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Abstract: Emerging and re-emerging viral diseases have increased in number and geographical
extent during the last decades. Examples include the current COVID-19 pandemic and the recent
epidemics of the Chikungunya, Ebola, and Zika viruses. Immune responses to viruses have been
well-characterised within the innate and adaptive immunity pathways with the outcome following
viral infection predominantly attributed to properties of the virus and circumstances of the infection.
Perhaps the belief that the immune system is often considered as a reactive component of host
defence, springing into action when a threat is detected, has contributed to a poorer understanding
of the inherent differences in an individual’s immune system in the absence of any pathology. In this
review, we focus on how these host factors (age, ethnicity, underlying pathologies) may skew the T
helper cell response, thereby influencing the outcome following viral infection but also whether we
can use these inherent biases to predict patients at risk of a deviant response and apply strategies to
avoid or overcome them.

Keywords: viruses; T-cells; immunity; biomarkers; virotherapy

1. Introduction

Viruses are amongst the most diverse and abundant entities on the planet with the
ability to convey genes from one organism to the next in order to develop, thrive, and
survive (Figure 1). The clinical manifestation of viral infections is highly variable among
individuals, with most suffering mild or subclinical infection, and others demonstrating
severe and sometimes lethal disease. The ingenuity of the mechanisms these organisms
employ for their survival and how they interact with our immunosurveillance systems
are well-described and have resulted in effective vaccines for some (rubella, mumps,
measles, etc.).

The response to viral infection can be categorised into innate (non-specific defence
mechanisms) and adaptive (specific defence mechanisms) immunity. The innate immune
response is the first line of defence against viral infection and employs pattern recognition
receptors such as Toll-like receptors (TLRs) for the detection of viral antigens or other viral
components such as DNA or RNA [1]. Following detection, interferon (IFN) signalling
proteins and pro-inflammatory cytokines are released from the infected cell into the sur-
rounding environment, which in turn activate immune cells including professional antigen
presenting cells (APCs) to stimulate the adaptive immune response (Figure 2) [2,3]. These
specific immune defences employ B and T lymphocytes to help combat viral infection and
develop long term immunological memory against recurring infections.
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DNA Viruses
Adenoviridae Hepadnaviridae Herpesviridae Papvaviridae Parvoviridae Poxviridae
(Adenovirus) (Hepatitis B) (HSV-1) (Papillomavirus) (Parvovirus) (Vaccinia virus)
(L
90—100nm 160nm 52—55nm 18—26nm 250x300nm
ds Env, ds Env, ds ds ss Env, ds
Respiratory/ Liver disease Fever, sores, Cervical cancer Fever, headache, | Smallpox, cowpox,
Ocular disease chicken pox nausea rash, fever
RNA Viruses
Arenaviridae Astroviridae Bunyaviridae Caliciviridae Coronaviridae Filoviridae Flaviviridae
(Lassa virus) (Astrovirus) (Hantavirus) (Norovirus, (Coronavirus/ (Ebola virus) (Dengue
Hepatitis E) SARS) virus/Hepatitis
C)

110—130nm 28-40nm ~100nm 35—40nm 60—140nm 80nm 40—60nm
Env, ss Ss Env, ss Ss Env, ss Env, ss Env, ss
Fever, malaise, | Gastroenteritis Encephalitis Nausea, Cold, severe Fever, fatigue, Nausea, rash,
vomiting, vomiting, fever acute muscle pain abdominal pain,
meningitis respiratory leukopenia
syndrome
RNA Viruses
Orthomyxoviridae | Paramyxoviridae | Picornaviridae Reoviridae Retroviridae | Rhabdoviridae | Togaviridae
(Influenza) (Measles/ (Poliovirus/ (Rotavirus) (HIV) (Rabies/ (Rubella)
mumps) hepatis A/ vesicular
foot and stomatitis)
mouth
disease)
Jassane,
o'. '.'
(Y o

80—120nm ~150nm ~30nm 60—80nm ~100nm 70x170nm 70nm
Env, ss Env, ss ss ds Env, ss Env, ss Env, ss
Fever, chills, cough, Respiratory Cold, hepatitis Rotaviral Fever, Delirium, Fever, sore
sore throat iliness, measles A, foot and gastroenteritis fatigue, fever/ sores throat, rash
mouth disease swollen on mouth and
lymph nodes feet

Figure 1. The characteristic features of human viruses. An overview of their typical size, genetic

material, envelope, and their clinical presentation following infection. Env = enveloped, ss = single
stranded, ds = double stranded.
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Figure 2. Immune response to viral infection. Viral infections elicit an immune response by first
activating the innate immune system. Infected cells release IFN and pro-inflammatory cytokines
that activate natural killer cells to destroy the viral infection. Simultaneously, infected cells express
viral antigens on the cell surface, activating professional APCs such as dendritic cells (DCs). DCs
interact with viral antigens through pattern recognition receptors for their maturation and in turn
switch naive T-cells into mature T-cells (Th1, Th17, Th2, and Tregs) that regulate both the innate and
adaptive immune system. The innate response regulates a Th1 driven pro-inflammatory cascade,
resulting in the recruitment of immune cells for rapid eradication of the infection (1). The adaptive
immune system stimulates the differentiation and expansion of T lymphocytes into specific subsets,
better known as cytotoxic T-cells (CTLs, CD8+) and T helper cells (CD4+). CTLs are responsible for
the direct killing and eradication of viral particles and infected cells (2), whilst T helper cells recruit
immune cells and stimulate the differentiation of B lymphocytes. B lymphocytes are responsible for
the viral specific rapid response and long lasting immunological memory against recurring infection
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through the production of two subsets known as plasma cells and memory B-cells. Differentiation
into plasma cell results in the production of virus specific antibodies for the neutralisation of viral
progeny, the activation of the complement cascade, and antibody mediated opsonisation (3). Upon re-
infection, memory B-cells stored within lymph nodes differentiate into active plasma cells, generating
antibodies and the rapid activation of the adaptive immune system to provide effective relief faster
than the first initial infection, usually leaving the individual asymptomatic. NK = natural killer cell.
IFN = interferon.

Simplistically, stimulation of the adaptive immune response via IFN and APCs allows
for the expansion and differentiation of cytotoxic T-cells (CD8+) and naive T helper cells
(ThO0) into mature Th cells. There are four main Th subsets that have been identified and
are involved in the immunological response to infectious disease (Figure 2). Arguably,
the most important responses are Thl, primarily responsible for the pro-inflammatory
response to intracellular parasites, and Th2, which is predominantly characterised by the
production of antibodies [4,5]. The differentiation pathways of the Th1 and Th2 phenotypes
are described by Kaiko et al. [6]. Despite well-characterised disease pathways and detailed
immune responses (extensively discussed elsewhere [7-10]), an individual’s heterogeneous
clinical response to viral infections that in turn govern whether a patient can mount an
appropriate immune response to clear the viruses must therefore be due to host factors
influencing the outcome. We hypothesize that these host factors specifically cause an
imbalance in immune homeostasis, resulting in skewing towards a particular T helper
cell response, which ultimately determines either disease progression or resolution. These
include inherent immune activation biases, the age and ethnicity of individuals, and
co-existing pathologies (Figure 3). Here, we review the current literature regarding the
aetiology of these predispositions. Additionally, we summarise the strategies to modulate
immune homeostasis and hence mitigate a deviant immune response to viral infection.

ethnicity
PS STRATEGIES TO
. ADDRESS T HELPER
%) inherent IMBALANCE
/H\ Th bias
»
308 .:: Antivirals
— \% Adjuvants
HETEROGENOUS t
ANTI-VIRAL \ | “ Dexamethasone
RESPONSE
§ !L - e, Antihistamine
co-morbidity
\/—J Vitamin D
n'\it 0 Pati
> o strat?#s;ttion
virus microbiome
genetics S

Y

polymorphisms

Figure 3. A schematic summarising the causes of a heterogenous anti-viral immune response and
possible strategies to address T helper cell imbalance. Created with Biorender.
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2. Causes of Deviant Immune Response in Viral Infections

Much focus has been given to the identification of specific human gene variants
responsible for enhanced susceptibility or resistance to viral infection and it would be
remiss of us not to include the genetic underpinnings that control viral infection outcomes;
however, these have been reviewed elsewhere [11]. Briefly, the comparison of infected
versus uninfected individuals have elucidated specific genetic factors responsible for diver-
gent immune responses to specific viruses resulting in variability in both an individual’s
susceptibility and outcome (examples in Table 1). These broadly fall into four categories:
(1) Haplotypes of HLA important for encoding glycoproteins on the surface of nucleated
cells for the presentation of antigen peptides to CD8+ lymphocytes with certain HLA alleles
associated with protection [12,13]; (2) IFN-Y3 polymorphisms alter the attachment of this
cytokine to its receptor to modify the unspecific antiviral response; (3) miRNA is important
in the replicative cycles of viruses and the deregulation of host miRNA can lead to increased
cell survival, invasiveness, proliferation, and allow viral latency; (4) With a high tendency
to suffer genetic mutations, killer-cell immunoglobulin-like receptors (KIR) and its role
in cytotoxic T lymphocyte (CTL) efficiency heavily influences innate and adaptive immu-
nity. Candidate genes responsible for identifying disease susceptibility loci such as those
reviewed by Kenney et al. [11] are usually detected by large genetic screens. Interestingly,
these investigations have also revealed changes in HLA allele frequencies and protective
mutations according to ethnicity [14]. Additionally, it is known that infection rates increase
in the elderly, which is attributed to an inability to mount an effective response and/or that
this response becomes polarised as we age. This polarisation towards a particular T helper
response is seen in the risk towards HCV infection [15], whilst the immune phenotype of
a number of diseases have been identified as demonstrating Th bias (Table 1). Here, we
discuss the evidence for the polarisation of the immune system by these host factors and
how these disruptions in immune homeostasis impact viral immunity.

Table 1. Evidence of the influence of host features on viral infection. TNF = tumour necrosis factor;
DHF = dengue hemorrhagic fever; HCV = hepatitis C virus; RSV = human respiratory syncytial
virus; IAV = influenza A virus; WNV = West Nile virus; IFN = interferon; DC = dendritic cells;
ACE2 = angiotensin-converting enzyme; Nab = neutralising antibody; HRV = human rhinovirus.

Feature

Virus Effect on Host Refs.

Host genetic susceptibility

TNF-a (—308) GG genotype

IL-10 (-592/-819/-1082)

Development of severe dengue in Sri Lankan patients.

CCA/ATA genotype Dengue Risk factor to developing DHF. [16]
IL-10 (-592/-819/-1082) Protective factor from DHFE.

ATA/ATG genotype

G6PD gene Dengue, coronavirus, Deficiency enhances viral infection. [17-19]

enterovirus

Increased virulence by reducing host innate immune

ALL7V polymorphism in the NS2A — Zika responses and viral-induced apoptosis in vitro. [201

HLA DRB1*11 HCV Protects from disease progression. [21]

HLA*0405, HLA DRB1*0301, . . . .

DQB1#0201 HCV Viral persistence and chronic infection. [22]

IFIH1 RSV Deficient 1nd1y1dua1§ unal?le to induce IFN-f3, rendering 23]
them susceptible to infection.

Q421X AV Impaired IFN-o production causes [24]

life-threatening condition.
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Table 1. Cont.
Feature Virus Effect on Host Refs.
Ageing
Age-related upregulation of regulatory receptors
Axl, Mertk WNV facilitates viral uptake by increasing blood-brain [25]
barrier permeability.
Insufficient number and quality of effector antiviral
Trcell defects WNV T-cells underlie age-related susceptibility to WNV. [20]
Histone modifications AV Age—assq:lated alterefi histone expression decreases IFN [27]
production by myeloid DCs.
Hallmark of ageing.
miR-181a deficiency in T-cells WNV Impairs T-cell expansion, viral clearance, and [28]

recall response.

Ethnicity
IFN effectiveness in blocking viral production

IFN HCV significantly greater in White versus [29]
African-American patients.
ACE2 (receptor for cellular entry) expression

ACE2 COVID-19 significantly higher among Asians compared to [30]
African-Americans and Caucasians.
Individuals of African descent have significantly higher

Nab Rubella rubella-specific NAD levels than European or [31]

Hispanic individuals.

Co-morbidities

Obesity

Decreased CD8+ T-cell activation results in inability to

Influenza HIN1 o
mount protective immune response

Asthma

Increased susceptibility to heterologous secondary

IA . . .
v influenza due to defective mucosal antibody responses.

Cancer (melanoma/RCC)

Tumour antigen-specific Th2-type polarisation of CD4*
T-cell responses in the peripheral blood of patients with  [34]
RCC or melanoma.

