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ARTICLE INFO ABSTRACT

Keywords: Aging can alter immunity affecting host defense. COVID-19 has the most devastating clinical outcomes in older
Human adults, raising the implication of immune aging in determining its severity and mortality. We investigated
CQVID-19 biological predictors for clinical outcomes in a dataset of 13,642 ambulatory and hospitalized adult COVID-19
ﬁﬁ;ﬁﬁne patients, including younger (age < 65, n = 566) and older (age > 65, n = 717) subjects, with in-depth ana-

lyses of inflammatory molecules, cytokines and comorbidities. Disease severity and mortality in younger and
older adults were associated with discrete immune mechanisms, including predominant T cell activation in
younger adults, as measured by increased soluble IL-2 receptor alpha, and increased IL-10 in older adults
although both groups also had shared inflammatory processes, including acute phase reactants, contributing to
clinical outcomes. These observations suggest that progression to severe disease and death in COVID-19 may
proceed by different immunologic mechanisms in younger versus older subjects and introduce the possibility of

Clinical outcome

age-based immune directed therapies.

1. Introduction

Two prominent immune changes that occur with age are expansion
of memory T cells with senescent features and persistence of a state of
chronic low grade inflammation called inflammaging, which is associ-
ated with an increase in circulating levels of innate cytokines [1-3]. Age-
related changes in the adaptive immunity, including T cell responses,
can contribute to the increased susceptibility of older individuals to
infection, while a dysregulation in innate immunity and its inflamma-
tory pathways may promote more severe collateral end-organ damage
[1-4]. The possible detrimental impact of immune aging on host defense
against microorganism seeks its support from the observation of the
increased mortality in older adults with COVID-19.

Studies have shown the association of disease severity and mortality
of COVID-19 with patient demographics, clinical characteristics, and
various laboratory values and immunological profiles. In fact, advanced
age has emerged as the most important clinical predictor for poor

outcome and death in COVID-19 [5,6]. Although the exact mechanisms
for this observation remains unclear, there is evidence for associations
with a heightened inflammatory response leading to multi-organ
dysfunction and mortality in patients with COVID-19. There is also ev-
idence that immunosenescence changes contribute to the development
and the progression of such age-associated conditions as atherosclerosis,
cardiovascular disease, and type 2 DM [4,7], which are all chronic dis-
eases associated with poor clinical outcomes of COVID-19 [6,8-10].
These observations raise the possibility of a role for immune system
aging in the development of distinct inflammatory responses in older
versus younger subjects that may influence clinical outcome from
COVID-19.

Prior studies investigated the relationship of age and comorbidities
with inflammatory status and clinical outcomes in patients with COVID-
19 [8,9,11], however these studies were generally conducted in a small
number of subjects, lacked a direct comparison between younger and
older patients, explored only a limited number of comorbidities, and did
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not include a detailed analysis of inflammatory markers. To better
address the influence of age, especially in the context of pre-existing
comorbidities and other risk factors, in the development of unique in-
flammatory responses that may be associated with different clinical
outcomes in COVID-19, we investigated clinical and biological pre-
dictors for outcomes in a dataset of 13,642 ambulatory and hospitalized
adult patients from a single health care center, including younger (age <
65, n =566) and older (age > 65, n = 717) subjects, by conducting an in-
depth analyses of inflammatory molecules, cytokines, and comorbidities
collected on the basis of the Elixhauser comorbidity index [12].

