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Abstract
Background  The SARS-CoV-2 pandemic continues to spread sporadically in the Unites States and worldwide. The severity 
and mortality excessively affected the frail elderly with co-existing medical diseases. There is growing evidence that cross-
talk between the gut microbiome, Vitamin D and RAS/ACE2 system is essential for a balanced functioning of the elderly 
immune system and in regulating inflammation. In this review, we hypothesize that the state of gut microbiome, prior to 
infection determines the outcome associated with COVID-19 sepsis and may also be a critical factor in success to vaccination.
Methods  Articles from PubMed/Medline searches were reviewed using a combination of terms “SARS-CoV-2, COVID-19, 
Inflammaging, Immune-senescence, Gut microbiome, Vitamin D, RAS/ACE2, Vaccination”.
Conclusion  Evidence indicates a complex association between gut microbiota, ACE-2 expression and Vitamin D in COVID-
19 severity. Status of gut microbiome is highly predictive of the blood molecular signatures and inflammatory markers and 
host responses to infection. Vitamin D has immunomodulatory function in innate and adaptive immune responses to viral 
infection. Anti-inflammatory functions of Vit D include regulation of gut microbiome and maintaining microbial diversity. 
It promotes growth of gut-friendly commensal strains of Bifida and Fermicutus species. In addition, Vitamin D is a negative 
regulator for expression of renin and interacts with the RAS/ ACE/ACE-2 signaling axis. Collectively, this triad may be the 
critical, link in determination of outcomes in SARS-CoV-2 infection. The presented data are empirical and informative. 
Further research using advanced systems biology techniques and artificial intelligence-assisted integration could assist with 
correlation of the gut microbiome with sepsis and vaccine responses. Modulating these factors may impact in guiding the 
success of vaccines and clinical outcomes in COVID-19 infections.

Keywords  COVID-19 sepsis · Gut microbiome · Vitamin D · ACE2 · Immune-senescence · Inflammaging · Vaccination

Introduction

The SARS-CoV-2 pandemic continues to spread sporadi-
cally in the Unites States and worldwide. We are one year 
into the pandemic and there is no clear therapy, and the 
global vaccination of the population is in its early stages 
and too soon to determine any long-term efficacy in the vac-
cinated population. To complicate matters further, there is 

appearance of breakthrough infections with mutant strains 
of SARS-CoV-2 globally, with high infectiousness and vary-
ing severity [1, 2]. This current COVID-19 pandemic has 
established that our understanding of the pathophysiology of 
sepsis remains incomplete and further research is needed to 
fill these gaps. It has been demonstrated that combinations of 
risk factors, such as medical comorbidities, older age group, 
mitochondrial dysfunction, along with high nasopharyngeal 
viral load, are predictors for worse outcomes [3, 4].

There is a wide heterogeneity in COVID-19 disease sever-
ity, ranging from asymptomatic to fatal disease. However, 
it is well established that elderly patients are susceptible to 
severe sepsis and death compared with younger population. 
Even among the elderly, it is the frail patients with co-exist-
ing illnesses, signifying advanced biological age rather than 
chronological age which influences this susceptibility [5].
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Immune-senescence and inflammaging are natural phenom-
enon associated with aging. It defines frailty and biological 
susceptibility to COVID-19 sepsis and its outcomes. Immune 
senescence is described as age-related remodeling of immune 
cell repertoire and functions in the human physiology. Inflam-
maging represents a state of chronic inflammation, elevated 
cytokine levels, associated with inflammasome activation and 
aging [6]. Both immune-senescence and inflammaging are 
complex interrelated systemic processes and encompass both 
circulating cells and tissue immune system, such as mucosal 
lining of respiratory and gastrointestinal (GI) tract, resulting 
in changes, for example in the microbiome. The GI tract has a 
long surface area and in addition to its absorptive, metabolic 
functions also harbors a robust immune system and function 
[7]. There is growing evidence that cross-talk between gut 
microbiome and immune system is vital for priming, develop-
ment, and function of immune cells, both locally and systemi-
cally. This can affect the overall health of an organism [8]. Gut 
immune system is associated with severity of lung infections, 
pneumonia and sepsis through gut lung axis [9, 10]. Dysbiosis 
is defined as an alteration in the composition of gut microbi-
ome or the production of abnormal microbial peptides that may 
disrupt the natural symbiotic harmony between the host and 
microbiome with deleterious consequences. Dysbiosis along 
with immune-senescence and inflammaging leads to progres-
sive reduction in the ability to trigger effective antibody and 
cellular responses against infections and vaccinations. This is 
demonstrated in seasonal respiratory tract viruses, such as influ-
enza infections and vaccinations [6, 11, 12].

There appears to be a complex interaction between gut 
microbiota, ACE-2 expression and Vitamin D in COVID-
19 pathogenesis. This triad may provide the critical, missing 
link in determination of outcomes in SARS-CoV-2 infection 
(Fig. 1). We hypothesize that the state of gut microbiome, prior 
to infection determines the outcome associated with COVID-19 
sepsis. In this review, we present several lines of evidence and 
discuss how inflammaging, immune-senescence and immune 
health of gut may affect the severity of COVID-19 sepsis and 
responses to vaccination. Simple, but strategic nutritional, non-
pharmacologic interventions may immune-modulate the elderly 
immune system and mitigate risks and severity of COVID-19 
infections. An in-depth understanding of these mechanisms will 
have an impact in guiding the success of vaccines and discovery 
of novel diagnostic and therapeutic targets which are needed 
against novel SARS-CoV-2 virus.

Immune‑senescence and inflammaging 
in COVID pathogenesis

Immune-senescence and inflammaging encompass both 
innate and adaptive immunity. There are changes in com-
position of cell types, alterations in gene expression, 

proteins and signaling pathways [12, 13]. This leads to a 
decline in immune efficacy, with increased vulnerability 
to infectious diseases, and age-related inflammatory dis-
eases. It also diminishes responses to vaccinations in the 
elderly [6, 11–14]. We first begin our discussion with the 
fundamental features associated with immune-senescence 
and inflammaging.