Type 2 airway disorders (allergic
asthma, allergic rhinitis, CRSWNP)

Type 2 cytokines increase susceptibility to viral infection
in airways via changing the epithelial structure and
HRV16 production of interferons. [35]
A Th2 bias induces a deficit in defending the mucosa
against viral and bacterial infections.

The most compelling evidence for differing clinical manifestations based on inherent
predispositions can be sought from the use of pre-clinical models. The majority of viral
pathogenesis studies are performed in inbred mouse models, which whilst cost-efficient
and well-characterised, lack the diversity of responses seen in outbred populations such
as humans, but the selection of particular strains may inadvertently bias the results. The
most commonly used mouse models are ultimately known for their Th cell bias with
Balb/c mice demonstrating a greater susceptibility to infection attributed to its Th2 bias
whilst C57Bl/6 mice potentially benefit from a protective Th1 biased response. Whilst the
selection of animal strain may simply be determined by their susceptibility to the infection
in question, for example, the search for a small animal model of hepatitis E virus (HEV)
determined rabbits to be a suitable model alternative to non-human primate and swine
models following negative infection in Wistar rats, C57B1/6, and Balb/c mice [36], the
judicial use of particular animal strains is required, ideally with confirmation in multiple
strains. Even then, this is not infallible, indeed, we have shown that predisposition to
a particular Th cell response generated the opposite results. Inoculation with oncolytic
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HSV virus proved lethal in tumour-laden Balb/c mice but protective in C57B1/6 mice [37],
attributed to their prototypical Th bias. Conversely, the severity of encephalomyelitis
induced by infection with Neuro-adapted Sindbis Virus (NSV) was fatal in C57Bl/6 mice,
but Balb/c mice recovered [38]. Severe Ebola virus disease (EVD) has been linked to
insufficient T-cell immunity with highly activated Th1 polarisation in tolerant animals but
inhibition in lethal animals [39]. Here, the authors utilised the collaborative cross (CC),
which is an octo-parental panel of reproducible inbred mice that comprise 90% of the genetic
diversity across the entire laboratory Mus musculus genome, to further predict the EVD
severity in mice by identifying transcriptional biomarkers, hence linking pathogenesis to
host genetics. In these mouse studies, the outcomes following viral infection were induced
by a Th imbalance, either as a pre-disposition through inbreeding or Th polarisation
following stimulation. We focused on the reciprocal effect, in other words, how the host
environment contributes to Th polarisation, thereby influencing infection outcome.

2.1. Heterosubtypic Immunity

In humans, does a Th cell imbalance precede clinical disease or is this a consequence
of the disease process? The variability in the resting immune cell composition in mice has
been dissected in 60 CC strains [40] and represents an important tool for analysing different
immune cell frequencies and disease susceptibilities. Whilst in humans, we have a good
understanding of the immune pathways involved following different viral stimuli and the
shifts in Th cell balance, do these occur first or as a consequence of the disease process?
Can we predict outcomes from the evaluation of immune cell compositions in a steady
state? Olson et al. [41] conducted an investigation in humans by calculating the percentage
Th1:Th2 cell ratios and suggested that Th bias may precede clinical disease. This may be a
result of pre-existing immunity, the aetiology of which can be associated with exposure
to related pathogens but also microbial communities associated with our microbiome reg-
ulate immune homeostasis [42]. It is thought that cross-reactive responses in the human
population enhance the reaction of the immune system to an antigen that is related to one
previously encountered. Additionally, T-cells mediate protection where no pre-existing
antibodies are present, for example, in the context of a pandemic. However, the protective
role of this heterosubtypic immunity is debatable with conflicting evidence for pre-existing
CD4+, but not CD8+, T-cells associated with lower virus shedding and less severe illness in
mouse models of influenza [43,44] whilst others have reported viral clearance mediated by
antigen-specific CD8+ effector T-cells, with a role for CD4+ T-cells in maintaining CD8+ T
and B-cell memory responses [45]. Additionally, early life dysbiota predisposes to inap-
propriate T-cell responses that are linked to compromised immune tolerance [46]. Indeed,
an increased mortality to respiratory viral infection was reported following a reduction in
diversity in the gastrointestinal tract associated with dysregulated Treg populations within
the lung and intestine [47]. Bacteroides fragilis, in particular, enhances the induction of
Th1 and Foxp3+ Treg cells and is thought to play a pivotal role in maintaining balance
between inflammatory Th cells and suppressive Treg cells under healthy conditions [48].
In addition to bacteria, other viruses, fungi, and helminths can determine host immunity
and virus infection. These trans-kingdom interactions described by Pfeiffer and Virgin [49]
demonstrate both protective and detrimental outcomes. For example, the induction of an
IEN response by helminths had a positive effect on respiratory viral infection whilst enteric
helminths could enhance susceptibility to systemic viral infections that also had tropism
for the GI tract [50]. Understanding how the macrobiome contributes to viral infection
warrants further examination and may inspire new therapeutic approaches.

2.2. Ageing

It has been observed that a dysregulation of the adaptive immune system occurs in
the ageing population. This change is two-fold: first the balance and effectiveness of T-cell
types alters, and second, there is a weakened humoral response.
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With regard to T-cells, there is conflicting evidence as to whether the absolute numbers
of T-cells change with age. It is likely that T-cell absolute numbers stay somewhat similar,
but confounders such as co-morbidities including cancer [51,52] and ethnicity may influ-
ence these results. In most of these studies, however, a shift towards less effective T helper
cells is seen. This may be partly due to the involution of the thymus, resulting in decreased
lymphoid cell numbers and also in naive T-cell differentiation aberrances. With regard to
the latter, the ratio between naive T-cells and memory T-cells shifts with heavy memory
T-cell balance, with the resultant effect being less naive T-cells in circulation that may limit
the immune response to new antigens in the ageing population [53]. Interestingly, a feature
of these naive T-cells is longevity. This is thought to be a resultant effect of the loss of thymic
function. In thymectomised mice, naive T-cells that develop longevity have demonstrated
aberrant function with decreases in antigen and IL-2 cytokine production [54]. This is sup-
ported by Haynes et al., who also demonstrated that upon activation of aged naive T-cells,
less IL-2 is produced, which leads to poorly polarised T helper cells in vivo [55]. However,
both authors also showed that if adequate IL-2 is provided to aged naive CD4+ T helper
cells in vitro, this dysfunction can be reversed. As IL-2 production is thought to be related
to Th1 cells (Figure 1), one could speculate that ageing causes a shift towards a Th2 biased
response, and indeed, there have been reports that suggest a shift in cytokine response
towards a more Th2 predominance as we age [56], which may predispose individuals to
other age related diseases such as cancer [57].

However, if this were the case, it would not explain the observation of poor antibody
production following vaccination in the older population. Once polarised, Th2 cells activate
B-cells to produce antibodies and eventually form B-cells. As CD4+ T-cells age, there is a
reduction in this humoral response [58]. For example, the current pandemic has highlighted
an age-dependent immune response to the Pfizer vaccine (BNT162b2). A cohort study
with two age groups (vaccine receivers under 60 and over 80) compared antibody response
after the 1st and 2nd dose of the vaccine. While the majority of participants in both groups
produced specific IgG neutralising antibody titres, these were significantly lower in elderly
participants [59]. Conversely, vaccine kinetics at later timepoints (>3 months) demonstrated
comparable neutralising titres between the two groups (<50 vs. >55 years) [60]. Addi-
tionally, immune responses to a candidate vaccine against Herpes Zoster changed little
with advancing age (50-59; 60-69; >70 years) 3 months post vaccination [61]. Whilst the
SARS-CoV-2 study [60] did not analyse participants over 80 years, it highlights the need
for studies on the durability of protection and the rational design of optimised and novel
vaccines for the elderly [62].

This age-related decline in vaccine efficacy is also dependent on the germinal centre
(GC) response involved in the affinity maturation of B-cells. Defects in the GC response
have been extensively reviewed [63] and are largely driven by the perturbation of co-
ordinated interactions between B-cells, T follicular helper (Tth) cells, T follicular regulatory
(Tfr) cells, and stromal cell subsets such as follicular dendritic cells (FDCs). For example, GC
B-cells in aged mice lacked T-cell help as a result of a shift in the Tfr:Tfh ratio [64] attributed
to poor T-cell priming [65] and the lack of mature antigen-specific Tfh cells [66]. Together
with defects in the activation and expansion of FDCs [67], these contribute to an inferior GC
response, resulting in poor memory B-cell formation and reduced antibody titres in older
individuals [68]. The relationship between T-cells and B-cells may be mediated through the
co-stimulatory molecule CD28, a molecule involved in T-cell activation, proliferation, and
survival. During ageing, it is well-recognised that there is an increase in CD4+CD28- cells.
These cells provide a predominantly Th1 response to infections in the elderly population
and therefore may not activate the pathways, which result in antibody formation [69]. In
support of the Th1 shift would be the clinical manifestation of certain traditionally “age
related” diseases such as atherosclerosis. Th balance in atherosclerosis has been reviewed
extensively, establishing it as a Th1 driven disease [70] with some indications that Th bias
may predispose to its acquisition [71].
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Nutrients have also been found to influence the Th balance, in particular, melatonin
is known to have specific high-affinity binding sites on both Th1 and Th2 cells [72] but
melatonin production is progressively reduced with age. Melatonin has the potential to
enhance immune function in aged individuals and in patients in an immunocompromised
state by stimulating the production of NK cells and CD4+ cells as well as the production
and release of various cytokines from NK cells and T-helper lymphocytes [73]. Furthermore,
when used as an adjunct to anti-viral treatment, melatonin enhances the survival of mice
infected with influenza, which may be extrapolated to suggest that if we lose melatonin as
we age, perhaps we also lose some of the efficacy of anti-viral therapy [74].

Anti-ageing drugs have been suggested as an approach to boost the effectiveness of
COVID vaccines in older people. This includes using immunosuppressing drugs such as
rapamycin (an approved mTOR inhibitor) and metformin (a type 2 diabetes drug). A small
retrospective study in China found that the mortality among hospitalised diabetic patients
with confirmed COVID-19 taking metformin was 2.9% compared with 12.3% in people who
did not take the drug [75]. Interestingly, data on hospitalised individuals with COVID-19
with an average age of 75, some of whom were already taking metformin for obesity or
diabetes, found a significant reduction in mortality among women taking metformin, but
not among men [76].

Although T-cell changes in response to viruses with ageing is well-documented [77]
(Table 1), whether these changes can be grouped into a Th bias remains unclear. Unfor-
tunately, a recent analysis of COVID-19 vaccine trials found that the risk of exclusion of
older adults is high [78], whilst the analysis of 18 recent trials revealed more than half had
age cut-offs and many were at risk of excluding older participants, therefore data are still
lacking in this area.

2.3. Ethnicity

Ethnicity has been defined as “the social group a person belongs to, and either identi-
fies with or is identified with by others, as a result of a mix of cultural and other factors
including language, diet, religion, ancestry and physical features traditionally associated
with race” [79]. This is a rather broad term, and studies of ethnicity in viral response have
the potential for many confounders such as social economic status and cultural norms that
preclude social distance.

However, there have been longstanding observations of differences in the clinical
progression of viral disease between differing ethnic groups, and viruses have been shown
to evolve as a result of different immune responses in these different ethnic populations
(Table 1). For example, the variation in disease severity with the hepatitis B virus has
been extensively studied in the Chinese and Caucasian population and shows a greater
prevalence of hepatitis B infection within the Chinese population [80], with this prevalence
existing in spite of geographic location [81]. These observed differences may be due to
inherent differences in immune profiles such as their T-cell repertoire, but not quantity,
which was found to be significantly distinct between those of Chinese and Caucasian
descent, with minimal cross over between the ethnic groups [82]. In this study, Tan et al.
compared T-cell repertoires against the entire hepatitis B proteome in infected patients (47 of
Chinese and 62 of Caucasian origin) and showed that these were divergent in the two ethnic
groups with T-cell epitopes frequently found in Caucasian patients, but seldom detected
in Chinese patients. The discordance demonstrates the ability of HLA polymorphisms to
diversify T-cell responses, which has implications when considering therapeutic vaccine
development. Here, hepatitis B-specific immune monitoring in Asian patients should not
rely on the exclusive analysis of epitopes found in Caucasians or conform to algorithms
that do not consider the clustering of different viral strains within different ethnic groups.

