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SUMMARY

Secondary infection (SI) diagnosis in severe COVID-19 remains challenging. We correlated metagenomic
sequencing of plasma microbial cell-free DNA (mcfDNA-Seq) with clinical SI assessment, immune
response, and outcomes. We classified 42 COVID-19 inpatients as microbiologically confirmed-SI
(Micro-SI, n = 8), clinically diagnosed-SI (Clinical-SI, n = 13, i.e., empiric antimicrobials), or no-clinical-suspi-
cion-for-SI (No-Suspected-SI, n = 21). McfDNA-Seq was successful in 73% of samples. McfDNA detection
was higher in Micro-SI (94%) compared to Clinical-SI (57%, p = 0.03), and unexpectedly high in No-
Suspected-SI (83%), similar to Micro-SI. We detected culture-concordant mcfDNA species in 81% of
Micro-SI samples. McfDNA correlated with LRT 16S rRNA bacterial burden (r = 0.74, p = 0.02), and bio-
markers (white blood cell count, IL-6, IL-8, SPD, all p < 0.05). McfDNA levels were predictive of worse
90-day survival (hazard ratio 1.30 [1.02–1.64] for each log10 mcfDNA, p = 0.03). High mcfDNA levels in
COVID-19 patients without clinical SI suspicion may suggest SI under-diagnosis. McfDNA-Seq offers a
non-invasive diagnostic tool for pathogen identification, with prognostic value on clinical outcomes.

INTRODUCTION

Secondary infections complicate the course of up to 50% of hospitalized patients with severe COVID-19 pneumonia and contribute to worse

clinical outcomes.1–3 Diagnosis of secondary infections (SIs) has presented clinicians with major challenges during the pandemic. Readily

available indicators of clinical infection such as fever, leukocytosis, or consolidations on chest imaging cannot distinguish isolated SARS-

CoV-2 infection from a secondary pneumonia by super-infecting organisms.4,5 The use of immunomodulators, such as steroids and anti-

IL6 receptor inhibitors, has been associated with increased risk for SI, but can also confound clinical and laboratory measurements (e.g., de-

margination and leukocytosis with steroids or reduction of neutrophils with tocilizumab), further hampering SI diagnosis.6–8 Blood cultures are

obtained routinely when an SI is suspected in COVID-19, but their diagnostic yield is low, especially in the case of secondary pneumonias,

when direct lower respiratory tract (LRT) sampling is recommended.9 LRT sampling for microbiologic studies can be challenging, such as

in severely hypoxemic patients on non-invasive respiratory support, and can have low diagnostic sensitivity, due to antecedent antibiotics

or slow/fastidious organism growth, as in the case of fungal pathogens.10

Host-response biomarkers have been examined for their prognostic value in COVID-19, as well as their ability to discriminate patients with

isolated SARS-CoV-2 infections vs. those with secondary bacterial or fungal infections. Plasma biomarkers in pathways of innate immunity

(such as the cytokines interleukin [IL]-6 and IL-8, or the inflammatory molecules CRP and procalcitonin), alveolar epithelial injury (receptor

for advanced glycation end products [sRAGE] and Surfactant Protein D [SPD]) or endothelial damage (angiopoietin-2 [Ang-2]) correlate

with COVID-19 severity and predict worse outcomes.11–16 However, no reliably discriminatory biomarkers for SI have been identified, perhaps
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due to the complex and heterogeneous host response, the confounding effects of immunomodulator use, the lack of standardized work-up

for SIs, and the inherent limitations of conventional microbiologic studies.17

The challenges of SI diagnostic work-up and variable clinical practices have hindered acquisition of accurate SI incidence estimates in

severely ill patients with COVID-19. With the prevailing diagnostic uncertainty, empiric antibiotics have been prescribed in 75–85% of hospi-

talized patients, often initiated due to clinical deterioration and then empirically continued, even in the absence of diagnostic evidence sup-

porting an SI.18,19 Overcoming the diagnostic challenges of SI with reliable, sensitive and non-invasive techniques could optimize diagnostic

yield, enabling antibiotic targeting and stewardship.4

Metagenomic sequencing, i.e., the systematic determination of the exact sequence of bases in nucleic acids present in a sample to allow

for culture-independent detection of all corresponding microbes, offers novel diagnostic opportunities for infections that are challenging to

diagnose. The recent ability to detect and sequence circulating microbial cell-free DNA (mcfDNA-Seq) in plasma has opened the avenue of

‘‘liquid biopsy’’ of infections in sepsis.20 In mcfDNA-Seq of plasma samples, mcfDNA is extracted and sequenced following quantification of

human cfDNA (hcfDNA) and filtering out environmental contamination (see STAR Methods for details). The derived mcfDNA sequences are

mapped against databases comprising microbial reference genomes which do not contain SARS-CoV-2 sequences, and then quantitative

amounts of clinically relevant organisms are reported. Healthy subjects have undetectable (77.2%) or very low mcfDNA levels, whereas pa-

tients with clinically suspected sepsis have higher levels of mcfDNA from pathogenic organisms, affording high sensitivity when compared

to blood cultures and improved diagnostic yield when compared to composite microbiologic testing methods.20,21 We have previously pro-

vided proof-of-concept evidence that patients with COVID-19 with high levels of circulating mcfDNA of common respiratory pathogens were

at risk of worse clinical outcome.22 Although the ability to comprehensively assess for SI-causal pathogens with non-invasive blood samples is

appealing, feasibility, and clinical validity data are needed. In this study, we report the analysis of a cohort of 42 hospitalized patients with

severe COVID-19 who were comprehensively screened for SI pathogens with serial plasmamcfDNA sequencing. We examined the feasibility

and clinical validity of mcfDNA-Seq for SI diagnosis, correlation with host response biomarkers, and prediction of outcomes.

RESULTS

Clinical cohort characteristics

We included 42 inpatients with acute hypoxemic respiratory failure due to COVID-19 from April through September 2020 (median age 65.1

years, 62%men, Table 1).We collectedplasma samples on enrollment (baseline – day 1) and then repeat samples on days 5 and 10 for patients

who remained hospitalized in the Intensive Care Unit (ICU).We obtained a total of 82 plasma samples (median of 2 samples per subject, range

1–5 samples, Figure 1) which we analyzed by mcfDNA-seq, quantification of SARS-CoV-2 RNA levels (vRNA) by qPCR, and measurement of

nine host-response biomarkers. Through in-depth review of all available clinical data, we classified patients with regards to presence/absence

or clinical suspicion for SI to the following three categories: (1) Microbiologically-Confirmed Secondary Infection (Micro-SI), when typical path-

ogenicmicrobes were isolated on clinical biospecimen cultures and antimicrobials were prescribed, (2) Clinically-Diagnosed Secondary Infec-

tion (Clinical-SI), when empiric antimicrobials were administered without microbiologic SI confirmation, and (3) ‘‘No-Clinical-Suspicion-for-SI’’

(No-Suspected-SI), when microbiologic workup for SI was negative or not performed, and no empiric antimicrobials were prescribed.

