ORIGINAL CLINICAL REPORT

Age and Comorbidities Predict COVID-19
Outcome, Regardless of Innate Immune
Response Severity: A Single Institutional

Cohort Study

OBJECTIVES: The COVID-19 pandemic has claimed over eight hundred thou-
sand lives in the United States alone, with older individuals and those with
comorbidities being at higher risk of severe disease and death. Although severe
acute respiratory syndrome coronavirus 2—induced hyperinflammation is one of
the mechanisms underlying the high mortality, the association between age and
innate immune responses in COVID-19 mortality remains unclear.

DESIGN: Flow cytometry of fresh blood and multiplexed inflammatory chemokine
measurements of sera were performed on samples collected longitudinally from our
cohort. Aggregate impact of comorbid conditions was calculated with the Charlson
Comorbidity Index, and association between patient factors and outcomes was calcu-
lated via Cox proportional hazard analysis and repeated measures analysis of variance.

SETTING: A cohort of severely ill COVID-19 patients requiring ICU admission
was followed prospectively.

PATIENTS: In total, 67 patients (46 male, age 59+ 14 yr) were included in the
study.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Mortality in our cohort was 41.8%.
We identified older age (hazard ratio [HR] 1.09 [95% CI 1.07-1.11]; p =0.001),
higher comorbidity index (HR 1.24 [95% CI 1.14-1.35]; p = 0.039), and hypona-
tremia (HR 0.90 [95% CI 0.82-0.99]; p =0.026) to each independently increase
risk for death in COVID-19. We also found that neutrophilia (R=0.2; p=0.017),
chemokine C-C moitif ligand (CCL) 2 (R = 0.3; p = 0.048), and C-X-C motif
chemokine ligand 9 (CXCL9) (R = 0.3; p = 0.050) were weakly but significantly
correlated with mortality. Older age was associated with lower monocyte (R =
—-0.2; p = 0.006) and cluster of differentiation (CD) 16+ cell counts (R = -0.2;
p = 0.002) and increased CCL11 concentration (R = 0.3; p = 0.050). Similarly,
younger patients (< 65 yr) demonstrated a rise in CD4 (b-coefficient = 0.02; p =
0.036) and CD8 (0.01; p=0.001) counts, as well as CCL20 (b-coefficient = 6.8;
p = 0.036) during their ICU stay. This CD8 count rise was also associated with
survival (b-coefficient = 0.01; p = 0.023).

CONCLUSIONS: Age, comorbidities, and hyponatremia independently predict
mortality in severe COVID-19. Neutrophilia and higher CCL2 and CXCL9 levels
are also associated with higher mortality, while independent of age.
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lives in the United States alone and threatens to claim more given the
rise of novel variants such as B.1.617.2 (Delta) and B.1.1.529 (Omicron).
Despite significant advances in helping control the pandemic with preventative
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@\ KEY POINTS

Question: The purpose of this study was to un-
derstand the association between age, comorbid-
ities, and innate immune responses in COVID-19
mortality.

Findings: We found age, comorbidities, and
hyponatremia to each independently increase
risk for COVID-19-related mortality. Neutrophilia,
CCL2, and CXCL9 concentrations were signifi-
cantly correlated with mortality. Younger patients
were able to demonstrate a rise in CD8+ and
CD4+ T-cell counts over time after severe acute
respiratory syndrome coronavirus 2 infection.
Notably, the rise in CD8+ T cells was associated
with survival.

Meaning: This study identifies unique markers
and variables which may be used to indicate pa-
tient prognoses.

. J

measures (social distancing, masking, and vaccines),
as well as therapies aimed at shortening disease dura-
tion (remdesivir [1]) and improving mortality (dexa-
methasone [2], and in certain cases interleukin [IL]-6
inhibitors [3]), the pathophysiology of severe acute
respiratory syndrome coronavirus (SARS-CoV)-2 and
what makes it unique from other coronaviruses re-
main poorly understood.

One of the phenomena that has been most charac-
terized, however, is the dysregulation of the immune
system in patients with acute SARS-CoV-2 infection.
Like SARS-CoV and Middle East respiratory syn-
drome-related coronavirus, SARS-CoV-2 infection
induces a cytokine storm, which leads to activation
and recruitment of a number of immune cells, most
notably neutrophils, which perpetuates cytokine
and chemokine secretion (4). This cytokine storm is
at least partly mediated through damage-associated
molecular patterns and pathogen-associated molec-
ular patterns-induced monocytic Toll-like receptor
activation, as we have recently demonstrated (5). As
such, in patients with COVID-19, serum concentra-
tion of proinflammatory cytokines such as tumor ne-
crosis factor (TNF)-a, IL-6, IL-8, and IL-10 has been
shown to correlate with increased clinical severity and
mortality (6). It is believed that this immune dysregu-
lation in COVID-19 is indeed implicated in acute res-
piratory distress syndrome secondary to mononuclear
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inflammatory cell infiltration, septic shock, multiple
organ failure, and in some cases death (7).