2. Materials and methods
2.1. Data collection and ethics

Subjects within the Yale New Haven Health System (YNHHS) who
had the positive COVID19 result based on a reverse transcription
quantitative polymerase chain reaction assay between March and
October 2020 were eligible for inclusion in the study. Medical records
were from the EPIC electronic medical record (Epic Systems Corporation
Verona, Wisconsin USA), and the study was approved by the Institu-
tional Review Board (IRB) of Yale University. Clinical data were ob-
tained from the Department of Medicine COVID Explorer (DOM-CovX)
research database and the YNHHS Joint Data Analytics Team. A subset
of admitted patients also had extensive laboratory parameters available;
admitted patients had complete blood count with differential completed
daily and cytokine levels obtained every other day starting with the day
of admission and continuing through discharge or death during their
COVID-19 hospitalization. Minimum and maximum laboratory param-
eter values were based on all of the available results from COVID-19
hospitalization Comorbidities were assessed using coding from the In-
ternational Classification of Diseases 10 (ICD-10) codes and the Elix-
hauser comorbidity classification schema [12]. The severity of COVID-
19 at admission was graded as severe vs. non-severe disease [13]. Pa-
tients with severe COVID-19 had one of the following: (1) tachypnea,
respiratory rate > 30/min or (2) resting O Sat <93% (finger pulse ox-
imetry) at the first presentation to the hospital. A set of cytokines was
analyzed as a part of clinical care using a quantitative multiplex bead
assay by a CLIA-certified diagnostic lab in Salt Lake City, UT. Lower limit
of detection was 5 pg/mL.

2.2. Clustering and principal component analyses

Unbiased hierarchical clustering and principal component analyses
were conducted using the publicly available R-based Pheatmap (version
1.0.12), R Stats (version 4.0.2), ggbiplot (version 0.55), factorextra
(version 1.0.7), and FactoMineR (version 2.4) packages.

2.3. Statistical analysis

A descriptive analysis for demographic characteristics was per-
formed using the two-sample t-test and chi-square test. Receiver Oper-
ating Characteristic (ROC) Curve analysis was performed to determine
the discriminability of demographic characteristics on hospitalization
and mortality. We selected the demographic characteristics with sig-
nificant bivariate correlations and developed a multivariable logistic
model to examine adjusted effects on hospitalization and mortality.
Interaction between significant characteristics were also examined. We
estimated odds ratio (OR) to measure the risk of hospitalization and
mortality with and without adjusting for covariates. The multivariable
logistic regression analysis was used to determine the association of
variables with disease outcomes. All statistical tests were performed at
5% significance level. The ANOVA with the Sidak multiple comparison
test was used for comparing continuous variables in multiple groups.
Data were analyzed with SAS (SAS Institute, Cary, North Carolina), SPSS
version 26 (IBM, Armonk, New York) and Prism 8 software (GraphPad
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Software, Inc., San Diego, California).
3. Results

3.1. The number and types of preexisting comorbidities directly relate to
hospitalization and mortality in COVID-19, and are enhanced by age

We first determined whether the interface of age and comorbidities
directly related to hospitalization and mortality in a large data set of
COVID-19 cohort (n = 13,642). Age and the number of comorbidities
were strong discriminable factors for hospitalization and mortality even
after controlling other risk factors including body mass index, gender
and race (Table 1, Supplementary Table 1, Supplementary Fig. 1). The
greater risk of death was observed in those aged 65 or older (OR =17.8,
95% CI = [14.5, 21.8]) and those with 7 or more comorbidities (OR =
9.7,95% CI = [8.1, 11.6]). The patients who were aged 65 or older with
7 or more comorbidities were at a higher risk of death (OR = 20.7, 95%
CI = [17.4, 24.6]) compared to those who had only one or none of the
conditions. We explored the categories of pre-existing comorbidities that
were significantly associated with hospitalization and mortality after
controlling for age, gender and the number of comorbidities. Electrolyte
disorder, neurologic disease, uncomplicated DM and weight loss were
significantly associated with both hospitalization and mortality while
complicated DM and renal failure were additionally associated with
hospitalization and mortality, respectively (Supplementary Table 2).
Overall, our data indicate that age, number and types of preexisting
comorbidities are associated with hospitalization and mortality in
COVID-19.

