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Objectives: The majority of coronavirus disease 2019 mortality and 
morbidity is attributable to respiratory failure from severe acute respi-
ratory syndrome coronavirus 2 infection. The pathogenesis underpin-
ning coronavirus disease 2019-induced respiratory failure may be 
attributable to a dysregulated host immune response. Our objective 

was to investigate the pathophysiological relationship between pro-
inflammatory cytokines and respiratory failure in severe coronavirus 
disease 2019.
Design: Multicenter prospective observational study.
Setting: ICU.
Patients: Critically ill patients with coronavirus disease 2019 and 
noncoronavirus disease 2019 critically ill patients with respiratory 
failure (ICU control group).
Interventions: Daily measurement of serum inflammatory cytokines.
Measurements and Main Results: Demographics, comorbidities, 
clinical, physiologic, and laboratory data were collected daily. 
Daily serum samples were drawn for measurements of interleukin-
1β, interleukin-6, interleukin-10, and tumor necrosis factor-α. 
Pulmonary outcomes were the ratio of Pao2/Fio2 and static lung 
compliance. Twenty-six patients with coronavirus disease 2019 
and 22 ICU controls were enrolled. Of the patients with corona-
virus disease 2019, 58% developed acute respiratory distress 
syndrome, 62% required mechanical ventilation, 12% underwent 
extracorporeal membrane oxygenation, and 23% died. A negative 
correlation between interleukin-6 and Pao2/Fio2 (rho, –0.531; p = 
0.0052) and static lung compliance (rho, –0.579; p = 0.033) was 
found selectively in the coronavirus disease 2019 group. Diagnosis 
of acute respiratory distress syndrome was associated with signifi-
cantly elevated serum interleukin-6 and interleukin-1β on the day 
of diagnosis.
Conclusions: The inverse relationship between serum interleukin-6 
and Pao2/Fio2 and static lung compliance is specific to severe acute 
respiratory syndrome coronavirus 2 infection in critically ill patients 
with respiratory failure. Similar observations were not found with 
interleukin-β or tumor necrosis factor-α.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection and resultant coronavirus disease 2019 
(COVID-19) has caused greater than 12.9 million confirmed 

cases and greater than 570,000 deaths globally as of July 14, 2020 
(1). COVID-19 may progress to severe respiratory dysfunction, 
manifesting as acute respiratory distress syndrome (ARDS), and 
multiple organ failure (2–4).

The symptomology and morbidity/mortality of COVID-19 
stem from respiratory pathophysiologic sequelae, but the precise 
mechanisms are uncertain, with an immunopathological response 
or direct viral replication-induced lung injury suggested as cul-
prits (5). The onset of severe respiratory failure (3) and mortal-
ity (6) are both linked to an exaggerated host immune response 
(7). This has increased interest in immunomodulatory therapy 
for COVID-19 (5, 8). However, it remains unclear whether it is 
appropriate to ascribe the severity of COVID-19-related respira-
tory failure to cytokine storm syndrome (9), a debate driven by 
lack of prospective data in critically ill patients with COVID-19.

Although studies to date have included severe COVID-19 
patients, the proportion of critically ill COVID-19 patients is min-
imal and existing studies have assessed a single time point with 
cross-sectional designs rather than prospective repeated longitudi-
nal measures (6, 10–12). This highlights a major gap in COVID-19 
pathophysiology as the most significant deterioration in respira-
tory function and elevations of inflammatory cytokines would 
reasonably be expected to occur in critically ill patients, a popula-
tion in which the majority of mortality occurs, and that poses a 
sizeable resource burden for healthcare systems (13). Interleukin 
(IL)–6, IL-1β, and tumor necrosis factor-α (TNFα) have emerged 
as potential targets given their central role in inflammatory signal-
ing cascades and readily available immunomodulatory therapies 
that target their specific actions (5).

