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Abstract

Abstract Rationale: Recent studies suggest that both hypo- and hyper-inflammatory ARDS phenotypes characterize severe

COVID-19-related pneumonia. The role of lung SARS-CoV-2 viral load in contributing to these phenotypes remains unknown.

Objectives: To redefine COVID-19 ARDS phenotypes when considering semi-quantitative SARS-CoV-2 RT-PCR in the bron-

choalveolar lavage of intubated patients. To compare the relevance of deep respiratory samples vs plasma in linking the immune

response and the semi-quantitative viral loads. Methods: Eligible subjects were adults diagnosed with COVID-19 ARDS who

required mechanical ventilation and underwent bronchoscopy. We recorded the immune response in the bronchoalveolar lavage

and plasma and semi-quantitative SARS-CoV-2 RT-PCR in the bronchoalveolar lavage. Hierarchical clustering on principal

components was applied separately on the two compartments datasets. Baseline characteristics were compared between clusters.

Measurements and Results: 20 subjects were enrolled between August 2020 and March 2021. Subjects underwent bronchoscopy

on average 3.6 days after intubation. All subjects were treated with dexamethasone prior to bronchoscopy, 11 of 20 (55.6%)

received remdesivir and 1 of 20 (5%) received tocilizumab. Adding viral load information to the classic two cluster model of

ARDS revealed a new cluster characterized by hypo-inflammatory responses and high viral load in 23.1% of the cohort. Hy-

perinflammatory ARDS was noted in 15.4% of subjects. Bronchoalveolar lavage clusters were more stable compared to plasma.

Conclusions: We identified a unique group of critically ill subjects with COVID-19 ARDS who exhibit hypo-inflammatory

responses but high viral loads in the lower airways. Our approach adds the infection dimension to ARDS phenotypes described

in COVID-19 pneumonia

Introduction

Acute respiratory distress syndrome (ARDS) requiring mechanical ventilation is the most severe manifes-
tation of coronavirus disease 2019 (COVID-19) caused by the Severe Acute Respiratory Syndrome – Coro-
navirus 2 (SARS-CoV-2). Mortality has varied since initial reports but remains consistently high, above
40%, even in the most recent publications (1). A significant debate concerning the existence and effects of
hyperinflammation in severe COVID-19 is ongoing (2, 3) and most of the therapeutic trials have focused on
dampening the systemic immune response. Immune modulation has become the therapeutic norm even after
non-corticosteroid immunosuppressive trials registered only small effect sizes. Clinical and treatment effect
heterogeneity persists and only recent reports have overlapped the recognized ARDS phenotypes – hyper-
and hypo-inflammatory – onto COVID-19 (4, 5). Both these phenotypes seem to respond to corticosteroids,
suggesting treatment heterogeneity within the phenotypes.
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There is also a signal that the SARS-CoV-2 viral load may play a role in the therapeutic response and
ultimately the survival of critically ill patients with severe hypoinflammatory COVID-19 (5). Autopsy
studies have not definitively determined the direct cause of demise in patients with severe COVID-19 ARDS
and confirm that the abnormal pulmonary response in fatal COVID-19 can be triggered by direct viral
cytopathic damage, an exaggerated immune infiltrate and even ventilator-induced lung injury. (6–8). It
remains unclear how to best differentiate and treat patients who succumb to the uncontrolled viral replication
vs an exaggerated, virus-independent immune response.

The main objective for this study was to identify groups of patients with severe COVID-19 with similar
viral loads and immune response intensities using prespecified measures of viral load and immune markers
in bronchoalveolar lavage (BAL) and plasma. We hypothesized that using surrogates of semi-quantitative
SARS-CoV-2 RT-PCR in BAL would better define COVID-19 ARDS phenotypes, and that lower airways
samples would provide a more accurate window into viral infection and the triggered host immune response
when compared with matched plasma samples.

Methods

Study population and design

This was a pilot prospective observational cohort study at Washington University/ Barnes Jewish Hospital in
St. Louis, MO between Aug 2020 and March 2021. This study was conducted according to the Declaration of
Helsinki principles (as revised in 2013) and was approved by the Washington University Institutional Review
Board (protocol # 202006151). Adult subjects with COVID-19 related pneumonia diagnosed by nasopha-
ryngeal SARS-CoV-2 RT-PCR who required endotracheal intubation and mechanical ventilation for ARDS
were considered for the study. Informed consent was obtained from the legally-authorized representative.
ARDS was defined according to the Berlin criteria (9).

