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Abstract

Introduction: The thrombo-inflammatory response and out-
comes of community-acquired pneumonia (CAP) due to var-
ious organisms (non-COVID-19 CAP) versus CAP due to a single
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virus, SARS-CoV-2 (i.e, COVID-19) may differ. Methods: Adults
hospitalized with non-COVID-19 CAP (December 1, 2021-June
15, 2023) or COVID-19 (March 2, 2020-June 15, 2023) in
Canada. We compared non-COVID-19 CAP and COVID-19
baseline, thrombo-inflammatory response, and mortality. We
measured plasma cytokine and coagulation factor levels in a
sample of patients, did hierarchical clustering, and compared
cytokine and coagulation factor levels. Results: In 2,485 pa-
tients (non-COVID-19 CAP, n = 719; COVID-19 patients, n =
2,157), non-COVID-19 CAP patients had significantly lower 28-
day mortality (CAP vs. COVID-19 waves 1 and 2; 10% vs. 18%
and 16%, respectively), intensive care unit admission (CAP vs.
all waves; 15% vs. 39%, 37%, 33%, and 24%, respectively),
invasive ventilation (CAP vs. waves 1, 2, and 3 patients; 11% vs.
25%, 20%, and 16%), vasopressor use (CAP 12% vs. 23%, 21%,
and 18%), and renal replacement therapy use (CAP 3% vs.
Omicron 7%). Complexity of hierarchical clustering aligned
directly with mortality: COVID-19 wave 1 and 2 patients had six
clusters at admission and higher mortality than non-COVID-19
CAP and Omicron that had three clusters at admission. Pooling
all COVID-19 waves increased complexity with seven clusters
on admission. Conclusion: Complex thrombo-inflammatory
responses aligned with mortality of CAP. At a fundamental
level, the human thrombo-inflammatory response to a brand
new virus was “confused” whereas humans had eons of time to
develop a more concise efficient thrombo-inflammatory host

response to CAP. © 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

A variety of respiratory tract pathogens cause
community-acquired pneumonia (CAP) and can lead to
hospitalization, antimicrobial and corticosteroid [1]
treatment [2], intensive care unit (ICU) admission, and
death. We recently showed that non-COVID-19 CAP
mortality and ICU admission rates increased by 60% and
40% (relatively) during versus prior to the COVID-19
pandemic [3].

Thrombotic coagulation factor and inflammatory
cytokine increases are innate host responses in both non-
COVID-19 CAP and COVID-19. Furthermore, coagu-
lation and inflammation amplify each other through
positive feedback loops between coagulation and in-
flammation. There is clear evidence of a hypercoagulable
state in COVID-19 patients [4-8] such as enhanced
thrombin generation, higher plasma von Willebrand
factor, soluble thrombomodulin, and coagulation factor
VIII (FVIII). Lung pathology in COVID-19 shows pro-
gressive diffuse alveolar damage with excessive throm-
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bosis (vascular clotting), impaired fibrinolysis (increased
plasma and tissue plasminogen activator inhibitor-1), and
increased inflammation with macrophage infiltration [9].
Coagulation is also enhanced in non-COVID-19 CAP
with increased coagulation factors and markers of en-
hanced coagulation. Concomitantly, various immuno-
logic cytokines are increased in non-COVID-19 CAP [10,
11] and COVID-19 [12-15].

However, there may be distinct differences in thrombo-
inflammatory responses and outcomes between non-
COVID-19 CAP of various causes versus CAP due to
SARS-CoV-2. The thrombo-inflammatory responses could
inform on distinct immunopathological pathways and
guide specific anti-inflammatory and anticoagulant treat-
ment options. To date there are few studies comparing non-
COVID-19 CAP and COVID-19 thrombo-inflammatory
response and clinical outcomes. One study found that
granzyme B, a more viral response cytokine, differed in
COVID than non-COVID CAP that IL-6 an integrated pro-
inflammatory cytokine was higher in non-COVID CAP,
while coagulation markers did not differ [16].

