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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus is the cause of the current global pandemic and has affected more than

188 countries worldwide. Infection by the virus can have diverse clinical manifestations, with one of the most severe clinical manifestation

being respiratory failure and the development of acute respiratory distress syndrome. Clinical manifestations of acute respiratory distress

syndrome secondary to SARS-CoV-2 are also diverse with a lack of diagnostic tools to distinguish between primary viral infection and

secondary bacterial infections. This was a single-centre, retrospective case-control study of bronchoalveolar lavage fluid cell counts, flow

cytometry and culture results from mechanically ventilated patients with SARS-CoV-2 (COVID-19) pneumonia and acute respiratory

distress syndrome. Neutrophils were the predominant cell type in bronchoalveolar fluid samples up to 2 weeks into mechanical

ventilation. There also was a strong correlation between positive respiratory cultures and significant elevation in bronchoalveolar fluid

neutrophil counts/percentages and serum C-reactive protein levels. Absolute levels of T cell subtypes correlated with reduced lung

compliance measurements. Patients with SARS-CoV-2 and severe respiratory disease are at risk for secondary infections. In some

COVID-19 patients, serum C-reactive protein and bronchoalveolar fluid neutrophils may be correlated with a secondary infection.
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Introduction
Infection by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) can have diverse manifestations, with the most

common early symptoms being cough and fever [1]. The most
severe clinical manifestation secondary to infection with this
virus is acute respiratory distress syndrome (ARDS). The virus

differs from other insulting factors leading to ARDS by the time
from onset of symptoms to the development of ARDS. In the

classic Berlin definition of ARDS, respiratory distress develops
This is an open access arti
within 1 week of a known clinical insult [2]. In contrast, most

patients who develop ARDS secondary to SARS-CoV-2 present
8–12 days after symptom onset and 4–5 days after hospitali-

zation. Despite early fears of prolonged requirements of me-
chanical ventilation compared with other causes of ARDS,

SARS-CoV-2-induced ARDS appears to be like other cases of
moderate to severe ARDS noted in the Berlin definition as

indicated by a mean duration of 14 days [1–4]. Although there
are similarities in duration of symptoms to other causes of
ARDS, there is still limited evidence about what causes in-

dividuals to develop severe disease. Bronchoalveolar fluid
(BALF) analysis has been used previously to help differentiate

between viral and bacterial pneumonia, determine if a sec-
ondary infection is present, or determine if a noninfectious

cause may be contributing to the development of severe pul-
monary disease [5–7]. We retrospectively evaluated BALF cell

counts, flow cytometry and culture results in patients with
ARDS secondary to COVID-19 to gain insight into the immune
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response to COVID-19 infection and determine if secondary

infections were commonly found in patients who developed
severe disease.
Methods
Study design
This is a single-centre, retrospective observational study of
patients with COVID-19 pneumonia, confirmed with SARS-

CoV-2 RNA real-time polymerase chain reaction (PCR)
testing, who developed clinical manifestation of ARDS. The

patients underwent diagnostic bronchoscopy with bron-
choalveolar lavage within 7 days of initiation of mechanical
ventilation at the University of Missouri, a 247-bed academic

centre medical hospital, between March 1, 2020, and October
31, 2020. Bronchoscopy was performed by the primary clinical

team, and the location of bronchoalveolar lavage differed based
on clinical situation. Bronchoalveolar lavage was performed by

instilling sterile saline through the working channel of a bron-
choscope that was placed in the wedged position in a segmental

airway. Fluid was retrieved using wall suction and collected in a
sterile trap before sending to the clinical laboratory for analysis.

The Institutional Review Board at the University of Missouri
approved the collection of clinical data from patients with
COVID-19 infections with exemption of informed consent

from each patient because of the study involving only infor-
mation collection and analysis (#2025101).

Data collection
Demographic and clinical data of the patients were collected

from the electronic medical records and included demographic
characteristics (age and sex), underlying disease, laboratory
tests (including BALF), microbiology findings, medications,

ventilator settings, complications and outcome measures.
Diagnosis of COVID-19 was based on a positive viral PCR swab

from the respiratory tract.

Statistical analysis
Statistical test and graphs were made using GraphPad Prism
software. Data are presented as arithmetic mean ± standard
error of the mean. Statistical difference was assessed by two-

tailed, unpaired t-test. Pearson’s correlation coefficient (r)
was used to assess the strength of the linear relationship be-

tween two variables. Statistical significance for the study was
defined based on a p <0.05.