3.2. Global relationship of inflammatory responses with age, gender, race,
comorbidities, clinical course and outcome

A subset of hospitalized patients (n = 1283) in our cohort had in-
depth clinical laboratory testing for inflammation and circulating cy-
tokines at multiple time points during hospitalization. We explored
whether age, gender, number, race and types of comorbidities had any
relationship with the first, maximum, minimum, and last values of
laboratory tests in the context of clinical outcome. The relationship of
first and maximum values of individual measurements appeared stron-
ger than those of first and last or minimum values (Fig. 1). An unbiased
hierarchical clustering analysis showed clustering of different labora-
tory measurements and individual patients based on the levels of such

Table 1
Logistic Regression for Hospitalization and Mortality.

Prediction of Prediction of Death

Hospitalization
Odds Ratio P-value Odds Ratio P-value
[95% CI] [95% CI]
Age (per 10 years) 1.390 [1.349, <0.0001  2.133[1.987, <0.0001
1.431] 2.289]
BMI 0.996 [0.990, 0.2324 1.006 [0.993, 0.3445
1.002] 1.020]
N. of Chronic 1.138 [1.128, <0.0001  1.075 [1.426, <0.0001
Conditions 1.148] 2.039]
Gender: (Male vs. 1.474 [1.345, <0.0001  1.705 [1.426, <0.0001
Female) 1.615] 2.039]
Race
Black vs. Non- 0.701 [0.622, <0.0001  1.011 [0.801, 0.1217
Hispanic White 0.790] 1.275]
Hispanic vs. Non- 1.107 [0.975, 0.997 [0.739,
Hispanic White 1.257] 1.345]
Asian vs. Non- 1.092 [0.790, 2.117 [1.140,
Hispanic White 1.509] 3.932]
Other vs. Non- 0.943 [0.734, 0.704 [0.352,
Hispanic White 1/210] 1.409]
Area Under ROC 0.763 [0.754, 0.884 [0.873,
0.773] 0.894]
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Fig. 1. The relationships of first, maximum, minimum and last values of clinical laboratory tests and circulatory cytokines in a set of 1283 hospitalized adult patients
with COVID-19. Pearson correlation coefficients were obtained to assess the relationship of first, maximum, minimum and last values of indicated laboratory tests
and circulatory cytokines in 1283 hospitalized adult patients. The correlation coefficients were shown in matrix plots for (A) first and maximum values, (B) first and

last values, and (C) first and minimum values.

measurements (Fig. 2A, heatmap). A cluster of deceased patients who
presented with severe disease at admission and were admitted to the ICU
(Cluster 4, n = 154, mean age + SD = 69.2 + 15.9) was associated with
low lymphocyte and monocyte percentages but high neutrophil per-
centages and high total white blood cell (WBC) count. Low circulating
levels of albumin and high circulating levels of d-dimer, ferritin, pro-
calcitonin, and CRP also were associated with this cluster. Among
measured inflammatory mediators, high levels of IL-6, sIL-2Ra and IL-10
but relatively low levels of IL-4, IL-5 and IL-13 were evident in Cluster 4.
Of note, patients in Cluster 2 (n = 387) who often had severe disease at
admission and were frequently admitted to the ICU but survived
appeared to be relatively young (mean age + SD = 58.8 + 16.6) and to
have fewer comorbidities, with higher lymphocyte and monocyte per-
centages, a lower neutrophil percentages, lower levels of total WBC, and
lower levels of CRP when compared to Cluster 4. Cluster 3 (n = 673,
mean age + SD = 69.3 + 15.7) had the largest number of both survived
and deceased patients. In this cluster, the levels of inflammatory medi-
ators were mostly between Clusters 2 and 4, suggesting heterogeneity in
the expression of these molecules. The rest of the clusters generated by
an unbiased hierarchical analysis is a small group of patients (n = 69,
mean age + SD = 68.5 £ 15.5) with high levels of circulating IFN-y, IL-
12, IL-14, IL-17 and IL-2 who had mixed clinical courses and outcomes.
Overall, a large set of patients with different clinical outcomes can be
clustered into two groups (e.g., Clusters 2 and 4) based on contrasting
patterns of age, number of comorbidities, and altered circulating in-
flammatory markers although there is also a group of patients (Cluster 3)
with heterogeneous levels of these parameters.