Our hypothesis was that there are differences in pat-
terns of thrombo-inflammatory response between non-
COVID-19 CAP and COVID-19 and that these differ-
ences in patterns of thrombo-inflammatory response
correlate with mortality. Accordingly, we determined
patterns of thrombo-inflammatory responses by using
hierarchical clustering of plasma cytokines and coagu-
lation factors and compared the complexity of thrombo-
inflammatory clustering to mortality of non-COVID-19
CAP versus CAP due to a single virus, i.e., SARS-CoV-2.

Methods

This is an independently funded sub-study of ARBs
CORONA T which included adults admitted to 14 hos-
pitals in Newfoundland, Ontario, Québec, and British
Columbia, Canada for non-COVID-19 CAP (December
1, 2021, to March 31, 2023) or for acute COVID-19
(March 2, 2020, to March 31, 2023). We excluded
emergency department visits without hospital admission,
readmissions, and admissions for other reasons. Using
unadjusted and adjusted regression analysis, we com-
pared baseline characteristics, treatments, vital organ
support, and mortality of these patients.

Study Design and Setting

ARBs CORONA I [17] is a multicenter Canadian
observational cohort study originally designed to examine
the use of angiotensin receptor blockers in hospitalized
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COVID-19 patients [18] that we amended to an open
cohort including non-COVID-19 CAP in order to
compare patients with CAP from SARS-CoV-2 to those
with another etiology (non-COVID-19 CAP). ARBs
CORONA T sites were community and academic hos-
pitals (online suppl. Table 1; for all online suppl. material,
see https://doi.org/10.1159/000542420; 14 sites from four
provinces [19-23]). Waves of COVID-19 patients were
defined by dates of admission [20, 24].

Participants

Non-COVID-19 CAP inclusion criteria were age greater
than 18 years; admitted to hospital for acute non-COVID-
19 CAP defined by having one of fever, chills, leukocytosis,
leukopenia; one of cough, sputum, dyspnea; and new in-
filtrates on chest X-ray consistent with CAP. COVID-19
inclusion criteria were age greater than 18 years with
confirmed SARS-CoV-2 infection (hospital or provincial
laboratories clinically approved laboratory SARS-CoV-2
testing) admitted to hospital for acute COVID-19 [25-29].
Site investigators judged that the admitting illness was due
to acute COVID-19. We chose patients that had data and
plasma available on admission (day 0) and on day 4 of
hospitalization. Acute non-COVID-19 CAP and COVID-
19 and readmissions, emergency room visits and in CO-
VID-19 patients [20, 24], hospital admissions with positive
SARS-CoV-2 test but whose acute illness was not for acute
COVID-19 were excluded.

Sites that only enrolled ICU-admitted patients were
excluded because crude comparisons between non-
COVID-19 CAP and COVID-19 patients would be
confounded by the percentage of patients from these sites.
Patients were identified prospectively by Research Co-
ordinators at each site and data were collected on elec-
tronic Case Report Forms.

Subgroups — ICU-Admitted versus Not ICU-Admitted

Patients

To better determine whether severity complexity of the
thrombo-inflammatory response is associated with severity
of illness, we also evaluated subgroups of patients who were
or were not admitted to the ICU during their hospital stay.

Baseline Characteristics

Baseline characteristics included age, sex, and un-
derlying heart failure, hypertension, chronic kidney
disease, diabetes, and other comorbidities; heart rate,
respiratory rate, temperature, blood pressure, arterial
oxygen saturation (Sa0,), serum hemoglobin, creatinine,
alanine transaminase, aspartate aminotransferase, bili-
rubin, D-dimer, troponin, platelet count, white blood cell

Complex Thrombo-Inflammatory
Responses in CAP and COVID-19

count, Glasgow Coma Score (GCS), and use of vaso-
pressors, invasive ventilation, and renal replacement
therapy (RRT) at admission.

Non-COVID-19 CAP severity was scored using the
Modified SMART-CAP score [30]. COVID-19 severity
was scored using a modified 4C Mortality Score [31]
originally defined by: age, sex, comorbidities, respiratory
rate, peripheral pulse oximetry (SpO,), GCS, urea and
C-reactive protein. GCS and C-reactive protein were
excluded in our calculation of a modified 4C Mortality
Score because they were not consistently recorded. Co-
morbidities was based on ARBs CORONA 1 [22] defi-
nitions. Blood urea nitrogen was not recorded so serum
creatinine level was used as follows: normal: <11 pmol/L;
moderate: 110-220 pmol/L; more than moderate:
>220 umol/L.

