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Abstract

Background: Over 30% of patients with COVID-19 have persistent symptoms that last beyond 30 days and referred to as
Long COVID. Long COVID has been associated with a persistent elevation in peripheral cytokines including interleukin-6,
interleukin- 13, and tumor necrosis factor-o. This study reports cytokine profiles of patients in our clinic across SARS-
COV-2 variant epochs. Methods: The clinical cytokine panel was analyzed in patients with Long COVID during periods
that were stratified according to variant epoch. The 4 variant epochs were defined as: (1) wild-type through alpha, (2)
alpha/beta/gamma, (3) delta, and (4) omicron variants. Results: A total of 390 patients had the clinical cytokine panel
performed; the median age was 48years (IQR 38-59) and 62% were female. Distribution by variant was wild-type and
alpha, 50% (n=196); alpha/beta/gamma, 7.9% (n=31); delta, 18% (n=72); and omicron, 23% (n=91). Time to cytokine
panel testing was significantly longer for the earlier epochs. Tumor necrosis factor-o. (P <.001) and interleukin 13 (P<.001)
were significantly more elevated in the earlier epochs (median of 558 days in wild-type through Alpha epoch vs 263 days
in omicron epoch, P<<.001)). Nucleocapsid antibodies were consistently detected across epochs. Discussion: When
stratified by variant epoch, patients with early epoch Long COVID had persistently elevated peripheral pro-inflammatory
cytokine levels when compared to later epoch Long COVID. Patients with Long COVID have similar clusters of symptoms
across epochs, suggesting that the underlying pathology is independent of the peripheral cytokine signature.
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Introduction The more severe clinical manifestations of COVID-19
have been thought to be not due to the direct effects of viral
infection on host cells, but rather due to the exaggerated
immune response with degree of inflammation correlated
with disease severity.*> A cytokine storm occurs when the
degree of cytokines produced in response to an inflamma-
tory driver, which may be infectious or non-infectious in
nature, is excessive, and leads to an acute, severe systemic

Severe acute respiratory syndrome coronavirus-2 (SARS-
COV-2), the causative agent of coronavirus disease 2019
(COVID-19), has been confirmed in more than 770 million
people and has led to just under 7 million deaths worldwide
as of November 2023.! The clinical prodrome of COVID-
19 is similar to that of other viral syndromes with fever,
fatigue, muscle pain, cough being common, occasionally
accompanied by diarrhea, altered sense of taste (dysgeusia),
and loss of sense of smell (anosmia).> The acute symptoms '"Mayo Clinic, Rochester, MN, USA
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inflammatory response.®’ An increase in immune tissue
damage has been reported, with multiple cytokines being
implicated both in acute COVID infections and post COVID
inflammatory syndromes, particularly the interleukins [IL]
6, 8, 10, and 1-B, and tumor necrosis factor-alpha [TNF-
a].%1* This immune system activation is related to cellular
components of both the innate (via pathogen-associated
molecular pattern (PAMPs)) and adaptive systems.'>!®

Greater than 30% of patients who have acute COVID-19
experience persistent or new symptoms temporally related
to their infection and that last greater than 30days.'”?*
These constellation of persistent symptoms has been
referred to by a number of names including post COVID
syndrome (PoCoS), post-acute sequelae of SARS-CoV2
infection (PASC), and Long COVID (LC). Multiple studies
have evaluated the outcomes of LC with a large population-
based study from Scotland demonstrating persistent symp-
toms at 18 months in 48% of patients with PASC and similar
findings being reported in a French cohort of 806
patients.?>?® Initial analysis of the first 108 patients seen in
our LC clinic (Jan 19, 2022-April 29, 2022) revealed that
IL-6 was elevated in the majority of our patients.’ Persistent
elevation of cytokines (e.g. TNF-a, IL-1p, and IL-6) have
been demonstrated in several other studies involving LC
patients.>?=3! However, most of these studies use research-
based cytokine panels which are not readily available in
clinics. Based on these studies, our previous IL-6 study, and
the need to develop diagnostic tests commonly available in
post-COVID clinics, our team used a readily available clini-
cal lab assay for evaluation of our LC patients. The primary
aim of the present study was to evaluate and describe the
abnormalities on cytokine panels in patients evaluated in
our Post-COVID Care Clinic (PCOCC) using this clinical
lab assay. In addition, based on clinical observations that
cytokines varied based on the SARS-CoV-2 variant epoch
the patients were infected in, we sought to stratify and ana-
lyze the cytokine profiles by SARS-CoV-2 variant to iden-
tify any differences. Here we present our findings using a
clinically available cytokine panel in patients with LC
across SARS-CoV-2 variants and it’s utility as a diagnostic
biomarker.