Another example is in HIV infection, where the rate of decline in CD4 count following
HIV infection is a predictor of the progression to AIDS. In these patients, studies have
shown a steep decline in patients of non-Afro-Caribbean descent [83]. To date, no study
has investigated why this occurs and whether inherent Th biases may contribute to this



Viruses 2022, 14, 1493

10 of 26

observation. More recently, a lower CD4 T-cell count has been identified as a potential
risk factor for severe COVID-19 infection for people living with HIV, irrespective of HIV
virological suppression [84]. Increasing evidence supports a role for CD4 T-cells in the
control and resolution of acute COVID-19 infection [85] and therefore any pre-existing
CD4 T-cell depletion as described in patients with haematological malignancy [86] could
be a potential barrier to COVID-19 immunity, hampering antiviral responses [87] and
the development of immunological memory. More studies are required to determine the
role of gender, race, and ethnicity, especially in areas of high HIV burden to help identify
individuals who are particularly vulnerable to the impact of COVID-19 infection and
need targeted vaccination interventions. For these patients, CD4 should be considered
as a biomarker as patients may require tailored vaccine strategies to achieve long-term
protective immunity.

Overwhelming evidence has highlighted that patients from ethnic minorities are
disproportionately affected by COVID-19 compared to white individuals, with Asians at
higher risk of intensive care admissions and death [88]. Whilst accumulating evidence
supports a role for T-cells in SARS-CoV-2 (reviewed in Shroti et al. [89]), a complex picture
is emerging, and data are yet to come. Additionally, dietary habits are an important
modifiable risk factor for chronic inflammation with well-documented racial disparities
in the prevalence of such diseases (cancer [90], diabetes [91], cardiovascular disease [92]).
With various anti- and proinflammatory properties, studies have shown that Western-style
diets rich in carbohydrates and fats are associated with higher inflammation compared with
a Mediterranean diet of fruit and vegetables [93,94]. For example, the proinflammatory
potential of diets consumed by African-Americans was significantly higher compared
to Caucasian-Americans in a study of socio-economically disadvantaged women who
were at high risk for exposure to COVID-19 in Alabama, USA [95]. Dietary nutrients
can modulate the immune response directly on the function of immune cells or via the
microbiome. Regulatory T-cells (Treg), in particular, respond to environmental cues and
are important for maintaining immune homeostasis, as described by Arroyo Hornero
et al. [96]. Th bias does feature in the development of autoimmune diseases and an ethnic
disparity in prevalence and severity can be seen between the Afro-Caribbean and Caucasian
populations. As autoimmune diseases are felt to be more prominent in those with a Th2
bias, T-helper cells and their ethnic difference have been explored within this population.
In atopic dermatitis, an acute followed by chronic inflammatory condition of the skin,
the pathology of the disease is characterised in Caucasians to show an initial Th2 biased
approach followed by a Th1 bias in the chronic stages [97]. However, in the Afro-Caribbean
population, a lack of the Thl switch in the latter phases of disease is seen. In addition, a
greater immune cell infiltrate, with a significant increase in atopic dendritic cells is seen in
Afro-Caribbeans in comparison to Caucasians [98]. Perhaps in light of the ethnic variability
observed with coronavirus [88], HIV [99], and dengue fever [100,101], namely an increased
risk of infection and worse disease outcomes, Th bias in health and viral infection warrants
further studies.

2.4. Co-Morbidities

Co-morbidities must be considered when evaluating immune responses for the control
of viral infections. As the COVID-19 pandemic has highlighted, the risk of infection is sig-
nificantly associated with conditions including diabetes [102], obesity [103], and respiratory
conditions such as asthma [104] (Table 1). The immune phenotypes of a number of patholo-
gies have been identified as displaying a Th cell bias (Table 2). This includes atherosclerosis,
rheumatoid arthritis, type I diabetes, multiple sclerosis, and Parkinson’s disease, represent-
ing a Th1l immune phenotype, whilst asthma and Systemic lupus erythematosus represent
a Th2 immune phenotype.
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Table 2. Th-dependent diseases. IFN = interferon; IL = interleukin; TNF = tumour necrosis factor;
CNS = central nervous system; Treg = T regulatory cells; PD = Parkinson’s disease.

Evidence for Th Polarisation Ref.

Thl

Atherosclerosis

CD4+ T-cells dominate atherosclerotic plaques. Increase IFN-y and IL-2, IL-12, IL-18. [70]

Rheumatoid arthritis

Increase in IFN-y+CD4+ T-cells in peripheral blood and IFN-y and TNF-x expression.

Reduction in IL-6 and IL10 expression. [105]

Type I diabetes High IFN-y expression drives persistent signal in pancreatic beta cells. [106]
Multiple sclerosis IFN-y-producing Th1 cells most frequent Th cell subset in the CNS. [107]
Parkinson’s PD patients more Thl cells and fewer Treg cells. [108]
CD4+ T-cells mediate brain inflammation. [109]
Th2
Production of Th2 cytokines IL-4, IL-13, IL-5, increased production of IgE by B-cells. [110]
Asthma Genes that enhanced Th2 polarisation (IL17RB) and Th2 cytokine (IL-25) production [111]
were upregulated in asthma.
Ulcerative colitis Overexpression of Bcl2L12 by CD4+ T-cells upregulates Th2 responses and [112]
downregulates Th2 ell apoptosis.
Chronic fatigue syndrome Shift from Th1 to Th2 profile correlated with illness parameters including increase in [113]

IL-4 and reduced natural killer cell cytotoxicity.

Patients with Parkinson’s disease (PD) demonstrate a Th1 biased immune signature
brought about by reduced Th2, Th17, and Tregulatory cells (Treg), leading to a relative
increase in Th1 cells as well as the preferential differentiation of naive CD4+ cells towards
the Th1 lineage from the in vitro functional testing of PD patient cells [114]. However,
a group investigating the dysfunction of the peripheral immune system in PD in mice
attributed the manifestation of the disease to a CD4+ T-cell differentiation bias towards
Treg cells away from Thl cells [115]. Age is the greatest risk factor for PD patients with the
average age for diagnosis being 60 years, however, age is arguably associated with a trend
towards Th2 bias.

Th1 cells have also been seen to drive atherosclerosis in mice [116] by the IFN-y
activation of macrophages and endothelial and smooth muscle cells, the inhibition of
macrophage cholesterol efflux, and weakening the fibrous cap. Deficiency in IFN-y or the
Thil-differentiating transcription factor T-bet results in reduced lesion development [117].
Subjects from small clinical studies with coronary syndromes and advanced atherosclerosis
were also found to have a bias towards Th1 [118-120]. A protective role for Th2 immunity
has also been seen in cardiovascular disease [121]. Interestingly, in chronic inflammatory
diseases such as rheumatoid arthritis, autoimmune encephalomyelitis as well as human
alcoholic liver disease (ALD), a decline in Th1/Th2 responses has also been attributed to
the upregulation and activation of Th17 cells [122]. This imbalance between Th17 and Th1
cells is also implicated in the pathogenesis of chronic hepatitis B infections [123]. Recent
evidence suggests that viral infection may induce PD [124,125] and that cytomegalovirus
(CMV) infectious burden was the main Th1 correlate in atherosclerosis [126]. Therefore,
could the aetiology of the Th1l immune phenotype precede the clinical manifestation of
these conditions? Either way, these studies suggest the importance of prospective studies
of T-helper cell biasing.

Alterations in the Th1/Th2 ratio in cancer patients is a common feature of a malignant
process and could result from the malfunction of Th1 cells, the activation of Th2 lympho-
cytes, or both [127]. A decrease in the Th1/Th2 ratio has been described in patients with
glioblastoma [128], metastatic melanoma [129], non-Hodgkin’s lymphoma [130], breast
cancer [131], head and neck cancer [132], and other tumour types. Conversely, a Th1l pheno-
type in breast cancer is associated with prolonged patient survival, whereby women with
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the highest ratios of Thl cytokines to IL-5 levels were least likely to have aggressive pheno-
types of breast cancer (oestrogen receptor negative [ER™] and triple negative breast cancer
[TNBC]) [133]. Interestingly, the strongest associations were in premenopausal women,
possibly indicating a more dominant role for immunosenescence and age-related biases
driving the immune phenotype in postmenopausal women, although this is merely conjec-
ture. These findings suggest that future therapies will need to address this profound Th2
skewing in order to have significant clinical efficacy in patients, possibly through vaccine
strategies to shift tumour antigen-specific T-cell response to a more immunostimulatory
Th1 bias [128].

Not only does the cancer itself demonstrate a distinct immune profile, but it is impor-
tant to note that chemotherapies are, in essence, immunosuppressants and will alter an
individual’s normal Th balance. The use of immune checkpoint inhibitors has provided a
breakthrough in cancer therapeutics but may also help to sustain and enhance antiviral
CD8+ T-cell responses by blocking the checkpoint programmed death ligand-1 (PD-L1)
and IL-10, thereby generating the appropriate CD4+ Th1 help [134].

The cytopathic and immunostimulatory effects of viruses have been exploited for the
generation of anticancer agents postulated as safer, more specific alternatives to traditional
chemotherapies and radiotherapies. As the use of oncolytic virotherapy increases in
the treatment of cancers following the FDA approval of T-Vec, an oncolytic HSV virus
for the treatment of melanoma [135], do underlying Th biases including co-morbidities
contribute to the variability in their efficacy? It is thought that CD8+ T-cell response is
critical for the control of tumour growth and the co-expression of immunomodulatory
transgenes stimulated an IL12 led Th1 response for enhanced survival in a mouse model
of glioblastoma [136]. With this in mind, are asthmatic (Th2 immune phenotype) cancer
patients more likely to experience side effects in response to virotherapy; conversely, would
Parkinson’s patients require higher concentrations of virotherapy to demonstrate efficacy
as their Th1 bias may contribute to faster clearance of the virus. Could we match oncolytic
viruses to the immune phenotypes of these co-morbidities, in other words, use those that
inhibit Th1 response (such as respiratory syncytial virus and influenza A) or titrate viral
concentration against Th bias to individualise dosage? Another strategy could be the use
of immunomodulators to support both immunotherapy efficacy but also deviant responses
to viral infection, which we describe next.

3. Strategies to Address the Deviant Response

Manipulation of the Th1/Th2 balance has demonstrated therapeutic capabilities
by reconstituting Th1 cells for the prevention of CD8+ T-cell decay thereby enhancing
CD8+ T-cell activity and the control of infection of lymphocytic choriomeningitis virus
(LCMV) [134]. Additionally, this idea of polarising the immune response to different arms
of immunity has been proposed for the development of vaccines for the induction of tailor-
made phenotypes for optimal protection against the influenza virus [137]. Additionally,
rederivation of commonly used drugs including traditional antivirals, anti-histamines,
aluminium salts (traditionally used as adjuvants), and vitamin D have demonstrated the
ability to re-address the T-helper cell balance and may prove useful for deviant immune
responses to viruses.

3.1. Antivirals

Most clinically approved antivirals used to treat viruses such as the human immunod-
eficient virus (HIV), herpes (B and C), and influenza (A and B) are designed to inhibit viral
spread at various stages within the viral replication cycle without deactivating or killing
the pathogen. Aside from this conventional use, growing evidence suggests that antivirals
may also serve as a strategy to counteract and dampen the deviant response associated
with viral infection in some patients. For example, the effects of Arbidol hydrochloride
(ARB) on a wide spectrum of viruses including influenza virus, adenovirus, coxsackievirus,
hepatitis C virus, and respiratory viruses have been previously reported [138,139]. In
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HIN1 (type A influenza) infected BALB/c mice, which usually develop lethal pneumonia,
the administration of ARB suppressed disease mortality and viral load in the lungs in
a dose-dependent manner [140,141]. These effects were mediated by the downregula-
tion of the infection-induced cytokine inflammation profile (TNF-«, IFN-f3, IL-13, IL-6,
and IL-12p40) and cytopathic effect, and the upregulation of IL-10, an anti-inflammatory
cytokine, suggesting an alternative use for ARB post-viral infection.

Another agent known for its anti-viral inducing properties, IFN-« is a standard of
care drug in the treatment of Behcet’s disease, an inflammatory blood vessel condition
that displays a cytokine signature with a Th1-like resemblance [142]. In a double blinded
clinical study, low-dose vaccination (150-IU) using IFN-o proved to reduce the severity
of the respiratory symptoms caused by the influenza virus. Interestingly, such treatment
demonstrated a statistically significant reduction in the incidence of acute respiratory
illness, particularly in male study subjects aged 50 years or more, and those previously
vaccinated against the 2009 seasonal influenza [143]. Additionally, the effects of IFN-o
on purified memory T-cells (CD45RO+) isolated from peripheral blood mononuclear cells
of patients with ongoing inflammatory conditions such as systemic lupus erythematosus
and Behcet’s disease have also demonstrated a dampening of the Th1 pro-inflammatory
response through the stimulated secretion of anti-inflammatory IL-10 [144]. Together, these
data suggest that at low doses, IFN-« can diminish the pro-inflammatory response, possibly
through the modulation of specific genes involved in the immune response. Given the
current published evidence, the lack of appropriate strategies to manage virus-induced
cytokine storms, and the fact that antivirals are relatively inexpensive and easily manu-
factured, this is a strategy worth considering, for example, in the management of global
pandemics such as COVID-19, where the disease exhibits a dominant Th1 profile and where
unwanted responses against viruses are major causes of mortality and morbidity rates.

