (Table 1 and Fig. S3A).
While leukocyte counts in critical patients were significantly higher than in patients
who developed moderate or severe disease (Table S2), observed differences were
minor and both patient groups showed median leukocyte counts that fall within the
normal range. Death as an outcome was not associated with elevated levels of any of
the cytokines included in this study in a multivariate analysis (Table 1 and Fig. S3B).

FIG 1 RNAemia and systemic inflammatory responses in hospitalized COVID-19 patients. (A) The detection of SARS-CoV-2 viral RNA (E gene) in serum in
patients with moderate/severe or critical disease plotted against the day post-disease onset. (B) The detection of SARS-CoV-2 viral RNA in serum plotted
against the detection of SARS-CoV-2 viral RNA in respiratory sample. The dashed line represents a CT value of 30 in respiratory samples. (C) Individual
cytokines plotted against the day post-disease onset. Serum cytokine levels of healthy control donors (HC, n=18) are shown on the right of each individual
cytokine graph. Asterisks (*) at the top of the graphs refer to significantly higher levels in multivariate analyses,10 dpd compared to.10 dpd, whereas
asterisks (*) below the graphs indicate significant difference in cytokine levels between healthy control donors and COVID-19 patients.
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TABLE 1 Concentrations of individual cytokines and associations with RNAemia, a CT value in respiratory samples of,30, development of
critical disease, fatal disease outcome, and the first 10 days after disease onseta

Cytokine

Median concn, pg/ml (range)

Univariate P value Multivariate P valueb

Association with RNAemia

CT < 45 in serum (13 [58]) CT = 45 in serum (19 [72])
IFN-g 3.0 (3–385) 3.0 (3–138) 0.003 0.528
IL-1b 2.0 (0.8–4.8) 0.8 (0.8–3.5) 0.046 0.099
IL-2 4.2 (2.1–13.9) 2.1 (2.1–31.1) 0.059 0.969
IL-6 203 (10–4,090) 61 (8–1,055) 0.018 0.103
IL-8 25.4 (4.6–99.8) 11.7 (3.4–57.5) ,0.001 0.251
IL-10 11.5 (1.7–140) 1.7 (1.7–26.2) ,0.001 <0.001
IL-17A 3.2 (3.2–13.3) 3.2 (3.2–19.4) 0.150
IP-10 3,683 (168–9,155) 1,380 (86–7,282) ,0.001 0.170
MCP-1 272 (73–2,500) 184 (70–2,500) 0.019 0.036
TNF-a 1.2 (1.2–10.7) 1.2 (1.2–9.8) 0.410

Association with a high viral load (CT , 30) in respiratory tract

CT , 30 in RT (18 [82]) CT $ 30 in RT (15 [32])
IFN-g 3.0 (3–385) 3.0 (3–11.5) 0.007 0.015
IL-1b 1.8 (0.8–4.8) 0.8 (0.8–2.8) 0.008 <0.001
IL-2 3.8 (2.1–13.9) 2.1 (2.1–16.1) 0.014 0.686
IL-6 143 (10–4,090) 82 (8–768) 0.029 0.749
IL-8 20 (4.4–99.8) 11.7 (3.4–40.8) 0.002 0.269
IL-10 6.4 (1.7–141) 1.7 (1.7–9.7) 0.003 0.271
IL-17A 3.2 (3.2–19.4) 3.2 (3.2–13.8) 0.670
IP-10 2,686 (86–9,155) 1,123 (123–6,656) 0.021 0.759
MCP-1 239 (79–2,500) 154 (73–2,500) ,0.001 0.358
TNF-a 1.2 (1.2–9.8) 1.2 (1.12–10.7) 0.823

Association with the development of critical disease

Critical disease (10 [91]) Moderate or severe disease (10 [39])
IFN-g 3.0 (3–73) 6.0 (3–385) 0.084 0.228
IL-1b 2.1 (0.8–4.8) 0.8 (0.8–2.0) 0.003 0.003
IL-2 3.6 (2.1–13.9) 2.2 (2.1–31.1) 0.440
IL-6 144 (10–4,090) 49.8 (8.1–254) 0.041 0.005
IL-8 19.4 (3.4–99.8) 12.4 (14.5–29.9) 0.140
IL-10 5.7 (1.7–141) 5.7 (1.7–67.9) 0.620
IL-17A 3.2 (3.2–19.4) 3.2 (3.2–14.9) 0.700
IP-10 1,918 (86–9,155) 2,487 (692–8,015) 0.121
MCP-1 197 (73–2,500) 316 (70–2,500) 0.480
TNF-a 1.2 (1.2–10.7) 1.2 (1.2–9.7) 0.373