We conducted a prospective observational study to investigate the 
relationships between IL-6, IL-1β, and TNFα and measures of clini-
cal and physiologic respiratory function, namely the ratio of Pao2/
Fio2 and static lung compliance, in critically ill patients with severe 
COVID-19. We hypothesized that elevated IL-6, IL-1β, and TNFα 
would be associated with worse Pao2/Fio2 and static lung compliance.

MATERIALS AND METHODS
The study was approved by the University of British Columbia 
Clinical Research Ethics Board (H20-00971) and registered on 
ClinicalTrials.gov (NCT04363008). All research was conducted 
in accordance with the principles of the Helsinki declaration 
and Strengthening the Reporting of Observational Studies in 
Epidemiology guidelines.

Patient Management and Study Site
The study was conducted in the ICUs of Vancouver General 
Hospital and Surrey Memorial Hospital, mixed medical and 

surgical academic closed quaternary ICUs. Clinical management 
was in accordance with the Surviving Sepsis Campaign (14). 
Intubated patients with COVID-19 were ventilated with a lung 
protective strategy (~6 mL/kg tidal volume), maintenance of pla-
teau pressure less than 30 cm H2O and titration of positive end-
expiratory pressure (PEEP) to optimize systemic oxygenation and 
maintain recruited lung. Prone positioning, inhaled nitric oxide, 
and venovenous extracorporeal membrane oxygenation (ECMO) 
were used for refractory hypoxemia.

Patients and Controls
COVID-19 patients admitted to ICU with a diagnosis of pneu-
monia secondary to SARS-CoV-2 infection, confirmed by reverse 
transcription polymerase chain reaction (RT-PCR) positive naso-
pharyngeal or tracheal swabs were enrolled. Consecutive patients 
admitted with a primary diagnosis of hypoxemic respiratory failure 
(Pao2/Fio2 ≤ 300) secondary to community- or hospital-acquired 
pneumonia and two successive (nasopharyngeal and tracheal) 
negative SARS-CoV-2 RT-PCR tests were designated as ICU con-
trols. Serum samples were collected from nine healthy community 
controls (n = 2 males [22%]; median age 27 [interquartile range 
(IQR), 22–37]) collected prior to the SARS-CoV-2 pandemic to 
compare against COVID-19 patients and ICU controls.

Data Collection and Inflammatory Biomarkers
ICU admission demographics pertaining to age, sex, medical 
comorbidities, smoking (current status) and date of: symptom 
onset, initiation of mechanical ventilation, and hospital and ICU 
admission were collected. Median daily measurements of Pao2/
Fio2, static lung compliance (tidal volume [mL]/[plateau pres-
sure–total PEEP (cm H2O)]), and dead space fraction ([Paco2 
(mm Hg)–end-tidal carbon dioxide tension (mm Hg)]/Paco2) 
were recorded. A daily inspiratory and expiratory hold was con-
ducted to measure static lung compliance. Daily medians from 
hourly recordings of heart rate (beats/min), mean arterial pres-
sure (mm Hg), IV norepinephrine dose (µg/min), temperature 
(°C), PEEP (cm H2O), tidal volume (mL), and minute ventilation 
(L/min) were collected. A diagnosis of ARDS was denoted by fel-
lowship-trained intensivists in accordance with the Berlin crite-
ria (S.T., M.S.S.) (15). Daily laboratory values included as follows: 
C-reactive protein (CRP), d-dimer, complete blood count (WBC 
count and differential, hemoglobin concentration, and platelet 
count), ferritin, creatinine, liver enzymes, and bilirubin. In a sub-
cohort of 15 patients, viral load (log10 copies) was quantified using 
nasopharyngeal (n = 13) or tracheal (n = 2) swabs.