Intriguingly, the immune response triggered by
SARS-CoV-2 is unique from those triggered by other
upper respiratory viral infections, such as the influ-
enza virus. Compared with the pathogenicity of influ-
enza viruses, acute SARS-CoV-2 infections are marked
by delayed interferon (IFN) responses (8), neutrophilia
(9), impaired T-cell function (10), and atypical cytokine
storms (11). It is believed that SARS-CoV-2 proteins,
coronavirus nonstructural protein 14, open reading
frame 3, open reading frame 6, and membrane protein
protein, are able to inhibit IFN- promoter activation
within cells and impair intercellular antiviral responses
(12). Impaired IEN responses during early infection
facilitates viral replication, high viral loads, and myeloid
driven innate hyperinflammation secondary to injury
and death of viral infected cells (13). As such, compared
with other upper respiratory viral infections, SARS-
CoV-2 is associated with neutrophilia that is driven by
immature neutrophils which are able to form neutrophil
extracellular traps and myeloid-derived stem cells-like
programmed death-ligand 1+ neutrophils that inhibit
T-cell activity (9, 14). T-cell dysfunction, along with
increased expression of IL-6, IL-6R, and IL-6ST, is just
one of the characteristics that render the SARS-CoV-2-
associated cytokine storm “atypical” (15).

Although SARS-CoV-2 infection undoubtedly leads
to a starkly dysregulated immune response across all
age ranges, older and more comorbid patients appear
to be impacted the most, and it is this group that is
chiefly burdened with excess disease severity and
mortality (16-18). Older age and comorbidities, as
predictive factors of COVID-19 disease severity and
mortality, are not dissimilar from other pulmonary in-
fectious processes (19). Similarly, comorbidities such
as diabetes and HIV may also contribute to COVID-
19 immune dysregulation and are believed to be asso-
ciated with greater COVID-19 severity and mortality
(20). It remains unclear, however, if the association
between age, comorbidities, immune profiling, and
COVID-19 mortality is a result of immune or extraim-
mune factors, such as angiotensin-converting enzyme
2 expression (21), or a combination of both.

In this study, we sought to determine the inde-
pendent effect of age, comorbidities, and the immune
response on SARS-CoV-2 mortality in a consecutive
cohort of critically ill patients with COVID-19 admit-
ted to a large tertiary academic referral center.
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METHODS

Patient Population

Over the course of 9 months, consecutive COVID-19-
positive patients requiring ICU admission at a tertiary
academic medical center were enrolled in the study.
Collection of data under protocol “ICU Biospecimen and
Data Repository” was approved by the Duke University
Institutional Review Board (IRB) (Pro 00101196) on June
19, 2020. This study was conducted in accordance with
the ethical standards of the Duke IRB and the Helsinki
Declaration of 1975. Eligible patients were adults (>18 yr
old) of either gender who were admitted to an ICU with
SARS-CoV-2 infection confirmed by polymerase chain
reaction (PCR) testing, and evidence of acute respira-
tory failure and/or multiple organ failure deemed to be
a result of the SARS-CoV-2 infection. Written informed
consent was obtained from the patients themselves, or
their Legally Authorized Representatives, if they lacked
decision-making capacity. Patients were excluded if they
were enrolled in a blood conservation program or were
pregnant or incarcerated.

Sample and Data Collection

EDTA whole blood and serum tubes were collected on
days 1, 3,7, 14, and 21 following enrollment or until dis-
charge from ICU or death until day 21. In addition to bio-
logical samples, clinical data on these patients were also
collected including baseline demographics, comorbidi-
ties, common laboratory panels, and clinically relevant
outcomes. A modified Charlson Comorbidity Index
(CCI) (22, 23) (age-excluding CCI) that did not include
age was calculated for each patient (24). Similarly, to
quantify the severity of a patients COVID-19-related
symptoms, a World Health Organization (WHO) or-
dinal scale ranging from 0 to 10 was calculated for each
patient per recommendations outlined by the WHO
Working Group on the Clinical Characterization and
Management of COVID-19 Infection (25). To stratify
patients by age, we used the age threshold of 65 years, to
follow the Centers for Disease Control and Prevention
COVID-19 Response Team guideline (26).