Anatomic and physiologic changes with aging, such 
as involution of thymus, bone marrow suppression and 
lymph node fibrosis, contribute to immune-senescence 
[11–13, 15, 16]. There are several hallmarks of immune-
senescence. Compositions of innate and adaptive immune 
cells, such as neutrophils, monocytes and macrophage, 
natural killer (NK) cell, dendritic (DC) cells, B and T 
lymphocytes, are altered and decline in their functions. 
Neutrophils have diminished ability for bacterial phago-
cytosis and oxidative burst. Macrophages show reduced 
chemotaxis, migration and phagocytosis, and decreased 
cytokine production [17]. In contrast, inflammaging may 
be associated with chronic infiltration of tissue and organs 
by immune cells but with dysregulated function. For exam-
ple, inflammaging is accompanied by a significant increase 
in NK cells, but with functional deficits [12, 17].

Impact on innate immunity

There are consequences of immune-senescence in COVID-
19 sepsis. Changes in composition of functional DC cells, 
dysfunctional NK cell cytotoxicity and loss of naïve T 
cells are critical in COVID-19 infections. There is a delay 
in type I interferon (IFN) activation and together with dys-
functional NK cell-mediated cytotoxicity impedes viral 
clearance. Early type I IFNs is crucial for restricting viral 
replication and dissemination, through autocrine and par-
acrine type I IFN receptor (IFNAR) signaling [11–13, 18, 
19].

DC cells are antigen-presenting cells (APCs). They 
express toll-like receptors (TLRs) that recognize con-
served pathogen-associated molecular patterns (PAMPs) 
on microbes and are key regulators in antimicrobial host 
defense. Recognition of antiviral components by TLRs 
is vital to the secretion of type I IFN and cytokines that 
facilitate the coordination of innate antiviral immunity 
[11, 12, 18] Subsequently DCs present these peptides 
through MHC II (major histocompatibility) program to T 
and B lymphocytes, thus stimulating adaptive and humoral 
immune responses, respectively. The functions of DCs are 
impaired in elderly with delayed maturation and migration 
demonstrated during microbial invasion [13]. Experiments 
have demonstrated that DCs from lymph nodes in adult 
mice have diminished ability to prime T cells compared 
to DCs from young mice. This impaired function is due to 
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decreased expression of co-stimulatory proteins necessary 
for T cell recognition and activation and decrease in IL-12 
production by DCs [20].

SARS-CoV-2 virus has established diverse strategies 
for survival by interfering with innate immunity particu-
larly DCs functions and interferon production. Possible 

mechanisms include avoiding recognition by pattern recog-
nition receptors (PRRs), compromising cytoplasmic retinoic 
acid inducible gene (RIG-I) or TLR signaling and inhibit-
ing interferon regulatory factor (IRF3) activation [4, 21, 22] 
SARS-CoV-2 could also antagonize the signaling pathway 
downstream of IFN production by blocking the nuclear 

Fig. 1   The interplay between immune-senescence and inflammag-
ing along with gut microbiome disruption, Vit D deficiency and 
altered RAS/ACE2 axis (critical triad). Although the phenomenon of 
immune-senescence and inflammaging cannot be completely avoided 
due to natural physiological aging processes, the critical triad may 
modulate the severity especially in the elderly. Gut microbial dys-
biosis causes disruption of innate antiviral immunity and protective 

gut–lung axis. Vit D deficiency, through the loss of anti-renin activity 
and protective ACE2/Ang1-7/MAS anti-inflammatory activity causes 
hyper-inflammatory state. Vit D deficiency together with decreased 
ACE2 signaling pathways also disrupt protective gut barrier activity 
and together with disruption of gut microbiome further exacerbate the 
immune system thus causing a vicious cycle of hyper-inflammation 
i.e.; the cardinal feature in COVID-19 sepsis
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translocation of JAK/STAT1 pathways [23]. Degradation 
of intracellular IFN and delay of early antiviral defense IFN 
response, juxtaposed with elevated cytokine, and subsequent 
exaggerated T cell response define the hyper-inflammation 
features of COVID-19 [13, 19, 24, 25].

This hyper-inflammatory response was demonstrated in 
critically ill patients with COVID-19 where-in an impaired 
early interferon (IFN) type I response is characterized by 
lack of IFN-β, IFN-α production and activity. These patients 
exhibited persistent viremia and an exacerbated inflamma-
tory response [25, 26]. Lei et al. demonstrated that SARS-
CoV-2 viral proteins: NSP1, NSP3, NSP12, NSP13, NSP14, 
ORF3, ORF6 and M protein inhibit IFN-β promoter acti-
vation and act as intracytoplasmic IFN antagonist. This 
delay in intracellular antiviral response enables the virus 
to replicate rapidly. Large amounts of viral transcripts with 
high viral loads were observed before the IFN induction in 
SARS-CoV-2-infected cells [22]. Therefore, lack of timely 
and robust early antiviral response is central in COVID-19 
pathogenesis [22, 25, 26].

Impact on the adaptive immunity

Similar to its effects on innate immunity, immune-senes-
cence and inflammaging also impact the adaptive immune 
system. The thymus begins to involute with onset of puberty 
and there is significant shift in T cell immune profile with 
aging. There is a relative paucity of naïve T cells with abun-
dance in differentiated memory T and B cells. This predis-
poses elderly to a blunted antibody and antiviral response, 
especially to novel pathogens and antigens. The decrease in 
naïve cells seems related to changes in sex hormones and to 
decrease of IL-7, a hematopoietic growth factor secreted by 
stromal cells in bone marrow and thymus [12].