Daily arterial blood specimens were obtained from each SARS-
CoV-2 positive patient for days 1–7, 10, 14, and 21 following ICU 
admission. For ICU controls, arterial blood specimens and data 
collection for all variables were collected on day 1 of ICU admis-
sion. Serum cytokines were quantified using the Simoa HD-1 
platform from Quanterix (Billerica, MA) following the manufac-
turer’s protocol, using a 128-fold in lieu of four-fold dilution for 
the 3-plex assay to accommodate the IL-6 response. IL-6, IL-10, 
and TNFα were measured using a cytokine 3-plex A advantage 
assay (101160), while IL-1β was measured using the human IL-1β 
advantage assay (101605). The lower limit of detection, lower limit 
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of quantification, and upper limit of quantification as measured 
in the assay well are: 0.006, 0.011, and 20 pg/mL (IL-6); 0.0022, 
0.0073, and 6 pg/mL (IL-10); 0.011, 0.051, and 28 pg/mL (TNFα); 
and 0.016, 0.083, and 120 pg/mL (IL-1β).

Cross-Platform Analytical Validation
A subset of 39 serum specimens spanning the analytical range of 
IL-6 (0.597–5,029 pg/mL) were selected for secondary quantifica-
tion using the commercially available Siemens ADVIA Centaur 
XP analyzer (Munich, Germany) for cross-platform comparison 
with the Quanterix Simoa HD-1 platform. The dynamic range of 
the ADVIA Centaur IL-6 assay (10995080) is 2.7–5,500 pg/mL. 
Study members analyzing serum specimens were blinded to all 
clinical data and to whether specimens were from COVID-19 
patients or ICU controls.

Outcome Measures
Primary, secondary, and tertiary outcomes were selected a priori. 
The primary outcome was the relationship between serum inflam-
matory cytokines and study enrollment Pao2/Fio2 (before use 
of rescue maneuvers for refractory hypoxemia) in patients with 
COVID-19 compared with ICU controls. The secondary outcome 
was the relationship between inflammatory cytokines and static 
lung compliance. The tertiary outcome was the quantifiable dif-
ference in serum inflammatory cytokines between patients with 
COVID-19 with and without ARDS (15). Relationships between 
clinical inflammatory variables (CRP, ferritin) and the aforemen-
tioned pulmonary outcomes were also analyzed.

Statistical Analysis
Descriptive statistics, including median, IQRs, and frequency, 
were used to describe continuous and categorical variables, 
respectively. Group differences were tested using a Mann-Whitney 
U test (two groups) or Kruskal-Wallis test (three or more groups) 
for continuous variables, or Fisher exact test for categorical vari-
ables. Associations between serum cytokines and Pao2/Fio2 and 
static lung compliance were assessed using the Spearman rank 
correlation test. All statistical tests were two-sided and a p value of 
less than 0.05 was considered significant. p values from analyses of 
secondary or subgroups comparisons are reported after correcting 
for multiple comparisons to limit type I errors. For comparisons 
of three or more groups of non-normally distributed data, we cor-
rected for multiple comparisons using Dunn test, following the 
groupwise Kruskal-Wallis test. All statistical analyses were com-
pleted using Graphpad Prism (Version 7.03; San Diego, CA).

RESULTS
Between March 30, 2020, and May 17, 2020, 48 patients were 
enrolled; 26 were in the COVID-19 group and 22 in the ICU con-
trol group. The etiology of respiratory failure in the ICU control 
cohort was community-acquired pneumonia (n = 16, 73%) and 
hospital-acquired pneumonia (n = 6, 27%).

Demographics, clinical characteristics, and laboratory find-
ings are shown in Table  1 and sTable 1 (http://links.lww.com/
CCX/A347). Compared with ICU controls, COVID-19 patients 
had a lower lymphocyte count (0.6 vs 0.9 × 109/L; p = 0.0016) and 

higher alanine aminotransferase (83 vs 32 U/L; p = 0.033), lactate 
dehydrogenase (407 vs 262 U/L; p < 0.0001), and ferritin (1,257 vs 
349 μg/L; p < 0.0001). Both groups had elevated d-dimer (1,422 
vs 2,298 mg/L) and CRP (112 vs 140 mg/L) compared with estab-
lished reference ranges. Within the COVID-19 group, 16 patients 
(62%) required mechanical ventilation, with a median duration of 
ventilation of 8 days (IQR, 5–12 d); five patients underwent prone 
ventilation (31%), one received inhaled nitric oxide (6%), three 
patients (12%) underwent venovenous ECMO, and six patients 
(23%) died (sTable 2, http://links.lww.com/CCX/A348). Twelve 
patients (46%) with COVID-19 were administered corticoste-
roids and six patients (23%) were given tocilizumab. All IL-6 data 
shown is prior to tocilizumab administration.