3.3. Younger and older COVID-19 patients have both shared and distinct
inflammatory processes contributing to clinical outcomes

Age is a strong risk factor for COVID-19 hospital admission and
mortality [5]. Notably, aging is associated with both immunosuppres-
sion and a state of chronic, low-grade inflammation or inflammaging
[1-4]. Accordingly, we explored the relationship between individual
inflammatory markers and clinical outcomes from COVID-19 in our
cohort of 1283 patient cohort of older (age > 65) and younger (age <
65) subjects. We selected age 65 as the cutoff dividing older vs. younger
subjects given its frequent use as a demarcator in aging studies [14] and
our finding on the relationship of aging with mortality in COVID-19. The
numbers of patients who received hydroxychloroquine, glucocorticoids

and/or tocilizumab were similar between the younger and older groups
(Supplementary Table 3) although remdesivir was more frequently used
in younger patients; this may reflect the higher frequency of relative
contraindications such as impaired renal function in the older adults. We
first performed PCA analysis to determine the relationship of individual
laboratory tests and cytokine levels with disease severity at admission,
intensive care unit (ICU) care and mortality in younger and older adults.
In both age groups, patients who had severe disease at admission,
required ICU care and/or died were largely segregated from other pa-
tients based on PC1 (Fig. 2B). The top 10 variables contributing to PC1 in
both younger and older groups were similar, including CRP levels and
neutrophil, lymphocyte, and monocyte percentages, although WBC
counts (first and max), d-dimer (max) and albumin (first and max) were
distinct in the two groups (Fig. 2C). The variables contributing to PC2
included cytokines; however, PC2 hardly separated patients with
different clinical outcomes (Fig. 2B).

We next investigated the relationship of disease severity at admis-
sion, ICU care and mortality with clinical and laboratory parameters in
younger and older adults using multivariable logistic regression analysis
(Fig. 3, Supplementary Tables 4-5). Of interest, lower scores of the
Elixhauser comorbidity index were associated with severe disease at
admission in younger adults but not in older adults; this could be due to
different thresholds for younger patients in seeking medical care. In
younger and older adults, high levels of first and maximum CRP values
were associated with disease severity at admission. However, the rela-
tionship of high levels of first CRP values with ICU care and mortality
was found in older but not in younger adults.

With respect to cytokine analysis, high levels of first IL-10 values in
older adults were associated with disease severity at admission, ICU care
and mortality, and there was a further association between high levels of
maximum IL-10 values and ICU care and mortality. However, in younger
adults, high levels of first and maximum IL-10 values were associated
only with disease severity at admission but not with other clinical out-
comes. In younger but not in older adults, high levels of first and/or
maximum sIL-2Ra were associated with ICU care and mortality. Indeed,
increased levels of maximum sIL-2Ra in deceased patients were found
only in younger patients but not in older patients while increased IL-10
levels in deceased patients were observed only in older patients but not
in younger patients (Fig. 4). In addition, survived and deceased patients
in the older but not the younger group had similar levels of IL-6 (Sup-
plementary Fig. 2). The levels of CRP, d-dimer, ferritin and procalcitonin
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Fig. 2. A set of inflammatory tests and circulatory cytokines segregates patients with COVID-19 into subsets with distinct clinical characteristics. (A) Heatmap
showing the results of an unbiased hierarchical clustering analysis of inflammatory tests and cytokines in 1283 hospitalized COVID-19 patients with distinct clinical
characteristics, including mortality (LD, live vs. death), gender, ICU care (ICU), electrolyte disorders (ELD), diabetes mellitus complicated (DMC), DM uncomplicated
(DMUQ), neurologic diseases (ND), renal failure (RF), weight loss (WTL) and severity at admission (severityA, severe vs. not severe). Y, yes. N, No. F, female. M, male.
L, live. D, dead. C, cluster. The cluster number of 10 was pre-selected. (B) Principal component analyses were done on younger (age < 65, n = 566) and older (age >
65, n = 717) patients with COVID-19, respectively, based on age, BMI, the Elixhauser comorbidity index, clinical laboratory tests and cytokines (first and maximum
values). PCA plots showing segregations of survived vs. deceased, non-ICU vs. ICU, and non-severe vs. severe patients in younger and older patients. (C) Top 10
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were higher in younger deceased patients than in older deceased pa-
tients while the differences in these molecules between younger and
older survived patients were either less or not significant (Supplemen-
tary Fig. 2). Overall, these findings suggest that younger and older adults
have not only shared but also distinct immunologic responses to SARS-
Cov-2 infection that may contribute to disease severity, ICU care and
mortality.