Treatment

We recorded use of corticosteroids, antiviral agents for
COVID-19, antifungal agents, antibiotics, and critical
care support (invasive mechanical ventilation, vaso-
pressors, and RRT) while hospitalized.

Outcomes

The primary outcome was 28-day mortality; patients
discharged before day 28 and lost to follow up were
assumed 28-day survivors [32-34]. Secondary outcomes
were hospital mortality, ICU admission rates, organ
dysfunction, and ICU and hospital length of stay. Organ
dysfunction was scored first, as frequency of invasive
ventilation, vasopressors and RRT and second, as days
alive and free (DAF) of these therapies within the first
14 days [35] determined by subtracting numbers of days
on ventilation, vasopressors or RRT from 14. Deaths
within 14 days were assigned 0.

Plasma Cytokine and Coagulation Factor Analyses

We selected convenience samples of our non-COVID-
19 CAP and COVID-19 cohorts that were representative
of the whole cohort regarding age, sex, and mortality. We
combined COVID-19 pandemic waves 1 and 2 and had a
separate Omicron wave because we have found similar
mortality for waves 1 and 2 and a lower mortality for
Omicron [20, 24]. We measured a panel of plasma cy-
tokines and coagulation factors (online suppl. Table 2) on
days 0 and 4 in these representative samples of patients by
multi-plex Luminex according to the manufacturer’s
instructions. We used bridging controls to normalize
plate-to-plate variability. The effects of corticosteroid-
treated versus not corticosteroid-treated on plasma cy-
tokines and coagulation factors was evaluated by
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examining the association of initiation of corticosteroids
on day 0 versus no corticosteroid use over the first 4 days
on the changes in plasma cytokine and coagulation factor
levels from day 0 to day 4.

Statistical Analyses

As this was an exploratory sub-study of ARBs CO-
RONA 1, no formal sample size calculation was per-
formed. The initial planned sample size of ARBs CO-
RONA I'was 497 [17] and enrollment was later continued
in an open cohort. Baseline characteristics were com-
pared using Chi-square test, Fisher’'s exact test
(when >20% of cells have expected cell counts <5 or any
expected cell count is <1), analysis of variance (ANOVA)
or Kruskal-Wallis test. Unadjusted and adjusted regres-
sion analyses were done to compare outcomes between
CAP and COVID-19 patients. Adjustment factors were
age, sex, chronic heart disease, hypertension, chronic
kidney disease and diabetes (commonest co-morbidities
associated with death in COVID-19 [35-37] and other
comorbidities which were significantly different between
non-COVID-19 CAP and COVID-19. We accounted for
site effect in unadjusted and adjusted comparisons by
including a hospital site effect term in the regression
model as previously done [24]. Logistic, 0-1 inflated beta
and censored quantile [36] regression were used to
compare binary outcomes, DAF and length of stay, re-
spectively. Results were expressed as odds ratio (OR),
mean difference in DAF and difference in median length
of stay (AM) with 95% confidence interval (CI). For
length of stay analysis, in-hospital deaths were considered
as never discharged and censored at the largest observed
length of stay [37].

Missing data were minimal (Table 1) and these pa-
tients were excluded from the corresponding analysis (5%
for the adjusted analysis). For the analyses in which the
assay produced upper threshold values that threshold was
used. For the analyses in which the assay produced lowest
detectable value, we replaced the value with one-half of
the lowest detectable limit (online suppl. Table 3).

Analyses were conducted using SAS 9.4 (SAS Institute
Inc., Cary, NC) and R 4.0.4 (R Foundation for Statistical
Computing, Vienna, Austria). p < 0.05 was considered
statistically significant. We did not perform viral geno-
typing to determine SARS-CoV-2 variants, but in Ca-
nadian national data, over 90% of COVID-19 were
Omicron [38] during the timeframe that we defined
herein as Omicron wave. In a British Columbia subset
(n = 141; December 2021 to April 2022), we confirmed
that 94 percent of Omicron wave patients as we defined
them herein were Omicron as determined by sequence.
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To understand how plasma cytokines and coagulation
factors cluster on days 0 and 4, we did hierarchical
clustering with the ward agglomeration method and
Euclidean distances [39, 40]. We then pooled the CO-
VID-19 waves 1 and 2 and Omicron waves together to
examine complexity of clustering in COVID-19 overall.