Decrease in T cell diversity with fewer naïve T cells, 
reversal of CD4+/CD8+ cell ratio and increase in differen-
tiated memory T cell population signify immune senescence. 
Further chronic metabolic diseases, chronic viral infections 
shift the immune system toward an inflammatory, autoim-
mune, profile [12, 13, 20].

CD4+ T cell profile demonstrates significant changes 
with aging. The CD4+ profile consists of Th1, Th2, Th17 
and Treg (Regulatory T cells). Th1/CD4+ cells are pro-
inflammatory and secrete IFN-γ, IL-1, and IL-2. Th2/
CD4+ cells are anti-inflammatory and secrete IL-4, IL-10 
that tempers down the Th1 response to prevent uncontrolled 
damage due to cytokine storm. In a normal physiological 
state, the Th1/Th2 ratio is low and Th2 anti-inflammatory 
cells are upregulated. This is observed in healthy elderly 
patients [13, 17]. However, in the presence of an infection, 
a smooth transition to upregulate Th1 profile is necessary, to 
eliminate invading viruses and other pathogens but minimize 
tissue destruction [17]. Dysregulated function in this switch 

in the elderly leads to the classical cytokine storm observed 
in the COVID-19 sepsis [13, 27]. SARS-CoV-2 infection has 
demonstrated lymphopenia associated with severe sepsis. In 
most COVID-19 patients, there is a decrease in CD4+ and 
CD8+ T cell counts and in CD4+/CD8+ ratio. In addition, T 
cells have demonstrated signs of exhaustion [27].

Experiments on mice have demonstrated the interaction 
of respiratory viral infections, such as influenza virus with 
gut microbial and immune system through gut lung axis. 
Lung-derived CD4+ T cell destroys microbiota homeo-
stasis and promotes resident Th17 cell polarization. Gut 
epithelium produces chemokines CCL25/CCR9 that medi-
ates the recruitment of lung-derived CD4+ T cell into the 
small intestine. CCL25–CCR9 axis contributes to altering 
the composition of the intestinal microbiota after influenza 
infection and development of intestinal inflammation by 
recruiting these effector lymphocytes into the intestinal 
mucosa [28]. Elderly are particularly susceptible to these 
effects as there is upregulated pro-inflammatory Th17 cells 
with loss of anti-inflammatory TREG activity associated 
with immune senescence [13].

Age-related immune senescence also affects B cell reper-
toire. There is reduced diversity and number of B cells and 
receptors as well as immunoglobulin isotypes and a decrease 
in specific humoral immune responses against new extra-
cellular pathogens. There is a shift from immunoglobulin 
produced by naïve cells (IgD, IgM) to immunoglobulin pro-
duced by memory B cells (IgG, IgA) [12]. Impaired func-
tions of DC together with loss of naïve T cells are primary 
factors for suboptimal immune response to viral infections 
in elderly [12, 29].

Other important contributor to immune senescence 
includes loss of telomerase activity with telomere shortening 
in aged T cells [12, 17, 30]. T cells upregulate telomerase 
activity to compensate for telomere loss, incurred during 
proliferation in response infections and chronic inflamma-
tory conditions. However, repeated antigen exposure as seen 
with chronic antigenic stimulation by Herpes and CMV 
viruses leads to clonal expansion of memory T cell phe-
notype. This results in telomere shortening leading to rep-
licative senescence. These senescent, exhausted T cells do 
not express the co-stimulatory molecule CD28, required for 
activation of T cells and also express immune check point 
inhibitors such as PD-1 and the cytotoxic T-lymphocyte 
antigen (CTLA)-4 [12, 13, 15, 17, 30–32]. T cell exhaus-
tion and anergy and its positive correlation with severity of 
sepsis are demonstrated in SARS-CoV-2 infections. T cells 
from COVID-19 patients have significantly higher levels of 
exhausted marker, such as PD-1 and Tim-3 expression [27, 
33]

Chronic medical conditions associated with aging, such 
as diabetes, hyperlipidemia, and chronic inflammatory dis-
eases lead to inflammaging. Chronic chemical, physical, 



17Gut microbiome, Vitamin D, ACE2 interactions are critical factors in immune‑senescence and…

1 3

and nutritional antigenic stimulation also trigger oxidative 
stress and inflammation. Inflammaging represents a state of 
chronically elevated cytokine levels and associated inflam-
masome activation. The markers for inflammaging include 
TNF-α, C-reactive protein, IL-6, NF-ĸB and are chroni-
cally elevated in the elderly [34]. Mitochondrial dysfunction 
with increased reactive oxygen species (ROS), inefficient 
oxidative-phosphorylation and loss of mitochondrial anti-
viral signaling (MAVS) are associated with aging and may 
contribute to immune-senescence and inflammaging [4, 17, 
35, 36]. Impaired autophagy of damaged cells, elevated reac-
tive oxygen species (ROS) and elevated levels of cellular 
dysfunctional proteins result in further activation of TLRs 
and inflammasomes and thus a chronic inflammatory state 
[13, 17, 20].

Collectively, this evidence suggests that aging-associ-
ated immune-senescence and inflammaging contributes to 
a diminished and altered response by the innate and adaptive 
immunities to acute viral infections such as novel SARS-
CoV-2 infections [12, 13, 15, 18, 30–32].