Whole Blood Flow Cytometry

To identify immune cells mobilized in the peripheral
blood of our cohort, immune subset profiling antibody
panels were obtained from Beckman-Coulter (Brea,
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CA). One basic immune subset panel tube (B53309)
and one granulocyte panel tube (B88651) were used
per patient at each time point per the manufacturer’s
instructions. The fixed and stained cells were acquired
within 2 days of collection in accordance with bio-
safety level 2+ practices. Data were analyzed using
FlowJo (Ashland, OR).

Chemokine Analysis

To study the mobilization of the innate immune re-
sponse, humaninflammatorychemokine LEGENDplex
kits were obtained from BioLegend (Catalog Number
740985, San Diego, CA) to assess for serum chemokine
concentrations. Assays were performed with serum
at multiple timepoints as described earlier per the
manufacturer’s instructions. Data acquisition was per-
formed using a Beckman Coulter CytoFLEX (Beckman
Coulter, Brea, CA) flow cytometer and data processing
performed using BioLegend’s Bio-Bits (BioLegend,
San Diego, CA) cloud-based software platform. Each
sample was tested in triplicate, and results are reported
as a mean value + sD of these triplicates.

Statistical Analysis

Data analysis (unpaired ¢ tests, univariate regression
analysis, one-way repeated measures analysis of vari-
ance, and multiple unpaired ¢ test analysis) and visualiza-
tion were performed in IBM SPSS (IBM, Armonk, NY)
and GraphPad Prism 9 (GraphPad Software, San Diego,
CA). A Kaplan-Meier analysis of mortality in patients
under and over 65 (Yanez et al [27]) was also performed.
Univariate analyses for death were performed examin-
ing age, gender, age-excluding CCI, race, body mass
index, and presence of comorbidities and common lab-
oratory variables as outlined in Supplementary Table 1
(http://links.lww.com/CCX/B91). 'The age-excluding
CCI was calculated from the traditional CCI subtract-
ing the points assigned for age (28). Cox proportional
hazards regression analysis was conducted including the
variables that were found to be statistically significant
on univariate analysis. Regression analysis was con-
ducted with Stata 15.1 (StataCorp, College Station, TX).
Continuous variables are summarized as mean + sps or
medians and 25-75% quartiles, depending on data dis-
tribution normality. Binary variables are summarized
as counts (%). Statistical significance was declared at p
value of less than 0.05.
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RESULTS

Patient Characteristics and Comorbidities

Sixty-seven patients were enrolled in the study at the
start of the COVID-19 pandemic. Of those, 38 had
blood samples drawn at multiple timepoints. Mean age
was 59.3 £ 14.3 years, and 69% of the cohort comprised
males (Supplementary Table 1, http://links.lww.com/
CCX/B91). Thirty-seven percent of the cohort were
African American, 34% Caucasian, and 24% Hispanic.
The most common comorbidities were obesity (body
mass index [BMI] 33.1£8.6) and type 2 diabetes mel-
litus (37%). Notably, patients who presented to the
ICU on average had admission values indicating hy-
perglycemia (216+138mg/dL), elevated creatinine
(2.4%2.7mg/dL), and elevated international normal-
ized ratio (1.3+£0.4). 66.7% of patients were admitted
directly to the ICU. Additionally, the average number
of days to intubation was 3.9+3.8, the average time
from the first PCR positive test to day 1 of study was 8
days, and the average time from entry to ICU to day 1
of study was 3 days. Last, in this cohort, multiple organ
failure was found to be the cause of death in 80% of
patients, whereas acute respiratory failure and severe
hypoxia made up the remaining 20%.

Age, Comorbidities, and Mortality

In the study cohort, mortality was 41.8%. Compared
with survivors, nonsurvivors had higher age-excluding
CCI (Supplementary Table 1, http://links.Iww.com/
CCX/B91) (2.3+2.3 nonsurvivors vs 1.3+1.5; p < 0.001).
Nonsurvivors were also older than survivors (66 +12.4 vs
54.5+13.8 yr; p < 0.001). Comorbidities such as chronic
kidney disease (CKD) (21.4% vs 10.3%; p = 0.010) and
solid tumors (14.3% vs 5.1%; p = 0.008) were more com-
mon among nonsurvivors compared with survivors.