Patient demographics
A total of 28 patients were included in this retrospective study.
The average age of the patient population was 62 years, with a
© 2021 The Author(s). Published by Elsevier Ltd, NMNI, 44, 100944
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range of age from 24 to 81 years. Patient gender distribution

was 79% male vs. 21% female, and ethnicity was non-Hispanic
white (68%), Hispanic (29%) and African American (3%). The

most common comorbidities included obesity (75%), type 2
diabetes mellitus (64%), hypertension (68%) and coronary ar-

tery disease (32%). All patients were on mechanical ventilation
during their hospital admission. The mean length of mechanical
ventilation was 17 days with a minimum to maximum range of

5–44 days. All patients were diagnosed with ARDS with a
baseline arterial oxygen partial pressure to fractional inspired

oxygen (PaO2/FiO2) ratio ranging from 50 to 286. All BALF
samples were obtained while the patients were on mechanical

ventilation.

BALF analysis
All BALF samples were evaluated for cell count and differential

and were cultured to detect bacterial and fungal species. Fifteen
of the samples also underwent flow cytometry analysis to

detect leukocyte surface CD3, CD4 and CD8, and cell counts
and percentages were determined using a BD FACSCanto™ II

8-colour cytometer with quantification of T cell subsets per-
formed using BD Multitest CD3/CD8/CD45/CD4 reagent. The

number of events collected per sample was 10,000. When able,
ventilator parameters were documented for comparative
analysis, including PaO2/FiO2 ratio, static lung compliance

( Tidal Volume ðmLÞ
Plateau Pressure�PEEP), alveolar to arterial (A-a) gradient and positive
end-expiratory pressure. Other parameters evaluated included

serum inflammatory markers at the day of admission and before
bronchoscopy or before positive respiratory culture (C-reac-

tive protein [CRP], ferritin and procalcitonin), serum total
white blood cell count, serum neutrophil count, serum

lymphocyte count and APACHE-2 scores. A secondary infec-
tion was defined as a clinical picture consistent with pneumonia,

and a respiratory culture was deemed positive if a BALF/
quantitative tracheal lavage sample had bacterial growth >104

or was bacterial PCR positive.
Results
Characteristics of patient population
Baseline patient serum inflammatory markers, PaO2/FiO2 ratio,
A-a gradient, APACHE-2 scores and serum white blood cell

were obtained for each patient (Table 1). A total of 43 BALF
samples were available for analysis from the 28 patients included

in the study. Eighteen patients had one BAL sample obtained
during hospitalization, with 10 patients having more than one

sample obtained. Bronchoscopy was performed at Day 6 of
mechanical ventilation on average, with a range from Day 1 to

Day 22. Three of the samples were unable to have cell
nses/by-nc-nd/4.0/).
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TABLE 1. Demographics.

Age (years)a 62 (24–81)
Gender
Maleb 22 (79%)
Femaleb 6 (21%)

Ethnicity
White, non-Hispanicb 19 (68%)
Hispanicb 8 (29%)
African Americanb 1 (3%)

Comorbidities
Type 2 diabetesb 18 (64%)
Hypertensionb 19 (68%)
Coronary artery diseaseb 9 (32%)
Obesityb 21 (75%)

APACHE-2 score
Hospital admissiona 13 (3–34)
Day 1 mechanical ventilationa 19 (11–34)

WBC on admission, ×109/L
Total WBCa 8.7 (5–31.4)
Neutrophila 7.4 (2–26.4)
Lymphocytea 0.8 (0.21–2.44)

C-reactive protein (mg/dL)
on admissiona

17.3 (3.36–51.43)

PaO2/FiO2 Day 1 mechanical
ventilationa

136 (66–286)

A-a gradient day 1 mechanical
ventilationa

446 (236–589)

Systemic corticosteroidsb 24 (86%)
Remdesivirb 26 (93%)
Convalescent plasmab 24 (86%)
Prone positioningb 21 (75%)
Paralytic therapyb 24 (86%)

WBC, white blood cell; PaO2/FiO2, ratio of arterial oxygen partial pressure to
fractional inspired oxygen; A-a, alveolar to arterial gradient.
aMean (minimum to maximum).
bTotal and % of sample total.
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differential performed because of significant cellular degradation

noted by the pathologist. Collected data included day bron-
choscopy was performed, BALF findings (total leukocyte count,

cellular differential percentage and absolute counts and flow
cytometry if obtained), serum inflammatory markers obtained

within 24 hours of flexible bronchoscopy (CRP, ferritin and
procalcitonin), lung injury and ventilator parameters on the day
of bronchoscopy (PaO2/FiO2, static compliance and positive

end-expiratory pressure), total days of mechanical ventilation
and mortality (Supplementary Material A). Positive respiratory

cultures were noted in 11 patients who also had a clinical
diagnosis of superimposed bacterial or fungal pneumonia, with

the most common species being Staphylococcus aureus and
Streptococcus pneumoniae (Supplementary Material B).