Gut immune system

The GI tract has an elaborate, dynamic, complex immune 
system called gut-associated lymphoid tissue (GALT). It is 
interspersed with lymphatic tissues called Peyer’s patches 
and extensive sub-epithelial immune cell repertoire and 
mesenteric lymph nodes [37]. This complex immune envi-
ronment is constantly exposed to challenges arising, both in 
the lumen and systemic internal environment [7]. There is 
normal physiological mucosal turn over and shedding, inter-
mittent luminal trauma from ingested food, loss of integrity 
of cell junctions which releases additional antigens. The 
immune cells constantly sample food antigens, pathobiont, 
such as other non-commensal bacteria, viruses and other 
foreign peptides [37, 38]. The gut epithelium along with 
the immune cells produces protective factors, such as secre-
tory IgA, α-Defensins, antimicrobial peptides and mucus. 
Immune cells in gut remain vigilant through complex inter-
actions and partake in a delicate balance between homeosta-
sis, tolerance and inflammation. Tipping this balance may 
lead to increased risk for sepsis (translocation, growth of 
pathobiont) or excessive immune destruction (autoimmun-
ity) [7, 8, 39].

Systemic immune-senescence and inflammaging also 
have damaging effects on the GI tract and dysfunctional gut 
immune system is associated with severity of lung infec-
tions, pneumonia and sepsis through gut lung axis [9, 15, 
28]. The state of gut function and its physiological health, 
such as dysbiosis, vitamin D deficiency, poor nutrition, 
obesity, along with COVID-19-related factors, such as viral 

load, may determine the outcome associated with COVID-
19 sepsis [3, 12, 18].

GI tract also expresses ACE-2 receptors, and it is con-
firmed that SARS-CoV-2 virus commonly infects the GI 
tract epithelium. The duration of viral replication var-
ies greatly, and prolonged shedding of viral RNA in stool 
samples has been reported after resolution of symptoms 
[40–42]. In the subsequent sections, we discuss the interac-
tion between dysbiosis, ACE-2 expression and Vitamin D 
with the gut immune system, and its possible association 
with severity in COVID-19 sepsis.

Complex interaction between microbiota, ACE‑2 
expression and Vitamin D in COVID pathogenesis: 
the missing link: (Fig. 1)

Healthy microbiome is essential in development and balanc-
ing the function of both pro- and anti-inflammatory T-cell 
pathways [8, 43, 44]. Baseline dysbiosis is demonstrated 
to have a major impact on the local and systemic immu-
nity by altering the gastrointestinal tract environment [45]. 
Aging is associated with frailty, malnutrition, generalized 
atherosclerosis resulting in decreased mucosal blood flow 
and villous atrophy. Intestinal dysbiosis shifts the intestinal 
microbiota from obligate anaerobes, such as Bifidobacterium 
spp., Lactobacillus spp., and Faecalibacterium prausnitzii 
to facultative anaerobes, such as pathogenic Streptococci, 
Staphylococci, Enterococci and Enterobacteria [10, 15]. 
Reduced biodiversity associated with chronic antibiotic use, 
inflammatory diseases and aging may result in colonization 
of toxin-producing Clostridium difficile bacterium. These 
changes lead to an alteration of gut immune cell composi-
tion creating a state of low-grade chronic inflammation. In 
addition, there is loss of protective factors, such as mucus, 
immunoglobulins and other antimicrobial protective pep-
tides, such as bacteriocins. Dysbiosis is also implicated with 
other chronic diseases associated with aging. These include 
increased susceptibility to respiratory infections, inflamma-
tory bowel disease, chronic inflammation, arthritis and also 
malignancy of the bowel [15, 46–48].

In addition, intestinal dysbiosis is also implicated in 
progression of malignancy and resistance to anticancer 
immunotherapy. These effects occur due to modulation of 
the immune system [49, 50]. Further dysbiosis, through diet 
and aging and associated medical diseases, such as COPD, 
chronic inflammation and antibiotics, are linked with altered 
immune responses and homeostasis in the airways [51].

Induction of a pro-inflammatory T-cell response by 
microorganisms can elicit development of T-helper-1 (Th1), 
Th2, or Th17 cells [28]. Pro-inflammatory T-cell helper and 
cytotoxic responses are suppressed by the action of vari-
ous subsets of regulatory T cells (Treg) [13, 52]. Loss of 
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gut mucosal membrane integrity, loss of tight junction and 
leaky gut phenomenon lead to activation of local PAMP 
molecules. Pattern recognition receptors, such as TLR, NOD 
recognize these molecules and activate inflammasomes 
with IL-6, IL-17, TNF release, causing oxidative stress and 
release of ROS [52, 53].

There is evidence that dysbiosis may be relevant in sys-
temic SARS-CoV-2 infections.

Yeoh et al. demonstrated in their cohort of 100 patients 
that composition of gut microbiome in patients with 
COVID-19 correlated with disease severity and plasma con-
centrations of several inflammatory cytokines, chemokines 
associated with tissue damage (TNF-α, CXCL10, CCL2 and 
IL-10, C-reactive protein, lactate dehydrogenase, aspartate 
aminotransferase and gamma-glutamyl transferase.). Patients 
with COVID-19 were depleted of beneficial microbiome 
with immunomodulatory potential, such as Faecalibacte-
rium prausnitzii, Eubacterium rectale and several Bifidobac-
terium species and the dysbiosis persisted after the clearance 
of the virus [54].

In another cohort, Gu et al. compared healthy controls 
with COVID-19 patients by 16S rDNA gene sequencing 
of fecal samples. COVID-19 patients had a significantly 
reduced bacterial diversity with higher abundance of oppor-
tunistic pathogens, such as Streptococcus, Rothia, Veil-
lonella and Actinomyces, and a lower relative abundance of 
beneficial symbionts. These patients also had a significantly 
higher level of IL-6 and TNF-α, CRP and significantly lower 
lymphocyte count, markers for severity and mortality [55].

Similarly, Khan et al. demonstrated an association of 
dysbiosis with severe inflammatory response. Suppressed 
Firmicutes /Bacteroidetes ratio, caused by the depletion of 
the fiber-utilizing bacteria F. prausnitzii, B. Plebius, and 
Prevotella, and a relative increase in Bacteroidetes species 
is associated elevated serum IL-21 levels. However, they did 
not elaborate on the temporal association of the inflamma-
tory markers with the stool samples. Elevated IL-21 level 
early in viral infections is beneficial and is cytotoxic to the 
infected cells, however, a delayed response is detrimental as 
observed in COVID-19 infections [56].