The concentrations of serum IL-6, IL-1β, IL-10, and TNFα were 
significantly higher in both COVID-19 and ICU control patients 
compared with healthy control values. Of these, the most marked 
difference was the ~100-fold higher concentration of IL-6 (Table 1 
and sFig. 1, http://links.lww.com/CCX/A344). A significant nega-
tive correlation between serum IL-6 and Pao2/Fio2 (rho, –0.531; 
p = 0.0052), and static lung compliance (rho, –0.579; p = 0.033), 
was observed only in patients with COVID-19 (Fig. 1). There were 
no correlations between Pao2/Fio2 or static lung compliance and 
serum IL-1β, TNFα, IL-10, CRP, ferritin, or viral load (log10 cop-
ies) in patients with COVID-19 or ICU controls (Fig. 1 and sTa-
bles 3, http://links.lww.com/CCX/A349 and 4, http://links.lww.
com/CCX/A350).

Thirteen out of 26 patients with COVID-19 (50%) developed 
ARDS over the course of the study. On the day of ARDS diagno-
sis, serum IL-6 ([median ARDS vs non-ARDS] 167 vs 59.2 pg/mL; 
p = 0.0029) and IL-1β (0.53 vs 0.16 pg/mL; p = 0.022) were sig-
nificantly increased in the ARDS versus non-ARDS group (Fig. 2  
and sTable 5, http://links.lww.com/CCX/A351). The requirement 
for mechanical ventilation was associated with increased inflamma-
tory cytokines; the maximum concentration of IL-6 (1,329 vs 62.2 
pg/mL; p = 0.0005), IL-1β (0.61 vs 0.16 pg/mL; p = 0.0021), TNFα 
(28.6 vs 7.64 pg/mL; p = 0.0002), and CRP (188 vs 118 mg/dL; p = 
0.036) were increased in COVID-19 patients requiring mechanical 
ventilation (sFig. 2, http://links.lww.com/CCX/A345 and sTable 6, 
http://links.lww.com/CCX/A352).

Longitudinally, we observed three temporal patterns of cyto-
kine responses: 1) decreased IL-6 over time in patients who recov-
ered; 2) elevated IL-6 prior to death from refractory distributive 
shock; and 3) elevated IL-6 preceding worsening respiratory failure 
(sFig. 3, http://links.lww.com/CCX/A346). Figure 3 demonstrates 
data derived from a patient who succumbed to COVID-19, with 
longitudinal measurements of serum IL-6 and Pao2/Fio2. Chest 
radiography demonstrates progressive bilateral opacification, and 
chest CT reveals bilateral pulmonary fibrosis with traction bron-
chiectasis. This patient exhibited a pronounced increase of serum 
IL-6 (775 pg/mL) on the day following intubation, coinciding with 
a rapid decline in Pao2/Fio2. Postmortem examination demon-
strated firm, airless, contracted lungs, with microscopic features of 
acute and organizing diffuse alveolar damage (DAD). All lobes of 
both lungs showed similar features, with prominent expansion of 
alveolar walls by fibroblastic inflammatory matrix, and atelectasis 
and fusion of large zones of airspace parenchyma. Ongoing acute 

http://links.lww.com/CCX/A347
http://links.lww.com/CCX/A347
http://links.lww.com/CCX/A348
http://links.lww.com/CCX/A344
http://links.lww.com/CCX/A349
http://links.lww.com/CCX/A350
http://links.lww.com/CCX/A350
http://links.lww.com/CCX/A351
http://links.lww.com/CCX/A345
http://links.lww.com/CCX/A352
http://links.lww.com/CCX/A346
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TABLE 1. Demographic and Clinical Characteristics for ICU Controls and Patients With 
Coronavirus Disease 2019 Upon Admission to the ICU