Of the 42 patients included, eight patients (19.5%) were supported on extracorporeal membrane oxygenation (ECMO), and 27 (64.3%)

were invasively mechanically ventilated (IMV, Table 1). At baseline, we classified subjects as Micro-SI (n = 8), Clinical-SI (n = 13), and No-

Suspected-SI (n = 21) (Table 1). We found lower rates of IMV (p = 0.05) and lower total white blood cell count (p = 0.04) in Clinical-SI patients,

but no other significant differences in clinical variables, including ECMO status, between SI groups. Plasma SARS-CoV-2 vRNA was notably

lower in Micro-SI (p% 0.05), although there was no difference in time (days) from COVID-19 symptom onset to biospecimen acquisition be-

tween clinical groups (Table 1). In biomarker comparisons, we found lower IL-8 and procalcitonin levels in patients with No-Suspected SI vs.

Clinical-SI, and overall higher levels of Ang-2 in Micro-SI patients (Table 1, Figure S1). Similarly, IL-8 and procalcitonin differed significantly by

clinical severity on admission based on theWHOordinal scale (Figure S2), whereas comparisons by the level of respiratory support required at

time of sampling (ECMO, IMV, or non-invasive) showed that patients on ECMO has significantly higher levels of IL-6 and Ang-2 compared to

patients on non-invasive respiratory support (Figure S3).

Output of plasma metagenomic sequencing runs

Weconducted plasmamcfDNA-Seqwith the Karius Test� [Karius Inc., RedwoodCity, CA] and classified the derivedmetagenomic sequences

as human (hcfDNA) vs. microbial (mcfDNA). Based onminimum sequencing coveragemetrics required for quality control (see STARMethods

for details), we classified sequencing runs for the 82 samples across the study period ‘‘Pass’’ (i.e., successful, n = 52, 63%), ‘‘Qualitatively Pass’’

(n = 8, 10%) or ‘‘Failed’’ (n = 22, 27%, eTable 1). Notably, ‘‘Pass’’ samples had significantly lower levels of hcfDNA compared to ‘‘Qualitative

Pass’’, or ‘‘Fail’’ samples (p < 0.0001, Figure S4), and these differences in hcfDNA levels by sequencing run success were independent of

whether samples were taken from patients on ECMO or not (Figure S5). We also found that a successful sequencing run (‘‘Pass’’) on a day

1 sample for a given subject was significantly associated with a ‘‘Pass’’ run on a day 5 sample (Fisher’s odds ratio 11.9, 95% confidence inter-

val-CI [1.00–703.8], p = 0.04). From ‘‘Qualitative Pass’’ samples, we utilized only qualitative information about identified microbial species,

whereas we utilized quantitative mcfDNA data (expressed as molecules per microliter, MPMs) from ‘‘Pass’’ samples only.
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Table 1. Cohort characteristics for all patients and stratified by secondary infection category

Variable All patients Micro-SI Clinical-SI No-Suspected-SI p-value

N 42 8 13 21

Men, n (%) 26 (61.9) 6 (75.0) 8 (61.5) 12 (57.1) 0.68

Age (median [IQR]) 65.1 [58.4, 76.5] 61.6 [56.4, 65.6] 73.5 [61.6, 76.7] 64.7 [58.1, 76.8] 0.26

BMI (median [IQR]) 32.3 [26.5, 39.1] 32.3 [28.6, 41.1] 33.5 [30.8, 36.4] 30.1 [26.2, 38.9] 0.58

Diabetes, n (%) 18 (42.9) 5 (62.5) 3 (25.0) 10 (47.6) 0.17

COPD, n (%) 10 (23.8) 2 (25.0) 3 (25.0) 5 (23.8) 0.99

Immunosuppression, n (%) 4 (9.5) 1 (12.5) 0 (0.0) 3 (14.3) 0.37

Days from COVID-19 symptom

onset (median [IQR])

6 [3, 9] 6 [3, 9] 7 [5, 9] 5 [1, 9] 0.53

Glucocorticoid Use, n (%) 24 (57) 4 (50) 9 (70) 11 (52) 0.65

Invasive Mechanical

Ventilation, n (%)

27 (64.3) 7 (87.5) 5 (38.5) 15 (71.4) 0.05

ECMO, n (%) 8 (19.5) 3 (37.5) 1 (7.7) 4 (19.0) 0.24

WBC (median [IQR]) 10.2 [6.7, 12.4] 13.3 [10.0, 14.2] 6.7 [5.9, 11.8] 10.6 [7.4, 11.7] 0.04

WHO ordinal scale at ICU

admission (median [IQR])

8.0 [7.2, 9.0] 7.0 [5.0, 9.0] 7.0 [6.0, 7.0] 6.0 [5.0, 6.0] 0.22

RALE score (median [IQR]) 24.0 [21.1, 31.2] 21.8 [20.6, 23.1] 22.2 [21.0, 32.6] 26.2 [23.0, 35.8] 0.10

SARS-CoV-2 RNA in Plasma

(cps/mL, median [IQR])

867.0 [40.0, 5,742.5] 3.0 [3.0, 3.0] 1,795.5 [86.5, 6,840.0] 2,491.0 [220.0, 5,445.0] 0.05

SARS-CoV-2 RNA in ETA

(cps/mL, median [IQR])

215,466.7 [2,718.8,

729,422.2]

29.0 [29.0, 2,804.8] 338,240.0 [17,920.0,

508,444.4]

339,911.1 [33,351.1,

950,400.0]

0.18

IL-6 pg/mL (median [IQR]) 37.1 [15.7, 159.5] 128.0 [66.9, 188.4] 26.9 [14.7, 41.4] 36.0 [16.8, 165.7] 0.44

IL-8 pg/mL (median [IQR]) 22.8 [14.7, 41.4] 29.1 [19.9, 52.4] 13.9 [7.1, 20.0] 29.9 [17.6, 53.6] 0.05