In an NIH-funded study, Venzon et al. demonstrate a link 
between SARS-CoV-2 infection, gut microbiome dysbiosis, 
and bloodstream infections. The loss of microbiome diver-
sity and Faecalibacterium in patients with severe COVID-
19 infection mirrored a similar loss of diversity in mice 
inoculated with high doses of SARS-CoV-2. Stool samples 
of 101 COVID-19 patients at two different clinical sites 
revealed substantial gut microbiome dysbiosis, paralleling 
observations in the animal model. This analysis revealed 
that genus Faecalibacterium was negatively associated with 
blood stream infection (OR  − 1.49, CI [− 2.82, − 0.18]). 
Analysis of blood culture results with paired microbiome 
data obtained from these patients suggests that bacteria 

translocate from the gut into the systemic circulation of 
COVID-19 patients [57].

Tang et al. in their cohort of 57 patients with COVID-19 
with varying severity indicated that dysbiosis occurred in 
COVID-19 patients and changes in the gut microbiome was 
associated with disease severity and hematological param-
eters. The butyrate-producing bacteria, Faecalibacterium 
prausnitzii, Clostridium butyricum, Clostridium leptum, 
and Eubacterium rectale, decreased significantly in severe 
patients. This was accompanied by an increase in the oppor-
tunistic pathogens Enterococcus, Enterobacteriaceae [58].

Similarly, Moreira-Rosário et al. in their cohort on 115 
patients demonstrated the gut microbiota of moderate and 
severe patients have a lower Firmicutes/Bacteroidetes ratio, 
predominance of Proteobacteria and lower abundance of 
beneficial butyrate-producing bacteria. Multivariable regres-
sion analysis showed that the Shannon diversity index [odds 
ratio (OR) 2.85, 95% CI 1.09–7.41, p = 0.032) and C-reac-
tive protein (OR 3.45, 95% CI 1.33–8.91, p = 0.011) are risk 
factors for severe COVID-19 [59].

Collectively, these data suggest that loss of butyrate-
producing obligate anaerobes in the gut may increase the 
severity of COVID-19-related sepsis and involve a state 
of systemic hyper-inflammation with its un-intended 
consequences, such as generalized hypoxia and mucosal 
ischemia. Sepsis causes structural and functional changes 
in the mucosa of the GI tract, such as loss of mucus, barrier 
integrity, change in microbiome and risk of translocation. 
In addition, there may be direct mucosal SARS-CoV-2 viral 
infection through the blood viremia or swallowed virus. As 
mentioned earlier, SARS-CoV-2 has been detected in feces 
implicating either an active infection or asymptomatic viral 
shedding [40, 41, 60]. This systemic hyper-inflammatory 
state when combined with dysfunction of GI tract may over-
whelm the body’s ability to recover from cytokine storm.

Therefore, a healthy baseline microbiota of the GI tract 
may be necessary and may have beneficial effects in a pop-
ulation if they get infected with SARS-CoV-2 virus. The 
mechanism by which gut microbiota modulates the immune 
system is varied and includes a combination of pro-inflam-
matory and anti-inflammatory function. Gut microbiome 
produce diverse metabolites from the anaerobic fermenta-
tion of exogenous undigested dietary components. One such 
group of molecules is short-chain fatty acids (SCFAs)—such 
as butyrate, propionic acid and acetic acid. These are pro-
duced by microbial fermentation of undigested or partially 
digested dietary fiber and have broad effects on epithelial 
barrier and host immune system function [8, 61]. It promotes 
production of mucus, secretion of secretory IgA to enhance 
local immunity. SCFA also inhibits NF-ĸB activity and 
downstream activation of inflammasommes and cytokines 
[61]. There is upregulation of colonic regulatory T (Treg) 
cells and their production of anti-inflammatory cytokines, 
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such as transforming growth factor-β (TGFβ) and IL-10, to 
maintain a delicate balance between homeostasis and tol-
erance [52, 53, 61–63]. Other functions of SCFA include 
activating and facilitating migration of DC cells at sites of 
inflammation and infection. Activated DC cells as described 
earlier, are vital as an antiviral defense mechanism by releas-
ing IFN in COVID-19 sepsis [52, 53, 61, 62]. SCFA activi-
ties also effect cell metabolism and may also inhibit tran-
scription of genes by inhibiting histone deacetylase (HDAC) 
activity [63]. SCFA activity is also implicated in gut–lung 
axis as these microbial products may circulate systemically 
to the airway epithelium and alter inflammation locally in 
airway epithelium. Increased circulating levels of SCFAs 
lead to enhanced generation of dendritic cell precursors 
through bone marrow hematopoiesis and subsequent seed-
ing of lungs by DCs with high antiviral and primary defense 
capacity [64].

Other molecules derived from microbiome with anti-
inflammatory activity in the GI tract are sphingolipids, cera-
mides and polysaccharides. Microbiome-derived sphingolip-
ids, demonstrate stimulation of DC to increase expansion of 
virus-specific T-cells upon viral infections [65]. Polysac-
charide A (PSA) suppresses inflammation by upregulating 
activity of colonic regulatory T (Treg) cells, and boosting 
their production of anti-inflammatory cytokines [52, 66].

Other effects of gut dysbiosis include loss of mucosal 
integrity and antecedent risk for translocation of lipopoly-
saccharides (LPS) which are derived from pathogenic Gram-
negative bacteria. This commonly occurs in sepsis with 
generalized tissue hypo-perfusion leading to gut mucosal 
ischemia and loss of barrier function. LPS triggers activation 
of toll-like receptor (TLR4) and its downstream signaling 
pathways manifested as a cytokine storm [67, 68].