To better understand how cytokine and coagulation
factors were associated with the primary outcome, we did
Principal Components Analysis (PCA) [41] using data
from all patients on day 0 to create principal component
scores. The number of factors retained was chosen to
account for 70% of the common variance. Plasma cy-
tokine and coagulation factor levels were log transformed
and standardized to have mean 0 and standard deviation
of 1 for the PCA. We then compared the PC scores on day
0 by 28-day survival status using Wilcoxon rank-sum test.

The optimal number of clusters was determined by the
majority rule in the NbClust function in R. Plasma cytokine
levels were log transformed and standardized to have mean
0 and standard deviation of 1 for the hierarchical clustering
and heatmap analysis. Plasma cytokine and coagulation
factor levels were compared between non-COVID-19 CAP
and COVID-19 cohorts by quantile regression. We adjusted
our analyses for age, sex, and comorbidities which were
different between cohorts (p < 0.2; hypertension, liver
disease, chronic neurological disorder, chronic hematologic
disease, and dementia) and did multiple comparisons ad-
justment using the False Discovery Rate (FDR) procedure.
In order to express the comparison between cohorts as
percentage change in median, log transformed data were
used in the regression analysis.

Results

Similar proportions of non-COVID-19 CAP and
COVID-19 patients were excluded (online suppl. Fig. 1).
Non-COVID-19 CAP patients were older than COVID-
19 waves 2, 3, and Omicron wave patients and had lower
rates of any one of chronic cardiac or kidney disease,
hypertension or diabetes than wave 1 and Omicron wave
patients (Table 1). Patients in the current study were
comparable to the entire cohort (online suppl. Table 4).

Clinical Features

In 2,485 patients, there were non-COVID-19 CAP
(n = 719) and COVID-19 patients (n = 2,157). Non-
COVID-19 CAP patients had significantly higher platelet
counts, D-dimer, and INR than waves 1 and 2 and
Omicron patients (Table 1). In general, non-COVID-19
CAP patients had higher heart and respiratory rates and
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Complex Thrombo-Inflammatory
Responses in CAP and COVID-19

4 or higher

ALT, alanine transaminase; AST, aspartate aminotransferase. 2Compared to CAP; based on Chi-square, Fisher's exact, ANOVA or Kruskal-Wallis test as

appropriate. °Chest X-ray, albumin, PaO,/FiO,, and arterial pH were not included as the score component as they were not consistently captured in the database.

lower mean arterial pressures (but were within normal
range) than COVID-19 patients (Table 1). About one
quarter of hospitalized non-COVID-19 CAP patients had
a positive influenza test or positive sputum or blood
culture within 48 h of admission, most commonly for
influenza (28%), Streptococcus pneumoniae, Staphylo-
coccus aureus, and Klebsiella/Enterobacter (Table 1). For
the subset of patients included in the hierarchical clus-
tering analysis, characteristics according to COVID wave
and CAP are in online supplementary Table 5.

Treatment

Treatment during hospitalization differed between
non-COVID-19 CAP and COVID-19. Non-COVID-19
CAP patients had more corticosteroid use than wave 1
(40% vs. 31%), but less than in waves 2, 3, and Omicron
wave (40% vs. 88%, 92%, and 76%, respectively) (online
suppl. Fig. 2) and more antibiotic use (98%) versus waves
1, 2, 3, and Omicron patients (83%, 84%, 79%, 74%,
respectively), but less antiviral agent use (15%) than
Omicron wave patients (41%).