4. Discussion

The number of individuals over age 65 is increasing rapidly world-
wide with a substantial impact on public health, especially with respect
in this population to enhanced susceptibility to infectious and inflam-
matory diseases. Age-associated changes in the immune system
contribute to increased risk of infection and subsequent mortality [1-4].
The frequency of naive T cells decreases with age while the frequency of
memory T cells, especially those with the senescent features, increases
[2,3]. Notably, a dysregulated inflammatory response or inflammaging
also occurs in older subjects [1,4,7]. Although many hospitalized and
deceased COVID-19 patients are older adults, the effect of aging on the
development of inflammatory responses and its relationship with clin-
ical outcomes in the context of multiple comorbidities in COVID-19 is
largely unknown. To better address this point, we investigated clinical
and biological predictors for clinical outcomes in a dataset of 13,642
ambulatory and hospitalized adult COVID-19 patients, including
younger (age < 65, n = 566) and older (age > 65, n = 717) subjects, with
in-depth analyses of circulatory inflammatory molecules, cytokines and
comorbidities. The results of our study suggest that progression to severe
disease and death in COVID-19 may proceed by different immunologic
mechanisms in younger versus older subjects, and introduce the

First

Max

possibility of age-based immune directed therapies.

In COVID-19, advanced age has been shown in multiple studies to be
the strongest risk factor for poor clinical outcomes [5,8,9,11]. Several
clinical laboratory tests were found to be altered in patients with COVID-
19, often correlating with clinical outcomes. These include acute phase
reactants such as CRP, ferritin, albumin, and d-dimer as well as WBC
count and differentials, including neutrophils, lymphocytes and mono-
cytes [6,15-17]. Circulatory levels of IL-6 and IL-10 are higher in severe
than in mild COVID-19, and there is evidence that IL-6 and TNF-« levels
are independent predictors of disease severity and death [18,19]. The
results of our study support these findings although a combination of
such measurements can divide patients into additional groups, even
after considering age and comorbidities, as shown in our clustering
analysis. The contribution of individual clinical laboratory and cytokine
measurements thus appear to be different for predicting clinical out-
comes. In both younger and older adults, CRP, neutrophil and
lymphocyte percent were tests with the highest level of contribution to
the PC1 that separated patients with distinct outcomes based on ICU
care and mortality. This relationship suggests the utility of these labo-
ratory measurements for predicting clinical outcomes and potentially in
assessing the activation of inflammatory pathways that may influence
these outcomes irrespective of patient age. Notably, the first and
maximum values of inflammatory laboratory tests and cytokines
correlated strongly, suggesting that the overall course and prognosis of
COVID-19 may be determined early in the course of the disease, which is
of important clinical utility.

Activated T cells upregulate their cell surface expression of the high-
affinity IL-2Ra, which is then proteolytically cleaved to release a soluble
form (e.g., sIL-2Ra) [20]. Circulating sIL-2Ra can attenuate the activity
of the T cell growth factor IL-2 [20]. Increased circulating levels of sIL-
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2Ra are observed in diseases such as hemophagocytic lymphohistiocy-
tosis and macrophage activation syndrome [20]. Notably, in both
hemophagocytic lymphohistiocytosis and macrophage activation syn-
drome, excessive T cell activation underlies the development of a lethal
hyperinflammatory response. Elevated levels of sIL-2Ra have been re-
ported to be associated with disease severity, duration of illness, and
prolonged viral shedding in COVID-19 patients, and may be expected in
the context of prolonged T cell activation and subsequent apoptosis,
leading to lymphopenia and ultimately, the lymphoid atresia reported in
terminal disease [21-23]. Notably, we found the relationship of sIL-2Ra
with ICU care and mortality in younger but not older adults, suggesting
the possible pathologic implication of sustained T cell activation in
younger adults.