There is sufficient evidence that probiotics defined as live 
non-pathogenic, microbial ingredients when consumed in 
sufficient quantities, have health benefits. They have immu-
nomodulatory properties and are strain-dependent. For 
example, introduction of probiotic strains, such as Bifido-
bacterium lactis, results in a significant increase in the pro-
portion of mononuclear leukocytes, and enhances the activ-
ity of NK cells [10, 15, 69] Majority of probiotics consist 
of Lactobacillus, Bifidobacterium, Saccharomyces and may 
offer protection in COVID-19 sepsis.

Zhang et al. reported a propensity score-matched ret-
rospective study evaluating probiotics and outcomes in 
375 adult patients with COVID-19, 179 cases (probiotics 
group) and the other 196 cases (non-probiotics group) were 
included. The primary outcome was clinical improvement 
which was compared among propensity-score-matched 
groups and an unmatched cohort. Secondary outcomes 
included the duration of viral shedding, fever, and hospital 
stay. Among the propensity-score-matched groups, probi-
otics was related to clinical improvement rates (log-rank 

p = 0.028). This relationship was driven primarily by a 
shorter (days) time to clinical improvement [difference, − 3 
(− 4 to − 1), p = 0.022], reduction in duration of fever [− 1.0 
(− 2.0 to 0.0), p = 0.025], viral shedding [− 3 (− 6 to − 1), 
p < 0.001], and hospital stay [− 3 (− 5 to − 1), p = 0.009]. 
However, the limitations were, this study was a retrospec-
tive propensity-matched and not a prospective study, single 
institution in Shenzhen and critically ill patients were under-
represented [70].

A recent pilot study on fifteen patients by Zhou et al., 
shed insight into association between intestinal dysbiosis 
and GI epithelial ACE-2 levels and severity of COVID-19 
[71]. Increased Coprobacillus and pathogenic Clostridium 
species with concomitant decrease in Faecalibacterium 
prausnitzii correlated with increased severity of COVID-19 
sepsis. Another observation of this study was that Bacte-
roides species downregulated the expression of angiotensin-
converting enzyme 2 (ACE2) and correlated inversely with 
SARS-CoV-2 load in fecal samples from patients [71].

It has been demonstrated that SARS-CoV-2 binds to 
human angiotensin‐converting enzyme 2 (ACE-2) to infect 
the host cell and is vital step for entry into the cell [72, 73]. 
In addition to virus entry, this process also leads to down-
regulation of anti-inflammatory ACE2 expression, thereby 
causing excessive generation of pro-inflammatory Angio-
tensin II via the enzyme ACE [74]. The renin–angiotensin 
system (RAS) is a critical homeostasis regulatory system 
in the human physiology. The ACE‐Angiotensin II‐AT1R 
pathway is called the classical RAS axis and is vital for vari-
ous normal physiological functions, while the ACE2‐Angio-
tensin1‐7‐MasR signaling is called the counter‐regulatory 
RAS axis pathway, and is equally important for negative 
regulatory role and anti-inflammatory activity [75, 76]. The 
primary role of RAS axis is to stimulate the sympathetic 
nervous system causing vasoconstriction and maintain the 
vascular tone and blood pressure. However, with chronic 
overstimulation, they cause unintended deleterious side 
effects of inflammation, oxidative stress, atherosclerosis, 
migration of endothelial cells and vascular smooth muscle 
cells, fibrosis, and myocardial hypertrophy. The negative 
regulatory axis mediated by ACE2 can antagonize these 
effects. ACE2 levels decline with aging and so does its pro-
tective effect on many of organ systems [70, 76, 77].

The interaction between dysbiosis and ACE-2 enzyme 
activity in GI tract remains poorly understood. ACE-2 
is expressed on the epithelium of GI tract and also other 
epithelial surfaces [78]. Deficiencies in murine (ACE-2) 
knock out studies have demonstrated increased suscepti-
bility to dysbiosis and intestinal inflammation and colitis, 
induced by epithelial damage [79]. Fecal transplantation of 
the altered microbiota from mutant ACE-2 knock out mice 
into germ-free wild-type was able to transmit this increased 
susceptibility to develop severe colitis. Hashimoto et al. 
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demonstrated the possible anti-inflammatory role of ACE-2 
enzyme activity in GI tract through amino acid hemosta-
sis. ACE2-dependent changes in epithelial immunity and 
gut microbiota can be directly regulated by dietary amino 
acid tryptophan [80]. Similarly, other authors have also sug-
gested an RAS-independent protective mechanism of ACE-2 
expression, such as alteration in intestinal amino acid trans-
porter function, tryptophan uptake, expression of antimicro-
bial peptides, and changing the ecology of the gut microbi-
ome [79, 81]. Elderly patients with decreased ACE-2 levels 
and deregulated (overactive) RAS axis as depicted with 
hypertension, diabetes and kidney disease have increased 
risk for dysbiosis and this incidentally remains as a factor in 
elevated morbidity and mortality associated with COVID-19 
sepsis [70, 76, 77].

Vit D, in addition to its function in bone and mineral 
metabolism has an essential immunomodulatory function 
in innate and adaptive immune responses to viral infection 
[82]. Anti-inflammatory functions of Vit D include regula-
tion of gut microbiome and maintaining microbial diversity. 
Vit D promotes growth of gut-friendly commensal strains 
of Bifida and Fermicutus species. Vit D and its receptor 
(VDR) deficiency results in dysbiosis, leaky guts resulting 
in chronic, low-grade inflammation in the gastrointestinal 
tract and is implicated as an etiology in inflammatory bowel 
disease [83, 84]. In addition, Vit D also regulates micro-
bial complexity, maintains cell junctions and barrier func-
tion and the mucosal immune responses to ensure intestinal 
homeostasis [83]. Vit D along with other nutrient factors 
acts in synergy to regulate ZO-1, occludin and claudin tight 
junction proteins. These are key proteins essential for the 
integrity and intact intestinal barrier [83].