Methods

This project was approved by the Institutional Review
Board (IRB # 21-000558). The medical records of 980
patients seen in the PCOCC seen in a large multispecialty
clinic in the midwestern area of the United States who met
the definitional criteria for LC (symptoms persisting beyond
30days without gross evidence of tissue damage on evalua-
tion) were reviewed for whether they had a clinical cytokine
panel drawn. At our institution, patients have the option of
providing consent for retrospective chart review at any time
(i.e., research pre-authorization). Patients who had not

provided research pre-authorization were excluded from
this analysis. After this exclusion, 309 patients were identi-
fied who had been diagnosed with LC and had cytokine
panel results available.

The medical records were reviewed, and the following
data were abstracted: date of initial SARS-COV-2 infection,
age at time of the clinical cytokine laboratory testing, gen-
der, race, ethnicity, clinical cytokine panel lab test results,
and SARS-COV-2 nucleocapsid total antibody levels. The
clinical cytokine panel comprised the following cytokines:
GM-CSF, IFN-a, IFN-B, IFN-y, IL-1B, IL-10, IL-18, IL-2
Receptor-a soluble, IL-6, MCP-1, MIP-1a, and TNF-a..
For individual cytokine results that were less than lower
limit of quantitation (LLOQ), the result was converted to a
float number based on the LLOQ divided by the square root
of 2.3 Based on date of initial infection and weekly CDC
variant data reports, the patients were arbitrarily stratified
into SARS-COV-2 variant epochs.?*3* The wild-type and
alpha (B.1.1.7 lineage) variant epoch was from beginning
of pandemic until 2021-02-28. The alpha/beta/gamma
epoch (B.1.1.7,B.1.351, and P.1 lineages) was defined from
2021-03-01 until 2021-05-31. The delta epoch (B.1.617.2
and AY lineages) was 2021-06-01 until 2021-11-30. The
omicron epoch was 2021-12-01 until 2022-06-30.

Cytokines were measured by a customized bead-based
multiplex immunoassay (R&D Systems, Inc). Briefly,
threefold serial dilutions of kit standards, which are recom-
binant human cytokines, were prepared in calibrator dilu-
ent. Patient samples and quality control (QC) samples were
diluted 1:2 in calibrator diluent; 50 uL of diluted standards,
QC, and patient samples were mixed with 50 uL. micropar-
ticles, which are color-coded magnetic microparticles each
conjugated to cytokine-specific antibodies and incubated at
room temperature (RT) for 2h with shaking. After incuba-
tion, the immobilized microparticles were washed 3X with
a buffered surfactant solution using magnetic platform plate
washer. Next, 50 uL. of a mixture of biotinylated cytokine-
specific antibodies was added to each well, followed by
incubation at RT for 1 h with shaking. After 3 X with a buff-
ered surfactant solution using magnetic platform plate
washer, S0uL streptavidin-phycoerythrin (PE) conjugate
was added to each well and incubated at RT for 30 min with
shaking. After washing 3 X with a buffered surfactant solu-
tion using magnetic platform plate washer, the microparti-
cles were resuspended in 100 puL buffered surfactant solution
and analyzed using a FLEXMAP 3D analyzer (Luminex).
Data reduction was performed using the XPONENT soft-
ware. Sensitivity data is not available, but the assays have
been tested to show less than 0.5% cross-reactivity or
interference.