In our study, high levels of first and maximum IL-10 values in older
adults were associated with disease severity at admission (only first
values), ICU care and mortality. Our results are in line with a recent
meta-analysis showing IL-10 as a covariate predicting disease severity
[24]. A study reported an association of circulating IL-10 levels with age
in 142 adult patients with COVID-19 after adjusting for comorbidity and
disease severity [25]. The exact biological significance of such a rela-
tionship in COVID-19 is yet to be elucidated although several possibil-
ities exist. IL-10 is generally considered an anti-inflammatory cytokine
with the capacity to limit pro-inflammatory responses and inhibit the
activity of T cells, natural killer (NK) cells and macrophages that play an
important role in clearing a viral infection [26]. Increased IL-10 levels in
COVID-19 could be a counter-regulating phenomenon in response to
excessive inflammation, which also in turn may limit the ability of the
host to eliminate the virus. This notion can be supported by an increase
in the proportion of IL-10-secreting regulatory T cells correlating with
disease severity in COVID-19 patients [27]. On the other hand, IL-10
also has been suggested as an immune activating and proinflammatory
cytokine in autoimmunity and cancers [28-30]. Of note, pegylated IL-10
infusion enhanced CD8" T cell activity with elevation of IFN-y and
granzyme B, expansion of peripheral and intratumoral IFN-y*CD8" T
cells, and proliferation and expansion of peripheral LAG-3"PD-1" CD8"
T cells in patients with renal cell cancer [29]. In a human endotoxemia
study of healthy subjects, recombinant IL-10 was shown to enhance
lipopolysaccharide (LPS)-induced IFN-y release as well as increase the
soluble granzymes reflecting enhanced activation of cytotoxic CD8" T
cells and NK cells [31]. A potential pathological role of increased IL-10
levels in COVID-19 has been suggested based on these findings [30].
Aging is accompanied by an expansion of cytotoxic and inflammatory
effector memory CD8" T cells with high levels of granzyme B, perforin
and IFN-y expression which can contribute to aging gene signature in
peripheral blood [14,32,33]. Thus, the possible proinflammatory effect
of IL-10 on the immune system, especially CD8™ T cells, could be greater
in older adults.

A recent meta-analysis identified that IL-6 and IL-10 levels were
covariates for predicting disease severity [24]. We also found an asso-
ciation of increased levels of IL-6 with disease severity at admission and
ICU care in both younger and older COVID-19 patients. However, IL-6
levels were similar between survived and deceased patients in the
older but not younger group, suggesting the reduced ability of this
cytokine to discriminate between clinical outcomes in younger versus
older subjects. Taken together, younger and older adults with COVID-19
express both shared and distinct features of the immune response that
may be associated with poor clinical outcomes, especially ICU care and
subsequent mortality.

We recognize limitations of our study. The study subjects are from a
single health system, which could confer biases. Our conclusions are
limited to laboratory markers that were available for analysis, and
additional inflammatory molecules may participate in influencing age-
related clinical outcomes in COVID-19. Additional studies are war-
ranted to further these points.

In summary, an analysis of a dataset of 13,642 patients with COVID-
19, including 566 younger and 717 older ones with an in-depth
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assessment of inflammatory molecules, verify the importance of age,
comorbidities, and discrete inflammatory markers in predicting hospi-
talization and subsequent mortality. Our results show that increased
levels of circulatory sIL-2Ra and IL-10 which are associated with disease
progression to ICU care and mortality in younger and older adults,
respectively, may distinguish the immunologic responses of younger
versus older patients with COVID-19. These findings raise the consid-
eration of selected immune therapies for COVID-19 in patients at risk for
clinical disease progression and mortality based on their age.
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