Parameters
n Reporting 

 on
ICU Controls 

 (n = 22)
Coronavirus Disease  

2019 (n = 26) p

Demographics

  Male, n (%) 22; 26 10 (45) 18 (69) 0.14

  Age, yr, median (IQR) 22; 26 65 (44–76) 70 (58–77) 0.28

  Hypertension, n (%) 19; 26 12 (63) 16 (62) > 0.99

  Diabetes, n (%) 18; 26 7 (31) 8 (39) 0.75

  Obesity, n (%) 18; 26 4 (22) 2 (8) 0.21

  Dyslipidemia, n (%) 21; 25 8 (48) 12 (38) 0.78

  Chronic kidney disease, n (%) 22; 26 3 (19) 5 (14) 0.71

  Coronary artery disease, n (%) 12; 21 1 (8) 5 (24) 0.39

  Chronic obstructive pulmonary disease, n (%) 19; 26 3 (16) 1 (4) 0.30

  Smoking, n (%) 20; 23 6 (30) 3 (13) 0.26

  Angiotensin-converting enzyme 1 inhibitor, n (%) 22; 26 7 (32) 10 (38) 0.76

  Angiotensin II receptor blocker, n (%) 22; 26 2 (9) 2 (8) > 0.99

  Fever, n (%) 22; 26 13 (59) 23 (88) 0.042

  Cough, n (%) 22; 26 14 (64) 24 (92) 0.029

  Headache, n (%) 22; 26 2 (9) 7 (27) 0.15

  Time, d, median (IQR), symptom onset to ICU admission 19; 25 5 (4–9) 9 (7–13) 0.001

  Day of study enrollment, median (IQR), where ICU  
admission is day 1

22; 26 1 1 (1–4) N/A

Serum inflammatory markers, median (IQR)