Nucleocapsid antibody testing was performed on patient
sera (obtained from venous blood draw and prepared using
standard laboratory technique) using the Roche Elecsys
Anti-SARS-CoV-2  electrochemiluminescence  assay
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(Roche Diagnostics, Indianapolis, IN). Briefly, the serum
sample is incubated with first a combination of biotinylated
and ruthenium labeled SARS-CoV-2 specific nucleocapsid
antigen to form a sandwich complex. The sample is washed
then incubated with streptavidin-coated microparticles to
allow for formation of streptavidin-biotin complexes. The
sample is then separated by magnetic capture of the ruthe-
nium labeled antigen-antibody complexes. Residual sample
is subject to application of voltage and the electrochemilu-
minescence signal is analyzed by a Roche Cobas e 801 ana-
lytical unit. This assay has received Emergency Use
Authorization from the Food and Drug Administration.>

Descriptive statistics were reported as median (inter-
quartile range) or number of observations (percent of total).
For comparison between median values of variant epochs,
Kruskal-Wallis rank sum was performed for continuous
variables. Post hoc pairwise comparison using the Dunn test
with Holm correction was carried out on Kruskal-Wallis
test results that reached statistical significance. Statistical
analyses were performed using R version 4.2.1.

Results
Demographics

A total of 390 patients were included in the study. The
median age of patients when first evaluated in our clinic
was 48 years (IQR 38-59) and 62% were female. Race and
ethnicity were predominantly white (94%) and non-His-
panic (95%). When divided by epoch of variant predomi-
nance, most of our patients (n=196; 50%) had the wild-type
and alpha variant, followed by omicron (91; 23%) and delta
(72; 18%) variants. About 289/390 (74%) patients had
received at least 1 dose of SAR-CoV-2 vaccine. The patients
in our study group had very few comorbidities with hyper-
tension (11%), hyperlipidemia (8%), obstructive sleep
apnea (7%), and anxiety (7%) being most common. This
data is summarized in Table 1.

Cytokine Panel Results

When stratified by SARS-CoV-2 variant epochs, several
cytokines were identified as being persistently elevated
according to variant of infection. IL-13 was significantly
and persistently elevated in the wild-type/alpha, beta, and
gamma epochs compared to the delta and omicron epochs
(P<.001). TNF-o was significantly and persistently ele-
vated in the wild-type/alpha, beta, gamma, and delta epochs
compared to the omicron epoch (P <<.001). Interferon-o
was also statistically significantly lower in the wild-type/
alpha, beta, gamma, and delta epochs, compared to the omi-
cron epoch (P <.001; Figure 1). This data is summarized in
Tables 2 and 3.

3

Table |. Demographic Characteristics.
Characteristic N=390*
Age (years) 48 [38, 59]
Gender

Female 241 (62%)

Male 149 (38%)
Ethnicity

Hispanic or Latino Il (3%)

Not Hispanic or Latino 371 (95%)

Other/not disclosed 8 (2%)
Comorbidities

Hypertension 41 (11%)

Hyperlipidemia 30 (8%)

Obstructive sleep apnea 27 (7%)

Anxiety 26 (7%)

Vaccination status
Received at least | dose of SARS-
CoV-2 vaccine

279 (74%)

Race
Black 6 (1.5%)
Native American 2 (0.5%)
Asian 3 (0.8%)
Pacific Islander I (0.3%)
White 366 (94%)
Undisclosed/other 10 (2.6%)
SARS-CoV-2 variant by epoch
Wild type through alpha 196 (50%)
Alpha/beta/Ggamma 31 (8%)
Delta 72 (18%)
Omicron 91 (23%)

*Median (IQR); n (%).

Time to Testing

The time from infection to laboratory evaluation with cyto-
kine panel and nucleocapsid antibody was also significantly
different between the SARS-CoV-2 variant epochs with the
time to testing longest for the wild-type to Alpha variant
and shortest for the omicron BA.2 and subvariants epoch
(median of 558days vs 263 days, P<<.001)). This data is
summarized in Table 2.

Nucleocapsid Antibody Testing

The nucleocapsid antibody test was performed on over half
of the PCOCC patients (54%; n=211). Overall, 87%
(n=183) of those patients tested had a positive nucleocap-
sid antibody test (Table 2). Patients infected during the ear-
lier wild-type or alpha variant epoch (81%; 93/115) had
lower positivity rates compared to later periods such as
delta (98%; 39/40) and omicron (91%; 31/34) but time to
testing was longer as mentioned above.
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Figure |. Scatter plots of selected cytokine levels by SARS-CoV-2 variant.
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Table 2. Cytokine Levels by SARS-CoV-2 Variant.