ST2 pg/ml (median [IQR]) 190,532.0 [95,113.3,

268,265.7]

190,174.0 [89,313.7,

276,629.2]

206,023.5 [151,105.8,

270,770.7]

185,961.2 [97,840.6,

253,415.2]

0.79

TNFR1 pg/ml (median [IQR]) 4,539.0 [3,500.3, 8,877.2] 7,622.3 [4,678.7, 11,256.5] 4,072.4 [3,179.9, 5,512.4] 4,498.0 [3,390.3, 9,493.9] 0.28

SPD pg/ml (median [IQR]) 25.1 [14.0, 57.6] 40.0 [21.9, 83.8] 39.0 [27.0, 55.1] 20.5 [8.3, 29.7] 0.26

RAGE pg/ml (median [IQR]) 4,576.8 [2,422.6, 9,071.2] 2,519.2 [1,566.5, 8,520.3] 2,689.6 [2,383.5, 8,455.6] 5,879.8 [3,856.5, 9,982.9] 0.17

Ang-2 pg/mL (median [IQR]) 4,354.0 [2,484.3, 7,375.3] 9,805.2 [5,706.4, 14,848.5] 3,292.3 [2,098.3, 7,299.0] 3,195.6 [2,422.8, 5,096.5] 0.01

Procalcitonin pg/ml

(median [IQR])

4,61.0 [187.9, 1,516.1] 403.8 [164.1, 798.8] 206.1 [147.6, 454.8] 815.1 [272.2, 1,767.8] 0.08

Pentraxin-3 pg/mL

(median [IQR])

7,826.2 [3,584.4,

16,080.0]

6,908.7 [2,682.9,

8,793.6]

6,827.5 [3,649.9,

11,186.3]

13,548.5 [3,976.4,

20,466.9]

0.14

Human cfDNA MPM

(median [IQR])

563.5 [148.6, 1,284.8] 750.6 [200.8, 1,299.4] 325.9 [109.1, 563.7] 686.2 [148.7, 2,253.5] 0.17

Total microbial cfDNA MPM

(median [IQR])

812.9 [151.3, 2,435.5] 1,614.9 [794.8, 1,7812.8] 1.0 [1.0, 818.1] 1,026.6 [457.7, 2,464.9] 0.17

Bacterial cfDNA MPM

(median [IQR])

600.4 [1.0, 2,906.1] 9,349.2 [559.7, 28,503.5] 1.0 [1.0, 86.0] 822.9 [117.9, 1,956.0] 0.07

Fungal cfDNA MPM

(median [IQR])

1.0 [1.0, 1.0] 158.8 [1.0, 388.7] 1.0 [1.0, 1.0] 1.0 [1.0, 1.0] <0.01

Respiratory pathogen cfDNA

MPM (median [IQR])

1.0 [1.0, 1,480.8] 9,349.2 [559.7, 28,503.5] 1.0 [1.0, 13.5] 118.0 [1.0, 1,480.8] 0.06

Abbreviations: Microbiologically Diagnosed Secondary Infection (Micro-SI); Clinically Diagnosed Secondary Infections (Clinical-SI); No Clinical Suspicion for SI

(No-Suspected-SI); chronic obstructive pulmonary disease (COPD); extracorporeal membrane oxygenation (ECMO); Radiographic Assessment of Lung Edema

score (RALE score); receptor for advanced glycation end products (RAGE); suppression of tumorigenicity (ST-2); tumor necrosis factor receptor (TNFR-1); Surfac-

tant Protein D (SPD); molecules per microliter (MPMs).

p values significant below threshold of 0.05 are shown in bold. See also Figures S1–S6.
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Plasma metagenomics results by SI category

Among the 52 ‘‘Pass’’ samples across all time-points, Micro-SI diagnosis had more samples positive for mcfDNA (i.e., mcfDNA sequencing

reads that mapped to at least one microbial species reported, 15/16 [94%] samples) compared to Clinical-SI (7/13 [57%], p = 0.02, Table S2).

Unexpectedly, a high proportion of No-Suspected-SI samples, including ‘‘Pass’’ and ‘‘Qualitative Pass’’, were positive for mcfDNA (25/30

[83%]). All eight ‘‘Qualitative Pass’’ samples (seven No-Suspected-SI samples and one Clinical-SI sample), were positive for mcfDNA, with

3/8 samples reporting R2 microbial species.

Baseline samples were collected at a median (interquartile range – IQR) of 3 (3) days from hospital admission. Of the 25 baseline ‘‘Pass’’

samples, 72% were positive for mcfDNA, with a median (IQR) of 812.9 (151.3–2,435.5) MPMs per sample, 59.1% of which corresponded to

typical pathogenic organisms. Stratifiedby SI categories, 4/5 (80.0%)Micro-SI, 3/8 (37.5%) Clinical-SI, and 11/12 (91.6%)No-Suspected-SI sam-

ples were positive for mcfDNA, with a statistically significant higher proportion of positive samples in No-Suspected-SI compared to Clinical-

SI samples (Fisher’s p = 0.01). We found no significant differences in baseline hcfDNA, total mcfDNA and pathogenmcfDNAMPMs between

SI groups (Figures 2A–2C), although Micro-SI samples had numerically higher total and pathogen mcfDNA MPM levels (Table 1).

Among baseline ‘‘Pass’’ samples in Micro-SI subjects, plasma metagenomics reported mcfDNA from the culprit organisms identified by

cultures in 3/5 (60.0%) cases (Escherichia coli in subject 4, Pseudomonas aeruginosa in subject 3, and Proteus mirabilis in subject 6) (Figure 3,

Table S3). The two discordant Micro-SI samples involved two probable ventilator-associated pneumonia (VAP) cases: subject 1 with negative

mcfDNA-Seq when LRT cultures taken three days prior to plasma sampling showed rare E. coli growth, and subject 2 with light Methicillin-

sensitive Staphylococcus aureus growth in LRT cultures taken two days prior to plasma sampling was deemed the culprit, but mcfDNA-Seq

reported Enterococcus faecalis and E. colimcfDNA.When considering all availableMicro-SI samples (five baseline and 11 follow-up samples),

mcfDNA-Seq results were concordant with cultures in 13/16 (81.3%) of comparisons.

