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FINAL TECHNICAL REPORT

This proposal's overarching goal is to examine the extent to which gut microbiome
composition/diversity, epigenetic regulation of immune function, and that dietary factors collectively
might reduce or prevent severe clinical outcomes of COVID-19. Substantial progress has been made
towards understanding these relationships and have achieved the following technical objectives to
date, including:

1.

Cohort Study: We obtained all anthropometric and nutrition/diet data from uninfected and
infected study participants recovering from COVID-19, along with the collection of
cryopreserved samples from all participants, including blood, plasma and stool biospecimens.
In the final phase of the project, we focused on understanding long-COVID in study partipants
and how pre-exisitng conditions, in particular obesity, presented an increase risk. Confirmatory
analysis revealed the following key findings: (1) Anti-correlation between gut microbial diversity
and ability to produce neutralizing antibodies against SARS-CoV-2; (2) Obesity underlies an
attenuated antibody response against SARS-CoV-2, lower microbial diversity, and reduced
expression of neutralizing antibodies against SARS-COV-2; (3) Significant dysbiosis of the
microbiome among obese individuals recovering from COVID-19; (4) Metabolomic differences
between obese and normal weight individuals associated with attenuated antibody production,
which also corresponded to immune dysregulation and systemic inflammation. We are in the
process of preparing a manuscript to summarize these findings and present salient data here.

Key Cohort Characteristics: To determine the molecular/functional consequence of the
obesity-associated attenuated antibody response to SARS-CoV-2 infection we discovered, we
examined the temporal ability of individuals in our COVID-19 cohort to neutralize the virus in
vitro using their convalescent plasma as indicated by the % inhibition of viral antigens (SARS-
CoV-2 Surrogate Virus Neutralization Test Kit, GenScript). In general the plasma of those
expressing SARS-CoV-2 IgG antibodies (measured using the SeroFlash SARS-CoV-2
IgG/IgM ELISA, Epigentek) could neutralize the virus in vitro. We presented this data in the
previous report and extend additional findings here in a subset of the cohort, characterized in
Table 1. Importantly, we confirmed that there was no significant differences in the duration of
post-infection recovery among participants stratified by BMI groups (Fig. 1).
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Table 1. Individuals enrolled in our study were stratified by BMI into normal participants were enrolled in the study,
weight, overweight, or obese groups. ANOVA analysis of differenes between  at which time biospecimens  were
groups in age, sex, race, and Native Hawaiian and Pacific Islander (NHPI) or  collected over a 6-week period.
non-NHPI are shown P-value shown.



3. Associative Analyses: In stratifying

individuals in our cohort by BMI group,
we evaluated the following key
features: (1) the number of common
long-COVID symptoms experienced
(e.g. fatigue, headache, sleep
problems, brain fog, change in smell or
taste, etc); (2) relationship bewteen
long-COVID symptoms and anti-
SARS-CoV-2 antibody (19G)
production; (3) viral neutralization
capacity in vitro; and (4) immune cell
composition. We observed that both
obese and overweight individuals
experienced signficant delays in
recovering from common long-COVID
symptoms (Fig. 2a), that was
unrelated to the levels of anti-SARS-
CoV-2 antibody production (Fig. 2b).
Interestingly, however, we observed
that obese and overweight individuals
experienced a significant attenuation of
anti-SARS-CoV-2 antibody production

over the course of their post-COVID
recovery, relative to normal weight
individuals who maintained high levels
of antibody production over the 6-week
follow up period (Fig. 2c). Unlike
normal or overweight individuals, we
also observed that obese individuals
failed to maintain a high degree of viral
neutralization capacity in vitro that they
first experienced early into recovery
(Fig. 2d). Finally, using
immunophenotyping approaches from
cryopreserved peripheral blood
mononuclear cells (PBMCs), we
observed that obese individuals tended
to harbor and maintain elevated levels
of monocytes, yet exhibited
significantly lower numbers of B-cells
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Figure 2. Initial assessment of differences in key metrics
representative of adaptive immunity capacity across BMI subgroups
for normal, overweight, and obese classifications indicated
constraints on higher BMI groups. a, Overweight and obese
participants experienced twice the rate of acute symptoms at
baseline compared with normal BMI individuals, but at time of final
follow-up all weight classes had similar symptoms reported. b, PCA
plot of BMI, IgG, and symptoms. ¢, Longitudinal assessment of
Immunoglobin G (IgG), a common antibody and general indicator
of infection level and immunity, was diminished by roughly two-
fold in overweight and obese individuals over a 6-week period. This
suggests symptom duration corresponds with attenuated adaptive
immunity. d, Although depletion of IgG in occurred in non-normal
weight individuals, only the sustained loss IgG in obese groups
tended to correspond with a significant reduction in viral inhibition
capacity over the course of the study. Immune profiling was
conducted to determine if BMI influences monocytes (e) and B-cell
populations (f) implicated in attenuated antibody response. No
significant changes to cell populations occurred in either of the
groups, however obese individuals had elevated monocytes and
depleted B cells relative to normal weight individuals. *, P < 0.05.