We collected demographic and clinical variables of interest from the electronic health records including age,
gender, race, weight, body mass index, comorbidities, prior use of immunosuppressive medications, treat-
ments administered, BAL and laboratory results and relevant outcomes (mortality, duration of ventilation
and length of stay in the hospital). Subjects were enrolled if they had undergone bronchoscopy with BAL
performed for clinical reasons, most commonly to rule out bacterial pneumonia. Immune response markers
and cycle threshold (Ct) SARS-CoV-2 RT-PCR were obtained from the subjects’ plasma and BAL fluid.
We excluded intubated subjects who did not undergo planned clinical bronchoscopy and those subjects who
we could not obtain informed consent in sufficient time to analyze / store the fresh samples.

Procedures

On the same day as the bronchoscopy, we collected blood samples into EDTA-anticoagulated tubes. Plasma
was frozen at -800C until analysis. The BAL fluid was collected by wedging the bronchoscope within the
right middle lobe and instilling 100ml of sterile normal saline and collecting the return fluid (>30ml). Two
subjects underwent bronchoscopies of the right lower lobe based on radiographic imaging. 1ml of the BAL
sample was analyzed in the main clinical laboratory for SARS-CoV2- RT-PCR and 10-15 ml were kept on
ice until processing for cytokine quantification in the research laboratory.

SARS-CoV-2 RT-PCR

The test was performed on the DiaSorin Molecular Simplexa COVID-19 Direct
(https://www.fda.gov/media/136286/download) under an FDA EUA for BAL samples. Fifty micro-
liters of the sample were directly analyzed, without a separate extraction step, for 2 different targets -
SARS-CoV-2 orf1a/b and S genes. The instrument provides the Ct value (number of PCR cycles required
to amplify the targeted viral material to a detectable level). We used the Ct value as surrogate for the
amount of virus present in BAL specimens. Tests were run on fresh BAL samples immediately after the
bronchoscopy, except for three subjects who had their samples frozen at -800C prior to testing.

Cytokine quantification

2
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Plasma and BAL samples were analyzed using a human magnetic cytokine panel providing parallel mea-
surement of 35 cytokines and chemokines (Thermo Fisher Scientific). The assay was performed according
to the manufacturer’s instructions with the following modification: the samples were fixed with 100 μL of
1% paraformaldehyde at room temperature for 60 min on a shaker at 700 RPM and washed once before the
final resuspension. All samples were run in duplicate. The samples were analyzed on a Luminex FLEXMAP
3D instrument.

Statistical analysis

We first selected a set of cytokines most closely related to the viral immune response based on our previous
analyses and published literature. These included IFN- γ, IL-1β, IL-6, IL-8, IL-10, IL-12, MIP-1β, MCP-1,
IP-10 (10, 11). Given the temporal variation for both the cytokine concentrations and semi-quantitative
SARS-CoV-2 RT-PCR, we standardized and rescaled the values from 0 to 1 per week. The BAL SARS-
CoV-2 RT-PCR Ct values and the prespecified set of cytokines in BAL and plasma were included in the
clustering analyses. We used a hierarchical clustering on principal components approach. This was employed
separately for plasma and BAL with complete linkage and Euclidean distances predefining the number of
clusters as 2 and 3. The number of clusters was a priori specified given the known partitioning into 2 clusters
of subjects with COVID-19 ARDS and our hypothesis on the role of semi-quantitative SARS-CoV-2 RT-
PCR in differentiating a unique cluster. Hierarchical clustering is a common unsupervised machine learning
technique that aims to group similar subjects by measuring the distance between them. The variables of
interest (i.e. SARS-CoV-2 Ct values and cytokine concentrations) define a multidimensional space where the
distances between subjects are measured. We analyzed the variables explaining the variance between the
clusters and containing the most information in the data by using principal component analysis. This was
important as the pro-inflammatory cytokines are correlated with each other. We retained the first 3 principal
components and the explanatory variables were represented graphically as component loadings. The clinical,
laboratory data, immune characteristics and outcomes of the clusters were listed. We compared the BAL
and the plasma clusters by using the Dunn index. Finally, we juxtaposed the semi-quantitative SARS-CoV-2
RT-PCR and cytokine concentrations per week for both plasma and BAL. Analyses were performed in R
4.0.3 (R Core Team. A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria).