Aside from antivirals, anti-fungals such as thimerosal have been shown to shift the
immune response towards a Th2 bias (through increased production of IL-5 and IL-13),
where they mediate the inhibition of proinflammatory molecules such as IL-1§3, IL-6,
IL-12p70, monocyte chemoattractant protein-1 (MCP-1), and IEN-Y in human dendritic
cells in vitro [145]. Furthermore, cannabidiol (CBD), a cannabinoid derived from Cannabis
sativa, has been shown to promote a Th2-like immune response. In mice suffering from
acute lung injury caused by lipopolysaccharide (LPS)-induced infection, a one-off CBD dose
(20 mg/kg) administered prior to infection decreased the production of pro-inflammatory
TNE, IL-6, MCP-1, and MIP-2 [146]. In human T-cells, A9-tetrahydrocannabinol (THC),
another cannabinoid, reduced the production of IFN-« and increased the levels of Th2
cytokines (IL-4 and IL-10) in a concentration dependent manner after dendritic cell pre-
sentation of foreign antigens to T-cells [147]. THC is thought to interact with cannabinoid
receptors on T-cells to suppress their activation, thereby dampening the inflammatory
phenotype. The CB2 receptor is abundantly expressed in immune and immune-derived
cells and its activation indirectly affects viral infections by altering host immune responses,
particularly inflammation, along different signalling pathways. The anti-inflammatory and
immunomodulatory activity of CB2 signalling in response to viral infections is comprehen-
sively reviewed and suggests that the blockage of CB2 receptors is a potential target for the
control of viral infection through the inhibition of immune suppressive effects [148].

3.2. Anti-Histamines

Another well-characterised category of drugs, anti-histamines, may also combat viral
infections by influencing the way in which the virus enters the cells but without physically
affecting the virus directly [149]. Anti-histamines are used to inhibit histamine production
and enable mast cell stabilisation through alteration to the Th1/Th2 cytokine balance in
basophils and T-cells whilst reducing chemotaxis, activation, and the survival of eosinophils
as well as downregulating epithelial cell adhesion molecule expression [150-152]. Anti-
histamines can play a huge role in combating chronic diseases such as atopic asthma as well
as viral infections through changing Th1/Th2 homeostasis by increasing the stimulation
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of Th1 cells and the release of IL-2 and IFNYy cytokines whilst inhibiting Th2 activation,
which in turn reduces eosinophilic inflammation and prevents airway hypersensitivity
in mice [153]. Current studies investigating the potential for repurposing anti-histamines
for the treatment of viral infections have identified two, carbinoxamine maleate (CAM)
and S-(+)-chlorpheniramine maleate (SCM), following the screening of over 1000 FDA
approved compounds [154] with potential antiviral activity. Both CAM and SCM inhibited
the infectivity of influenza through blocking viral entry into the host cells during the early
stage of the viral life cycle. However these effects were limited to viral endocytosis, as
data suggest that CAM and SCM had no effect on viral attachment to the target cell, nor
viral release upon lysis [154]. Similar studies have demonstrated the anti-viral effects of
chlorcyclizine hydrochloride on hepatitis C viral infections by inhibiting HCV late-entry
step before RNA replication and highlighting the potential of drug repurposing for effective
anti-viral drugs [149]. Such studies highlight anti-histamines as good candidates for anti-
viral treatments as they have excellent safety profiles from previous characterisations whilst
being affordable.

3.3. Adjuvants

The promotion of specific adaptive responses to produce the most effective form of
immunity may be assisted by the use of adjuvants. Typically used to increase the magnitude
of an adaptive response to a vaccine, adjuvants are increasingly used to provide functionally
appropriate types of immune response (e.g., Th1 cell versus Th2 cell, CD8* versus CD4+
T-cells, specific antibody isotypes) and increase the generation of memory, especially T-cell
memory [155].

For example, for insoluble aluminium salts (alum), the mechanism of adjuvanticity
has been shown to activate the innate immune system via a Th2 response [156], induced
by inflammatory dendritic cells through the endogenous danger signal, uric acid [157].
Additionally, Sharp et al. [158] demonstrated that mice administered with alum estab-
lished a pro-inflammatory response hours after inoculation, showing increased release
of interleukin-1 (IL-18) 13, MCP-1, Eotaxin-1 (CCL11), histamine, and IL-5 [157,158]. In
addition, alum have been known to initiate a robust antibody response linked to IL-4
secretion. Evidence shows that Grl+ IL-4-producing cells increased B-cell proliferation
and promoted an increase in the production of IgM antibodies, 24 h after inoculation with
alum [159]. Such studies demonstrate that alum are essential for the recruitment and
promotion of IL-4-producing cells, leading to a Th2 response and production of early IgM.
Alum induced a particularly polarised Th2 cell response in mice with Th2 cell-dependent
antibody isotypes to nearly all protein antigens whilst in humans, responses to proteins
with alum tend to be a mix of Th2 and Th1 cells [160]. In contrast, more polarised Th1 cell
responses are elicited by adjuvants that incorporate agonists of TLR3, TLR4, TLR7-TLRS,
and TLRY [161]. Complete Freund’s adjuvant (CFA) and CAFO01 induced mixed Th1 and
Th17 cell responses whilst MF59, ISCOMs, Toll-like receptor 2 (TLR2), and TLR5 ligands
enhanced T-cell and antibody responses without altering their Th1/Th2 cell balance of the
specific antigens [162].

The induction of certain cytokine repertoires by adjuvants has been shown to inhibit
virus replication, namely hepatitis B [163] and enhance the immunity of antiviral vaccines
including HIV [164] and influenza [165], with the latter demonstrating increased induction
of T-helper type 1 (Thl)-biased cytokines. Therefore, the selection of an appropriate
adjuvant is influenced by the type of CD4+ T-cell response required for protection but
may represent an opportunity for prophylactic immunomodulation to support the use of
combination immunotherapy.

3.4. Vitamin D

Vitamin D is a fat soluble steroid primarily known to help maintain healthy home-
ostasis in bone mineral density and general health with supplements administered to
individuals at greater risk of osteoporosis and bone fractures [166]. Vitamin D has also
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been repurposed for the potential treatment of infection due to its influence on the non-
classical immune response through the stimulation of the innate and adaptive immune
response via a strong influence on the downstream gene expression of the inflammatory
cascade. The pre-hormone 25-hydroxyvitamin D (250HD) derided from vitamin D3 and
its receptor vitamin D receptor (VDR) are activated by the enzyme CYP27B1, which is
secreted by immune cells including dendritic cells, macrophages, monocytes, and respi-
ratory epithelial cells [167]. Liu et al. showed that mycobacterium tuberculosis activation
of macrophages via TLR2 induced the overexpression and upregulation of CYP27B1 and
VDR [168]. This resulted in the formation of cathelicidin, a mycobacterial peptide respon-
sible for the rapid elimination of tuberculosis infection through binding endotoxins and
increasing the permeability of the bacterial membrane [169].

Vitamin D has also been linked to the eradication of viral infections, predominantly
respiratory infections, most likely associated with a high expression of CYP27B1 by lung
epithelia. Lung epithelial cells have been shown to reduce viral induction of inflammatory
genes and increase the levels of the TLR co-receptor CD14 and cathelicidin upon treatment
with vitamin D [167,170]. Several clinical studies have been conducted on vitamin D
supplementation and their effect on respiratory infections, however, the results show
conflicting data. Re-occurring respiratory infections in children showed a reduction in
re-infections after six weeks of vitamin D supplements [171]. Similarly, an observational
study that examined the relationship between the respiratory infections and serum levels
of 250HD demonstrated that low levels of serum 250HD correlated with an increased
rate of acute respiratory infections in Finnish males [172], children of Bangladeshi [173]
and Indian [174] descent, and newborns [175]. In contrast, a large blinded, randomised,
placebo-controlled trial of oral vitamin D3 with over 1500 elderly patients conducted in
Britain showed no significant difference in the reduction in infection (type not specified)
when patients were administered with vitamin D supplements [176]. These studies may
also provide evidence for the role of ethnicity in an individual’s ability to resolve viral
infections as a result of vitamin D deficiency whereby dark-skinned individuals with higher
melanin levels will experience slower vitamin D synthesis to light-skinned individuals [177].
In addition, a study conducted predominantly on Caucasian patients demonstrated no
significant effect on the incidence of recurring upper respiratory tract infections when
patients were treated with a daily supplement of vitamin D over a 12 week period [178].
These studies showed that vitamin D may work more efficiently in children with recurring
infections compared to the elderly, however these data demonstrated that the use of
vitamin D in the fight against infections, primarily respiratory infection, may not be the
most effective as a lone treatment due to inconsistencies found within the literature. Data
such as these suggest that vitamin D is an important regulator in the inflammatory response
within infected individuals, and that vitamin D deficiency may lead to dysregulation of
this delicate response [179].

Vitamin D can also influence the adaptive immune system, particularly T lymphocyte
regulation via the upregulation of Th2 cytokines associated with an anti-inflammatory
response, whilst simultaneously stimulating the differentiation and expansion of regulatory
T-cells through VDR activation. Mechanisms for vitamin D induced antiviral activity
are well-described [180,181], however, deciphering these diverse biological activities in
the context of different viral infections requires further investigation including validated
markers of immune modulation [182].

3.5. Dexamethasone

Dexamethasone is a corticosteroid affecting the hypothalamic—pituitary—adrenal axis
(HPA) for the regulation of metabolism, development, homeostasis, and cognition [183].
It targets inflammation by binding to the glucocorticoid receptor (GR) on the cell mem-
brane, influencing translocation, and promoting immunosuppression by preventing the
extension of the cytokine storm [184]. This provides a rapid relief of inflammation and
hence its use extends to the treatment of rheumatoid arthritis [185], severe allergies, and
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skin diseases, to cancers such as lymphoma [186]. Dexamethasone has been applied as
a pioneering treatment in reducing inflammatory effects by rebalancing the innate and
adaptive immune response. The migration of immune cells to the site of inflammation
causes the activation of deviant immune responses [184]. Thus, dexamethasone can be
used to prevent the persistence and maintenance of the immune system [187]. In a study
with intracranial leukemic tumours, clear Th2 domination occurred. Co-stimulation with
dexamethasone blocked naive T-cell proliferation and impaired the maturation of T-cells
via the upregulation of CTLA-4 mRNA and protein in CD4+ and CD8+ T-cells. This also
affected the memory T-cells due to the partial immunological rescue in dexamethasone and
CTLA-4 blockade treated tumour-bearing mice and enhanced survival [188]. Therefore,
there are alterations in the Th ratio that must be due to persistence of the immune response.
The Th bias can be seen to influence disease severity. Some studies in mice have
shown that Th cells lose the ability to skew towards Th2, which prevents the secretion of
pro-inflammatory cytokines [189]. A shift towards Th2 immunity in diseases such as AIDS
increases the risk of immunosuppression, but treatment with dexamethasone has been seen
to rebalance this [190]. However, in rheumatoid arthritis, this balance is skewed towards
Th1 cells and cytokines such as TNFo and IFN-y [191]. Interestingly, the innate immune
response is also supressed. Studies suggesting that NK cells interact with Th cells have
demonstrated that dexamethasone affects cytokine engagement with receptors, but does
not alter the expression of receptors in Stat4 knockout mice [192]. In addition, pre-treatment
with dexamethasone does not reduce IL-4 and IL-12 expression, but responsiveness to
receptors and phosphorylation is prevented. Therefore, this suggests that inhibiting the
phosphorylation of these molecules affects NK cell signalling with Th1 cells but not Th2.
Studies during the coronavirus pandemic have allowed for the significant use of
dexamethasone and have shown promising results, especially in decreasing the produc-
tion of pro-inflammatory cytokines such as IL-1, IL-6 [193], and IL-17, and upregulating
anti-inflammatory cytokines [194]. These pro-inflammatory cytokines have been linked to
the severity of COVID-19 and led to the imbalance of Th cells towards Th2, for example,
delaying Th1 response interferons [195]. A study conducted in Wuhan, China showed that
the initial infection led to Th1 responses and disease progression led to Th2 responses, with
cytokine release and cytokine storm [196]. However, further study is needed to determine
pathogenesis. On the other hand, blood samples of COVID patients showed 100% CD4+
T-cell responses and the secretion of IFN-y with Th1 polarisation [193]. The treatment of
COVID-19 with dexamethasone revealed that it was able to combat severe disease presen-
tation. Patients in the largest randomised controlled RECOVERY trial showed a 28-day
reduced mortality and was especially effective in reducing mortality in those that required
mechanical ventilation or presented with a longer duration of symptoms [197], however,
there was no data on the level of oxygen support. Similarly, the efficacy of dexamethasone
in patients recruited globally in a meta-analysis also showed a reduced 28-day mortality
in severe COVID patients [198]. Another study in Spanish patients that were randomly
assigned to receive intravenous injections of dexamethasone had higher ventilator-free days
(VFD) compared to the control group [199], however, these results were not significantly
different possibly due to the low patient enrolment. Although it has been recommended as
the standard of care for the moderate dosage of dexamethasone in patients with acute respi-
ratory distress syndrome (ARDS) from COVID-19 because of the risk of sepsis and cytokine
storm complications [200], the usage of dexamethasone must be carefully considered due
to its ability to induce B-cell-mediated antibody production [201], the protective function of
T-cells [202], and macrophage-mediated clearance of apoptotic cells [203], causing a higher
plasma viral load and introducing the risk of secondary infections. Equally, little research
has been conducted on its interaction with other antivirals and lengthy use throughout
treatment, for example, in the ICU, but still provides a therapeutic benefit as it is cheap and
accessible. However, the Th bias in treatment with dexamethasone is still conflicting and
whether systemic administration is beneficial for the immune system in the long-term.
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3.6. Patient Stratification