Baseline samples from Clinical-SI subjects contained mcfDNA in 37.5% of cases (3/8). Subject 11 had high mcfDNA levels for plausible

pathogens (Klebsiella pneumoniae and P. aeruginosa; Figure 3, and Table S3), which had not been detected by blood cultures (no LRT spec-

imen cultures available). For the other two Clinical-SI subjects (15 and 21), reportedmcfDNAbelongedmostly to HumanHerperviruses, which

could represent viral re-activation in context of critical illness.23

AmongNo-Suspected-SI patients at baseline, 11/12 (91.6%) were positive formcfDNA,with five samples showing>100 pathogenmcfDNA

MPMs in the range of Micro-SI subjects (annotated species in Figures 2C and 3). The remaining six subjects with mcfDNA revealed organisms

of unclear clinical significance: Herpesvirus DNA in four subjects (27, 28, 38, and 42), and gram-positive bacteria often considered as skin con-

taminants in blood cultures (Lactobacillus gasseri and Staphylococcus epidermidis) in three subjects (38, 41, and 42). Notably, 3/4 (75%) of the

baseline ‘‘Qualitative Pass’’ samples for No-Suspected-SI subjects (25, 30, 36) were also positive for pathogen mcfDNA, even though the ab-

solute burden of mcfDNA MPMs could not be reliably estimated.

Figure 1. Flowchart of enrolled patients sampled at each follow-up period through the 90-day mortality endpoint

Fail: failed mcfDNA sequencing; QP: qualitative pass.
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Comparison of circulating cfDNA burden in COVID-19 vs. historic non-COVID samples

Comparing against published data from our group for mechanically ventilated patients with microbiologically confirmed pneumonia (n = 26),

clinically diagnosed pneumonia (n = 41) and uninfected controls (n = 16, intubated for airway protection or due to cardiogenic pulmonary

edema), we found markedly higher levels of hcfDNA in subjects with COVID-19 compared to all non-COVID-19 patient groups (COVID-19

median 563.5 MPMs [148.6, 1,284.8]; non-COVID-19 median 120.9 MPMs [56.5, 529.4], Figure S6A, p < 0.005).24 All non-COVID patients

were supported by IMV but none were on ECMO. Non-COVID patients with microbiologically confirmed pneumonia had higher total and

pathogen mcfDNA levels compared to No-Suspected-SI COVID-19 patients (total mcfDNAmedian 4,085 MPMs [1,553, 39,970.2] vs. median

1,026.6 MPMs [457.7, 2,464.9], respectively p = 0.015), who in turn had markedly higher total and pathogen mcfDNA levels compared to un-

infected controls (total mcfDNA median 0 MPMs [0, 48.0], p = 0.00018, Figures S6B and S6C).

Trajectories of plasma cfDNA levels in subjects with COVID-19

We reclassified subjects by SI status at the time of the follow-up sample acquisition and found that few subjects transitioned into a different SI

diagnostic category (4/26 [15%] and 4/16 [25%] for days 5 and 10, respectively, Figures S5 and S7). At post-enrollment day 5, Micro-SI subjects

had significantly higher total and pathogen mcfDNA levels compared to No-Suspected-SI subjects (p < 0.05, Figure S7).

Figure 2. Clinical classification of secondary infection diagnosis among patients with COVID-19 and plasma cell-free DNA levels

Clinical classification of secondary infection diagnosis among patients with COVID-19 did not show significant differences in baseline human (A) or microbial cell-

free DNA levels (B and C) (N = 42). Subjects classified as microbiologically confirmed secondary infection (Micro-SI) had numerically higher but statistically non-

significant different baseline levels of total and pathogen microbial cell-free DNA (mcfDNA) compared to subjects classified as clinically diagnosed secondary

infections (Clinical-SI) or those with no clinical suspicion for SI (No-Suspected-SI). Pairwise comparisons were conducted with Wilcoxon test. In C, the combined

pathogen mcfDNA for each sample is shown, with the most abundant microbial species in each of the positive samples denoted beside the sample data points.

See also Figures S4–S6, and Table S2. Data in boxplots are represented as individual values with median values and interquartile range depicted by the boxplots.
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We examined subject-level trajectories in the four cases with persistent culture-proven SI or persistent pathogen mcfDNA detection on

available longitudinal samples (Figure 4). Subject 3 was diagnosed with resistant Pseudomonas aeruginosa VAP with clinical and microbio-

logic relapse, demonstrating persistently elevated Pseudomonas aeruginosamcfDNA for >30 days on repeated sampling (Figure 4). For sub-

ject 4 McfDNA-Seq demonstrated a transition in detected bacterial species in follow-up samples corresponding to two different VAP epi-

sodes (by E. coli and Pseudomonas aeruginosa respectively). Subject 6 had unexplained, persistent Proteus mirabilis mcfDNA detection

following treatment of a urinary tract infection, but was found to have a late parotid gland abscess that was drained and cultures grew Proteus

mirabilis. Last, for subject 26 diagnosed as No-Suspected-SI (i.e., no empiric antimicrobials) who died on day 6 with multi-organ failure attrib-

uted to isolated SARS-CoV-2 infection, we found high pathogen mcfDNA levels, including Klebsiella pneumoniae, raising concern for the

possibility of an undetected and undertreated SI.

McfDNA is associated with plasma host-response biomarkers and LRT bacterial burden

We next examined the relationship between mcfDNA-Seq results and clinical/laboratory parameters of COVID-19 severity. We found no sig-

nificant correlation between mcfDNA and SARS-CoV-2 viral load (quantified by vRNA qPCR in plasma and endotracheal aspirate samples,

when available), radiographic severity (quantified by radiographic assessment of lung edema [RALE] scores) or clinical severity by the

WHO ordinal scale.25–27 However, there was a weak, significant correlation between hcfDNA and RALE scores (r = 0.33, p = 0.03).

We then examined for correlations between cfDNA levels and baseline plasma biomarkers of host response. Total and pathogenmcfDNA

levels were significantly correlated with the cytokines IL-6 and IL-8, as well as SPD levels, the innate host-defense glycoprotein secreted by

alveolar cells. The associations for IL-6 and SPD with mcfDNA remained significant even following adjustment for vRNA levels (Table S4), sug-

gesting effects of mcfDNA on host response independent of SARS-CoV-2. HcfDNA levels were significantly correlated with IL-6, IL-8,

pentraxin-3, and procalcitonin levels following adjustment for multiple comparisons (Figure 5). Pathogen mcfDNA levels were significantly

correlated with bacterial 16S rRNA gene copies by qPCR in available endotracheal aspirate specimens (n = 19), a surrogate of LRT bacterial

load (Pearson’s r = 0.92, p = 0.0004).