On univariate analysis, older age (as a linear vari-
able), age-excluding CCI, and lower sodium levels at
admission were identified as being significantly asso-
ciated with mortality in COVID-19. CKD and solid
tumors were not significant, likely due to their in-
clusion in the CCI. History of myocardial infarction
(10.7% vs 0 %; p < 0.001), liver disease (3.6% vs 0 %;
p =0.010), CKD, HIV/AIDS (3.6% vs 0 %; p = 0.010),
and lower sodium at admission were seen with higher
frequency in nonsurvivors. Interestingly, survivors had
a higher BMI (34.4+8.9 vs 31.2+7.8; p < 0.001).

Older Age and Comorbidities Independently
Increase Mortality Risk

The results of the Cox Proportional Hazards analysis
are summarized in Table 1. Older age, higher age-
excluding CCI, and hyponatremia were each identified
to independently increase risk for death in COVID-19.
Quantifying the effect of each of these variables, each
1-year increase in age was associated with a 10% in-
crease in mortality in COVID-19, and each point de-
crease in admission serum sodium raised mortality
risk by 10%. More notably, each point increase in the
age-excluding CCI raised the risk for mortality by ap-
proximately 33%. Based on the model’s dependence
on CCI, certain comorbidities such as CKD and solid
tumors do not contribute to mortality further than
they already do as components of the CCI. Similarly,
BMI was not identified to be an independent factor for
mortality in our cohort.

Patients greater than 65 years were less likely to
survive compared with patients less than 65 (Fig. 1A)
(p=0.004; HR 4.2; CI 1.4-12.5), even though there was
no statistically significant difference in disease severity
per the WHO ordinal scores (25) between the two age
groups (Fig. 1B). Patients greater than 65 were more

TABLE 1.

Cox Proportional Hazard Regression Analysis

Variable Hazard Ratio (95% CI) P
Age 1.10 (1.05-1.15) < 0.001
Age-excluding Charlson Comorbidity Index 1.33 (1.01-1.74) 0.039
Body mass index 1.01 (0.95-1.06) 0.957
Chronic kidney disease 0.52 (0.13-2.16) 0.370
Solid tumor 1.09 (0.25-4.69) 0.905
Sodium 0.90 (0.82-0.99) 0.026
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Figure 1. Outcomes by age. A, Patients above the age of 65 had worse survival compared to patients under the age of 65. B, The was
no difference in World Health Organization (WHO) ordinal scores between patients above and below the age of 65. C, Patients above
the age of 65 had worse 90-d survival compared with patients under the age of 65. D and G, Patients above the age of 65 had shorter
stays in the ICU, as a result of worse survival. E and F, There was no difference in the number of ventilator-free days or hospital-free

days between those above and below the age of 65. ns = not significant.
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likely to have a higher 90-day
mortality than their younger
counterparts  (Fig. 1C)
(p =0.003; 75.3+£24.6 d in
patients < 65 vs 45.4+35.9
d in patients 65+).
Additionally, patients
greater than 65 also had
fewer ventilator-free days
0.5 patients < 65 vs 7.0+9.7 d
in patients > 65; p < 0.001),
hospital-free days (Fig. 1F)
(38.4+31.3 d in patients
- 10 < 65 vs 29.1+32.7 d in
patients > 65; p < 0.001),
and stay in ICU (Fig.
1D) and ICU-free days
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(R =0.3; p = 0.043) and C-X-C motif chemokine li-
gand (CXCL) 9 (Fig. 2B) (R = 0.3; p = 0.050).

The trends in all other chemokine concentrations
over the course of COVID-19 are summarized in
Supplementary Figure 3 (http://links.lww.com/CCX/
B91).

Effect of Age on Immune Function

Lower absolute monocytes counts (Fig. 24) (R=-0.2;p =
0.006) and CD16+ counts (Fig. 2A; and Supplementary
Fig. 1, http://links.Iww.com/CCX/B91) (R = -0.2; p =
0.002) were seen in older age patients. There was no cor-
relation between absolute T-cell, B-cell, or neutrophil
counts and age in our cohort. Interestingly, however,
younger patients (< 65) demonstrated a rise in their CD4
T cell counts over time (b-coefficient = 0.02; p = 0.036),
whereas their older counterparts did not. Similarly, we
found that patients less than 65 exhibited a rise in their
CD8 T cells over time (b-coefficient = 0.01; p = 0.001),
whereas patients greater than 65 did not (Supplementary
Fig. 3B, http://links.lww.com/CCX/B91). No trends or
differences in absolute neutrophil counts were noted
between the two age groups (Supplementary Fig. 3C,
http://links.lww.com/CCX/B91).

Of all the chemokines measured in this study, the
only chemokine which was weakly but positively cor-
related with age was CCL11 (Supplementary Fig. 2,
http://links.lww.com/CCX/B91; Supplementary Fig. 3,
http://linkslww.com/CCX/B91) (R = 0.3; p = 0.050).
There were no notable trends in CCL11 concentrations
during the course of COVID-109.