Stratifying patient populations is an important tool to identify risk factors and predict
outcomes. Recent examples have utilised human leukocyte antigen (HLA) and killer cell
immunoglobulin-like receptor (KIR) genotyping to stratify the risk of CMV infection in
kidney transplant patients [204] and predict the outcome of hepatitis B virus (HBV) infec-
tion [205] as well as identify the risk factors involved in acute viral encephalitis following
HSV infection [206,207]. The number of co-morbidities associated with a Th biased immune
phenotype that contributes to an increased COVID-19 infection risk suggests a role for Th
imbalance in the outcome following viral infection and provides grounds for stratifying
treatment protocols to these patients based on their Th status. How this information is
used, however, requires more investigation, for example, if an efficient adaptive anti-viral
immune response is thought to be of the Thl type, do individuals with an underlying
Th1 condition clear viral infection quicker, or are they more susceptible to viruses that can
inhibit Th1 response by downregulating IFNs?

4. Discussion and Concluding Remarks

Further studies investigating Th bias in humans have not been performed as far as
we are aware, but Huang et al. noted that patients infected with COVID-19 in Wuhan,
China (n = 41) had high amounts of IL1B, IFNy, IP10, and MCP1 (detected in serum by
PCR), probably leading to Th1 cell response. However, infection also initiated increased
secretion of T-helper-2 (Th2) cytokines (e.g., IL4 and IL10) that suppress inflammation [196].
Additionally, we have shown that the induction of a Th1 response following the administra-
tion of oncolytic Herpes Simplex Virus-1 was well-tolerated and provoked an anti-tumour
immune response in a clinical Phase I/1la trial of mesothelioma [208] as well as mouse
models involving prototypical Th1l biased mice [37], which is in support of our hypothesis
that host Th bias plays a large role in the outcome following viral infection. Additionally;,
in this context, it may also have the potential as a predictive biomarker for clinical response
to virotherapy. Here, we presented evidence of skewing of the immune phenotype prior
to viral infection attributed to ethnicity, age, pathologies, and microbiome (Figure 3). To-
gether, they provide the justification for the Th profiling of patients as part of a diagnostic
health screen. Stratifying patient populations is an important tool to identify risk factors
and predict outcomes. Recent examples have utilised human leukocyte antigen (HLA)
and killer cell immunoglobulin-like receptor (KIR) genotyping to stratify the risk of CMV
infection in kidney transplant patients [204] and predict the outcome of hepatitis B virus
(HBV) infection [205] as well as identify risk factors involved in acute viral encephalitis
following HSV infection [206,207]. The number of co-morbidities associated with a Th
biased immune phenotype that contribute to an increased COVID-19 infection risk suggests
a role for Th imbalance in the outcome following viral infection and provides grounds for
stratifying treatment protocols to these patients based on their Th status. Additionally, the
belief in a Th1/Th2 dichotomy oversimplifies the dynamic cytokine microenvironment
controlling cell fate, making the selection of a traditional cytokine panel for such discrimina-
tions difficult and open to interpretation, so may therefore require a multi-omics approach.
Practically, this emerging understanding of determinants of biased Th immune phenotypes
could provide opportunities to effectively exploit them for the therapeutic purposes as
described. Giving the body systemic support to maintain immune homeostasis rather than
deploying tailored magic immunotherapeutics may prove to be the most effective strategy
for the resolution of viral infections.

Author Contributions: Conceptualisation, FH.N.H.; Data curation, EFH.N.H., A.K,, N.W.,, A M. and
C.C.-R.; Writing—original draft preparation, FH.N.H., A K, N.W,, AM. and C.C.-R.; writing—review
and editing, FH.N.H. and M.M.; Visualisation, FH.N.H.; Supervision, EH.N.H. and M.M.; Project
administration, M.M.; Funding acquisition, M.M. All authors have read and agreed to the published
version of the manuscript.



Viruses 2022, 14, 1493 18 of 26

Funding: This research was funded by Cancer Research UK (CRUK grant reference: C25574/A24321)
and the European Union’s Horizon 2020 research and innovation programme under the Marie
Sklodowska Curie grant agreement no. 777682 (CANCER).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Medzhitov, R.; Janeway, C.A., Jr. Innate immunity: Impact on the adaptive immune response. Curr. Opin. Immunol. 1997, 9, 4-9.
[CrossRef]

2. Swann, ].B,; Hayakawa, Y.; Zerafa, N.; Sheehan, K.C.; Scott, B.; Schreiber, R.D.; Hertzog, P.; Smyth, M.]. Type I IFN contributes to
NK cell homeostasis, activation, and antitumor function. J. Immunol. 2007, 178, 7540-7549. [CrossRef] [PubMed]

3. Luft, T; Pang, K.C.; Thomas, E.; Hertzog, P.; Hart, D.N.; Trapani, J.; Cebon, J. Type I IFNs enhance the terminal differentiation of
dendritic cells. J. Immunol. 1998, 161, 1947-1953. [PubMed]

4. lezzi, G.; Karjalainen, K.; Lanzavecchia, A. The duration of antigenic stimulation determines the fate of naive and effector T cells.
Immunity 1998, 8, 89-95. [CrossRef]

5. Thornley, T.B.; Phillips, N.E.; Beaudette-Zlatanova, B.C.; Markees, T.G.; Bahl, K.; Brehm, M.A.; Shultz, L.D.; Kurt-Jones,
E.A.; Mordes, J.P.; Welsh, RM.; et al. Type 1 IFN mediates cross-talk between innate and adaptive immunity that abrogates
transplantation tolerance. J. Immunol. 2007, 179, 6620-6629. [CrossRef]

6. Kaiko, G.E.; Horvat, ].C.; Beagley, KW.; Hansbro, PM. Immunological decision-making: How does the immune system decide to
mount a helper T-cell response? Immunology 2008, 123, 326-338. [CrossRef]

7. McMichael, A.J.; Borrow, P.; Tomaras, G.D.; Goonetilleke, N.; Haynes, B.F. The immune response during acute HIV-1 infection:
Clues for vaccine development. Nat. Rev. Immunol. 2010, 10, 11-23. [CrossRef]

8. Rehermann, B.; Nascimbeni, M. Immunology of hepatitis B virus and hepatitis C virus infection. Nat. Rev. Immunol. 2005,
5,215-229. [CrossRef]

9. Hislop, A.D.; Taylor, G.S.; Sauce, D.; Rickinson, A.B. Cellular responses to viral infection in humans: Lessons from Epstein-Barr
virus. Annu. Rev. Immunol. 2007, 25, 587-617. [CrossRef]

10. Channappanavar, R.; Perlman, S. Pathogenic human coronavirus infections: Causes and consequences of cytokine storm and
immunopathology. Semin. Immunopathol. 2017, 39, 529-539. [CrossRef]

11. Kenney, A.D.; Dowdle, ].A.; Bozzacco, L.; McMichael, T.M.; Gelais, C.S.; Panfil, A.R; Sun, Y.; Schlesinger, L.S.; Anderson, M.Z;
Green, P.L.; et al. Human Genetic Determinants of Viral Diseases. Annu. Rev. Genet. 2017, 51, 241-263. [CrossRef]

12.  Singh, R.; Kaul, R.; Kaul, A.; Khan, K. A comparative review of HLA associations with hepatitis B and C viral infections across
global populations. World ]. Gastroenterol. 2007, 13, 1770-1787. [CrossRef] [PubMed]

13. de Wit, J.; Borghans, ].A.; Kesmir, C.; van Baarle, D. Editorial: Role of HLA and KIR in Viral Infections. Front. Immunol. 2016,
7,286. [CrossRef] [PubMed]

14. Wang, ].H.; Zheng, X.; Ke, X.; Dorak, M.T.; Shen, J.; Boodram, B.; O’Gorman, M.; Beaman, K.; Cotler, S.J.; Hershow, R.; et al. Ethnic
and geographical differences in HLA associations with the outcome of hepatitis C virus infection. Virol. . 2009, 6, 46. [CrossRef]

15. Catamo, E.; Zupin, L.; Freato, N.; Polesello, V.; Celsi, F.; Croce, S.L.; Masutti, E; Pozzato, G.; Segat, L.; Crovella, S. HLA-G
regulatory polymorphisms are associated with susceptibility to HCV infection. HLA 2017, 89, 135-142. [CrossRef]

16. Fernando, A.N.; Malavige, G.N.; Perera, K.L.; Premawansa, S.; Ogg, G.S.; De Silva, A.D. Polymorphisms of Transporter Associated
with Antigen Presentation, Tumor Necrosis Factor-« and Interleukin-10 and their Implications for Protection and Susceptibility to
Severe Forms of Dengue Fever in Patients in Sri Lanka. . Glob. Infect. Dis. 2015, 7, 157-164. [CrossRef] [PubMed]

17.  Chao, Y.C.; Huang, C.S; Lee, C.N.; Chang, S.Y.; King, C.C.; Kao, C.L. Higher infection of dengue virus serotype 2 in human
monocytes of patients with G6PD deficiency. PLoS ONE 2008, 3, €1557. [CrossRef]

18. Wu, YH,; Tseng, C.P; Cheng, M.L.; Ho, H.Y,; Shih, S.R.; Chiu, D.T. Glucose-6-phosphate dehydrogenase deficiency enhances
human coronavirus 229E infection. J. Infect. Dis. 2008, 197, 812-816. [CrossRef]

19. Ho, H.Y,; Cheng, M.L.; Weng, S.F.; Chang, L.; Yeh, T.T.; Shih, S.R.; Chiu, D.T. Glucose-6-phosphate dehydrogenase deficiency
enhances enterovirus 71 infection. J. Gen. Virol. 2008, 89, 2080-2089. [CrossRef]

20. Avila-Pérez, G.; Nogales, A.; Park, ].-G.; Marquez-Jurado, S.; Iborra, FJ.; Almazan, F.; Martinez-Sobrido, L. A natural polymor-
phism in Zika virus NS2A protein responsible of virulence in mice. Sci. Rep. 2019, 9, 19968. [CrossRef]

21. Alric, L.; Fort, M.; Izopet, ]J.; Vinel, ].P; Charlet, ].P; Selves, J.; Puel, J.; Pascal, ].P.; Duffaut, M.; Abbal, M. Genes of the major
histocompatibility complex class II influence the outcome of hepatitis C virus infection. Gastroenterology 1997, 113, 1675-1681.
[CrossRef]

22. Kuzushita, N.; Hayashi, N.; Moribe, T.; Katayama, K.; Kanto, T.; Nakatani, S.; Kaneshige, T.; Tatsumi, T.; Ito, A.; Mochizuki,