  Ferritin, μg/L 16; 26 349 (100–749) 1,257 (801–2,969) < 0.0001

  C-reactive protein, mg/L 12; 25 140 (33.3–218) 112 (74.4–170) 0.84

  IL-1β, pg/mL 22; 26 0.23 (0.082–0.40) 0.19 (0.16–0.59) 0.56

  IL-6, pg/mL 22; 26 65.0 (25.2–154) 79.9 (27.7–200) 0.43

  IL-10, pg/mL 22; 26 8.44 (3.42–22.7) 15.0 (4.45–30.9) 0.24

  Tumor necrosis factor-α, pg/mL 22; 26 6.16 (4.09–10.0) 10.2 (6.05–16.9) 0.035

Pulmonary function

  pH, median (IQR) 22; 25 7.38 (7.34–7.41) 7.39 (7.34–7.46) 0.47

  Pao2, mm Hg, median (IQR) 22; 25 86 (74–110) 81 (70–94) 0.38

  Paco2, mm Hg, median (IQR) 22; 25 41 (38–43) 40 (36–44) 0.72

  Bicarbonate, meq/L, median (IQR) 22; 26 24 (22–26) 24 (21–26) 0.94

  Lactate, mmol/L, median (IQR) 22; 24 1.7 (1.0–3.1) 1.2 (0.93–2.1) 0.23

  Fio2, mm Hg, median (IQR) 22; 26 0.5 (0.4–0.6) 0.5 (0.4–0.6) 0.56

  Mechanical ventilation, n (%) 22; 26 15 (68) 16 (62) 0.76

  Pao2/Fio2, median IQR) 22; 26 198 (147–251) 162 (136–209) 0.14

IL = interleukin, IQR = interquartile range.
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Figure 1. Association of oxygenation, as measured by the ratio of Pao2/Fio2, static lung compliance, and serum proinflammatory cytokines in coronavirus disease 
2019 (COVID-19) patients and ICU controls. Levels of (A, D, G, J) interleukin (IL)–6, (B, E, H, K) IL-1β, and (C, F, I, L) tumor necrosis factor-α (TNFα) were 
quantified in serum samples taken upon study enrollment in (A–C) 26 COVID-19 patients, and (D–F) 22 ICU controls and plotted against their initial ratio of 
Pao2/Fio2. Within the subset of ventilated patients where static lung compliance could be calculated (on assist control or pressure control ventilators), serum 
cytokines were plotted against initial static lung compliance in (G–I) 14 COVID-19 patients and (J–L) 11 ICU controls. Data were analyzed using a Spearman 
correlation. In all graphs, circles represent males, whereas squares represent females; blue/teal represents nonventilated patients, whereas orange/red 
represents mechanically ventilated patients.
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lung injury was evidenced by residual 
airspace fibrin aggregates, including 
rare hyaline membranes, and hyper-
plastic type II pneumocytes, but the 
majority of areas conformed to the 
proliferative/fibrotic stage of DAD 
with elasto-collagenous deposition. 
Hyperplastic type II pneumocytes 
exhibited reactive cytological atypia, 
but there were no definitive features 
of viral cytopathic effect.

As the Simoa HD-1 analyzer is not 
certified for use in a clinical labora-
tory setting, we performed a cross-
platform validation study of IL-6 
on the clinically certified Siemens 
ADVIA Centaur platform. There was 
a strong correlation between the two 

Figure 2. Serum inflammatory markers in coronavirus disease 2019 patients diagnosed with or without acute 
respiratory distress syndrome (ARDS). Concentration of (A) interleukin (IL)–6, (B) IL-1β, and (C) tumor necrosis 
factor-α (TNFα) were compared between patients diagnosed without (no) ARDS (n = 13) versus those with an 
ARDS diagnosis (yes; n = 13). Graph represents median and interquartile range. Data were analyzed using a 
Mann-Whitney U test.

Figure 3. Characterization of pulmonary pathophysiology, serum inflammation, and postmortem histopathology in an individual patient with coronavirus 
disease 2019 (COVID-19). This patient was intubated and ventilated on day 1 (27 d follow symptom onset), placed onto extracorporeal membrane 
oxygenation on day 7, and succumb to COVID-19 on day 16. A, Graph displaying daily measures of Pao2/Fio2 (blue, graphed on right-hand y-axis) and 
interleukin-6 (IL-6) (orange, graphed on left-hand y-axis) during 1 wk of ICU stay. B, Chest radiographs (L, left; R, right) of patient 7 taken on days 0, 3, 
15, and 16. C, Chest CT scans taken on days 3 and 15, with two axial slices shown per day. D–F, Postmortem lung histopathology. D, Scanning low power 
micrograph showing large zones of atelectatic and fibrotic parenchyma with compressed and obliterated airspaces. A small organizing pulmonary arterial 
thrombus is identified (arrow) (hematoxylin and eosin stain; bar = 1 mm). E, Higher magnification of one of the advanced zones of fibrosis demonstrating 
collagenized granulation tissue plugs, with a slight arborizing pattern, filling airspaces (white and black asterisks). Movat pentachrome stain (a connective 
tissue stain; alveolar and vascular elastica stain black) (bar = 125 μm). F, Medium magnification demonstrating a hyaline membrane (white arrow) applied to 
the inner wall of an alveolus. An adjoining alveolus is lined with hyperplastic type II pneumocytes showing reactive cytological atypia (hematoxylin and eosin 
stain; bar = 250 μm). br = bronchioles.
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platforms (Spearman rho, 0.903; p < 0.0001); the mean bias was 
41.8 (bias [%] = difference/mean), with the 95% limit of agree-
ment from –72 to 156 (Fig. 4).

DISCUSSION
Herein we evaluate the association between serum inflammatory 
cytokines and pulmonary pathophysiology in critically ill patients 
with COVID-19 compared with a non-COVID-19 critically ill 
control group. Our data demonstrate an inverse relationship 
between serum IL-6 with Pao2/Fio2 ratio and static lung compli-
ance selectively in patients with severe COVID-19 but not in ICU 
controls, a pattern not observed with IL-1β or TNFα. Collectively, 
these data suggest a specific association between elevated IL-6 and 
severe COVID-19-associated lung injury.