Last, younger patients (< 65) demonstrated a rising
trend in CCL20 over the course of disease (b-coeffi-
cient = 6.8, p = 0.036), whereas their older counter-
parts did not (Supplementary Fig. 3G, http://links.
lww.com/CCX/B91).

DISCUSSION

In this study, we were able to follow a cohort of 67
patients and demonstrated that age, comorbidity
burden, and hyponatremia were independently asso-
ciated with mortality in COVID-19. Additionally, we
demonstrated that neutrophilia, CCL2, and CXCL9
(both potent chemoattractants)—all markers of the
innate immune response—correlated with mor-
tality. Conversely, we demonstrated that lower mon-
ocyte and CD16+ counts, as well as higher CCL11

Critical Care Explorations

concentrations, were seen in older patients, without
a notable association on survival. Similarly, younger
patients demonstrated a rise in CD8 and CD4 cell
counts, as well as their CCL20 levels during their ICU
stay, and the former was also associated with survival.
These observations may prove useful in mortality pre-
diction in COVID-19 and in providing insights in the
immune response triggered by SARS-CoV-2.

As has been described by others (27, 29-32), we also
found that in our cohort of patients, patients who sur-
vived COVID-19 were generally younger than those
who did not survive. We additionally found that patients
greater than 65 had fewer ventilator-, ICU-, and hospi-
tal-free days. Similarly, in agreement with other groups
(33-36), we found that those patients in our cohort with
increased number of comorbidities were less likely sur-
vive. To better compare patients with multiple comor-
bidities, we employed the use of an age-excluding CCI
to quantify comorbidity burden. Although previous
studies have demonstrated that CCI commonly predicts
survival (37-39), we demonstrate that an age-excluding
CCI can also be predictive of mortality. Based on the
how CCl is calculated, certain comorbidities such as di-
abetes and CKD are weighted more than other factors
such as coronary heart disease and are predicted to have
a greater influence on mortality. Interestingly, based on
our analysis, we found that in addition to age, and age-
excluding CCI, a lower sodium level at admission was
also shown to independently decreased risk of mortality.

We also sought to determine whether there were
immune response patterns that were associated with ei-
ther participant age or mortality, by examining a wide
number of chemokines and cell populations. Notably,
Nagqvi et al (5) did not find there to be any treatment
effect of dexamethasone on cell populations other than
CD16+ monocytes. Although we did not find correla-
tions within lymphocytic populations, we found that
older age was correlated with lower monocyte and
CD16+ cell populations, which produce TNFa, IL6,
macrophage inflammatory protein (MIP) 1a, MIP1B,
and IFNgamong other proinflammatory cytokines (40).
This is in contrast with previous findings that CD16+
cell counts rise in older healthy adults (41). Although
the etiology of this observation is unclear, a plausible
explanation is that younger monocytes more rapidly
proliferate in response to an acute innate immune cyto-
kine storm, as commonly seen in severe infections (42).
This may be supported by Naqvi et al (5) who also found
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that younger patients were more likely to increase their
CD4 and CD8 T cell populations, unlike their older
counterparts. This finding is suggestive of the well-doc-
umented impaired age-related T-cell proliferation (43).
Of the chemokines that we monitored in this study, we
found that patients less than 65 also raised their CCL2
concentrations over time, unlike their greater than 65
counterparts. This is consistent with studies suggest-
ing that younger patients with severe COVID-19 infec-
tion have proinflammatory responses predominately
driven by factors such as IL-1RA, IL-6, CCL2, and
CXCLI, whereas older patients have responses driven
by CXCLS, IL-10, IL-15, and IL-27 (44).

We also noted that CCL2 and CXCL9, chemokines
whose concentration typically rises early in SARS-
CoV-2 infection and again in late stages of terminal
cases (45, 46), were correlated to patient survival. These
findings are consistent with data from Abers et Al (47)
which identified CCL2 and CXCL9 to be independent
predictors of survival along with IL-15, IL-2, neutrophil
gelatinase-associated lipocalin, matrix metalloprotein-
ase-9, soluble tumor necrosis factor receptor 1, soluble
suppression of tumorigenicity 2, IL-10, and lactoferrin.
In addition to these chemokines, we also identified
CCL20 as another potential predictive marker for mor-
tality in COVID-19. There may be value in quantifying
these chemokines at admission to the ICU in patients
with COVID-19 to determine patients’ likelihood of di-
sease progression and mortality risk. In addition, CCL2
and CXCL9 might also represent important targets for
pharmacologic intervention to mitigate COVID-19-
related morbidity and mortality.