K.; et al. Influence of HLA haplotypes on the clinical courses of individuals infected with hepatitis C virus. Hepatology 1998,
27,240-244. [CrossRef] [PubMed]


http://doi.org/10.1016/S0952-7915(97)80152-5
http://doi.org/10.4049/jimmunol.178.12.7540
http://www.ncbi.nlm.nih.gov/pubmed/17548588
http://www.ncbi.nlm.nih.gov/pubmed/9712065
http://doi.org/10.1016/S1074-7613(00)80461-6
http://doi.org/10.4049/jimmunol.179.10.6620
http://doi.org/10.1111/j.1365-2567.2007.02719.x
http://doi.org/10.1038/nri2674
http://doi.org/10.1038/nri1573
http://doi.org/10.1146/annurev.immunol.25.022106.141553
http://doi.org/10.1007/s00281-017-0629-x
http://doi.org/10.1146/annurev-genet-120116-023425
http://doi.org/10.3748/wjg.v13.i12.1770
http://www.ncbi.nlm.nih.gov/pubmed/17465466
http://doi.org/10.3389/fimmu.2016.00286
http://www.ncbi.nlm.nih.gov/pubmed/27512394
http://doi.org/10.1186/1743-422X-6-46
http://doi.org/10.1111/tan.12959
http://doi.org/10.4103/0974-777X.170501
http://www.ncbi.nlm.nih.gov/pubmed/26752870
http://doi.org/10.1371/journal.pone.0001557
http://doi.org/10.1086/528377
http://doi.org/10.1099/vir.0.2008/001404-0
http://doi.org/10.1038/s41598-019-56291-4
http://doi.org/10.1053/gast.1997.v113.pm9352872
http://doi.org/10.1002/hep.510270136
http://www.ncbi.nlm.nih.gov/pubmed/9425943

Viruses 2022, 14, 1493 19 of 26

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Asgari, S.; Schlapbach, L.J.; Anchisi, S.; Hammer, C.; Bartha, L; Junier, T.; Mottet-Osman, G.; Posfay-Barbe, K.M.; Longchamp, D.;
Stocker, M,; et al. Severe viral respiratory infections in children with IFIH1 loss-of-function mutations. Proc. Natl. Acad. Sci. USA
2017, 114, 8342-8347. [CrossRef]

Ciancanelli, M.].; Huang, S.X.; Luthra, P.; Garner, H.; Itan, Y.; Volpi, S.; Lafaille, EG.; Trouillet, C.; Schmolke, M.; Albrecht, R.A,;
et al. Life-threatening influenza and impaired interferon amplification in human IRF7 deficiency. Science 2015, 348, 448-453.
[CrossRef] [PubMed]

Montgomery, R.R. Age-related alterations in immune responses to West Nile virus infection. Clin. Exp. Immunol. 2017, 187, 26-34.
[CrossRef] [PubMed]

Brien, ].D.; Uhrlaub, J.L.; Hirsch, A.; Wiley, C.A.; Nikolich—Zugich, J. Key role of T cell defects in age-related vulnerability to West
Nile virus. J. Exp. Med. 2009, 206, 2735-2745. [CrossRef] [PubMed]

Prakash, S.; Agrawal, S.; Cao, ].N.; Gupta, S.; Agrawal, A. Impaired secretion of interferons by dendritic cells from aged subjects
to influenza: Role of histone modifications. Age 2013, 35, 1785-1797. [CrossRef]

Kim, C; Jadhav, R.R.; Gustafson, C.E.; Smithey, M.].; Hirsch, A.J.; Uhrlaub, J.L.; Hildebrand, W.H.; Nikolich—ZugiCh, J.; Weyand,
C.M.; Goronzy, ].J. Defects in Antiviral T Cell Responses Inflicted by Aging-Associated miR-181a Deficiency. Cell Rep. 2019,
29, 2202-2216.e5. [CrossRef]

Layden-Almer, J.E.; Ribeiro, R.M.; Wiley, T.; Perelson, A.S.; Layden, T.J. Viral dynamics and response differences in HCV-infected
African American and white patients treated with IFN and ribavirin. Hepatology 2003, 37, 1343-1350. [CrossRef]

Zhao, Y,; Zhao, Z.; Wang, Y.; Zhou, Y.; Ma, Y.; Zuo, W. Single-cell RNA expression profiling of ACE2, the receptor of SARS-CoV-2.
Am. J. Respir. Crit. Care Med. 2020, 202, 756-759. [CrossRef]

Haralambieva, I.H.; Salk, H.M.; Lambert, N.D.; Ovsyannikova, L.G.; Kennedy, R.B.; Warner, N.D.; Pankratz, V.S.; Poland, G.A.
Associations between race, sex and immune response variations to rubella vaccination in two independent cohorts. Vaccine 2014,
32, 1946-1953. [CrossRef] [PubMed]

Sheridan, P.A.; Paich, H.A.; Handy, J.; Karlsson, E.A.; Hudgens, M.G.; Sammon, A.B.; Holland, L.A.; Weir, S.; Noah, T.L.; Beck,
M.A. Obesity is associated with impaired immune response to influenza vaccination in humans. Int. J. Obes. 2012, 36, 1072-1077.
[CrossRef] [PubMed]

Furuya, Y.; Roberts, S.; Hurteau, G.J.; Sanfilippo, A.M.; Racine, R.; Metzger, D.W. Asthma increases susceptibility to heterologous
but not homologous secondary influenza. J. Virol. 2014, 88, 9166-9181. [CrossRef] [PubMed]

Tatsumi, T.; Kierstead, L.S.; Ranieri, E.; Gesualdo, L.; Schena, F.P; Finke, ].H.; Bukowski, R.M.; Mueller-Berghaus, J.; Kirkwood,
J.M.; Kwok, WW.,; et al. Disease-associated bias in T helper type 1 (Thl)/Th2 CD4" T cell responses against MAGE-6 in
HLA-DRB10401* patients with renal cell carcinoma or melanoma. J. Exp. Med. 2002, 196, 619-628. [CrossRef]

Lan, E; Zhang, N.; Gevaert, E.; Zhang, L.; Bachert, C. Viruses and bacteria in Th2-biased allergic airway disease. Allergy 2016,
71,1381-1392. [CrossRef]

Schlosser, J.; Dahnert, L.; Dremsek, P.; Tauscher, K.; Fast, C.; Ziegler, U.; Groner, A.; Ulrich, R.G.; Groschup, M.H.; Eiden, M.
Different Outcomes of Experimental Hepatitis E Virus Infection in Diverse Mouse Strains, Wistar Rats, and Rabbits. Viruses 2018,
11, 1. [CrossRef]

Kulcsar, K.A.; Baxter, V.K,; Abraham, R.; Nelson, A.; Griffin, D.E. Distinct Inmune Responses in Resistant and Susceptible Strains
of Mice during Neurovirulent Alphavirus Encephalomyelitis. J. Virol. 2015, 89, 8280-8291. [CrossRef]

Price, A.; Okumura, A.; Haddock, E.; Feldmann, F; Meade-White, K.; Sharma, P.; Artami, M.; Lipkin, W.L; Threadgill, D.W.;
Feldmann, H.; et al. Transcriptional Correlates of Tolerance and Lethality in Mice Predict Ebola Virus Disease Patient Outcomes.
Cell Rep. 2020, 30, 1702-1713.e6. [CrossRef]

Collin, R.; Balmer, L.; Morahan, G.; Lesage, S. Common Heritable Immunological Variations Revealed in Genetically Diverse
Inbred Mouse Strains of the Collaborative Cross. J. Immunol. 2019, 202, 777-786. [CrossRef]

Olson, N.C.; Sallam, R.; Doyle, M.F;; Tracy, R.P.; Huber, S.A. T helper cell polarization in healthy people: Implications for
cardiovascular disease. J. Cardiovasc. Transl. Res. 2013, 6, 772-786. [CrossRef]

Lee, N.; Kim, W.U. Microbiota in T-cell homeostasis and inflammatory diseases. Exp. Mol. Med. 2017, 49, €340. [CrossRef]
Wilkinson, TM.; Li, CK.; Chui, C.S.; Huang, A K.; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, A.; Oxford, J.;
Nicholas, B.; et al. Preexisting influenza-specific CD4* T cells correlate with disease protection against influenza challenge in
humans. Nat. Med. 2012, 18, 274-280. [CrossRef]

Epstein, S.L.; Lo, C.Y.; Misplon, J.A.; Lawson, C.M.; Hendrickson, B.A.; Max, E.E.; Subbarao, K. Mechanisms of heterosubtypic
immunity to lethal influenza A virus infection in fully immunocompetent, T cell-depleted, beta2-microglobulin-deficient, and J
chain-deficient mice. J. Immunol. 1997, 158, 1222-1230. [PubMed]

Nguyen, H.H.; Moldoveanu, Z.; Novak, M.].; van Ginkel, EW.,; Ban, E.; Kiyono, H.; McGhee, ].R.; Mestecky, ]. Heterosubtypic
immunity to lethal influenza A virus infection is associated with virus-specific CD8* cytotoxic T lymphocyte responses induced
in mucosa-associated tissues. Virology 1999, 254, 50-60. [CrossRef] [PubMed]

Zhang, X.; Borbet, T.C.; Fallegger, A.; Wipperman, M.E; Blaser, M.].; Miiller, A. An Antibiotic-Impacted Microbiota Compromises
the Development of Colonic Regulatory T Cells and Predisposes to Dysregulated Immune Responses. MBio 2021, 12, e03335-20.
[CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1704259114
http://doi.org/10.1126/science.aaa1578
http://www.ncbi.nlm.nih.gov/pubmed/25814066
http://doi.org/10.1111/cei.12863
http://www.ncbi.nlm.nih.gov/pubmed/27612657
http://doi.org/10.1084/jem.20090222
http://www.ncbi.nlm.nih.gov/pubmed/19901080
http://doi.org/10.1007/s11357-012-9477-8
http://doi.org/10.1016/j.celrep.2019.10.044
http://doi.org/10.1053/jhep.2003.50217
http://doi.org/10.1164/rccm.202001-0179LE
http://doi.org/10.1016/j.vaccine.2014.01.090
http://www.ncbi.nlm.nih.gov/pubmed/24530932
http://doi.org/10.1038/ijo.2011.208
http://www.ncbi.nlm.nih.gov/pubmed/22024641
http://doi.org/10.1128/JVI.00265-14
http://www.ncbi.nlm.nih.gov/pubmed/24899197
http://doi.org/10.1084/jem.20012142
http://doi.org/10.1111/all.12934
http://doi.org/10.3390/v11010001
http://doi.org/10.1128/JVI.00173-15
http://doi.org/10.1016/j.celrep.2020.01.026
http://doi.org/10.4049/jimmunol.1801247
http://doi.org/10.1007/s12265-013-9496-6
http://doi.org/10.1038/emm.2017.36
http://doi.org/10.1038/nm.2612
http://www.ncbi.nlm.nih.gov/pubmed/9013963
http://doi.org/10.1006/viro.1998.9521
http://www.ncbi.nlm.nih.gov/pubmed/9927573
http://doi.org/10.1128/mBio.03335-20
http://www.ncbi.nlm.nih.gov/pubmed/33531385

Viruses 2022, 14, 1493 20 of 26

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

Grayson, M.H.; Camarda, L.E.; Hussain, S.A.; Zemple, S.J.; Hayward, M.; Lam, V.; Hunter, D.A.; Santoro, J.L.; Rohlfing, M.;
Cheung, D.S,; et al. Intestinal Microbiota Disruption Reduces Regulatory T Cells and Increases Respiratory Viral Infection
Mortality Through Increased IFNy Production. Front. Immunol. 2018, 9, 1587. [CrossRef]

Ramakrishna, C.; Kujawski, M.; Chu, H.; Li, L.; Mazmanian, S.K.; Cantin, E.M. Bacteroides fragilis polysaccharide A induces
IL-10 secreting B and T cells that prevent viral encephalitis. Nat. Commun. 2019, 10, 2153. [CrossRef]

Pfeiffer, ].K.; Virgin, H.W. Viral immunity. Transkingdom control of viral infection and immunity in the mammalian intestine.
Science 2016, 351, aad5872. [CrossRef]

Desai, P.; Diamond, M.S.; Thackray, L.B. Helminth-virus interactions: Determinants of coinfection outcomes. Gut Microbes 2021,
13,1961202. [CrossRef]

Drijvers, ].M.; Sharpe, A.H.; Haigis, M.C. The effects of age and systemic metabolism on anti-tumor T cell responses. Elife 2020,
9, 62420. [CrossRef]

Hong, H.; Wang, Q.; Li, J.; Liu, H.; Meng, X.; Zhang, H. Aging, Cancer and Immunity. ]. Cancer 2019, 10, 3021-3027. [CrossRef]
[PubMed]

Salam, N.; Rane, S.; Das, R.; Faulkner, M.; Gund, R.; Kandpal, U.; Lewis, V.; Mattoo, H.; Prabhu, S.; Ranganathan, V.; et al. T cell
ageing: Effects of age on development, survival & function. Indian J. Med. Res. 2013, 138, 595-608. [PubMed]

Tsukamoto, H.; Clise-Dwyer, K.; Huston, G.E.; Duso, D.K,; Buck, A.L.; Johnson, L.L.; Haynes, L.; Swain, S.L. Age-associated
increase in lifespan of naive CD4 T cells contributes to T-cell homeostasis but facilitates development of functional defects. Proc.
Natl. Acad. Sci. USA 2009, 106, 18333-18338. [CrossRef] [PubMed]