Outcomes

Non-COVID-19 CAP had lower 28-day mortality than
waves 1 and 2 (10% vs. 18% and 16%, p < 0.001 and p =
0.002 respectively) but similar to Omicron (13%; Fig. 1;
Table 2). Kaplan Meier curves showed higher non-
COVID-19 CAP survival than COVID-19 waves 1 and
2 (Fig. 2). Non-COVID-19 CAP had lower ICU ad-
mission rates than waves 1, 2, 3, and Omicron wave
patients (15% vs. 39%, 37%, 33%, and 24% p < 0.001,
respectively, for all), lower invasive ventilation use than
waves 1, 2, and 3 patients (11% vs. 25%, 20%, and 16%,
P <0.001, <0.001 and 0.03, respectively) but not Omicron
(14%), lower vasopressor use than waves 1, 2, and 3 (12%
vs. 23%, 21%, and 18% < 0.001, p < 0.001 and p = 0.010,
respectively) but not Omicron (15%, respectively), and
lower RRT use than Omicron (3% vs. 7% p < 0.001)
(Table 2).

Hierarchical Clustering of Plasma Cytokine and

Coagulation Factor Levels

Hierarchical clustering showed that non-COVID-19
CAP and Omicron had three clusters of cytokines and
coagulation factors at admission whereas COVID-19
wave 1 and 2 patients had six clusters (Fig. 3). By day four,
non-COVID-19 CAP patients simplified to two clusters,
the wave 1 and 2 patients simplified to three clusters while
the Omicron increased to four clusters.

When we then pooled the COVID-19 waves 1 and 2
and Omicron waves together to examine complexity of
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B Unadjusted estimate  ® Adjusted estimate
Outcome CAP vs wave 1 CAP vs wave 2 CAP vs wave 3 CAP vs Omicron
(=708 vs 475) (n=7086 vs 569) (n=706 vs 250) (N=706 vs 696)
28-day mortality Ear i — ‘——'_'. . . .
In-hospital mortality e el o~ ——
Admitted to ICU s s~ e i
Septic shock i o e e mm. i
Acute respiratory distress syndrome — T e~ P =
Acute kidney injury . =k . i B
Acute cardiac injury Pl . oy i— —_—— e
Invasive ventilation ever e g g . : —
Renal replacement therapy ever = —d —_—— —ii
Vasopressors ever —.— . i . i Ry
f T T f 1 f T T I T 1 T T T f T 1 T T T f 1
01 02 05 1 23 0102 05 1 23 0102 05 1 23 0102 05 1 23
Odds ratio (95% Cl)
DAF invasive ventilation K= o = +. . 3
DAF renal replacement therapy* —— - - T
DAF vasopressors i o o —, Lr o
T T T 1 T T 1 T T T 1 T T T 1
-2 0 2 4 -2 2 4 -2 0 2 4 -2 0 2 4
Mean difference, days (95% CI)
Hospital length of stay o i g —n =
I | T i I T U T | — f 1 T | — f 1
84 6 4 2 0 2 84 6 -4 -2 0 2 84 6 4 2 0 2 84 6 4 -2 0 2
Difference in median, days (95% CI)

Fig. 1. Comparison of non-COVID-19 CAP and COVID-19
waves 1, 2, 3, and Omicron wave patient outcomes. The fol-
lowing factors were accounted for in the adjusted analysis: age,
sex, chronic cardiac disease, chronic kidney disease, hyper-
tension, diabetes, chronic pulmonary disease, liver disease,
chronic neurological disorder. Malignant neoplasm, chronic

clustering in COVID-19 overall, there was even greater,
not less, complexity showing seven clusters on day 0
and four clusters on day 4 (Fig. 3). To dive deeper
regarding complexity of thrombo-inflammatory re-
sponse and severity of illness, we compared the sub-
groups of ICU-admitted versus not ICU-admitted
patients. The results aligned in that there were more
cytokine clusters in ICU-admitted than non-ICU-
admitted patients (online suppl. Fig. 3). The number

] Innate Immun 2024;16:529-552
DOI: 10.1159/000542420

536

hematologic disease, obesity, rheumatologic disorder, and de-
mentia. The indicated sample size was for the analysis of pri-
mary outcome - 28-day outcome. Sample size varied slightly
across outcomes due to missing data. *Adjusted regression
analysis was not feasible numerically as too few patients re-
ceived RRT during the first 14 days.

of clusters identified in a dataset is, however, influenced
by the sample size (there are many more COVID-19
patients): larger datasets might reveal more subtle
clusters that smaller datasets could miss.