Figure 3. Significantly higher proportion of positive samples with mcfDNA species calls in No-Suspected-SI compared to Clinical-SI samples.

We display samples grouped by SI classification and sample identifier, showing the species and respective MPMs called by mcfDNA-Seq. Standardized bars

indicate failed samples, samples with no species called, and those with qualitative pass, yielding species each denoted with standardized bar. Infrequently

called species were combined for visual simplicity.
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Baseline mcfDNA levels are predictive of 90-day survival

Baseline hcfDNA and total mcfDNA levels were not significantly associated with cumulative mortality at 90 days from ICU admission

(Figures 6A and 6B). Baseline total mcfDNA levels were significantly associated with worse 90-day survival in a Cox proportional hazards

model adjusted for age (hazard ratio for log10-transformed mcfDNA 1.82, [1.07–3.13], p = 0.03). Stratified by baseline total mcfDNA tertiles

for visualization of survival curves (high>1,499, middle 344–1,499, low<344 MPMs), subjects in the high mcfDNA tertile had worse 90-day sur-

vival by Kaplan-Meier curve analysis compared to subjects in other tertiles (global log rank p = 0.02), whereas hcfDNA tertiles were not pre-

dictive of 90-day survival (Figures 6C and 6D). In contrast to the significant prognostic information of baseline total mcfDNA levels, there were

no 90-day survival differences between the clinical classification SI groups (log rank p = 0.62 for Micro-SI, Clinical-SI, and No-Suspected-SI,

data not shown). In a Cox model adjusted for age and SI classification, total mcfDNA levels remained significantly associated with worse

90-day survival (hazard ratio for log10-transformed mcfDNA 2.23, [1.25–3.98], p = 0.006), with no significant effect modification by SI group

(non-significant interaction terms in the Cox model). Pathogen mcfDNA levels showed prognostic associations in similar direction with total

mcfDNA levels, although results were not statistically significant (hazard ratio for log10-transformed pathogen mcfDNA 1.31, [0.96–1.78], p =

0.08). Stratified by 90-day survival, we found no significant differences in the longitudinal trajectories of total mcfDNA and hcfDNA levels be-

tween survivors and non-survivors (Figures S8A and S8B).

DISCUSSION

In this translational study, we systematically evaluated 42 COVID-19 inpatients with culture-independent mcfDNA-Seq, viral load quanti-

fication and host response profiling. We found no significant differences in mcfDNA levels by SI clinical categories at baseline, although

Figure 4. Comparison of plasma mcfDNA sequencing with microbiologic/clinical diagnoses across the timeline of four subjects with serial sampling

Species-specific microbial MPMs (y axis) are shown across sequential sampling days from enrollment, (x axis). Petri dish graphics along the x axis denote the

timing and results of clinically obtained microbiological testing. Subject 3 (A) was an immunocompetent patient with a persistent culture-confirmed

Pseudomonas VAP that persisted through the antimicrobials, with timing and therapy noted above. Subject 3 had persistently elevated Pseudomonas

mcfDNA levels throughout the extended infection course, which ultimately correlated with clinical improvement (A). Subject 4 (B) had sequential VAPs with

changing pathogens detected on invasive respiratory cultures, E. coli followed by Pseudomonas, which was concordantly reported on noninvasive mcfDNA

sampling. Subject 6 (C) was a patient with diabetes who was initially found to have a resistant Proteus urinary infection, and a subsequent persistent septic

clinical picture, later found to have a polymicrobial, including Proteus, parotid gland abscess. Proteus mcfDNA levels remained elevated in subject 6 during

initial antimicrobial therapy for urinary infection, suggesting the persistent source of infection. Subject 26 (D) was clinically determined No-Suspicion-for-SI,

but had a deteriorating clinical course, without cultures obtained for 5 days or empiric antimicrobials, and ultimately died of shock and multisystem organ

failure. Noninvasive testing revealed persistent levels of Klebsiella pneumonia mcfDNA levels, which suggests an undiagnosed SI may have contributed to

the clinical course. See also Figure S7.
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culture-confirmed cases of SI (Micro-SI) had higher mcfDNA levels on follow-up samples. The mcfDNA species corresponded to clinically

isolated pathogens in 81% of Micro-SI samples, and indicated potentially missed, super-infecting pathogens in up to 41% of subjects for

whom there was no clinical suspicion for SI (No-Suspected-SI). Our molecular analyses revealed significant correlations of circulating

mcfDNA levels with LRT bacterial burden, suggestive of plausible secondary pneumonias, as well as with plasma host-response bio-

markers. Patients with higher mcfDNA had significantly lower 90-day survival, independent of SI group. Longitudinal assessments revealed

that mcfDNA levels can persist in SI without adequate source control, such as the patient with parotitis, or with antibiotic resistant path-

ogens, such as the patient with resistant Pseudomonas VAP. Thus, serial mcfDNA-Seq may offer a non-invasive tool for monitoring treat-

ment response, although further research is needed to understand the temporal kinetics of mcfDNA levels in infections that respond to

treatment.

Our results were notable for an unexpectedly high rate of failed mcfDNA-Seq runs due to high burden of circulating hcfDNA, which was

much higher than prior cases of non-COVID-19 pneumonia. The high failure rate in this cohort of COVID-19 subjects cannot be explained by

technical or processing issues because we used the same protocols and processes as in prior and ongoing studies (GDK, unpublished data)

with mcfDNA-Seq with sequencing success rates of more than 90%. The high amounts of interfering hcfDNA provide the most plausible

explanation for the 27% sequencing failure rate in this study. Such high hcfDNA levels likely reflect substantial human tissue damage in

severely ill patients with COVID-19, a finding consistent with another study showing higher hcfDNA in COVID-19 compared to patients

with influenza or respiratory syncytial virus infections, despite similar clinical severity indices.24,28 In our cohort, samples from patients on

ECMO, who have more severe lung injury and at the same time their circulating WBCs are continuously exposed to the sheer stress of ex-

tra-corporeal circulation that may result in lysis and release of hcfDNA, had numerically higher sequencing failure rates, although hcfDNA

levels were not significantly different from patients not on ECMO. The higher likelihood of subsequent failed samples after initial failed sam-

ples suggests subject-specific influences on sequencing run outputs and results.