Alpha/beta/gamma
Cytokine Overall N=390* Alpha N=196* N=312 Delta N=72* OmicronN=91? P-value®
GM-CSF 10.6 (10.6, 10.6) 10.6 (10.6, 10.6) 10.6 (10.6, 10.6) 10.6 (10.6, 10.6) 10.6 (10.6, 10.6) 5
IFN-alpha 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 4
IFN-beta 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 14.1 (14.1, 14.1) 2
IFN-gamma 42.4 (42.4, 42.4) 424 (42.4, 42.4) 42.4 (42.4, 42.4) 424 (424, 42.4) 42.4 (42.4, 42.4) 3
IL-1 beta 14 (14, 14) 14 (14, 25) 14 (14, 25) 14 (14, 14) 14 (14, 14) <.001
IL-10 49 (4.9, 4.9) 49 (4.9, 4.9) 49 (4.9, 4.9) 49 (4.9, 4.9) 49 (4.9, 4.9) 7
IL-18 218 (158, 294) 223 (169, 292) 259 (174, 351) 226 (154, 306) 185 (150, 268) 058
IL-2 receptor 488 (385, 634) 499 (402, 658) 455 (373, 642) 502 (403, 610) 457 (339, 593) 2
alpha soluble

IL-6 3.54 (3.54, 3.54) 3.54 (3.54, 3.54) 3.54 (3.54, 4.37) 3.54 (3.54, 3.54) 3.54 (3.54, 3.54) 041
MCP-1 127 (100, 159) 134 (109, 166) 127 (93, 143) 118 (98, 149) 118 (88, 152) 056
MIP-1 alpha 155.6 (155.6, 155.6)  155.6 (155.6, 155.6) 1556 (155.6, 155.6)  155.6 (155.6, 155.6) 155.6 (155.6, 155.6) 052
TNF-alpha 7.1 (7.1, 11.7) 7.1 (7.1, 13.6) 7.1 (7.1, 13.2) 7.1 (7.1, 11.5) 7.1(7.1,7.1) <.001
?Median (IQR).
®Kruskal-Wallis rank sum test.
Table 3. Nucleocapsid Antibodies by SARS-CoV-2 Variant Epoch.

Wild type through Alpha/beta/gamma Omicron
Test Overall N=2112 Alpha N=1152 N=22° Delta N=40* N=34*
Negative 28 (13%) 22 (19%) 2 (9%) I (2.5%) 3 (8.8%)
Positive 183 (87%) 93 (81%) 20 (91%) 39 (98%) 31 (91%)
an (%).
Discussion could be related to central nervous system inflammation

To our knowledge, this is the first study to describe the dif-
ferences in the cytokine profiles of patients with LC in rela-
tion to the SARS-CoV2 variant of infection. There was
attenuation in the level of peripheral cytokines among
patients with LC associated with the Omicron variant fam-
ily even though time from infection to testing was shorter in
this group. In addition, the current study highlights the suc-
cessful implementation of a clinical cytokine assay outside
of the research context. Earlier studies had proposed the use
of peripheral cytokines—in particular TNF-a, IL-1f3, and
IL-6 as a potential biomarker panel for patients with LC
based on data gathered during the period dominated by wild
type, alpha and delta variants.>>** While our data correlates
positively with those studies during that period, we also
demonstrate that this signal is lost in patients with LC dur-
ing the Omicron epoch. Hence, peripheral cytokine panels
do not currently have demonstrable utility in diagnosis of
LC after infection with Omicron subvariants.