Results

We prospectively enrolled 19 subjects with severe COVID-19 related pneumonia who required endotracheal
intubation and mechanical ventilation for acute hypoxemic respiratory failure between Aug 2020 and March
2021 when the alpha variant was in widespread circulation. One subject was prospectively enrolled into a
separate study in May 2020 and his BAL sample and plasma samples were available for use in future studies.
All subjects had positive nasopharyngeal SARS-CoV-2 RT-PCR and two subjects had negative viral RT-
PCRs on evaluation of the bronchoalveolar lavage (BAL). The 18 subjects with positive BAL had a mean age
of 68 years (SD 7.8 years) and were predominantly white (83.3%) (Table 1 and supplemental Table E1). Males
and females were equally distributed. 33.3% (6 of 20) of subjects were considered immunocompromised:
three were solid organ transplant recipients and three suffered from rheumatologic conditions. Chronic
immunosuppressive medications in these six subjects included mycophenolic acid, prednisone, tacrolimus,
sirolimus and azathioprine. Subjects underwent bronchoscopy 3.6 days (SD 3.6 days) after intubation and
13.7 (SD 7.8) days after development of symptoms (3 subjects in week 1, 7 in week 2, 6 in week 3 and 2 in
week 5). All eighteen subjects received corticosteroids prior to bronchoscopy, 17/18 received remdesivir and

one subject received tocilizumab 8 days prior to the BAL. Mortality was 55.6% with 1.8 average ventilator
free days (SD 2.9 days).

Survivors and non-survivors had similar age and immuncompromising comorbidities. The majority of non-
survivors were admitted from outside hospitals and had a longer duration of intubation.

BAL Hierarchical clustering and Principal Component Analysis

3
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13 subjects had complete BAL and plasma immune markers and available Ct SARS-CoV-2 RT-PCR. Immune
markers IL-1β IL-10, IL-6, IL-12, MCP-1, IFN-γ and IP-10 were the most relevant variables in separating
subjects into 2 clusters: cluster 1 comprised the majority of the subjects (11 patients 84.6%) while cluster
2 was characterized by higher inflammatory markers (2 patients, 15.4%). The model with 3 clusters further
divided cluster 1, i.e. the hypoinflammatory cluster, into low and high viral load as measured by the Ct
SARS-CoV-2 RT-PCR: the new cluster 3 (3 of 13 patients, 23.1%) had higher semi-quantitative SARS-CoV-2
RT-PCR compared to the new cluster 1 (8 of 13, 61.5%) (Fig. 1 Panels A and B).

Overall, 88% of the variance was accounted for by the first 3 principal components (PC) (Figs.1 and 2 and
supplemental Table E2). PC1 explains the highest variance at 63% with IFN-γ, IL-10, IL-6, IL-1β, IL-12,
IP-10 and MCP-1, having the highest loadings (negatively correlated). The largest group of subjects (84.6%),
clusters 1 and 3 (i.e. the hypoinflammatory clusters), are located on the positive side of PC1. PC2 explains
15% of the variance and it is mainly based on the Ct values (positively correlated). Clusters 2 and 3 are
located on opposite sides of PC2. PC3 explained 10% of the variance with IL-10, Ct and MCP-1 being the
highest contributors (positively correlated). Overall, we can label cluster 1 as hypoinflammatory low viral
load, cluster 2 as hyperinflammatory and cluster 3 as hypoinflammatory high viral load.

Tables 1 and E1 illustrate the distribution of clinical variables, laboratory results and outcomes between the
entire cohort and the BAL clusters. The frequency of immunocompromising conditions, prior administration
of remdesivir and dexamethasone were similar in all groups. Cytokine concentrations were higher in the
hyperinflammatory cluster 2. This was also characterized by higher use of vasopressors, lower PaO2/FiO2
ratio and neutrophilic predominance of the BAL. Subjects in the hypoinflammatory high viral load cluster
(Cluster 3) had bronchoscopy performed more rapidly following intubation, had a predominantly lymphocytic
BAL and had higher mortality.

Plasma Hierarchical clustering and PCA

In contrast to BAL, plasma clusters were less well defined. When plotting IL-6 as a marker of immune
inflammatory activation and Ct values, the BAL clusters were better delineated (Fig.3). A full description
of the plasma clusters is provided in the supplemental material.

When comparing plasma and BAL cytokine concentrations, most cytokines were higher in the lung com-
partment except for IL-6 and IL-12. The ratio between plasma and BAL concetrations was not consistent
across cytokines. The Dunn index was higher for the BAL clusters (1.2) compared to the plasma clusters
(0.76).

Cytokine concentrations and SARS-CoV-2 Ct values per week

The immune inflammatory response was not directly proportional to the intensity of the viral infection as
measured by the BAL SARS-CoV-2 RT-PCR Ct value per week (see online supplemental Fig. E3 – panels
A-D)

Discussion

In addition to re-establishing the hypo- and hyper-inflammatory COVID-19 ARDS phenotypes, our results
segregate the hypoinflammatory group into low and high viral load subphenotypes. We have also transitioned
to a more accurate clustering by sampling the lung compartment as opposed to the plasma. The potential
advantage of our approach is obtaining hypothesis-driven clusters by linking the semi-quantitative viral loads
and immune activation status. This may permit the treating physician to utilize a different balance between
immune modulators and antiviral therapies as patients in the hypoinflammatory high viral load group may
exhibit pathophysiology secondary to direct viral cytopathic effects rather than immunopathology. Inhibiting
the immune responses further in these patients may ultimately prove detrimental.