Our study highlights the challenge of clinically distinguishing cases with isolated SARS-CoV-2 infection from those complicated by SIs. The

results of host-response biomarker analyses and mcfDNA-Seq did not align with the clinical SI diagnoses or the microbiologic investigations

guided by clinical judgment. For example, although procalcitonin levels are commonly used as diagnostic biomarkers for bacterial infections,

their diagnostic value for SIs in COVID-19 remains uncertain.14,29 Notably, we observed higher procalcitonin levels in No-Suspected SI

compared to Clinical-SI patients, which suggests a potential misclassification of cases by clinicians. However, we found no significant corre-

lation between procalcitonin and mcfDNA levels. Consequently, procalcitonin exhibited limited validity in our dataset for distinguishing be-

tween SI and isolated SARS-CoV-2 infection. The clinical validity of mcfDNA sequencing was further substantiated by its significant correla-

tions with LRT bacterial burden and systemic host-response biomarkers. Additionally, mcfDNA sequencing demonstrated predictive value in

determining 90-day survival. Our study suggests that noninvasive mcfDNA sequencingmay provide valuable insights into the presence of SIs

and their impact on patient outcomes.

Figure 5. Baseline plasma microbial cell-free DNA levels were significantly correlated with lower respiratory tract bacterial load and plasma host

response biomarkers (N = 42).

Correlogram demonstrating comparisons of host nine response biomarkers (green dashed box), number of 16S rRNA gene copies by qPCR in Endotracheal

Aspirates (ETA, surrogate for lower respiratory tract bacterial load), number of SARS-COV-2 RNA copies in ETA and plasma samples by qPCR, and mcfDNA-

Seq output (hcfDNA, total mcfDNA and pathogen mcfDNA – purple dashed box). Significant correlations with the Pearson’s method and following

adjustment for multiple comparisons by the Benjamini-Hochberg method are shown, with direction and strength of correlation depicted by the color scale

on the right panel. See also Table S4.
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Circulating mcfDNA was significantly associated with host immune response in COVID-19. McfDNA species may reflect SI-causal patho-

gens (regardless of their viability in the bloodstream), but may also signify lung barrier disruption in patients with acute lung injury from

COVID-19, or even gut barrier disruption in patients with circulatory shock and hypoperfusion.24 Thus, positive mcfDNA calls by the Karius

test should not be directly interpreted as evidence of superinfecting pathogens, but interpreted within the context of critical illness with colo-

nizedmucosal surfaces by microbiota and impaired barrier function. The significant correlation between hcfDNA levels and RALE scores sug-

gests that lung injury may account, at least in part, for the hcfDNA levels, although we could not experimentally evaluate the tissue origin of

circulating hcfDNA. Additionally, quantitative assessments of hcfDNA may have been influenced by the host DNA depletion steps during

sample processing and library preparation for mcfDNA-Seq. Recent research has highlighted the relevance of hcfDNA as a diagnostic/prog-

nostic biomarker in sepsis, with higher levels of deoxyribonuclease 1 (DNase 1) and cfDNA in preterm infants with early onset neonatal sepsis

compared to controls, as well as altered hcfDNA fragmentation patterns in adult patients with sepsis, perhaps due to diverse tissue origin and

multiorgan damage.30,31 Therefore, further study of the human subset of the circulating cfDNAmay offer further insights in critical illness diag-

nosis and prognostication.

On the microbial side, the significant correlations of mcfDNA with IL-6 and IL-8 levels highlighted the potential importance of mcfDNA in

the inflammatory cascade of COVID-19, since mcfDNA can be recognized by Toll-like receptors and propagate systemic inflammatory re-

sponses, independent of the effects of SARS-CoV-2 on innate immunity.32 SPD, a critical lung innate immunity mediator involved in binding

of microbes for phagocyte recognition and clearance, was also significantly correlated with mcfDNA. SPD has shown predictive value in

COVID-19, and we have recently shown that lung microbiota clusters are significantly associated with plasma SPD levels in patients with

Figure 6. Highest microbial cell-free DNA levels at baseline were significantly associated with worse 90-day survival (N = 42).

90-day non-survivors had numerically higher (but statistically non-significant) plasma hcfDNA (A) and mcfDNA (C) levels. Data in boxplots are represented as

individual values with median values and interquartile range depicted by the boxplots. HcfDNA levels were not significantly associated with 90-day survival

by Kaplan-Meier analysis (B). Patients with the highest tertile of mcfDNA (>1499 Molecules per Microliter) had significantly worse survival compared to

patients in the other two mcfDNA tertiles (D). In a Cox proportional hazards model adjusted for age, mcfDNA levels were significantly associated with

increased hazards of death (D, adjusted hazard ratio for log10-transformed mcfDNA 1.82, 95% confidence interval 1.07-3.13, p = 0.03). See also Figure S8.
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non-COVID pneumonia.33,34 Our data now connect a circulating microbial biomarker (mcfDNA) with plasma levels of a lung-origin molecule

(SPD), suggesting that non-invasive study of host-microbiota interactions in the plasma can offer insights into LRT processes. The case of

Herpesvirus DNA identification highlighted the prevalence of viral re-activation in critical illness. Consequently, despite the prognostic impact

of measured mcfDNA levels in patients with COVID-19, the use of mcfDNA-Seq as diagnostic tool for SIs requires careful interpretation. The

detectedmcfDNA signalmay represent superinfecting bacterial or fungal VAP pathogens, translocating commensalmicrobes, sample collec-

tion skin/environmental contaminants or re-activated viral organisms, and distinction between such possibilities necessitates an integrative

assessment by clinicians.

Our study advances understanding of the biologic and diagnostic importance of circulating mcfDNA in COVID-19 and demonstrates lim-

itations in clinical assessment of SIs. McfDNA correlated with biomarkers of host immune response and LRT microbial burden. The noninva-

sive modality of quantifying mcfDNA load and accurately identifying microbial species may offer a sensitive tool for SI detection, as well as

further advance our understanding of the role of translocating microbiota in critical illness. McfDNA sequencingmay be particularly helpful in

spontaneously breathing patients on high flow nasal cannula or non-invasive mechanical ventilation, for whom access to LRT specimens is

challenging. Further prospective investigation for treatment guidance is necessary to systematically evaluate the incidence of molecular ev-

idence for SI and examine the impact of non-invasive screening on patient outcomes.