Association with fatal outcome

Survivor (15 [80]) Nonsurvivor (5 [50])
IFN-g 3.0 (3–385) 3 (3–73) 0.880
IL-1b 0.8 (0.8–3.5) 1.9 (0.8–4.8) 0.157
IL-2 2.3 (2.1–31.1) 4.0 (2.1–13.9) 0.149
IL-6 56 (8–4,090) 270 (10–3,930) 0.031 0.063
IL-8 13.4 (3.4–60.9) 23.9 (4.6–99.8) 0.070 0.607
IL-10 3.3 (1.7–140.8) 6.6 (1.7–67.9) 0.610
IL-17A 3.2 (3.2–14.9) 3.2 (3.2–19.4) 0.210
IP-10 1,922 (86–8,015) 2,601 (168–9,155) 0.160
MCP-1 217 (70–2,500) 247 (73–2,500) 0.470
TNF-a 1.2 (1.2–9.7) 1.2 (1.2–10.7) 0.930

Association with the first 10 days post-disease onset

#10 days (14 [51]) .10 days (18 [79])
IFN-g 6 (3–385) 3 (3–31.1) ,0.001 0.034
IL-1b 1.3 (0.8–4.8) 1.8 (0.8–3.88) 0.330
IL-2 3.1 (2.1–31.1) 3.5 (2.1–16.1) 0.690
IL-6 144 (10–3,930) 74 (8–4,090) 0.147
IL-8 17 (4.8–99.8) 14.7 (3.4–60.9) 0.360
IL-10 7 (1.7–140.8) 1.8 (1.7–131.9) 0.182
IL-17A 3.2 (3.2–6.1) 3.2 (3.2–19.4) 0.400
IP-10 3,683 (252–9,155) 1,653 (86–7,646) 0.013 0.058
MCP-1 320 (70–2,500) 170 (73–2,500) 0.190
TNF-a 1.2 (1.2–9.8) 1.2 (1.2–10.7) 0.800
aValues with the group names indicate the number of patients and the number of samples (patients [number of samples]) within the specified group. Univariate generalized
estimated equations were performed on the individual cytokines (log10 transformed), and associations with a P value of,0.1 were included in a multivariate analysis.

bValues in bold are statistically different (P, 0.05) in the multivariate analyses.
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Altogether, this study shows a high prevalence of RNAemia in hospitalized COVID-
19 patients. The overall detection of RNAemia in 70% of patients included in this study
is higher than in most other reports (5–8). This is likely due to the fact that all patients
included in this study were hospitalized with moderate, severe, or critical disease and
that we analyzed samples throughout the course of disease. The fact that RNAemia is
detected at later time points post-disease onset in patients who develop critical dis-
ease, together with the detection of SARS-CoV-2 in extrarespiratory tissues such as the
heart, liver, and kidney (1, 9, 10), suggests that systemic spread of SARS-CoV-2 contrib-
utes to the pathogenesis of severe COVID-19. The origin of the viral RNA detected in
the blood is not known, but high titers in the respiratory tract, in combination with the
histological evidence for severe damage in the lungs (11, 12), suggest direct spillover
of virus from the lung into the circulation.

The role of systemic cytokines during the course of COVID-19 is only partly under-
stood. Elevated cytokine responses are to be expected during viral infections, but if
and how protective responses transform to uncontrolled inflammation that contributes
to the development of COVID-19 are unclear (13). For example, others and our study
show that elevated levels of IL-6 are associated with the development of more severe
disease (8, 14–16), whereas absolute concentrations of IL-6 are relatively low in COVID-
19 patients compared to patients with acute respiratory distress syndrome (ARDS), sep-
sis, or cytokine release syndrome (17).

Systemic cytokine profiles are diverse among patients and vary during the course of
disease, and exact triggers are unknown. We show that IL-10 and MCP-1 are associated
with the presence of RNAemia, while IL-1b and IL-6 are associated with the develop-
ment of critical disease. This suggests that virus spread beyond the respiratory tract
contributes to—at least part of—the systemic cytokine responses. Up to the present,
the beneficial effect of immunotherapies to modulate the systemic immune response,
including tocilizumab (monoclonal antibody against IL-6) and anakinra (recombinant
interleukin-1 receptor antagonist), do not consistently find a positive effect on morbid-
ity and mortality (18–20). Most likely, the effect of these immunotherapies depends on
many factors including the diversity among patients and timing. It is therefore impor-
tant to acquire more insight into the pathogenesis of these systemic responses, the di-
versity among patients, and the temporal kinetics of systemic responses in order to de-
velop personalized intervention strategies.

Even though this study has several limitations, such as the number of patients,
the retrospective character, and the usage of diagnostic samples, it reveals important
insight into the temporal kinetics of both RNAemia and associated systemic cytokine
responses. Our findings suggest that both RNAemia and systemic responses contrib-
ute—at least in part—to the systemic pathogenesis of severe COVID-19, which fits
with the wide spectrum of extrarespiratory complications associated with COVID-19.
Furthermore, we show that in order to acquire more insights into the systemic patho-
genesis, it is essential to analyze the kinetics of systemic viral load and responses dur-
ing the course of disease. This knowledge will be essential for the development and
timing of intervention strategies that target either the host immune response or virus
replication.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.02 MB.
FIG S1, TIF file, 0.5 MB.
FIG S2, TIF file, 0.7 MB.
FIG S3, TIF file, 0.7 MB.
TABLE S1, DOCX file, 0.01 MB.
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