Neutrophils predominate BALF
BALF samples were neutrophil predominant, with an average
neutrophil percentage of 67%. When samples were separated

by the day of mechanical ventilation when collected, there was
no significant difference in percent neutrophil count or absolute

log10 neutrophil count (Supplementary Figs. 1A-B). There was a
strong positive correlation between BALF neutrophil percent-

ages and serum CRP levels drawn within 24 hours of bron-
choscopy (r2 = 0.23, p = 0.0023; Fig. 1A). BALF neutrophil
percentages were also significantly higher in patients with a

corresponding positive respiratory culture (p = 0.012; Fig. 1B).

T cell subtype analysis
An increase in CD4+ log10 absolute cell count levels strongly
correlated with a reduction in static lung compliance (lung stiff-

ness; r2 = 0.55, p = 0.01; Fig. 2 A–C). There was no significant
correlation between static lung compliance and CD3+ or CD8+

log10 absolute cell count levels. Interestingly, CD3+ or CD8+

log10 absolute cell count levels were higher in patients with pre-
existing diabetes and obesity (Supplementary Material A).

C-reactive protein
Serum CRP levels drawn within 24 hours of respiratory culture

were also significantly higher in patients with positive bacterial or
fungal respiratory culture(s) (p �0.0001; Fig. 3A). Admission

CRP correlated well with serum neutrophil count (r2 = 0.41, p �
0.0001) and had a strong correlation with PaO2/FiO2 on Day 1 of
mechanical (r2 = 0.39, p = 0.008; Fig. 3B). There were no further

correlations between CRP levels and collected outcomes.
Discussion
ARDS is a syndrome that can have multiple causative agents

whether from a viral pneumonia or robust inflammatory state
This is an open access artic
from an extrapulmonary condition. SARS-CoV-2 appears to be
like other eliciting causes for ARDS with a wide variation in

clinical outcomes and disease progression. Previous studies
have shown a positive correlation between the degree of

elevation in CRP on admission and progression to ARDS, as
well as ARDS severity [3,8,9]. This retrospective study found a
similar association between CRP elevation and degree of ARDS

severity on the first day of mechanical ventilation. The strong
correlation between CRP and positive respiratory cultures in

patients with a clinical diagnosis of secondary bacterial/fungal
pneumonia may suggest the use of its value as a screening tool

for the consideration of evaluation and/or empirical treatment
for secondary infections in patients with severe COVID-19

pneumonia. CRP is an inflammatory marker and acute-phase
protein involved in the complement pathway to clear micro-
organisms and stimulate cell-mediated cytotoxicity through

neutrophil activation [10]. Induction of CRP synthesis and
secretion is triggered by circulating cytokines, including inter-

leukin (IL)-6 and tumour necrosis factor alpha [11]. CRP levels
increase within a few hours of a stimulus, have a doubling time

of 8 hours, peak within 1–2 days and have a half-life of
approximately 19 hours [10]. During the H1N1 influenza

pandemic, higher serum inflammatory markers, including CRP,
predicted a longer duration of mechanical ventilation. Elevated

serum inflammatory markers and lower PaO2/FiO2 ratios in
other viral pneumonia were also associated with a diagnosis of a
bacterial coinfection [12]. In our cohort, significantly elevated
© 2021 The Author(s). Published by Elsevier Ltd, NMNI, 44, 100944
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIG. 1. Elevation in serum C-reactive pro-

tein correlated well with BALF neutrophil

count (A). When comparing BALF neutro-

phil percentage in samples with associated

positive and negative respiratory culture,

BALF neutrophil percentage <60% were

more commonly associated with a negative

respiratory culture, *p < 0.05 (B).

FIG. 2. Increasing amounts of absolute log10

CD3+, CD4+, and CD8+ cells were associ-

ated with an overall reduction in measured

static compliance obtained on the day when

the bronchoscopy was performed, *p < 0.05

(A–C). Alveolar macrophage counts were

positively associated with CD4+ counts p <

0.05 (D).
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CRP had a strong positive correlation with a corresponding

bacterial or fungal coinfection based on cultures and clinical
picture. Although our sample size was small, our data suggest
that a CRP >25 may support evaluation and/or empiric therapy

for a secondary bacterial pneumonia. Other studies have also
shown that higher serum CRP levels are more often found in

bacterial pneumonia than viral pneumonia [10]. The most
common bacterial species found in our patient population was

similar to patients with H1N1 influenza in 2009 and included
S. pneumoniae and S. aureus [12,13]. Early studies suggested

secondary infections occur in the range of 5–14% of patients
© 2021 The Author(s). Published by Elsevier Ltd, NMNI, 44, 100944
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
with severe COVID-19 and approximately 8% in critically ill

patients [14]. Our rates of secondary infection were much
higher than those earlier reported. One potential explanation
for this high rate of secondary infections may be the use of high-

dose corticosteroids as was previously observed when high-
dose steroids were used in patients with H1N1 [15]. Another

explanation is selection bias in our patient population, as each
patient was undergoing BAL sampling out of concern for a