Limitations of the study

Our study has several limitations. The sample size of 42 subjects of our exploratory analysis limits the statistical power for some of the analyses,

yet it is to our knowledge the largest study to utilize plasma metagenomics in patients with COVID-19, and we found significant associations

with host inflammation and outcomes, consistent with our hypotheses.35 Clinical samples for microbiologic workup were collected at the

discretion of the treating clinicians, and thus some of the mcfDNA-culture comparisons are limited. Nonetheless, our clinical dataset is repre-

sentative of standard of care at a tertiary academic center.We systematically examined all patients for molecular evidence of possible SI using

systematic evaluation with mcfDNA testing, regardless of clinician impressions. It is possible that for certain No-Suspected-SI subjects, the

mcfDNA reported may not represent an active infection. Careful review of the mcfDNA-Seq output and integration with available evidence

on organismal pathogenicity can help further inform interpretation of pathogen mcfDNA. Nonetheless, circulating mcfDNA carries prog-

nostic information underlined by the significant associations with systemic inflammation and survival.22 Our study was limited by an unex-

pected amount of failed mcfDNA-Seq analyses due to high amounts of interfering hcfDNA, but this finding provided important insight

into the high degree of human cellular damage in COVID-19, and inclusion of subjects with failed mcfDNA-Seq sequencing offers full disclo-

sure of our cohort study and the range of expected analyzable results from future clinical implementation of mcfDNA-Seq testing. Finally, our

cohort was enrolled early in the pandemic, prior to wide use of steroids and additional immunomodulators for COVID-19, which have been

associated with higher rates of SI and could further alter the measured host immune responses.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Kitsios

(kitsiosg@upmc.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Raw sequencing data collected for the study cannot be deposited in a public repository due to subject privacy, consent considerations

and the proprietary nature of the Karius Test, factors that pose constraints related to raw data accessibility. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request. We provided all sequencing re-

sults in detailed tables in the supplemental data items. In addition, Primary code and de-identified data for replication of analyses have

been deposited at Github repository (https://github.com/MicrobiomeALIR/Covid_mcfDNA) and are publicly available as of the date of

publication. DOIs are listed in the key resources table.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

From April 2020 through September 2020, following permission by the treating clinicians, we approached consecutive inpatient adults with

acute hypoxemic respiratory failure and confirmed COVID-19 pneumonia, for enrollment to an observational, prospective cohort study. The

University of Pittsburgh Institutional Review Board (IRB) approved the protocols and we obtained written or electronic informed consent by all

participants or their surrogates in accordance with the Declaration of Helsinki. We enrolled critically ill patients from the ICU (n = 36) and

moderately ill inpatients who were admitted in dedicated hospital wards (n = 6). We diagnosed COVID-19 pneumonia based on institutional

clinical criteria (clinical symptoms, hypoxemia and abnormal chest radiographic findings) with confirmatory molecular testing (positive SARS-

CoV-2 nasopharyngeal quantitative polymerase chain reaction [qPCR]). Patients were excluded if they were incarcerated or if they were

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Endotracheal aspirates, Plasma samples University of Pittsburgh, Division of Pulmonary,

Allergy, Critical Care

And Sleep Medicine

Details provided in this manuscript

Critical commercial assays

ELISA – SPD Biovendor, LLC Cat# RD194059101

Luminex 10-plex (IL6, IL8, IL10, RAGE, Ang-2, ST2,

TNFR1, fractalkine, procalcitonin, pentraxin3)

R&D Systems Custom made: https://www.rndsystems.com/

luminex/analytes

Karius McfDna-Seq Karius Inc. N/A

Deposited data

Karius mcfDNA results Karius Inc. Github repository: https://github.com/

MicrobiomeALIR/Covid_mcfDNA.git

Software and algorithms

R version 3.5.1 The R Foundation for Statistical Computing N/A

Prism 9 GraphPad N/A

Other

Primary Code in R language and Datasets Github https://github.com/MicrobiomeALIR/

Covid_mcfDNA.git

Primary Code in R language and Datasets Zenodo https://doi.org/10.5281/zenodo.8319850
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receiving comfort-measures only care. We recorded history of pre-existing immunocompromising conditions upon enrollment (Table 1). We

recorded glucocorticoid use for treatment of COVID-19, as well as the levels of respiratory support (invasive mechanical ventilation or ECMO)

provided to the patients at the time of their enrollment. Given the exploratory design of our study and assembly of a feasibility dataset, we did

not conduct an a priori sample size estimation.

Ethics approval and consent to participate

The University of Pittsburgh Institutional Review Board (IRB) approved the protocols (STUDY19050099 for critically ill patients, and

STUDY20040036 for moderately ill inpatients). We obtained written or electronic informed consent by all participants or their surrogates in

accordance with the Declaration of Helsinki.

Consent for publication

Weobtained necessary patient/participant consent and the appropriate institutional forms have been archived. Any patient/participant/sam-

ple identifiers included were not known to anyone outside the research group so cannot be used to identify individuals.

Study group definitions

We reviewed all available clinical, microbiologic and antimicrobial treatment data around the timing of baseline samples (+/� 3 days) for pa-

tients with COVID-19 to ascertain the presence/absence or clinical suspicion for SI. We classified subjects in three groups, assessed by two

reviewers.

a. Microbiologically-Confirmed Secondary Infection (Micro-SI), when typical pathogenic microbes were isolated on clinical biospecimen

cultures (blood, LRT, urine or tissue) and the subject was receiving antimicrobials for the documented infection.

b. Clinically Diagnosed Secondary Infections (Clinical-SI), when empiric antimicrobials were administered without microbiologic SI confir-

mation.

c. ‘‘No Clinical Suspicion for SI’’ (No-Suspected-SI), when microbiologic workup for SI was negative or not performed, and no empiric

antimicrobials were prescribed.

We repeated classifications into theMicro-SI, Clinical-SI andNo-Suspected-SI categories at the timing of follow-up samples (days 5 and 10

post-enrollment) from updated clinical andmicrobiologic data, when available, due to the dynamic nature of incident SIs and the correspond-

ing changes in management by the treating clinicians. We quantified radiographic edema of baseline chest X-rays with the Radiographic

Assessment of Lung Edema (RALE) score with the use of the PulmAnnotator software.27,36

METHOD DETAILS

Research sample collection

We collected blood samples in EDTA tubes on enrollment (baseline - day 1) for centrifugation, separation and storage of plasma and addi-

tional blood constituents until conduct of experiments. We also collected repeat blood samples on days 5 and 10 post-enrollment from crit-

ically ill patients who remained hospitalized in the intensive care unit (ICU), including extended follow-up if patients remained critically ill.