Although the association between age and mortality
has been long documented in COVID-19, in this study,
we demonstrate how an impaired adaptive immunity
may explain worse outcomes, independent of comorbidi-
ties, which also commonly cluster in the elderly. Although
the importance of CD8+ T cells on COVID-19-related
mortality has been previously described (48, 49), the in-
fluence of age on CD8+ T cells in COVID-19 patients is
largely unexplored (50). Nevertheless, our study is con-
sistent with findings by Westmeier et al (51) who also
found that patients greater than 80 exhibited diminished
cytotoxic T cell potential in response to SARS-CoV-2.

This study had several limitations, including the
small number of subjects enrolled. It is possible that
our analyses may have missed statistical significance
for certain comorbidities due to our small sample size.

8 www.ccejournal.org

Additionally, due to the common delay from presenta-
tion to ICU admission, especially in the earlier stages of
the pandemic, it is possible that earlier perhaps equally
important aspects of the immune response may have
been left unexplored due to limited ability to collect
datapoints. Despite these limitations, our study is one
of the few that longitudinally followed several patients
and enabled associations between trends in chemokines
and cell populations and clinically relevant outcomes.

CONCLUSIONS

In conclusion, we demonstrate that age and presence
of comorbidities, as well as admission hyponatremia,
are each independently associated with mortality in
COVID-19. We also demonstrate that neutrophilia
and higher levels of CCL2 and CXCL9 are associated
with higher mortality, whereas unassociated with age.
Additionally, we found that in patients with COVID-
19, age was correlated with lower absolute monocyte
counts and lower CD16+ monocyte counts. Age was
also found be correlated with increased CCL11 con-
centration. Although the influence of age and immune
function were largely independent of each other, a
rise in CD8+ cell population over time was found in
patients less than 65 with COVID-19, and this trend is
associated with survival. A rise in CCL20 levels is also
seen in younger patients.

1 Department of Surgery, Duke University, Durham, NC.

2 Departments of Neurosurgery and Pathology, Duke

University, Durham, NC.

3 Departments of Neurosurgery, Pharmacology, and Cancer
Biology, Duke University, Durham, NC.

Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are provided in the
HTML and PDF versions of this article on the journal’s website
(http://journals.lww.com/ccejournal).

Drs. Naqvi, Nair, Sullenger, and Kasotakis contributed to con-
ception. Mr. Mohan and Drs. Olson, Naqvi, Nair, Sullenger, and
Kasotakis contributed to study design. Drs. Kraft, Chen, and Que
contributed to clinical samples. Mr. Mohan, Dr. Olson, and Dr.
Kasotakis contributed to data analysis, contributions and writing—
original draft. All authors contributed to editing and review.

Supported, in part, by discretionary funds from Duke Department
of Surgery.

The authors have disclosed that they do not have any potential
conflicts of interest.

For information regarding this article, E-mail: george.kasotakis@
duke.edu

December 2022 * Volume 4 « Number 12


http://journals.lww.com/ccejournal
mailto:george.kasotakis@duke.edu
mailto:george.kasotakis@duke.edu

Original Clinical Report

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Beigel JH, Tomashek KM, Dodd LE, et al; ACTT-1 Study Group
Members: Remdesivir for the treatment of COVID-19 - Final
report. N Engl J Med 2020; 383:1813-1826

Group RC, Horby B, Lim WS, et al: Dexamethasone in hos-
pitalized patients with COVID-19. N Engl J Med 2021;
384:693-704

Investigators R-C, Gordon AC, Mouncey PR, et al: Interleukin-6
receptor antagonists in critically ill patients with COVID-19. N
Engl J Med 2021; 384:1491-1502

Zhu Z, Lian X, Su X, et al: From SARS and MERS to COVID-
19: A brief summary and comparison of severe acute respi-
ratory infections caused by three highly pathogenic human
coronaviruses. Respir Res 2020; 21:224

Naqvi I, Giroux N, Olson L, et al: DAMPs/PAMPs induce
monocytic TLR activation and tolerance in COVID-19 patients;
nucleic acid binding scavengers can counteract such TLR
agonists. Biomaterials 2022; 283:121393

Dorgham K, Quentric P, Gokkaya M, et al: Distinct cytokine
profiles associated with COVID-19 severity and mortality. J
Allergy Clin Immunol 2021; 147:2098-2107

Zhang Y, Gao Y, Qiao L, et al: Inflammatory response cells
during acute respiratory distress syndrome in patients with co-
ronavirus disease 2019 (COVID-19). Ann Intern Med 2020;
173:402-404