Increasingly, it is suggested that an unregulated and exagger-
ated host immune response may contribute to a systemic inflam-
matory response (7), termed cytokine storm syndrome (5, 16), of 
which the downstream sequelae are associated with respiratory 
failure (16), cardiovascular (17), and neurologic dysfunction (18). 
Specifically, previous studies have demonstrated that higher serum 
cytokine levels are associated with severe disease in patients with 
COVID-19 who exhibit an ARDS phenotype as well as increased 
mortality (3, 11, 19, 20). Studies of cytokine levels in patients with 
COVID-19 to date have been cross-sectional (11, 20), lack charac-
terization of the longitudinal host inflammatory response, and have 
not delineated associations between serum cytokines and detailed 
descriptions of specific patterns of pulmonary physiology associ-
ated with severe COVID-19-induced lung injury. Understanding 
these critical knowledge gaps is imperative in informing clinical 
trials aimed at quelling a dysregulated host immune response and 
hyper-inflammatory pathophysiologic cascade.

The role of IL-6 in the pathophysiology of COVID-19-associated 
respiratory failure is of significant interest (21, 22), and multiple 
trials are underway to evaluate IL-6 receptor blockade. However, 
prior to enrolling or identifying patients who may benefit from 
IL-6 receptor blockade, the association between IL-6 and severe 

acute lung injury must be clarified (23). This should be sought in 
conjunction with potential therapies directed toward IL-1β (24) or 
TNFα (25) receptor antagonism. Notably, all measured cytokines 
were elevated in the ICU control and COVID-19 groups compared 
with healthy controls, but only IL-6 was significantly associated 
with adverse pathophysiologic sequelae pertaining to pulmonary 
gas exchange and static lung compliance in COVID-19 patients 
(Fig. 1). This important finding demonstrates that while all critically 
ill patients with respiratory failure exhibit a pronounced inflam-
matory response, the role of IL-6 appears specific for COVID-19-
induced lung injury. In other words, it is not the graded elevations 
in inflammation reported across the broadly defined disease sever-
ity classifications of COVID-19 (26) per se that are relevant (11, 19, 
20, 27), but rather that within the specific disease classification of 
severe COVID-19, there is a significant correlation between IL-6 
and the severity of pulmonary dysfunction (13). In a single patient 
example, we found tissue structural changes representing florid 
and persistent DAD and fibrosis (Fig. 3 D–F) with corroborating 
radiological evidence of diffuse opacification of the lung paren-
chyma (Fig.  3, B and C). In this patient, there was a precipitous 
elevation in serum IL-6 within 24 hours of endotracheal intuba-
tion and a subsequent deterioration in Pao2/Fio2 in the ensuing 
days (Fig. 3A). Further, in patients with COVID-19 compared with 
healthy community controls, the magnitude of increased serum 
IL-6 (~100-fold) was significantly greater than the magnitude of 
increased IL-1β (~2.5-fold) or TNFα (~four-fold) (sFig. 1, http://
links.lww.com/CCX/A344). Only IL-6 and IL-1β, but not TNFα, 
were significantly increased in ARDS (Fig. 2). Last, the dynamic 
range of response of IL-6 in COVID-19 patients requiring mechan-
ical ventilation was much greater than IL-1β or TNFα (21-fold vs 
2-4 fold) (sFig. 2, http://links.lww.com/CCX/A345).

Importantly, given the current upward trajectory of the 
COVID-19 pandemic, accelerating the bench to bedside applica-
tion of research findings is paramount to meaningful translation 
of COVID-19 research. Hence, our cross-platform validation of 
IL-6 assays between the research use only Simoa HD-1 and the 
clinically approved Siemens ADVIA Centaur XP platforms pro-
vides the means for other academic and community hospital set-
tings to corroborate and extend our results, as IL-6 is not a routine 
clinical assay.