Principal Components Analysis

Comparison of principal component scores by 28-day
survival status (online suppl. Table 6) revealed that in
COVID-19 wave 1 and 2 patients, all component scores,
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except for PC2, were significantly different, while no
significant difference was observed in Omicron wave
patients. For non-COVID-19 CAP patients, only PC3
was significantly different, which was mainly driven by
GM-CSF, Granzyme B, IFN-g, IL-10, and IP-10 (online
suppl. Tables 6, 7). The PC3 components showed that
GM-CS, granzyme B, IFN-g, IL-10, and IP-10 were all
lower in CAP survivors (online suppl. Table 8). The
magnitude of the difference in PC1 was large, but did not
reach statistical significance. For the cytokines with the
highest loading in PC1, IL-1ra, IL-8, and MCP-1 were
significantly higher in non-survivors (online suppl.
Table 8).

Plasma Cytokine and Coagulation Factor Levels

There were no differences in key baseline charac-
teristics or mortality between the sample of non-
COVID-19 CAP and COVID-19 patients in whom we
measured cytokine and coagulation factors and the
whole cohort population (online suppl. Table 4). The
thrombo-inflammatory responses at hospital admission
day differed significantly between patients with non-
COVID-19 CAP versus Omicron wave COVID-19.
Notably, there was a broader multi-cytokine and multi-
coagulation factor host response in non-COVID-19
CAP than Omicron wave COVID-19. Specifically, at day
0, plasma levels of 11 cytokines and 2 coagulation factors
were significantly higher in non-COVID-19 CAP than
Omicron COVID-19; at day 4, 14 cytokine levels were
significantly higher in non-COVID-19 CAP than
Omicron COVID-19 (Table 3B). However, the trajec-
tory of the in-hospital thrombo-inflammatory responses
(as assessed by changes in cytokine and coagulation
factor levels from hospital admission day to day 4)
quickly converged; i.e., there were very similar changes
over 4 days in cytokine and coagulation factor levels of
non-COVID-19 CAP and early and Omicron COVID-
19 wave patients (Table 3). The changes in levels from
admission day to day 4 differed significantly for only one
cytokine - FMS-like tyrosine kinase 3 ligand
(FIt3L) - between non-COVID-19 CAP and COVID-19
waves (age-, sex-, and comorbidity-adjusted analyses
corrected for multiple comparisons (Table 3). We note
that 14 of 50 (28%) of non-COVID CAP patients had
influenza and that IP-10 is most commonly associated
with acute viral infection. IP-10 differed between early
wave COVID-19 and non-COVID CAP on day 0
(Table 3A). In the heat maps, IP-10 was relatively over-
expressed in about half the patients on day zero and
under-expressed ion nearly all patients on day four
(Fig. 3). Surprisingly, corticosteroid treatment had no
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effects on the change in cytokine levels from day 0 to day
4 but was associated with significant decreases of co-
agulation factor XI and prothrombin levels in non-
COVID-19 CAP (online suppl. Table 9).

Discussion

In this study, non-COVID-19 CAP had lower ICU
admission, organ support, and mortality rates than early
COVID-19 waves but comparable to the Omicron wave.
There was a broader multi-cytokine and multi-
coagulation factor host response in non-COVID-19
CAP than COVID-19. The more complex hierarchical
clustering of cytokine and coagulation factor levels of
early wave COVID-19 aligned with higher mortality of
early wave COVID-19 than non-COVID-19 CAP and
Omicron wave COVID-19. Furthermore, there was
more cytokine clusters in ICU-admitted than non-ICU-
admitted patients. The patterns of more complex hi-
erarchical clustering aligning with worse outcomes are
only one possible cause because there are many other
differences between COVID-19 and non-COVID-19
CAP such as the proportion of patients admitted to
the ICU.