These observations have potential implications on the
putative pathophysiology of LC since patients with LC after
Omicron infection still present with the classic features of
fatigue, post exertional malaise, myalgia, dyspnea, pares-
thesias, chest pain, and orthostatic intolerance, despite the
absence of persistence of peripheral cytokine eleva-
tion.>?%3738 It is possible that these persistent symptoms

(neuroinflammation) as a potential pathophysiology of LC
and indeed discordance between serum and cerebrospinal
fluid (CSF) cytokine levels in neuroinflammatory disorders
is well reported.’**® Previous studies have supported the
presence of neuroinflammation in patients with LC by dem-
onstrating both hypometabolic changes on '“FDG PET
scans and inflammatory changes on ['*F]DPA-714 PET
scans which specifically target inflammation. Additionally,
these studies demonstrate discordance between neuroin-
flammation on PET scan and peripheral cytokine levels.*!**
Based on this data, we surmise that the pathophysiology of
LC may approximate that of these other neuroinflammatory
disorders with central neuroinflammation despite normal
peripheral cytokine panels, which raises the need for alter-
native diagnostic methods.

When the cytokine panels were compared across epochs,
the time from initial infection to obtaining the cytokine
panel had decreased significantly with the Omicron SARS-
CoV-2 variant and its subvariants when compared to the
earlier variants (wild type through delta), which implied
that the peripheral cytokine elevations if present attenuated
more rapidly with the Omicron variants. The lack of persis-
tent peripheral cytokine elevation in patients with LC dur-
ing Omicron suggests the role of neuroinflammation and
dictates careful consideration of other putative mechanisms
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of LC including spike protein persistence, endothelial dys-
function, and microthrombosis.**** Notably a very high
percentage (87%) of our patients had persistently positive
nucleocapsid antibodies after infection with SARS-CoV-2
at a median duration of 406 days. This is a much higher rate
than has been reported in the literature wherein 30% to 60%
of patients infected with SARS-CoV-2 experienced serore-
version of the nucleocapsid antibody levels with the major-
ity occurring within the first 270days.’®’! This may
represent a facet of the dysfunctional and enhanced immune
response seen in patients with LC.

Based on the data presented in this study, we hypothesize
that LC is primarily driven via a central neuroinflammatory
pathology—which may be related to persistence of viral
proteins including spike protein and local inflammatory
effects including endothelial dysfunction and alterations in
cerebral blood flow It would be instructive to compare the
patterns of neuroinflammation on PET scan in LC patients
from different variant epochs, as if these patterns are simi-
lar, it would lend credence to this central neuroinflamma-
tion theory. While the roles of endothelial dysfunction and
microthrombi remain debated, their effects would need to
be predominantly located within the central nervous system
to drive this pathology.***’** Endothelial dysfunction as a
pathogenic mechanism involving the central nervous sys-
tem has been identified in previous research.’>>* 11 brains
evaluated in a recent autopsy studies of 44 unvaccinated
individuals who died with COVID-19 demonstrated vascu-
lar congestion and few other histopathologic changes in the
brain.>> Another autopsy series of 9 brains of people who
were unvaccinated and died from COVID-19 in the first
3months of the US pandemic demonstrated perivascular
fibrinogen leakage, immunostaining for cell adhesion mol-
ecules including Integrilin 33, CD61, and PECAM-1 (plate-
let/endothelial cell adhesion molecule 1), and platelet
coagulation.’37 These studies additionally showed the
presence of immune complex deposition with complement,
IgM, and IgG complexes being detected in the walls of
blood vessels in the brain. The role of endothelial dysfunc-
tion in LC has been further supported by the recent clinical
trial demonstrating improvement in fatigue and cognitive
dysfunction in patients with LC when treated with
L-arginine and Vitamin C.’*° L-arginine is a precursor to
nitric oxide which may exert multiple effects on endothelial
cells including mediating vasodilation and endothelial reac-
tivity, thereby increasing maximal oxygen uptake.>$00¢!
The role of the spike protein and its mRNA in driving
inflammation continues to be evaluated with early reports
suggesting persistence of the spike protein in the serum and
brains of patients with LC, and recent work suggests that
nuclear translocation of these molecules may be a novel
inflammatory mechanism.*®%>% The role of the spike pro-
tein in neuroinflammation and endothelial dysfunction
would also explain post-vaccine LC, which has been well

reported.®>% Based on this information, it is likely that LC
is driven by multiple factors including CNS endothelial cell
dysfunction, cerebral blood flow, and neuroinflammation—
all of which may be driven by persistent spike protein.
Further pathophysiologic studies including evaluating the
CNS cytokine profile in LC, neuroinflammatory change
across variants using functional imaging, and endothelial
function and spike protein assays are warranted to enhance
the roles of these pathways and our understanding of LC.