Haynes, L.; Linton, PJ.; Eaton, S.M.; Tonkonogy, S.L.; Swain, S.L. Interleukin 2, but not other common vy chain-binding cytokines,
can reverse the defect in generation of CD4 effector T cells from naive T cells of aged mice. J. Exp. Med. 1999, 190, 1013-1024.
[CrossRef]

Alberti, S.; Cevenini, E.; Ostan, R.; Capri, M.; Salvioli, S.; Bucci, L.; Ginaldi, L.; De Martinis, M.; Franceschi, C.; Monti, D.
Age-dependent modifications of Type 1 and Type 2 cytokines within virgin and memory CD4"* T cells in humans. Mech. Ageing
Dev. 2006, 127, 560-566. [CrossRef]

Mansfield, A.S.; Nevala, WK_; Dronca, R.S.; Leontovich, A.A.; Shuster, L.; Markovic, S.N. Normal ageing is associated with an
increase in Th2 cells, MCP-1 (CCL1) and RANTES (CCL5), with differences in sCD40L and PDGF-AA between sexes. Clin. Exp.
Immunol. 2012, 170, 186-193. [CrossRef]

Eaton, S.M.; Burns, E.M.; Kusser, K.; Randall, T.D.; Haynes, L. Age-related defects in CD4 T cell cognate helper function lead to
reductions in humoral responses. J. Exp. Med. 2004, 200, 1613-1622. [CrossRef]

Miiller, L.; Andrée, M.; Moskorz, W.; Drexler, 1.; Walotka, L.; Grothmann, R.; Ptok, J.; Hillebrandt, J.; Ritchie, A.; Rabl, D.; et al.
Age-dependent immune response to the Biontech/Pfizer BNT162b2 coronavirus disease 2019 vaccination. Clin. Infect. Dis. 2021,
73,2065-2072. [CrossRef]

Jergovi¢, M.; Uhrlaub, J.L.; Watanabe, M.; Bradshaw, C.M.; White, L.M.; LaFleur, B.J.; Edwards, T.; Sprissler, R.; Worobey, M.;
Bhattacharya, D.; et al. Competent immune responses to SARS-CoV-2 variants in older adults following two doses of mRNA
vaccination. Nat. Commun. 2022, 13, 2891. [CrossRef]

Chlibek, R.; Bayas, ].M.; Collins, H.; de la Pinta, M.L.; Ledent, E.; Mols, J.F.; Heineman, T.C. Safety and immunogenicity of an
AS01-adjuvanted varicella-zoster virus subunit candidate vaccine against herpes zoster in adults >50 years of age. J. Infect. Dis.
2013, 208, 1953-1961. [CrossRef]

Weinberger, B. Vaccines for the elderly: Current use and future challenges. Immun. Ageing 2018, 15, 3. [CrossRef] [PubMed]
Lee, J.L.; Linterman, M.A. Mechanisms underpinning poor antibody responses to vaccines in ageing. Immunol. Lett. 2022,
241, 1-14. [CrossRef] [PubMed]

Sage, P.T.; Tan, C.L.; Freeman, G.J.; Haigis, M.; Sharpe, A.H. Defective TFH Cell Function and Increased TFR Cells Contribute to
Defective Antibody Production in Aging. Cell Rep. 2015, 12, 163-171. [CrossRef]

Lefebvre, ].S.; Maue, A.C.; Eaton, S.M.; Lanthier, P.A.; Tighe, M.; Haynes, L. The aged microenvironment contributes to the
age-related functional defects of CD4 T cells in mice. Aging Cell 2012, 11, 732-740. [CrossRef]

Lefebvre, ].S.; Masters, A.R.; Hopkins, ].W.; Haynes, L. Age-related impairment of humoral response to influenza is associated
with changes in antigen specific T follicular helper cell responses. Sci. Rep. 2016, 6, 25051. [CrossRef]

Aydar, Y.; Balogh, P.; Tew, ].G.; Szakal, A.K. Altered regulation of Fc vy RII on aged follicular dendritic cells correlates with
immunoreceptor tyrosine-based inhibition motif signaling in B cells and reduced germinal center formation. J. Immunol. 2003,
171,5975-5987. [CrossRef] [PubMed]

Stebegg, M.; Bignon, A.; Hill, D.L.; Silva-Cayetano, A.; Krueger, C.; Vanderleyden, I.; Innocentin, S.; Boon, L.; Wang, J.; Zand, M.S.;
et al. Rejuvenating conventional dendritic cells and T follicular helper cell formation after vaccination. Elife 2020, 9. [CrossRef]
[PubMed]

Sakata-Kaneko, S.; Wakatsuki, Y.; Matsunaga, Y.; Usui, T.; Kita, T. Altered Th1/Th2 commitment in human CD4+ T cells with
ageing. Clin. Exp. Immunol. 2000, 120, 267-273. [CrossRef]

Baidya, S.G.; Zeng, Q.-T. Helper T cells and atherosclerosis: The cytokine web. Postgrad. Med. ]. 2005, 81, 746-752. [CrossRef]
Schulte, S.; Sukhova, G.K; Libby, P. Genetically programmed biases in Th1 and Th2 immune responses modulate atherogenesis.
Am. ]. Pathol. 2008, 172, 1500-1508. [CrossRef]


http://doi.org/10.3389/fimmu.2018.01587
http://doi.org/10.1038/s41467-019-09884-6
http://doi.org/10.1126/science.aad5872
http://doi.org/10.1080/19490976.2021.1961202
http://doi.org/10.7554/eLife.62420
http://doi.org/10.7150/jca.30723
http://www.ncbi.nlm.nih.gov/pubmed/31281479
http://www.ncbi.nlm.nih.gov/pubmed/24434315
http://doi.org/10.1073/pnas.0910139106
http://www.ncbi.nlm.nih.gov/pubmed/19815516
http://doi.org/10.1084/jem.190.7.1013
http://doi.org/10.1016/j.mad.2006.01.014
http://doi.org/10.1111/j.1365-2249.2012.04644.x
http://doi.org/10.1084/jem.20041395
http://doi.org/10.1093/cid/ciab381
http://doi.org/10.1038/s41467-022-30617-9
http://doi.org/10.1093/infdis/jit365
http://doi.org/10.1186/s12979-017-0107-2
http://www.ncbi.nlm.nih.gov/pubmed/29387135
http://doi.org/10.1016/j.imlet.2021.11.001
http://www.ncbi.nlm.nih.gov/pubmed/34767859
http://doi.org/10.1016/j.celrep.2015.06.015
http://doi.org/10.1111/j.1474-9726.2012.00836.x
http://doi.org/10.1038/srep25051
http://doi.org/10.4049/jimmunol.171.11.5975
http://www.ncbi.nlm.nih.gov/pubmed/14634109
http://doi.org/10.7554/eLife.52473
http://www.ncbi.nlm.nih.gov/pubmed/32204792
http://doi.org/10.1046/j.1365-2249.2000.01224.x
http://doi.org/10.1136/pgmj.2004.029827
http://doi.org/10.2353/ajpath.2008.070776

Viruses 2022, 14, 1493 21 of 26

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.
91.
92.

93.

Currier, N.L.; Sun, L.Z.; Miller, S.C. Exogenous melatonin: Quantitative enhancement in vivo of cells mediating non-specific
immunity. J. Neuroimmunol. 2000, 104, 101-108. [CrossRef]

Srinivasan, V.; Maestroni, G.J.; Cardinali, D.P,; Esquifino, A.I; Perumal, S.R.; Miller, S.C. Melatonin, immune function and aging.
Immun. Ageing 2005, 2, 17. [CrossRef] [PubMed]

Huang, S.-H,; Liao, C.-L.; Chen, S.-J; Shi, L.-G.; Lin, L.; Chen, Y.-W.; Cheng, C.-P; Sytwu, H.-K,; Shang, S.-T.; Lin, G.-]. Melatonin
possesses an anti-influenza potential through its immune modulatory effect. J. Funct. Foods 2019, 58, 189-198. [CrossRef]

Luo, P; Qiu, L.; Liu, Y,; Liu, X.L.; Zheng, J.L.; Xue, H.Y.; Liu, W.H.; Liu, D.; Li, ]. Metformin Treatment Was Associated with
Decreased Mortality in COVID-19 Patients with Diabetes in a Retrospective Analysis. Am. J. Trop. Med. Hyg. 2020, 103, 69-72.
[CrossRef] [PubMed]

Bramante, C.T.; Ingraham, N.E.; Murray, T.A.; Marmor, S.; Hovertsen, S.; Gronski, J.; McNeil, C.; Feng, R.; Guzman, G.;
Abdelwahab, N.; et al. Observational Study of Metformin and Risk of Mortality in Patients Hospitalized with Covid-19.
medRxiv 2020. [CrossRef]

Zhou, X.; McElhaney, ].E. Age-related changes in memory and effector T cells responding to influenza A /H3N2 and pandemic
A/HINTI strains in humans. Vaccine 2011, 29, 2169-2177. [CrossRef]

Helfand, B.K.I.; Webb, M.; Gartaganis, S.L.; Fuller, L.; Kwon, C.S.; Inouye, S.K. The Exclusion of Older Persons From Vaccine and
Treatment Trials for Coronavirus Disease 2019—Missing the Target. JAMA Intern. Med. 2020, 180, 1546-1549. [CrossRef]
Bhopal, R. Glossary of terms relating to ethnicity and race: For reflection and debate. J. Epidemiol. Community Health 2004,
58, 441-445. [CrossRef]

Kim, H.S.; Rotundo, L.; Yang, ].D.; Kim, D.; Kothari, N.; Feurdean, M.; Ruhl, C.; Unalp-Arida, A. Racial/ethnic disparities in the
prevalence and awareness of Hepatitis B virus infection and immunity in the United States. ]. Viral Hepat. 2017, 24, 1052-1066.
[CrossRef]

Kawsar, M.; Goh, B. Hepatitis B virus infection among Chinese residents in the United Kingdom. Sex. Transm. Infect. 2002,
78, 166-168. [CrossRef]

Tan, A.T,; Loggi, E.; Boni, C.; Chia, A.; Gehring, A.]; Sastry, K.S.; Goh, V.; Fisicaro, P.; Andreone, P.; Brander, C.; et al. Host
ethnicity and virus genotype shape the hepatitis B virus-specific T-cell repertoire. J. Virol. 2008, 82, 10986-10997. [CrossRef]
[PubMed]

May, M.; Wood, R.; Myer, L.; Taffé, P.; Rauch, A.; Battegay, M.; Egger, M.; Cape Town AIDS Cohort and the Swiss HIV Cohort
Study. CD4" T cell count decreases by ethnicity among untreated patients with HIV infection in South Africa and Switzerland.
J. Infect. Dis. 2009, 200, 1729-1735. [CrossRef] [PubMed]

Hoffmann, C.; Casado, ].L.; Harter, G.; Vizcarra, P.; Moreno, A.; Cattaneo, D.; Meraviglia, P.; Spinner, C.D.; Schabaz, F.; Grunwald,
S.; et al. Immune deficiency is a risk factor for severe COVID-19 in people living with HIV. HIV Med. 2021, 22, 372-378. [CrossRef]
[PubMed]

Rydyznski Moderbacher, C.; Ramirez, S.I.; Dan, ].M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R K.; Kim, C.;
Choi, J.; et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease
Severity. Cell 2020, 183, 996-1012.e19. [CrossRef] [PubMed]

Fendler, A.; Shepherd, S.T.C.; Au, L.; Wilkinson, K.A.; Wu, M.; Byrne, E.; Cerrone, M.; Schmitt, A.M.; Joharatham-Hogan, N.;
Shum, B.; et al. Adaptive immunity and neutralizing antibodies against SARS-CoV-2 variants of concern following vaccination in
patients with cancer: The CAPTURE study. Nat. Cancer 2021, 2, 1305-1320. [CrossRef] [PubMed]

Calvet, ]J.; Gratacos, J.; Amengual, M.].; Llop, M.; Navarro, M.; Moreno, A.; Berenguer-Llergo, A.; Serrano, A.; Orellana, C,;
Cervantes, M. CD4 and CD8 Lymphocyte Counts as Surrogate Early Markers for Progression in SARS-CoV-2 Pneumonia: A
Prospective Study. Viruses 2020, 12, 1277. [CrossRef] [PubMed]

Sze, S.; Pan, D.; Nevill, C.R.; Gray, L.J.; Martin, C.A ; Nazareth, J.; Minhas, ].S.; Divall, P.; Khunti, K.; Abrams, K.R ; et al. Ethnicity
and clinical outcomes in COVID-19: A systematic review and meta-analysis. EClinicalMedicine 2020, 29, 100630. [CrossRef]
Shrotri, M.; van Schalkwyk, M.C.I;; Post, N.; Eddy, D.; Huntley, C.; Leeman, D.; Rigby, S.; Williams, S.V.; Bermingham, W.H.;
Kellam, P; et al. T cell response to SARS-CoV-2 infection in humans: A systematic review. PLoS ONE 2021, 16, e0245532.
[CrossRef]