Vit D plays a key role in initial antiviral and a subsequent 
anti-inflammatory (immune tolerance) phase in the COVID-
19 sepsis [77, 83, 85, 86]. Vit D is essential in attenuating 
cytokine storm by decreasing the TNF‐α /NFӄB and IFN‐γ, 
IL-6 activity and also modulating adaptive immunity by 
suppressing T helper cell type 1 response and promoting T 
regulatory cell function [83, 84]. In Vit D-deficient states, 
there is an increased ratio of cytotoxic T lymphocytes and 
reduced TREG lymphocytes.

In addition, Vit D is a negative regulator for expression of 
renin and its production and interacts with the RAS/ ACE/
ACE-2 signaling axis. Vit D deficiency leads to an upregula-
tion of RAS/ACE signaling and pro-inflammatory activity. 
This may enhance the severity in COVID-19 sepsis with 
clinical features of ARDS, pulmonary edema, cardiovascular 
injury and thrombotic events [77, 87].

Immune cells have a key role in the synthesis of active 
form of Vit D and are also a target for its effects. They 
activate the hormone and aid the local immune function 
in an autocrine or a paracrine fashion. There is evidence 
that antigen-presenting cells (APC), such as macrophages 

and dendritic cells, synthesize the active form of Vit D, 
1,25-dihydroxyvitamin D (1,25 (OH)2D) from its pre-
cursor 25-hydroxyvitamin D (25-OHD) via the enzyme 
1α-hydroxylase (CYP27B1) [85, 86]. Active form of Vit D 
and its receptor expression are regulated during differentia-
tion of human monocytes into macrophages and may be cru-
cial for effective function of the primary antigen-presenting 
immune cells against invading pathogens [85, 88].

Normal level of active forms of Vit D levels is critically 
dependent upon1α-hydroxylase (CYP27B1), a mitochon-
drial cytochrome P450 enzyme that catalyzes the conver-
sion of inactive precursor of Vit D to active metabolite 
1α25(OH)2D3. This 1-hydroxylase enzymatic activity 
is localized to mitochondrial inner membranes and may 
decline in immune-senescent cells [89, 90]. In addition to 
the immune cells, the enzyme 1α-hydroxylase (CYP27B1) 
is also expressed in the epithelium of the respiratory and GI 
tract [90].

Vit D, thus has an essential role in complex interaction in 
maintaining GI homeostasis, gut microbiome, RAS/ ACE/
ACE-2 signaling, differentiation and function of immune 
cells and innate, humoral, and cellular immune responses. 
The beneficial effects of Vit D supplementation in viral 
infections remain unclear. A prior pooled meta-analysis 
study of 11,321 participants from 25 randomized controlled 
trials demonstrated that Vit D supplementation protected 
against acute respiratory tract infections. Oral supplemen-
tation in patients with very low serum levels (< 25 nmol/L) 
of 25-hydroxyvitamin D concentrations, was demonstrated 
as safe and protected against acute respiratory tract infec-
tion [91]. The recent COVID-19 pandemic has demonstrated 
the high morbidity and mortality in the elderly patients and 
the minorities (dark skinned) in the countries of northern 
latitude compared to similar population in the southern lati-
tudes. This observational and circumstantial evidence has 
suggested that long winters, remaining indoors, less expo-
sure to sunlight and inadequate absorption of Vit D from the 
sunlight leads to deficiencies and may remain an essential 
factor [92].

Although promising the evidence of Vitamin D supple-
mentation in acute COVID-19 infection remains inconsistent 
and insufficient in reducing the probability of ICU admis-
sion, inflammation, hospitalization, and pulmonary involve-
ment. In a metanalysis by Kazemi et al. on 39 retrospective 
and prospective cohort, cross-sectional, case–control, and 
randomized controlled trial studies to assess the relation 
between 25D status and SARS-CoV-2 infection as well as 
COVID-19 severity. Overall, the researchers noted a greater 
risk of SARS-CoV-2 infection in the Vitamin D-deficient 
group. However, the studies were heterogeneous in methodo-
logical and statistical approach, and with many confound-
ing variables, such as age, sex and ethnicity, diet, sunshine, 
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lifestyle choices and caution should be exercised in interpret-
ing these results [93].

In addition, a randomized controlled trial on 240 COVID-
19 patients with moderate to severe COVID-19, a single oral 
dose of 200,000 IU of vitamin D3, compared to placebo, 
did not significantly reduce the duration of hospitalization 
(median of 7.0 vs 7.0 days; unadjusted hazard ratio for hos-
pital discharge, 1.07) and did not support the use of a high 
dose of vitamin D3 for treatment of moderate to severe infec-
tion [94]. Currently, a large number of trials on benefits of 
Vitamin D in COVID-19 are being conducted at multiple 
international centers. Their details can be accessed at www.​
clini​caltr​ials.​gov and results are awaited.

There also is some evidence that Vit D may have salu-
tary influence in response to immunization. However, most 
studies reporting on the favorable effects of Vit D on vac-
cine responses have investigated responses to influenza vac-
cination and the results are conflicting [95]. Patients with 
renal failure on hemodialysis receiving parenteral calcitriol 
treatment may respond with higher antibody responses for 
influenza, Hepatitis B and tetanus vaccines [95].