Few studies have comprehensively described the clinical phenotypes in COVID-19 ARDS. Sinha et al con-
firmed the traditional hypo- and hyperinflammatory phenotypes in a cohort of 39 patients by using clinical
variables and plasma IL-6 and TNFR1 concentrations (4). Cluster 2, the hyperinflammatory phenotype,

4
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was observed in 10-21% of the patients and was characterized by higher organ failure and mortality. In
a subsequent study, the authors overlapped the ARDS phenotypes defined by systemic inflammation and
multiorgan failure to severe COVID-19 and reassessed the presence of the 2 phenotypes by using latent class
analysis (5). 14% and 19% of patients from the 2 clusters were misclassified pointing towards noteworthy
overlap between the clusters. The hyperinflammatory phenotype had higher proinflammatory markers, lac-
tate and lower bicarbonate. The response to corticosteroids (nonrandomized, various formulations) was more
prominent in the hyperinflammatory group. Interestingly, the nasopharyngeal SARS-CoV-2 RT-PCR Ct was
associated with mortality only in the hypoinflammatory phenotype. Our study defines the high viral load
subgroup part of the hypoinflammatory phenotype which may be a contributor to detrimental outcomes.

Bos et al employed group - based trajectory models to define COVID-19 ARDS phenotypes by looking at
longitudinal data (12). Subphenotype 2 (33% of the patients) was characterized by higher minute ventilation
- a marker of increased dead-space-, more venous thrombotic events, acute kidney injury and higher mortality.
Cytokine concentrations were not available, but IL-6 has been linked with endothelial dysfunction and
thrombosis in previous studies.

The main debate in severe COVID-19 remains: what is the driver of ARDS and bad outcomes? An exag-
gerated immune response or uncontrolled viral replication similar to other respiratory viral infections such
as RSV?(13) It is known that coronaviruses have the capability to inhibit and delay the type I IFN immune
response. In turn, this will promote continued viral replication and possibly immunopathology (14). Several
autopsy reports have contributed to this debate: studies confirmed the presence of SARS-CoV-2 in lung
specimens while others failed to find significant direct viral cytopathic effects (6–8).

The immune inflammatory response has been sought as a viable explanation and potential treatment target
in severe COVID-19. Yet, numerous studies failed to detect a “cytokine” storm fingerprint in the plasma
of patients with severe COVID-19 (3, 15). Usually, the plasma cytokine concentrations were similar or
even 10 times lower in COVID-19 patients than in septic or ARDS patients (3). In a comprehensive study,
Wauters et al analyzed the interplay between the innate and adaptative immune responses using single
cell transcriptomics on BALs and found abundant and dysregulated T cells along with hyperinflammatory
monocytes in critical COVID-19 (16). Viral- RNA tracking demonstrated infected lung epithelial cells along
with neutrophils and macrophages involved in viral clearance.

Several other authors have argued instead for stimulating the immune response in critically ill patients with
COVID-19 and not suppressing it. Remy et al compared the T cell subsets and quantified the T cell IFN-
γ and monocyte TNF-α production in patients with severe COVID-19, sepsis, critically ill non-septic and
healthy volunteers (2). Patients with severe COVID-19 were characterized by impaired immune effector cell
function which was partially restored ex vivo by administering IL-7. Analyzing these discrepancies and also
the improved mortality with several immune modulators prompted our second hypothesis that using the
bronchoalveolar lavage will give us a more accurate image of the lung-centric immunity.

In our previous study, we described the inflammatory immune dysregulation occurring in the lower airways
where 28/35 cytokines had elevated levels. Among those only IP-10 BAL levels correlated with plasma
levels (11). Therefore, most peripheral blood cytokine concentrations serve as inaccurate/ weak markers
in quantifying the intensity of the immune response during severe COVID-19. This may contribute to
the discrepancy between low blood cytokine concentrations but positive clinical response to corticosteroids
and other immune modulators. The RECOVERY trial was the first randomized controlled trial to show
a significant mortality reduction in patients treated with dexamethasone (17). A randomized Bayesian
trial showing a trend towards improved organ support- free days was stopped early after the results of the
RECOVERY trial were released (18). Given these results and the fact that the hyperinflammatory phenotype
characterizes only a minority of patients (4), it results that dexamethasone improved mortality in patients
with hypoinflammatory phenotype as well. This opens the hypothesis of treatment heterogeneity within the
phenotypes, hypothesis that our study tried to ellucidate.