The demographics of our study group were typical of
patient populations with LC, with women in their third to
fifth decade of life being most represented.’>*® Given our
geographical location in the Midwest United States, our
population is largely non-Hispanic white (94%) in ethnicity
and race (respectively), which does limit generalizability of
our findings, thereby inviting further study in more diverse
populations. In addition, the analysis of patients by variant
epoch is inexact as SARS-CoV-2 genotyping was not
widely performed on individual SARS-CoV-2 tests in the
USA; thus, patients close to the time bounds of the defined
variant epoch may have been inadvertently misclassified.
We have tried to minimize this potential for error by allow-
ing a period of time between cutoffs for crossover of variant
prevalence. This approach has been previously validated in
real world analyses of efficacy of anti-spike neutralizing
monoclonal antibodies against SARS-CoV-2 variants.33°
However, the explosion of multiple subvariants in the
Omicron lineage has made an epoch-based stratification
mechanism obsolete as multiple Omicron sub-variants are
circulating at any given time.®” A potential further con-
founder is our inability to account for multiple COVID
infections especially if they were asymptomatic or untested.
Potential co-infection with other viruses was also not
accounted for, but patients are generally afebrile without a
viral prodrome in order to be seen in clinic.

The data gleaned from our study has implications for
future research. Correlation of neuroinflammatory changes
with the presence of peripheral cytokine elevation will be
instructive as to whether these 2 processes can occur inde-
pendently in patients with LC. By comparing imaging stud-
ies for neuroinflammation across variants, it can be
ascertained whether the neuroinflammatory changes seen in
LC are preserved across variants, and if there are subtle
variations that may correlate with clinical phenotype of LC.
Interestingly, there is some overlap with the cytokine pro-
file developed shortly post vaccination in patients with
mRNA vaccines who have elevated IL-6 and TNF-a levels,
but this similarity is not present with an adenovirus vec-
tor.®®%° Other areas that demand future research include the
interplay at the molecular level between persistent viral
protein and RNA fragments and the immune system, as this
interplay may drive the endothelial dysfunction and other
physiologic changes seen in LC. There is no data on the
cytokine profile seen in patients with post-vaccine LC or
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whether this cytokine profile is pathologically prolonged in
these patients, and further studies on long term vaccine
immune outcomes are needed. Further work is also needed
as to whether these immune perturbations are indeed cor-
related with changes in patient symptoms as they recover or
worsen.

Limitations of this study include the above-mentioned
generalizability concerns due to the homogeneity of the
patient population and the use of a clinical cytokine panel
which reported normal values in many cases at the limit of
detection of the test (i.e., <20). While this approach does
have the benefit of ready translation into clinical practice,
the lack of exact data for patients in the normal range did
provide challenges for statistical analysis. We opted to treat
these values by taking limit of detection divided by the
square root of 2 (e.g.,<<20 was treated as 14.1), thereby
maximizing rigor.>? Additionally, literature demonstrates
differential T cell profiles in patients with LC compared to
healthy controls, in particular decreased activity and num-
ber of regulatory T cells (Treg) which corresponds with
decreased production of immune suppressive cytokines (IL-
10 and TNF-B), which may be related to the immune dys-
function noted in LC.”

Conclusions

While peripheral cytokines were previously noted to be per-
sistently elevated in patients with LC in earlier variants of
SARS-CoV-2, this study demonstrates that both the ampli-
tude and duration of peripheral cytokine elevations in
patients with LC during the Omicron epoch are attenuated
compared to these previous variants. As such, diagnosis of
LC using a peripheral cytokine panel is no longer feasible
with the current circulating variants. This observation also
has significant implications on the putative role of periph-
eral inflammation in patients with LC, implying that central
neuroinflammation rather than peripheral inflammation
may be the core pathophysiologic change driving this
poorly understood disease process. Further work is needed
to evaluate which molecular mechanisms are at play in this
central neuroinflammation with spike protein and mRNA
persistence and endothelial dysfunction being the most
likely contributors.
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