The PCA analyses complement hierarchical clus-
tering by allowing one to see how cytokines gather
together. PCA simplifies data into smaller sets of cy-
tokines that have similar quantitative features, as linear
combinations of the original variables. PCA illuminates
large datasets showing patterns that are otherwise
difficult to see. Our PCA showed that PC3 differed in
CAP 28-day survival status, and that its components
included mainly pro-inflammatory cytokines suggest-
ing perhaps a brisker pro-inflammatory response in
CAP than in COVID.

At a fundamental level, the human thrombo-
inflammatory response to a brand new virus was
“confused” whereas humans had eons of time to develop
a more concise efficient thrombo-inflammatory host
response to CAP. Patterns of a more complex hierar-
chical clustering of cytokine and coagulation factor
levels aligned with worse clinical outcomes: both non-
COVID-19 CAP and Omicron had three clusters at
admission and similar outcomes, whereas COVID-19
wave 1 and 2 patients had six clusters and higher
mortality than non-COVID-19 CAP and Omicron
COVID-19. To further evaluate whether complexity of
the thrombo-inflammatory response aligned with severity
of illness, we compared ICU-admitted to non-ICU-
admitted patients. Indeed, there was a more complex
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Fig. 2. Kaplan-Meier curves of non-COVID-19 CAP and COVID-19 waves 1, 2, 3, and Omicron wave patients by
log-rank test. The numbers at risk table was provided beneath the Kaplan Meier curves.

inflammatory response, i.e., more clusters was present in  because there was no prior history of human exposure to

ICU-admitted than non-ICU-admitted patients.

SARS-CoV-2. The more complex thrombo-inflammatory

We speculate that the thrombo-inflammatory host response may have contributed more organ injury and
response was more complex in early COVID-19 waves higher mortality or may simply mark poor prognosis.
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When we pooled COVID-19 waves 1 and 2 with Omicron
wave, the clustering was even more complex with 7
clusters on the hospital admission day, emphasizing the
complex innate thrombo-inflammatory response to
SARS-CoV-2.

We chose to do hierarchical clustering of cytokine and
coagulation factor levels rather than directly on patient
data to determine relationships between clusters of
biomarkers in CAP. The hierarchical clustering identifies
pathways that are at play in non-COVID-19 and non-
COVID-19 CAP that may be susceptible to im-
munomodulation (precision medicine). Patient endo-
types in acute respiratory distress syndrome [42, 43] and
sepsis [44] defined enhanced response to corticosteroids
[45] and activated protein C [44], respectively. We have
not done these more common patient-based clustering
approach that others have done to discover endotypes
based on patient clustering. Endotyping helps define
potential treatment personalization while hierarchical
clustering reveals how certain biomarkers group together,
potentially indicating shared biological pathways or re-
sponses to CAP.

The heat maps reveal that pro-inflammatory cytokines
behave similarly in all patients and are highly correlated
(generally high in about 25% of patients and low in about
75% of patients) and that non-pro-inflammatory cyto-
kines behave similarly in patients. These are not endo-
types and are not comparable to patient endotypes.

There were significant differences in almost all the
principal component scores derived from day 0 cytokines
and coagulation factor levels between survivor and non-
survivor in COVID-19 wave 1 and 2 patients, but little to
no differences were observed in Omicron wave and non-
COVID-19 CAP patients. The number of patients who
died in our samples were limited, which might result in
low statistical power to detect a significant difference in
the latter two cohorts.

The levels of only one cytokine — FIt3L - increased
more in non-COVID-19 CAP patients than COVID-19
patients. FIt3L is a hematopoietic cell cytokine that links
the innate and adaptive immune systems by increasing
monocyte-derived myeloid dendritic cells in the lung in
pneumonia [46] and in lipopolysaccharides-induced
acute respiratory distress syndrome [47]. FIt3L miti-
gates lung injury in some pneumonia models [48] but

worsens it in others [49]. FIt3L is also an adjuvant that
enhances pneumococcal vaccine [50, 51].