The second most studied class of immune modulators in COVID-19 are the IL-6 blockers. Many studies

5
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missed to detect a significant IL-6 concentration in plasma (5, 15, 19–21). Multiple non-randomized studies
of IL-6 blockade suggested a benefit in reducing intubation rates and even mortality (22, 23) yet the initial
randomized controlled trials failed to prove a benefit in moderate/ severe COVID-19 pneumonia (24, 25).
Meta-analyses found that IL-6 blockers decreased the need for mechanical ventilation and mortality in both
critically ill and non-critically ill patients albeit with a small effect size with mortality risk ratio of 0.89,
(95% CI 0.82 to 0.96) (26, 27).

After dexamethasone became the standard of care in patients diagnosed with COVID-19 requiring oxygen,
several studies tried to quantify the benefit of adding a second immune modulator agent to corticosteroids.
Despite the debate on systemic inflammation, several other immune modulators acting on distinct pathways
have shown additional benefits in hospitalized patients with COVID-19 treated with steroids, mainly in
reducing rates of intubation. These include tocilizumab, an antagonist of the IL-6 receptor (28), baricitinib,
a JAK 2 inhibitor (29), lenzilumab, a Granulocyte-macrophage colony-stimulating factor (GM-CSF) blocking
antibody (30) and anakinra, an IL-1 blocker (31).

Similar to the small signal to harm in the hypoinflammatory phenotype (5), the small effect sizes and partial
lack of replication point towards lack of power or heterogeneity of treatment effects and mixing responders
and non-responders as possible causes (32). This may be explained by differences in semi-quantitative SARS-
CoV-2 RT-PCR. So far, the SARS-CoV-2 RT-PCR tests have been developed as qualitative tests and the
relationship between Ct and viral load at very low and very high viral loads is not linear. Ct thresholds
have been linked to severity of illness, transmissibility and differentiating replicating virus from persistent
shedding after a resolved infection (33, 34). We used the same test in all of our patients and also a very
standardized bronchoscopy procedure and sampling technique. The results for theS and Orf gene targets
were very similar in our sample with less than 0.5 variation in Ct. While the qualitative outputs of the
nasopharyngeal swabs and BAL correlate in terms of positive and negative, no published reports establish
the correspondence between Ct values in the upper vs lower airways (35, 36). As such, we elected to use
SARS-CoV-2 RT-PCR Ct in the BAL as a surrogate marker for the amount of virus.

The most important limitation of our study is the small sample size. It is possible that differences between
groups may have been missed. The similar distribution and signal described in other published related stud-
ies lends external validity to our results. As it has been noted, identifying groups based on theory should take
precedence since clustering/ phenotyping techniques will always find groups in the data (37). A recent study
by Sinha et al questions the use of machine learning without biomarker data in grouping patients to explain
heterogeneity of treatment effects (38). When analyzing 3 RCT in ARDS by using 9 clustering methodolo-
gies, the authors found a wide variation to identify clusters which was only exacerbated in the absence of
biomarkers. Our study pushes phenotyping one step further by using a biologically plausible hypothesis (i.e.
the infection matters in explaining heterogeneity of treatment effects) and providing a measurable marker
in semi-quantitative SARS-CoV-2 in BAL. Our results expand on previous studies by showing the role of
SARS-CoV-2 RT-PCR in phenotyping patients with COVID-19 ARDS and providing evidence that the lower
airways are the best compartment to sample for accurately assessing the intensity of the immune response.
Since we do not have BAL or plasma samples prior to dexamethasone to verify the “native” clusters, it is
possible that more patients could have been grouped under the “hyperinflammatory” phenotype earlier in
the disease process. We provide a homogenous cohort of mechanically ventilated patients with COVID-19
ARDS but this may also be labelled as a convenience sample since these were patients undergoing bron-
choscopy based on clinical reasons. Yet, only 1 patient in cluster 1 had cryptococcal pneumonia and 1 in
cluster 2 had Staphylococcus aureus pneumonia, no patients in cluster 3 exhibited positive BAL cultures.
It is unlikely that the use of remdesivir altered our results as previous reports did not find a difference in
nasopharygeal Ct values when patients were treated with remdesivir (39). We counteracted the different
timeline of sampling by standardizing all variables per week.

Conclusion: Our hypothesis-driven study adds the infection dimension to ARDS phenotypes. We iden-
tified a unique group of hypoinflammatory with high viral load patients that is biologically plausible and
where additional immune modulators may have a detrimental role. Future studies are needed to establish
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a threshold for SARS-CoV-2 RT-PCR and to assess the immune cascade before and after administration of
additional immune-modulating therapies.
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Table 1 . Comparison between the 3 bronchoalveolar lavage clusters and the total cohort.