Lee JS, Shin EC: The type | interferon response in COVID-
19: Implications for treatment. Nat Rev Immunol 2020;
20:585-586

Reusch N, De Domenico E, Bonaguro L, et al: Neutrophils in
CQOVID-19. Front Immunol 2021; 12:652470

Rha MS, Shin EC: Activation or exhaustion of CD8(+) T
cells in patients with COVID-19. Cell Mol Immunol 2021;
18:2325-2333

Vanderbeke L, Van Mol B, Van Herck Y, et al: Monocyte-driven
atypical cytokine storm and aberrant neutrophil activation as
key mediators of COVID-19 disease severity. Nat Commun
2021;12:4117

Lei X, Dong X, Ma R, et al: Activation and evasion of type
I interferon responses by SARS-CoV-2. Nat Commun 2020;
11:3810

Lee JS, Park S, Jeong HW, et al: Immunophenotyping of
COVID-19 and influenza highlights the role of type | interfer-
ons in development of severe COVID-19. Sci Immunol 2020;
B:eabd1554

Aschenbrenner AC, Mouktaroudi M, Kramer B, et al; German
COVID-19 Omics Initiative (DeCOl): Disease severity-specific
neutrophil signatures in blood transcriptomes stratify COVID-
19 patients. Genome Med 2021; 13:7

Zhu L, Yang P, Zhao Y, et al: Single-cell sequencing of periph-
eral mononuclear cells reveals distinct immune response land-
scapes of COVID-19 and influenza patients. Immunity 2020;
53:685-696.e3

O'Driscoll M, Ribeiro Dos Santos G, Wang L, et al: Age-specific
mortality and immunity patterns of SARS-CoV-2. Nature
2021;590:140-145

Clark A, Jit M, Warren-Gash C, et al: Global, regional, and na-
tional estimates of the population at increased risk of severe

Critical Care Explorations

18.

19.

20.

21.

22.

23.

24,

25.

26.

217,

28.

29,

30.

31.

32.

33.

34.

3b.

COVID-19 due to underlying health conditions in 2020: A
modelling study. Lancet Glob Health 2020; 8:e1003-e1017
Tay MZ, Poh CM, Renia L, et al: The trinity of COVID-19:
Immunity, inflammation and intervention. Nat Rev Immunol
2020; 20:363-374

Maca J, Jor O, Holub M, et al: Past and present ARDS mortality
rates: A systematic review. Respir Care 2017; 62:113-122
Ng WH, Tipih T, Makoah NA, et al: Comorbidities in SARS-
CoV-2 patients: A systematic review and meta-analysis. mBio
2021; 12:e03647-e03620

Wang A, Chiou J, Poirion OB, et al: Single-cell multiomic
profiling of human lungs reveals cell-type-specific and age-
dynamic control of SARS-CoV2 host genes. Elife 2020;
9:e62622

Charlson M, Szatrowski TP, Peterson J, et al: Validation
of a combined comorbidity index. J Clin Epidemiol 1994,
47:1245-1251

Roffman CE, Buchanan J, Allison GT: Charlson comorbidities
index. J Physiother 2016; 62:171

Glasheen WP, Cordier T, Gumpina R, et al: Charlson comor-
bidity index: ICD-9 update and ICD-10 translation. Am Health
Drug Benefits 2019; 12:188-197

Characterisation WHOW GotC, Management of C-i.: A min-
imal common outcome measure set for COVID-19 clinical re-
search. Lancet Infect Dis 2020; 20:¢192-e197

Team CC-R.: Severe outcomes among patients with corona-
virus disease 2019 (COVID-19) - United States, February
12-March 16, 2020. MMWR Morb Mortal Wkly Rep 2020;
69:343-346

Yanez ND, Weiss NS, Romand JA, et al: COVID-19 mortality
risk for older men and women. BMC Public Health 2020:;
20:1742

Charlson ME, Pompei F, Ales KL, et al: A new method of
classifying prognostic comorbidity in longitudinal studies:
Development and validation. J Chronic Dis 1987; 40:373—-383
Mahendra M, Nuchin A, Kumar R, et al: Predictors of mortality
in patients with severe COVID-19 pneumonia - A retrospec-
tive study. Adv Respir Med 2021; 89:1356—-144

Levin AT, Hanage WP, Owusu-Boaitey N, et al: Assessing
the age specificity of infection fatality rates for COVID-19:
Systematic review, meta-analysis, and public policy implica-
tions. Eur J Epidemiol 2020; 35:1123-1138