than that of their normal weight counterparts (Fig. 2e,f). Altogether, these results indicated that
obese individuals experienced significant alterations to their immune regulation that associated
with a higher frequency of long-COVID symptoms.
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overweight and obese groups represented
a lower degree of diversity (Fig. 3a). To
understand the relationship betewen alpha
diversity = and  outcome  (symptom
prevalence) we binned individuals into low
and high diversity groups — lower 50% and
upper 50%. When these groups were
compared, the high diversity group
experienced a much lower percentage of
residual long-COVID symptoms. The
proportion of BMI groups representative of
the low and high diversity cut-off indicate
being of normal weight does not
guarantee  enhanced diversity, but

had similar symptoms reported. b, PCA plot of BMI, IgG,
and symptoms. ¢, Longitudinal assessment of Immunoglobin
G (IgG), a common antibody and general indicator of
infection level and immunity, was diminished by roughly
two-fold in overweight and obese individuals over a 6-week
period. This suggests symptom duration corresponds with
attenuated adaptive immunity. d, Although depletion of IgG
in occurred in non-normal weight individuals, only the
sustained loss IgG in obese groups tended to correspond with
a significant reduction in viral inhibition capacity over the
course of the study. Immune profiling was conducted to
determine if BMI influences monocytes (e) and B-cell
populations (f) implicated in attenuated antibody response.
No significant changes to cell populations occurred in either
of the groups, however obese individuals had elevated
monocytes and depleted B cells relative to normal weight
individuals. *, P < 0.05.

drastically increases those chances. Similarly, not all obese individuals were found to have low
diversity although it was still the majority (Fig. 3b). Continuing with low and high diversity
groups, we assessed IgG fold-change over the duration of the study and observed a
significant loss of IgG production in low diversity individuals (Fig. 3¢), which corresponded to
individuals with low F/B ratio that significantly inversely correlated with viral neutralization
capacity (Fig. 3d). Altogether, these data suggested that obese individuals experienced gut
microbial dysbiosis that increased their risk for attenuated antibody production upon infection
with SARS-CoV-2 and subjected them to increased vulnerability to long-COVID compared to
their normal weight counterparts. In the previous report, we noted that this increased
vulnerability and gut microbial dysbiosis was associated with increased systemic inflammation
as measured by highested levels of CRP, MCP-1, IL-6, and HMGB1 among others.
Interestingly, obese individuals maintained elevated levels of these pro-inflammatory
biomarkers in circulation (measured in plasma) compared to their normal weight counterparts
who experienced significant reductions in these markers over recovery (as indicated in the
prior report). To gain further insight into the potential mechanisms that may lead to this



vulnerability in obese individuals, especially as it might relate to diet/nutrition, we applied
untargeted metabolomic analyses of proteins isolated from stool samples of these participants.