Variables
Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=8, 61.5%)

Hyperinflammatory
(n=2, 15.4%)

Hypoinflammatory
high viral load
(n=3, 23.1%)

Age, mean ± SD,
years

68 ± 8 69 ± 7.8 64 ± 15.6 67 ± 6

Male Gender 50% (9/18) 37.5% (3/8) 100% (2/2) 0 (0/3)
African American
race

16.7% (3/18) 12.5% (1/8) 50% (1/2) 33.3% (1/3)

Immunosuppression 33.3% (6/18) 37.5% (3/8) 50% (1/2) 33.3% (1/3)
Body mass index 33.8 ± 12.3 28.9 ± 4.8 33.6 ± 16.5 44.6 ± 24.6
Diabetes mellitus 77.8% (14/18) 75% (6/8) 50% (1/2) 100% (3/3)
Days of
intubation prior
to BAL

3.6 ± 3.6 3.6 ± 2.1 4 ± 4.2 1.7 ± 1.1

Days from
symptoms to
BAL, days

13.6 ± 7.8 14.8 ± 7.6 12 ± 4.2 14 ±7

Dexamethasone
prior to BAL

100% 100% 100% 100%

Tocilizumab prior
to BAL

0 0 50% (1/1) 0

Remdesivir prior
to BAL

55.6% (10/18) 62.5% (5/8) 50% (1/1) 33% (1/3)

Max
temperature*,
mean ± SD, 0C

37.7 ±1.1 37.7 ±0.8 37.8 ±1.7 37.9 ±1.9

Vasopressors* 72.2% (13/18) 75% (6/8) 100% (2/2) 33% (1/3)
Min PaO2/FiO2* 161.4 ± 93.2 153.8 ± 121.1 102.5 ± 20.6 200.5 ± 110.5
CRP*, mean
±SD, mg/L

155.2 ± 117.1 105.6 ± 79 147.9 ± 81.7 151.3 ± 50.8

Max WBC*,
mean ± SD,
cells/μL

13.3 ± 6.3 12.5 ± 5.8 12.8 ±4.1 12.7 ± 6.1
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. Variables
Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=8, 61.5%)

Hyperinflammatory
(n=2, 15.4%)

Hypoinflammatory
high viral load
(n=3, 23.1%)

Min lymphocyte
count*, mean ±
SD cells/μL

0.7 ± 0.4 0.6 ± 0.3 0.9 ± 1.1 0.5 ± 0.1

BAL neutrophil
%

38.5 ± 29.8 22.8 ± 23.7 43 ± 41 38

BAL lymphocyte
%

8.4 ± 8.7 9.2 ± 7.7 3.5 ± 2.1 28

Ct value, mean ±
SD

22 ± 6.5 26.6 ± 2.6 20 ± 1.1 14.4 ± 1.2

Ventilator- free
days, mean ±SD,
days

1.8 ± 2.9 1.6 ± 3.1 1.5 ± 2.1 1.3 ± 2.3

Length of stay,
mean ± SD, days

31.1 ± 15.6 28 ± 11.4 51.5 ± 3.5 18.7 ± 14.4

Mortality 66.7% (12/18) 75% (6/8) 50% (1/2) 100% (3/3)

13 patients had complete immune-inflammatory panels and SARS-CoV-2 RT-PCRs obtained from the BAL

*During the week of the bronchoalveolar lavage week

Abbreviations: BAL= bronchoalveolar lavage; CRP= C-reactive protein; Ct= Cycle threshold;
PaO2/FiO2 = Oxygen arterial pressure/ fraction of inspired oxygen; SD = standard deviation; WBC=white
blood cell count
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Table E1: Comparison between the general cohort and the three bronchoalveolar lavage

clusters

Immune marker
in BAL*

Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=8, 61.5%)

Hyperinflammatory
(n=2, 15.4%)

Hypoinflammatory
high viral load
(n=3, 23.1%)

IL-6 997.4 ± 2916.2 102.3 ± 81.1 5897.6 ± 6725.4+ 117.6 ± 100.5
IFN-γ 3.1 ± 4.3 1 ± 1.1 11.9 ± 4.7 2.8 ± 0.9
IL-1β 5.8 ± 16.2 1.4 ± 0.7 30.9 ± 41 1.1 ± 0.2
IL-8 2201 ± 3908 1638.8 ± 2862.6 6981.4 ± 8302.9 514.3 ± 354.3
IL-10 10.7 ± 16 2.7 ± 1.2 37.7 ± 20.3 14 ± 18.2
IL-12 17.1 ± 10.7 13.1 ± 6.5 35.8 ± 15.1 15.4 ± 1.5
MIP-1β 108 ± 118.1 71.3 ± 94.3 193.3 ± 111.1 153.2 ± 175.2
MCP-1 1293 ± 1267 937.6 ± 915.9 3516.6 ± 1153.4 757.9 ± 398.8
IP-10 444.6 ± 698 211.8 ± 181.5 1643.3 ± 1487.5 266.2 ± 51.2