Romero Starke K, Petereit-Haack G, Schubert M, et al: The
age-related risk of severe outcomes due to COVID-19 infec-
tion: A rapid review, meta-analysis, and meta-regression. Int J
Environ Res Public Health 2020; 17:5974

Li X, Xu S, Yu M, et al: Risk factors for severity and mortality
in adult COVID-19 inpatients in Wuhan. J Allergy Clin Immunol
2020; 146:110-118

Cheng S, Zhao Y, Wang F, et al: Comorbidities’ potential
impacts on severe and non-severe patients with COVID-19: A
systematic review and meta-analysis. Medicine (Baltim) 2021;
100:e24971

Galvao MHR, Roncalli AG: Factors associated with increased
risk of death from COVID-19: A survival analysis based on
confirmed cases. Rev Bras Epidemiol 2021; 23:¢200106

Altonen BL, Arreglado TM, Leroux O, et al: Characteristics,
comorbidities and survival analysis of young adults

www.ccejournal.org 9



Mohan et al

36.

37.

38.

39.

40.

41,

42.

10

hospitalized with COVID-19 in New York City. PLoS One
2020; 15:e0243343

Sanyaolu A, Okorie C, Marinkovic A, et al: Comorbidity and
its impact on patients with COVID-19. SN Compr Clin Med
2020; 1:8

Salaffi F, Carotti M, Di Carlo M, et al: Predicting severe/crit-
ical outcomes in patients with SARS-CoV2 pneumonia:
Development of the prediCtion seveRe/crltical ouTcome
in COVID-19 (CRITIC) model. Front Med (Lausanne) 2021;
8:695195

Tuty Kuswardhani RA, Henrina J, Pranata R, et al: Charlson co-
morbidity index and a composite of poor outcomes in COVID-
19 patients: A systematic review and meta-analysis. Diabetes
Metab Syndr2020; 14:2103-2109

Christensen DM, Strange JE, Gislason G, et al: Charlson co-
morbidity index score and risk of severe outcome and death
in Danish COVID-19 patients. J Gen Intern Med 2020;
356:2801-2803

Zimmermann HW, Seidler S, Nattermann J, et al: Functional
contribution of elevated circulating and hepatic non-classical
CD14CD16 monocytes to inflammation and human liver fi-
brosis. PLoS One 2010; 5:e11049

Seidler S, Zimmermann HW, Bartneck M, et al: Age-
dependent alterations of monocyte subsets and monocyte-
related chemokine pathways in healthy adults. BMC Immunol
2010; 11:30

Martinez FO, Combes TW, Orsenigo F, et al: Monocyte acti-
vation in systemic COVID-19 infection: Assay and rationale.
EBioMedicine 2020; 59:102964

www.ccejournal.org

43.

44,

45,

46.

47,

48,

49,

50.

51.

Jiang J, Gross D, Elbaum P, et al: Aging affects initiation and
continuation of T cell proliferation. Mech Ageing Dev 2007;
128:332-339

Angioni R, Sanchez-Rodriguez R, Munari F, et al: Age-severity
matched cytokine profiling reveals specific signatures in
Covid-19 patients. Cell Death Dis 2020; 11:957

Khalil BA, Elemam NM, Maghazachi AA: Chemokines and
chemokine receptors during COVID-19 infection. Comput
Struct Biotechnol J 2021; 19:976-988

Xu ZS, Shu T, Kang L, et al: Temporal profiling of plasma cyto-
kines, chemokines and growth factors from mild, severe and
fatal COVID-19 patients. Signal Transduct Target Ther 2020;
5:100

Abers MS, Delmonte OM, Ricotta EE, et al: An immune-based
biomarker signature is associated with mortality in COVID-19
patients. JCI Insight 2021; 6:e144455

Urra JM, Cabrera CM, Porras L, et al: Selective CD8 cell re-
duction by SARS-CoV-2 is associated with a worse prog-
nosis and systemic inflammation in COVID-19 patients. Clin
Immunol 2020; 217:108486

Du RH, Liang LR, Yang CQ, et al: Predictors of mortality for
patients with COVID-19 pneumonia caused by SARS-CoV-2:
A prospective cohort study. Eur Respir J 2020; 55:2000524
Bajaj V, Gadi N, Spihlman AR, et al: Aging, immunity, and
COVID-19: How age influences the host immune response to
coronavirus infections? Front Physiol 2020; 11:571416

Westmeier J, Paniskaki K, Karakose Z, et al: Impaired cytotoxic
CD8(+) T cell response in elderly COVID-19 patients. mBio
2020; 11:e02243-e02220

December 2022 * Volume 4 *« Number 12