Inflammaging, immune‑senescence, immune health 
of the gut and vaccination in elderly

Efficacy and robustness of vaccinations are suboptimal in 
elderly compared to children and younger population. As 
described, immuno-senescence and inflammaging may col-
lectively diminish the immune responses and ability to fight 
infections in elderly. There is growing evidence that age-
associated immune-senescence and inflammaging also have 
a detrimental effect on vaccine response in elderly [6, 18, 
96]. Aging and decline in naive T cells may be risk fac-
tors for failure to generate a coordinated immune response, 
resulting in increased susceptibility to severe COVID-19 
[97]. Elderly patients also have a rapid decline in antibodies 
to vaccinations and frequently need a booster dose to sustain 
levels of antibodies. For example, the ability of influenza 
vaccine to induce protection is age-related, with an effi-
cacy between 70 and 90% in children and young adults, but 
reduces to 30–50% for those over 65 years [11, 98]. Profiles 
predicting successful vaccination response to influenza vac-
cination, correlated with positive expression of genes associ-
ated with T-cell and B-cell function while monocyte (TLR4, 
TLR8, NOD2, and ASGR2) pattern recognition receptors 
involved in innate immunity and inflammation-related genes 
encoding (IFN-γ, IL-13R, TIMP2, LYN, SYK) negatively 
correlated with influenza-specific antibody responses, sup-
porting the concept that inflammatory responses (inflam-
maging and immune-senescence) at baseline might be det-
rimental to vaccine-induced antibody responses [14, 45, 99].

In addition, older patients with immune-senescent lym-
phocytes may fail to mount a robust antibody response to 

newer virus and vaccines [19, 96] A clue to this possibility 
has emerged with recent reports of COVID-19 recurrences 
in a few patients getting re-infected by the variants of virus 
and due to waning of natural antibody response [1, 2, 100, 
101]. Some of the re-infected patients suffered mild symp-
toms but other presented with severe symptoms on reinfec-
tion. This discrepancy and likely variation in immunological 
memory is a cause of concern in the vaccine and antibody 
therapies. Age-related changes in antigen uptake by APCs, 
loss of naïve lymphocytes, processing and presentation to 
MHC, as well as recognition and functional defects of B and 
T cells, may lead to reduced antibody responses [19]. This 
problem is especially worrisome in the setting of current 
SARS-CoV-2 pandemic, wherein the majorities of patients 
are elderly and have demonstrated the highest mortality 
regardless of comorbidities or ethnicity. Although promis-
ing with greater than 90% efficacy, the currently available 
COVID-19 vaccine-induced antibody response may be 
short-lived and wane in the elderly and remains to be noted.

The immunomodulatory property of probiotics may influ-
ence the response to vaccines [15, 43, 44]. A meta-analysis 
of nine RCTs including 623 participants, suggested that 
probiotics and prebiotics are effective in elevating immuno-
genicity by influencing seroconversion and protection rates 
in adults administered influenza vaccines. Participants who 
took probiotics or prebiotics showed significant improve-
ments in the H1N1 strain protection rate [odds ratio (OR) 
1.83, 95% confidence interval (CI) 1.19–2.82, p = 0.006], 
the H3N2 strain protection rate (OR 2.85, 95% CI 1.59–5.10, 
p < 0.001) and the B strain seroconversion rate (OR 2.11, 
95% CI 1.38–3.21, p < 0.001) [102]. Another meta-analysis 
evaluated 3812 patients from 26 different studies found a 
beneficial effect of probiotics. The evidence for a benefi-
cial effect of probiotics on vaccine response was strongest 
for oral vaccinations for non-respiratory infections and for 
parenteral influenza vaccination [103]. The gut-associated 
lymphoid tissues (GALTs) and complex interactions with 
microbiota may thus play an important role in the induction 
of antigen-specific immune responses in the gut [37, 104].

Future directions

This review suggest that, until there are effective antivi-
ral medications for COVID-19 infections, simple adjunct 
interventions that modulate immune systems, such as use of 
probiotics and Vit D, may offer protection to prevent severe 
sepsis in elderly and susceptible individuals. The underly-
ing mechanisms can be harnessed for developing therapies 
that may offer some immune protection. The gut mucosal 
immune system along with its interaction through gut–lung 
axis may also be used to develop mucosal vaccines and can 
also be a candidate site for future vaccinations [44, 45, 104]. 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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These adjunct therapies may improve vaccine efficacy and 
duration of protection for vaccinated individuals. However, 
there are certain challenges which need to be addressed. 
With advanced next-generation sequence technologies, 
such as meta-taxonomic, metabolomics, metagenomics 
and transcriptome analysis, along with multi-parametric 
high throughput flow cytometry, the gut microbiome can be 
characterized, and their resulting host humoral and cellular 
immune responses can also be studied. Advanced system 
biology and AI (artificial intelligence)-assisted integration 
could assist with correlation of the gut microbiome with 
vaccine responses [44]. Using machine learning models, 
Guo et al. demonstrated in their multi-omics analyses, a risk 
score based on 20 blood proteomic biomarkers, predicting 
severity of COVID-19 infection. They demonstrated that a 
core set of gut microbiota can predict the proteomic bio-
markers among 301 individuals and these correlated with 
pro-inflammatory cytokines in another independent set of 
366 individuals [105]. Fecal metabolomics analysis suggests 
potential amino acid-related pathways linking gut microbiota 
to host metabolism and inflammation. Similar data may be 
needed in other ethnic, sex and age groups. Further studies 
are needed on establishing optimal probiotic strains, doses of 
probiotics and Vit D and timing of administration in relation 
to disease and vaccinations.

Conclusion

To conclude, SARS-CoV-2 pandemic continues to spread 
erratically and has caused destruction in terms of the econ-
omy, health and wellbeing of the population. We are one 
year into the pandemic and there seems to be no clear ther-
apy. Although there is hope that vaccinations may control 
this pandemic eventually, the majority of global population 
is currently un-immunized, and it is too early to determine 
any long-term protective antibody levels and efficacy. We 
have described the important functions of gut microbiome, 
Vit D, and ACE-2/RAS system interaction in COVID-19 
infection. Modifying these factors may attenuate the severity 
of illness in infected population. Further research is needed 
in role of probiotics in maintaining long-term immunity and 
success with vaccines in SARS-CoV-2 infection.
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