Early wave COVID-19 patients had more severe
disease than non-COVID-19 CAP perhaps because of
the nature of wild type SARS-CoV-2 and lack of
COVID-19 vaccines or effective drugs then. Later
SARS-CoV-2 variants and use of vaccines and drugs
may explain why mortality was similar for non-
COVID-19 CAP and COVID-19 wave 3 and Omi-
cron wave. Non-COVID-19 CAP patients had much
higher use of antibiotics and lower use of antiviral
agents than COVID-19 wave patients suggesting good
compliance with non-COVID-19 CAP guidelines [2].
Corticosteroids were used in about three quarters of
later wave COVID-19 patients likely because cortico-
steroids decreased ventilation and mortality rates in
acute COVID-19 [32, 34, 52, 53]. Corticosteroids were
also used frequently - about half - in non-COVID-19
CAP perhaps because of efficacy in a severe CAP trial
[1]. Very recent international guidelines recommend
corticosteroids in severe CAP [54].

Another study [55] compared COVID to non-COVID
CAP and also found that markers of coagulation activation,
including D-dimer, were not different between COVID and
non-COVID CAP. Corticosteroids blunt the pro-
inﬂammatory response in non-COVID-19 CAP [10, 11,
56] and COVID-19 [57]. However, corticosteroids can also
be procoagulant [58] and increase risk of thrombosis in
some studies [59, 60]. There may be procoagulant effects of
corticosteroid treatment in non-COVID-19 CAP. In our
study, perhaps surprisingly corticosteroids did not change
cytokine levels in early hospitalized CAP but did decrease
coagulation factor XI and prothrombin. Non-COVID-19
CAP patients also had a more pro-coagulant profile than
COVID-19; higher platelet count, D-dimer and INR. Our
study differs from other studies that found that cortico-
steroids mitigated the cytokine response in non-COVID-19
CAP [10, 56] and COVID-19 CAP [57], perhaps related to
differences between studies in timing and doses of corti-
costeroid treatment, timing of plasma collection and assay
methods.

We could not evaluate cytokine clustering of survivors
versus non-survivors within each wave or whether the
endotypes that we found identified differences in mortality
or responses to corticosteroids in non-COVID-19 CAP

Fig. 3. Hierarchical clustering and heat maps of plasma cytokines and coagulation factors on day 0 and 4 in
(a) COVID-19 waves 1 and 2, (b) Omicron wave, (c) pooled COVID-19-19 overall, and (d) non-COVID-19
CAP. Red is higher expression while blue is lower expression. Individual patients are the columns and individual
rows are the cytokines and coagulation factors. Colors on the left indicate the individual clusters as determined by

hierarchical clustering.
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because our sample size was too small for such analysis. Our
study strengths include recruitment of patients hospitalized
for non-COVID-19 CAP and COVID-19 in a multicenter
Canadian cohort in which we detailed phenotyping using a
standardized case report form, compared mortality, organ
dysfunction and the uses of mechanical ventilation, vaso-
pressors and RRT [20, 35] and measured plasma cytokines
and coagulation factors in a representative subgroup of
patients. We chose patients such that all were still alive on
day 4 and suggest that that eliminates concerns regarding
mortality competing risks. Limitations of our observational
study are that we could not determine causation. We did
not record some COVID-19 therapies (e.g., anticoagulants,
immunomodulatory drugs) or non-COVID-19 CAP vac-
cines (i.e., influenza and pneumococcal vaccines) that could
have altered outcomes. The number of clusters identified in
a dataset is, however, influenced by the sample size (n = 50
in early wave, n = 50 Omicron and n = 50 non-COVID
CAP); larger datasets might reveal more subtle clusters that
smaller datasets miss. This issue could cause misleading
conclusions about the inherent complexity of the disease
states using number of clusters alone. One potential limi-
tation is that the evaluation of changes in plasma cytokine,
chemokine, and coagulation factors over time is that day
four samples are only available in survivors still in hospital
on day four. So, for example, by day four, that non-COVID-
19 CAP patients simplified to two clusters may be due to a
specific pattern being present only in those who were
discharged or who died.

Conclusions

The greater complexity of the thrombo-inflammatory
response of early wave COVID-19 compared with non-
COVID-19 CAP aligned with higher mortality of early
wave COVID-19 than non-COVID-19 CAP. Mortality,
ICU admission, invasive ventilation and vasopressor rates
of non-COVID-19 CAP were less than early COVID-19
waves but comparable to Omicron COVID-19 wave.
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