possible superimposed secondary infection.
Patients with an elevated serum CRP in our cohort were also

more commonly found to have an elevated BALF neutrophil
nses/by-nc-nd/4.0/).
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FIG. 3. C-reactive protein was compared

with multiple measured variables in patients

with severe COVID-19. Higher serum C-

reactive protein levels were noted in pa-

tients with corresponding positive respira-

tory cultures, in particular levels greater

than 30 mg/dL had a high specificity,

****p < 0.0001 (A). On admission, the initial

C-reactive protein had a strong correlation

to the initial PaO2/FiO2 ratio obtained in

newly intubated and mechanically ventilated

patients (B).
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percentage. In previous studies, the predominant cell type in
BALF obtained from ARDS patients are neutrophils, with

percent of cells recovered ranging from 62% to 91% [16,17].
Over time in those studies, both the percentage and absolute
neutrophil counts decreased with a corresponding increase in

the percentage of macrophages, especially in survivors [18].
Neutrophils play an important role in the innate immune

response in the lungs [19,20]. Neutrophil recruitment to the
lungs is dependent on cytokine signalling pathways, including

nuclear factor kappa B, tumour necrosis factor alpha and IL-6
[20–22]. A recent study out of Italy showed similar findings

of elevated neutrophil counts in the BALF of patients on me-
chanical ventilation as well as a strong positive correlation with

higher levels of IL-6 and IL-8 in the BALF. Patients who had
received steroids had lower levels of IL-6 compared with those
who received antiviral therapy alone, making a potential

connection for the benefit behind dexamethasone therapy [23].
Unlike previous ARDS studies, neutrophil counts in the

BALF of patients with severe COVID-19 appeared to increase
up to 1 week with support of mechanical ventilation. This may

indicate a delay in neutrophil clearance from the airways,
persistent viral infection, extended lifespan of the neutrophils,

lung injury from ventilation and/or persistent recruitment
triggered by a developing and unidentified secondary infection.
Our study found a correlation between a more significant BALF

neutrophil percentage in patients with positive respiratory
cultures. This may suggest that persistent BALF neutrophilia is

from secondary infections. Viral load testing is not commonly
performed in our clinical laboratory, and we are unable to

comment on if changes in dynamic viral load may have
contributed to the persistent neutrophilia. Prolonged courses

of mechanical ventilation were also associated with persistent
elevation in BAL neutrophil percentages and absolute number

of immune cells, supporting the hypothesis of persistent lung
injury from mechanical ventilation.
This is an open access artic
A possible explanation for clinical benefit from dexametha-
sone in patients with severe COVID-19 pneumonia may be a

reduction in macrophage production of proinflammatory cy-
tokines driving persistent neutrophil recruitment to the pul-
monary interstitium [24]. An undesirable effect of macrophage

suppression/alteration may be seen in the interaction of alve-
olar macrophages and T cell subtypes. Despite the positive

correlation of absolute macrophage counts and CD4+ T cells,
lung compliance appears to be reduced in patients with higher T

cell subgroup counts, suggesting the alveolar macrophages,
which are present in the lung, may no longer function properly

to limit the effects of CD4+ T cell inflammation (Fig. 2D) [25].
One model of how SARS-CoV-2 spreads through the lungs

involves a self-sustaining inflammatory loop between infected
alveolar macrophages and recruited T cells [26]. This model
would support the hypothesis of increased T cells being sec-

ondary to overall infection burden causing reduced lung
compliance.

Limitations
Our study is limited by being from a single centre with limited

sample size and being retrospective in nature. If plausible, future
studies should aim to include multicenter patient data sets and a
larger patient population. The correlation between systemic

inflammatory markers and BALF findings is also limited by not
having BALF cytokine measurements or functionality assays to

better support our postulations. Future studies should include
these measurements to determine if systemic markers mirror

the markers in BAL fluid and lung tissue.
Conclusion
BALF analysis from patients with severe SARS-CoV-2 infection

complicated by ARDS depicts a different evolution of the
© 2021 The Author(s). Published by Elsevier Ltd, NMNI, 44, 100944
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/


6 New Microbes and New Infections, Volume 44 Number C, --- 2021 NMNI
immune response compared with previous ARDS studies. A

more persistent neutrophilia in the BALF may be secondary to
either SARS-CoV-2 or secondary infections. Although our

cohort was small, the data show a positive correlation between
BALF neutrophil count and CRP, both of which were strongly

predictive of a secondary bacterial infection. Our findings sug-
gest that both BALF neutrophil counts and high serum CRP
(>25 mg/dL) could be used as evidence of a potential bacterial

superinfection in patients with severe SARS-CoV-2 infection.
Future multicenter studies with larger cohorts are needed to

determine more accurate thresholds and to elucidate other
manifestations of ARDS secondary to SARS-CoV-2.
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