Our longitudinal data suggest a highly dynamic response of 
IL-6 that is mediated in part by disease severity, as evidenced by a 
deterioration in pulmonary gas exchange or death (sFig. 3, http://
links.lww.com/CCX/A346). These observations are supported by 
recent literature demonstrating that increased IL-6 levels are asso-
ciated with the need for mechanical ventilation (19). Given the 
wide, and often rapid, fluctuations of serum IL-6 concentration, 
it is imperative to consider daily assays, as such variation could 
otherwise be overlooked.

Our study has important strengths. First, comparing asso-
ciations between inflammatory cytokines in COVID-19 patients 
with respiratory failure compared with a non-COVID-19 control 
cohort allows specificity to SARS-CoV-2 infection to be deter-
mined and provides considerable support to the concept that 
acute lung injury is a heterogeneous dysfunctional state. Our study 
builds upon previous research focused on group differences, based 

Figure 4. Cross-platform validation of serum interleukin-6 (IL-6) 
quantification using the Quanterix Simoa HD-1 (Billerica, MA) and Siemens 
ADVIA Centaur XP platforms (Munich, Germany). IL-6 was quantified in 39 
serum samples on both the Quanterix  and Siemens platforms. All measures 
were performed in duplicate. A, Scatter-plot of IL-6 quantified using Quanterix 
(x-axis) versus Siemens (y-axis). Data were analyzed using a Spearman 
correlation (Rho, 0.903; 95% CI, 0.819–0.949; p < 0.0001). B, Bland-Altman 
plot of average IL-6 versus % bias ([Quanterix–Siemens]/average) × 100%. 
The mean (sd) bias (41.8% [58.3]) is noted by a red line, and 95% limit of 
agreement (–72%, 156%) is noted by black horizontal lines.

http://links.lww.com/CCX/A344
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on the classification of a clinical diagnosis of ARDS or adverse 
outcome (11, 19, 20), and demonstrates that the considerable data 
spread of IL-6 within severe COVID-19 patients is related to the 
pathophysiological parameters of respiratory function in the criti-
cal care setting, with implications for ICU resource allocation and 
clinical trial design. Second, our primary and secondary outcome 
(Pao2/Fio2, static lung compliance) are objective measures of pul-
monary pathophysiology and readily reproducible endpoints in 
future clinical trials. Third, we have validated IL-6 assay meth-
odology on a high-volume analytical platform available in many 
hospital laboratories. Finally, we used a highly granular approach 
to examine the longitudinal relationships between inflammatory 
cytokines, specifically IL-6, and Pao2/Fio2, thereby capturing the 
dynamic relationship and considerable daily variation in the host 
inflammatory immune response.

Our study has important limitations. First, not all of our patients 
had serum sampling from day 1, as the first eight patients were col-
lected between days 4–7 post ICU admission. Therefore, we may have 
missed peak IL-6 levels in patients. Second, our small sample size 
limits the strength of our conclusions. Third, the observational study 
design does not establish causation, and our results only provide asso-
ciations between cytokines and physiologic outcomes. Specifically, it 
is possible that increased IL-6 and its relationship with physiologic 
parameters of pulmonary dysfunction represents an association with 
disease severity or magnitude of the inflammatory response, instead 
of a direct role in the pathophysiology of tissue damage and dysfunc-
tion. IL-6 is a pleiotropic cytokine, with roles in both the innate and 
adaptive immune response, the acute phase response, and hemato-
poiesis, and cannot be classified as simply pro- or anti-inflamma-
tory (28). Although our group and others have shown associations 
between IL-6 receptor blockade and amelioration of cytokine storm 
or improvements in clinical outcomes (29–33), contrary evidence 
provides cautionary messages of IL-6 receptor blockade in severe 
COVID-19 (34–38). Collectively, the current available evidence and 
conflicting reports suggest that the role of IL-6 in COVID-19 patho-
physiology requires additional investigation as we await the results of 
upcoming interventional trials.

CONCLUSIONS
Elevated serum IL-6 is inversely related to Pao2/Fio2 and static 
lung compliance in critically ill COVID-19 patients but not with 
non-COVID-19 critically ill controls. Similar observations were 
not seen with serum IL-β or TNFα.
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