5. Metabolomic Data: From funds of this award, we subcontracted Creative Proteomics who
performed untargeted metabolomic analyses from proteins isolated from stool samples we
collected from each participant at study entry (at the same timepoint as that collected for gut
microbiome analyses). Given the enrichment of butyrate-producing (a SCFA known to
modulate inflammation) bacterial species we observed, coupled with the higher degree of
systemic inflammation in obese individuals, we directly examined the abundance and
expression of butyrate-producers in stool samples (% DNA and % RNA of butyrate kinase
relative to the butyryl-CoA:acetate CoA-transferase control gene, respectively) using
quantitative PCR, which we reported previously. Higher levels of butyrate-producers appeared
to be protective of SAR-CoV-2, as indicated by the significant positive correlations with
neutralizing capacity. Given this finding, we expected to observe significant differences in
butyrate metabolism pathways from the metabolomic data (as a positive control). Indeed,
relative to normal weight individuals, we observed significant decreases in metabolite levels
cooresponding to dysregulation of butryate metabolism in obese individuals, concomitant with
decreases in vitamin B6 metabolism (Fig. 4), and implicates these pathways as key mediators
of the heightened and sustained inflammation these individuals exhibited over the course of
the follow-up period. These results confirm our prior findings and implicate that key dietary
components may modify risk to severe and/or long-COVID, particularly of obese individuals.
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Figure 4. Pathway enrichment analysis of pertured metabolites. (left) Sample processing and analysis workflow by
Creative Proteomics. (right) Under ESI+ scan, network analysis of stool proteomic data revealed significant differences
between obese and normal weight individuals in post-acute stages of recovery from COVID-19. We note changes specific to
dietary modifications that influence inflammation, including vitamin B6 and butryate metabolism pathway.

6. Putative Model. We present the following immunoepigenetic-microbiome axis as a pathway to
link the intestinal microbiome environment and subsequential influence on immune responses
to SARS-CoV-2 infection. Maintenance of homeostatic regulation of this axis is implicated in
proper adaptive immune system response. However, microbial dysbiosis associated with
obesity induce inflammation and impairs proper adaptive immune responses upon SARS-CoV-
2 viral infection and recovery. This initiates pro-inflammatory cytokine signaling that becomes
exacerbated upon infection and subsequently leads to monocyte overactivation via increased



TNF-a and IFN-g signaling. Cascading responses in the ERK/MAPK and NF-kB signaling
pathways result in enrichment of HMGB1 expression and elicits successive inflammatory
activation in endothelial cells, vascular smooth muscle cells, neurons, macrophages, and
additional monocytes upon binding with RAGE receptors. This consequently expands
differentiation of immune cells to proinflammatory monocytes eliciting the release of nitric
oxide and inhibiting BAFF production. This culminates as decreased B cell maturation,
proliferation, and antibody production impairing SARS-CoV-2 inhibition capacity. Our data from
this cohort supports this model (Fig. 5).

7. Implications: SARS-CoV-2 infection
and long COVID-19 is confirmed to
be exacerbated in individuals with
pre-existing conditions associated
with immune dysregulation. Our
results further demonstrate resolution
is reduced under immunosuppressive
conditions stemming from obesity-
related chronic inflammation. Over O
the duration of the study, previously
infected obese individuals maintained

immune-profile characteristics
indicative  of inflammaging and
pulmonary inflammation as

-

established in other reports. We
found obesity associated with ) ) . L .
persistent SARS-CoV-2 as Figure S. Immunoepigenetic-Gut Microbiome Axis in COVID-19.
characterized by prolonged COVID-19 symptom duration and delayed recovery resulting from
impeded adaptive immunity. Investigation of long COVID-19 indicates obesity-imposed
constraints on humoral immunity through inflammatory attenuated SARS-CoV-2 antibody
production and decreased viral neutralization capabilities. Recent studies associate the loss of
neutralizing antibodies in obese COVID-19 patients with circulating autoimmune antibodies
that positively correlate with CRP levels and COVID-19 hospitalizations. While we did not
expand upon the accumulation of autoantibodies in our cohort, these studies considered along
with our data further imply deficiencies in adaptive immunity is inflammatory-mediated and
likely dependent on BMI. Finally, our metabolomic profiling analyses implicate that these
inflammatory-associated factors elevated in obesity may be modified by dietary components,
including vitamin B6 and butyrate regulation. Overall, these findings provide key mechanistic
insight into the attenduated antibody production experienced largely, but not exclusively by,
obese individuals, which associates with gut microbial dysbiosis and metabolic dysregulation
associated with prolonged and sustained inflammation, culminating in slower recovery and
higher prevalence of long-COVID symptoms. Our study supports dietary supplementation as
potential interventions against severe and long-COVID conditions, in particular among
individuals predisposed to such conditions. As such, we are preparing a Phase 2 application
with a clinical partner in Honolulu to test our model and identify dietary interventions that may
reduce the risk to severe COVID-19 and improve recovery. Given the new viral variants,
waning vaccine efficacy, and breakthrough infections, such interventions remain in demand.

Problem areas: None identified.

No classified information included in this report