13 pts had complete sets of BAL cytokines and SARS-CoV-2 RT PCR

*levels reported as mean ± SD in pg/ml

+ when excluding patient s/p treatment with tocilizumab, mean IL-6 level was 1142

Abbreviations: BAL=bronchoalveolar lavage; IFN=interferon; IL=interleukin; IP = interferon gamma
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inducible protein-10; MIP -1= macrophage inflammatory protein-1; MCP-1= monocyte chemoattractant
protein-1; SD=standard deviation

Table E2: Principal component analysis loadings for the bronchoalveolar lavage clusters

Variables* Component 1 Component 2 Component 3

Ct 0.15 0.76 0.20
IL-1β -0.35 0.22 0.23
IL-10 -0.36 -0.04 -0.20
IL-6 -0.36 0.07 -0.23
IL-12 -0.34 0.07 0.47
MIP-1β -0.19 -0.49 0.23
MCP-1 -0.34 0.00 -0.17
IFN-γ -0.37 -0.10 -0.04
IL-8 -0.28 0.30 -0.58
IP-10 -0.34 0.12 0.42

*All variables were standardized per week and rescaled between 0 and 1.

Abbreviations: Ct=cycle threshold; IFN=interferon; IL=interleukin; IP = interferon gamma inducible
protein-10; MIP -1= macrophage inflammatory protein-1; MCP-1= monocyte chemoattractant protein-1;
SD=standard deviation
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Table E3: Comparison between the plasma clusters and the total cohort

Variables
Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=10)

Hyperinflammatory
(n=2)

Hypoinflammatory
low viral load
(n=1)

Age, mean ± SD,
years

68 ± 8 65 ±7.6 77± 2.8 73

Male Gender 50% (9/18) 30% 100% 0
African American
race

16.7% (3/18) 20% 0 0

Immunosuppression 33.3% (6/18) 30% 50% 100%
Body mass index 33.8 ± 12.3 34.1±2.6 23.8±2.6 43.7
Diabetes mellitus 77.8% (14/18) 70% (7/10) 100% (2/2) 100% (1/1)
Days of
intubation prior
to BAL, mean
±SD

3.6 ± 3.6 3.3±2.1 4±4.2 1

Days from
symptoms to
BAL

13.6 ± 7.8 13.8±7.5 13.5±2.1 19

Dexamethasone
prior to BAL

100% (18/18) 100% (10/10) 100% (2/2) 100% (1/1)
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. Variables
Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=10)

Hyperinflammatory
(n=2)

Hypoinflammatory
low viral load
(n=1)

Tocilizumab prior
to BAL

0 0 50% (1/2) 0

Remdesivir prior
to BAL

55.6% (10/18) 50% (5/10) 50% (1/2) 100% (1/1)

Max
temperature*,
mean ± SD, 0C

37.7 ±1.1 37.4 ±0.8 38.3 ±1.1 40.1

Vasopressors* 72.2% (13/18) 70% (7/10) 100% (2/2) 0 (0/1)
Min PaO2/FiO2* 161.4 ± 93.2 168.7±120.7 101.2±18.6 148
CRP*, mean±SD,
mg/L

155.2 ± 117.1 117.2±72.8 141.4±90.8 Not available

Max WBC*,
mean ± SD,
cells/μL

13.3 ± 6.3 12.9±5.6 13.4±3.5 7.7

Min lymphocyte
count*, mean ±
SD cells/μL

0.7 ± 0.4 0.5±0.3 1.2±0.6 0.5

BAL neutrophil
%

38.5 ± 29.8 31±29.2 14 38

BAL lymphocyte
%

8.4 ± 8.7 8±7.5 5 28

Ct value, mean ±
SD

22 ± 6.5 23.4±5.6 23.6±6.2 14.4

IL-6 plasma,
mean ± SD,
pg/ml

1630.7±5383 160.4±306.6 9778.1±13782.8+ 38.5

IFN-γ plasma,
mean ± SD,
pg/ml

0.7±0.2 0.6±0 1±0.3 0.6

IL-1β plasma,
mean ± SD,
pg/ml

0.87±0.8 0.7±0.5 1.9±1.2 0.2

IL-8 plasma,
mean ± SD,
pg/ml

48.4±42.9 40.4±39.2 44.9±6.6 135.1

IL-10 plasma,
mean ± SD,
pg/ml

75±178.3 93.3±201.9 14.7±20.1 12.7

IL-12 plasma,
mean ± SD,
pg/ml

42.5±29.1 37.9±30 71.3±8.1 31.6

MIP-1β plasma,
mean ± SD,
pg/ml

223.7±470.7 83.3±62.7 151±1208.5 1773.2

MCP-1 plasma,
mean ± SD,
pg/ml

994.5±759.7 978.2±848.9 955±613.3 1237.5
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. Variables
Total cohort
(n=18)