From patients on invasive mechanical ventilation (IMV), we collected non-invasive endotracheal aspirates by gentle suctioning of an in-line

suction catheter through the endotracheal tube with a standardized protocol.26

Laboratory analyses

Cell-free DNA assays

We conducted plasmamicrobial cell-free DNAmetagenomic sequencing (mcfDNA-Seq) with the Karius Test [Karius Inc., Redwood City, CA]

and classified the derived metagenomic sequences as human (hcfDNA) vs. microbial (mcfDNA). Based on minimum sequencing coverage

metric required for quality control, we classified sequencing runs as ‘‘Pass’’, ‘‘Qualitatively Pass’’ or ‘‘Failed’’. Because the amount of hcfDNA

in an individual’s blood can vary up to 1000-fold, the Karius Test utilizes a sample-specific minimum sequencing coverage metric for quality

control that accounts for variation in the amount of hcfDNA by demanding more sequencing reads for those samples with more hcfDNA.21

Each specimenmust receive a minimum number of internal control reads from theWINC (Whole-assay Internal Normalization Control) spike-

in to pass the quality control threshold, thereby ensuring a more similar level of detection for each specimen regardless of hcfDNA back-

ground. On average, samples receive 20–25 million sequencing reads each, with about 10-fold variation depending on the concentration

of background human hcfDNA in the sample. All samples must have at least 25,000 unique reads from the WINC spike-in to pass quality

control.

The Karius Test involves several mitigation strategies for environmental contamination, which can lead to spurious results if not addressed.

The contamination mitigation strategies include: (1) vendor selection for consumables and reagents that are assessed to be ‘‘DNA-free’’, (2)

novel, patented contamination-reduction processes that are used to decontaminate every reagent prior to use, (3) inclusion of four distinct

environmental contamination control samples in every sequencing batch, with randomized positioning on the plate run, with reporting of only

microbes whose presence cannot be explained by normal variation in the background levels of contamination (at a p value less than 10�50), (4)

rigorous reagent qualification processes that screen every new shipment and lot of every critical reagent for changes in the environmental
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contamination profile, (5) internally designed assay controls to fail if any of the most common environmental contaminants are introduced

unexpectedly, (6) computational surveillance of all results reported every seven days to detect statistical anomalies in test results that might

be explained by contamination of a reagent.With thesemitigation strategies, our approach collectively reduces the risk of false positives from

environmental contamination by more than 10,000-fold.21

In addition to the sample-specific sequencing depth metric, the following quality control metrics are necessary for each sample and

microbe to be reported: (1) The Assay Control samples for the batch must accurately report all spiked-in pathogens, at both high and low

concentrations, without reporting any other pathogens; (2) every microbe on the test report must pass a Species Purity Ratio metric designed

to assess whether there is any risk that the presence of a microbe in that specimen could be a result of cross-contamination from any other

sample run in the last week; (3) no signs of sample mix-up based on unique molecular identifiers added to each specimen upon sample

receipt; (4) there must be no statistical anomalies suggesting risk of false positives based on computational monitoring of all test reports

within the past 7 days.

All microbeswere reported at species level and included a quantitativemeasure of abundance expressed as DNAmolecules permicroliter

(MPMs), with the exception of the ‘‘Qualitative Pass’’ calls where the reported organism could not be quantified. Healthy subjects have un-

detectable (77.2%) or very low mcfDNA levels, typically belonging to commensal organisms such as Helicobacter pylori, with DNAmolecules

per microliter (MPM) load averages ranging 2.64–4.05 MPM.20,21 We classified microbes identified by mcfDNA-Seq into recognized respira-

tory pathogens vs. microbes of unclear clinical importance based on systematic assessment of the literature implicating different organisms in

lower respiratory tract infections (see Tables S5, S6 for detailed classifications). For contextualization, we compared mcfDNA levels among

subjects with COVID-19 with our previously published dataset of mechanically ventilated patients with and without pneumonia.24

McfDNA-Seq analysis was performed as part of this research protocol, results were not available in real-time and not disclosed to the treating

clinicians.

Bacterial and viral load assays

From available endotracheal aspirate samples collected concurrently with blood samples, we separately extracted genomic DNA and RNA

and performed bacterial 16S rRNA gene and SARS-CoV-2 RNA qPCR for assessment of bacterial and viral load in the LRT, respectively.26,34

We measured plasma SARS-CoV-2 viral levels (vRNA) following RNA extraction and qPCR amplification with a sensitive in-house method.26

Host-response assays

From stored plasma samples, we measured baseline plasma levels of nine prognostic biomarkers of tissue injury and inflammation. We

measured surfactant Protein D [SPD] with ELISA and the remainder eight biomarkers (interleukin [IL]-6, IL-8, pentraxin-3, procalcitonin, recep-

tor for advanced glycation end products [RAGE], angiopoietin-2 (Ang-2), suppression of tumorigenicity [ST]-2, and tumor necrosis factor re-

ceptor [TNFR]-1) with a custom Luminex multi-analyte panel (R&D Systems, Minneapolis, MN, United States).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Wecompared clinical variables, biomarker and cfDNA levels between different categories (i.e., sequencing run success, SI clinical groups) and

the historical non-COVID-19 cohort using non-parametric tests, Wilcoxon signed-rank and Fischer’s exact tests.We examined for correlations

between biomarkers and cfDNA levels with the Pearson’s method, adjusted for multiple comparisons with the Benjamini-Hochberg method.

We analyzed the impact of baseline mcfDNA levels on 90-day survival by Kaplan-Meier curves stratified by total mcfDNA tertiles and by con-

structing Cox proportional hazards models for log-10 transformed mcfDNA levels, adjusted for age, SI diagnosis, and inclusive of an inter-

action term for SI-mcfDNA. We analyzed survival at 90 days in all patients with baseline data (Figure 1). All SI categorizations represent

the enrollment classification unless otherwise specified. No comparisons were made across follow-up periods (Day 1 vs. Day 5) unless other-

wise specified. For ‘‘Pass’’ samples with zero microbial calls, we assigned a microbial MPM of ‘‘1’’ to allow for log10-transformations, and uti-

lized log10-transformed values of plasma biomarkers and mcfDNA levels for analyses due to non-normal data.

Power analysis

We did not conduct an a priori sample size estimation due to the exploratory design of our study analyzing a feasibility dataset.
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