Hypoinflammatory
low viral load
(n=10)

Hyperinflammatory
(n=2)

Hypoinflammatory
low viral load
(n=1)

IP-10 plasma,
mean ± SD,
pg/ml

183.3±229.6 111.9±67.3 613.5±386.4 37.8

Ventilator- free
days, mean ± SD

1.8 +/- 2.9 1.7±2.9 1.5±2.1 0

Length of stay,
mean ± SD, days

31.1 ± 15.6 29.9±14.2 38±15.6 8

Mortality 66.7% (12/18) 80% (8/10) 50% (1/2) 100% (1/1)

13 patients had complete immune-inflammatory panels in plasma and SARS-CoV-2 RT-PCRs obtained from
the BAL

*During the week of the bronchoalveolar lavage week

+when excluding the patient s/p tocilizumab, the mean level was 32

Abbreviations: BAL= bronchoalveolar lavage; CRP= C-reactive protein; Ct= Cycle threshold;
IFN=interferon; IL=interleukin; IP = interferon gamma inducible protein-10; MIP -1= macrophage inflam-
matory protein-1; MCP-1= monocyte chemoattractant protein-1; PaO2/FiO2 = Oxygen arterial pressure/
fraction of inspired oxygen; SD = standard deviation; WBC=white blood cell count

Table E4: Principal component analysis loadings for the plasma clusters

Variables* Component 1 Component 2 Component 3

Ct 0.28 0.17 0.53
IL-1β 0.46 -0.24 0.23
IL-10 -0.23 0.02 0.03
IL-6 0.21 -0.08 0.18
IL-12 0.27 -0.18 -0.59
MIP-1β -0.26 -0.48 -0.29
MCP-1 -0.28 -0.55 0.32
IFN-γ 0.43 -0.30 -0.14
IL-8 -0.12 -0.47 -0.29
IP-10 0.45 -0.16 -0.02

*All variables were standardized per week and rescaled between 0 and 1.

Abbreviations: Ct= Cycle threshold; IFN=interferon; IL=interleukin; IP = interferon gamma inducible
protein-10; MIP -1= macrophage inflammatory protein-1; MCP-1= monocyte chemoattractant protein-1;
PaO2/FiO2 = Oxygen arterial pressure/ fraction of inspired oxygen;
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Fig.E3: Immune inflammatory markers vs cycle threshold values per week.

Panel A: CRP vs Ct; Panel B: IFN- γ vs Ct;Panel C: IL-1β vs Ct values; Panel D: IL-6 and Ct values.
Bars represent median values. CRP was measured in the serum. Cytokine measurements and SARS-CoV-2
RT-PCR Ct values were obtained from the bronchoalveolar lavage and transformed logarithmically.

Abbreviations: BAL=bronchoalveolar lavage; Ct=cycle threshold; IFN=interferon; IL=interleukin

Online supplemental material

Changing from 2 to 3 clusters in the plasma, replicated the path of BAL clusters: cluster 1 divided into
clusters 1 and 3. Cluster 1 (hypoinflammatory low viral load) remained the most populated with 10 patients
(76.9%), cluster 2 (hyperinflammatory) with 2 patients (15.4%) and cluster 3 (hypoinflammatory high viral
load) with 1 patient (7.7%). Overall 4 patients (30.8%) changed cluster assignments between the BAL and
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plasma clusters and 2 of these belonged to the hypoinflammatory low viral load group. The PCs explained
64.6% of the variation, less than in the BAL clusters. Il-1β, IFN-γ and IP-10 had the highest loading on
PC1 which accounted for 31.9% of the variance. As opposed to the BAL, not all immune markers were
concordant in plasma (IL-10, MIP-1β and MCP-1 had negative loadings). IL-6 carried less significance than
the other cytokines in defining the plasma clusters. Cluster 2 (hyperinflammatory) had higher values along
the PC1. The immune markers of interest had in general negative loadings on PC2 which explained 18% of
the variance. SARS-CoV-2 RT-PCR Ct value was less relevant than in the BAL clusters and it represented
the main loading on PC3 which accounted for 14.7% of the variance. Cluster 3 was characterized by lower
values on PC3 (higher viral loads). Table 2 shows the clinical characteristics, laboratory results, cytokine
concentrations in plasma and outcomes between the 3 plasma clusters and the total cohort. While the
hyperinflammatory cluster is relatively similar to the BAL cluster 2, no comparisons can be made regarding
the hypoinflammatory high viral load clusters between plasma and BAL.
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