Park, S.Y.; Boushey, C.J.; Shvetsov, Y.B.; Wirth, M.D.; Shivappa, N.; Hébert, ].R.; Haiman, C.A.; Wilkens, L.R.; Le Marchand, L.
Diet Quality and Risk of Lung Cancer in the Multiethnic Cohort Study. Nutrients 2021, 13, 1614. [CrossRef]

Ojo, O. Diabetes in Ethnic Minorities in UK: The Role of Diet in Glucose Dysregulation and Prevalence of Diabetes. |. Food Nutr.
Disord. 2013, 2, 2. [CrossRef]

Chaturvedi, N. Ethnic differences in cardiovascular disease. Heart 2003, 89, 681-686. [CrossRef] [PubMed]

Park, S.Y.; Kang, M.; Wilkens, L.R.; Shvetsov, Y.B.; Harmon, B.E.; Shivappa, N.; Wirth, M.D.; Hébert, ].R.; Haiman, C.A.; Le
Marchand, L.; et al. The Dietary Inflammatory Index and All-Cause, Cardiovascular Disease, and Cancer Mortality in the
Multiethnic Cohort Study. Nutrients 2018, 10, 1844. [CrossRef] [PubMed]

Garcia-Montero, C.; Fraile-Martinez, O.; Gomez-Lahoz, A.; Pekarek, L.; Castellanos, A.; Noguerales-Fraguas, F; Coca, S.; Guijarro,
L.; Garcia-Honduvilla, N.; Astunsolo, A.; et al. Nutritional Components in Western Diet Versus Mediterranean Diet at the Gut
Microbiota-Immune System Interplay. Implications for Health and Disease. Nutrients 2021, 13, 699. [CrossRef] [PubMed]


http://doi.org/10.1016/S0165-5728(99)00271-4
http://doi.org/10.1186/1742-4933-2-17
http://www.ncbi.nlm.nih.gov/pubmed/16316470
http://doi.org/10.1016/j.jff.2019.04.062
http://doi.org/10.4269/ajtmh.20-0375
http://www.ncbi.nlm.nih.gov/pubmed/32446312
http://doi.org/10.1101/2020.06.19.20135095
http://doi.org/10.1016/j.vaccine.2010.12.029
http://doi.org/10.1001/jamainternmed.2020.5084
http://doi.org/10.1136/jech.2003.013466
http://doi.org/10.1111/jvh.12735
http://doi.org/10.1136/sti.78.3.166
http://doi.org/10.1128/JVI.01124-08
http://www.ncbi.nlm.nih.gov/pubmed/18799575
http://doi.org/10.1086/648096
http://www.ncbi.nlm.nih.gov/pubmed/19848608
http://doi.org/10.1111/hiv.13037
http://www.ncbi.nlm.nih.gov/pubmed/33368966
http://doi.org/10.1016/j.cell.2020.09.038
http://www.ncbi.nlm.nih.gov/pubmed/33010815
http://doi.org/10.1038/s43018-021-00274-w
http://www.ncbi.nlm.nih.gov/pubmed/35121899
http://doi.org/10.3390/v12111277
http://www.ncbi.nlm.nih.gov/pubmed/33182268
http://doi.org/10.1016/j.eclinm.2020.100630
http://doi.org/10.1371/journal.pone.0245532
http://doi.org/10.3390/nu13051614
http://doi.org/10.4172/2324-9323.1000110
http://doi.org/10.1136/heart.89.6.681
http://www.ncbi.nlm.nih.gov/pubmed/12748237
http://doi.org/10.3390/nu10121844
http://www.ncbi.nlm.nih.gov/pubmed/30513709
http://doi.org/10.3390/nu13020699
http://www.ncbi.nlm.nih.gov/pubmed/33671569

Viruses 2022, 14, 1493 22 of 26

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Piyathilake, C.J.; Badiga, S.; Chappell, A.R.; Johanning, G.L.; Jolly, PE. Racial differences in dietary choices and their relationship
to inflammatory potential in childbearing age women at risk for exposure to COVID-19. Nutr. Res. 2021, 90, 1-12. [CrossRef]
[PubMed]

Arroyo Hornero, R.; Hamad, I.; Corte-Real, B.; Kleinewietfeld, M. The Impact of Dietary Components on Regulatory T Cells and
Disease. Front. Immunol. 2020, 11, 253. [CrossRef] [PubMed]

Brunner, PM.; Guttman-Yassky, E. Racial differences in atopic dermatitis. Ann. Allergy Asthma Immunol. 2019, 122, 449-455.
[CrossRef]

Sanyal, R.D.; Pavel, A.B.; Glickman, J.; Chan, T.C.; Zheng, X.; Zhang, N.; Cueto, L; Peng, X.; Estrada, Y.; Fuentes-Duculan, J.; et al.
Atopic dermatitis in African American patients is TH2/TH22-skewed with TH1/TH17 attenuation. Ann. Allergy Asthma Immunol.
2019, 122, 99-110.e6. [CrossRef]

Meditz, A.L.; MaWhinney, S.; Allshouse, A.; Feser, W.; Markowitz, M.; Little, S.; Connick, E. Sex, race, and geographic region
influence clinical outcomes following primary HIV-1 infection. J. Infect. Dis. 2011, 203, 442—451. [CrossRef]

Mathew, A.; Townsley, E.; Ennis, F.A. Elucidating the role of T cells in protection against and pathogenesis of dengue virus
infections. Future Microbiol. 2014, 9, 411-425. [CrossRef]

Sierra, B.D.; Kouri, G.; Guzman, M.G. Race: A risk factor for dengue hemorrhagic fever. Arch. Virol. 2007, 152, 533-542. [CrossRef]
Erener, S. Diabetes, infection risk and COVID-19. Mol. Metab. 2020, 39, 101044. [CrossRef] [PubMed]

Hussain, A.; Mahawar, K.; Xia, Z.; Yang, W.; El-Hasani, S. RETRACTED: Obesity and mortality of COVID-19. Meta-analysis.
Obes. Res. Clin. Pract. 2020, 14, 295-300. [CrossRef] [PubMed]

Johnston, S.L. Asthma and COVID-19: Is asthma a risk factor for severe outcomes? Allerqy 2020, 75, 1543-1545. [CrossRef]
[PubMed]

Roberts, C.A.; Dickinson, A.K.; Taams, L.S. The Interplay Between Monocytes/Macrophages and CD4* T Cell Subsets in
Rheumatoid Arthritis. Front. Immunol. 2015, 6, 571. [CrossRef] [PubMed]

Savinov, A.Y.; Wong, ES.; Chervonsky, A.V. IFN-y affects homing of diabetogenic T cells. J. Immunol. 2001, 167, 6637-6643.
[CrossRef]

Kunkl, M.; Frascolla, S.; Amormino, C.; Volpe, E.; Tuosto, L. T Helper Cells: The Modulators of Inflammation in Multiple Sclerosis.
Cells 2020, 9, 482. [CrossRef]

Li, W;; Luo, Y,; Xu, H.; Ma, Q.; Yao, Q. Imbalance between T helper 1 and regulatory T cells plays a detrimental role in experimental
Parkinson’s disease in mice. J. Int. Med. Res. 2021, 49, 300060521998471. [CrossRef]

Williams, G.P; Schonhoff, A.M.; Jurkuvenaite, A.; Gallups, N.J.; Standaert, D.G.; Harms, A.S. CD4 T cells mediate brain
inflammation and neurodegeneration in a mouse model of Parkinson’s disease. Brain 2021, 144, 2047-2059. [CrossRef]

Leon, B.; Ballesteros-Tato, A. Modulating Th2 Cell Immunity for the Treatment of Asthma. Front. Immunol. 2021, 12, 637948.
[CrossRef]

Seumois, G.; Zapardiel-Gonzalo, J.; White, B.; Singh, D.; Schulten, V.; Dillon, M.; Hinz, D.; Broide, D.H.; Sette, A.; Peters, B.; et al.
Transcriptional Profiling of Th2 Cells Identifies Pathogenic Features Associated with Asthma. J. Immunol. 2016, 197, 655-664.
[CrossRef]

Li, M.G,; Liu, X.Y;; Liu, Z.Q.; Hong, J.Y.; Liu, ].Q.; Zhou, C.J.; Hu, T.Y; Xiao, X.J.; Ran, PX.; Zheng, P.Y,; et al. Bcl2L12 Contributes
to Th2-Biased Inflammation in the Intestinal Mucosa by Regulating CD4" T Cell Activities. J. Immunol. 2018, 201, 725-733.
[CrossRef] [PubMed]

Torres-Harding, S.; Sorenson, M.; Jason, L.A.; Maher, K.; Fletcher, M.A. Evidence for T-helper 2 shift and association with illness
parameters in chronic fatigue syndrome (CFS). Bull. IACFS/ME 2008, 16, 19-33.

Kustrimovic, N.; Comi, C.; Magistrelli, L.; Rasini, E.; Legnaro, M.; Bombelli, R.; Aleksic, I.; Blandini, F.; Minafra, B.; Riboldazzi,
G.; et al. Parkinson’s disease patients have a complex phenotypic and functional Th1 bias: Cross-sectional studies of CD4*
Th1/Th2/T17 and Treg in drug-naive and drug-treated patients. ]. Neuroinflammation 2018, 15, 205. [CrossRef] [PubMed]
Huang, Y.; Liu, Z.; Wang, X.Q.; Qiu, Y.H.; Peng, Y.P. A dysfunction of CD4* T lymphocytes in peripheral immune system of
Parkinson’s disease model mice. Chin. . Appl. Physiol. 2014, 30, 567-576.

Huber, S.A.; Sakkinen, P.; David, C.; Newell, M.K,; Tracy, R.P. T helper-cell phenotype regulates atherosclerosis in mice under
conditions of mild hypercholesterolemia. Circulation 2001, 103, 2610-2616. [CrossRef]

Buono, C.; Binder, C.J.; Stavrakis, G.; Witztum, J.L.; Glimcher, L.H.; Lichtman, A.H. T-bet deficiency reduces atherosclerosis and
alters plaque antigen-specific immune responses. Proc. Natl. Acad. Sci. USA 2005, 102, 1596-1601. [CrossRef]

Soejima, H.; Irie, A.; Miyamoto, S.; Kajiwara, I.; Kojima, S.; Hokamaki, J.; Sakamoto, T.; Tanaka, T.; Yoshimura, M.; Nishimura, Y.;
et al. Preference toward a T-helper type 1 response in patients with coronary spastic angina. Circulation 2003, 107, 2196-2200.
[CrossRef]

Methe, H.; Brunner, S.; Wiegand, D.; Nabauer, M.; Koglin, J.; Edelman, E.R. Enhanced T-helper-1 lymphocyte activation patterns
in acute coronary syndromes. J. Am. Coll. Cardiol. 2005, 45, 1939-1945. [CrossRef]

Benagiano, M.; Azzurri, A.; Ciervo, A.; Amedei, A.; Tamburini, C.; Ferrari, M.; Telford, J.L.; Baldari, C.T.; Romagnani, S.; Cassone,
A_; etal. T helper type 1 lymphocytes drive inflammation in human atherosclerotic lesions. Proc. Natl. Acad. Sci. USA 2003, 100,
6658—6663. [CrossRef]

Engelbertsen, D.; Andersson, L.; Ljungcrantz, I.; Wigren, M.; Hedblad, B.; Nilsson, ].; Bjorkbacka, H. T-helper 2 immunity is
associated with reduced risk of myocardial infarction and stroke. Arter. Thromb. Vasc. Biol. 2013, 33, 637-644. [CrossRef]


http://doi.org/10.1016/j.nutres.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/34049184
http://doi.org/10.3389/fimmu.2020.00253
http://www.ncbi.nlm.nih.gov/pubmed/32153577
http://doi.org/10.1016/j.anai.2018.11.015
http://doi.org/10.1016/j.anai.2018.08.024
http://doi.org/10.1093/infdis/jiq085
http://doi.org/10.2217/fmb.13.171
http://doi.org/10.1007/s00705-006-0869-x
http://doi.org/10.1016/j.molmet.2020.101044
http://www.ncbi.nlm.nih.gov/pubmed/32585364
http://doi.org/10.1016/j.orcp.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32660813
http://doi.org/10.1111/all.14348
http://www.ncbi.nlm.nih.gov/pubmed/32358994
http://doi.org/10.3389/fimmu.2015.00571
http://www.ncbi.nlm.nih.gov/pubmed/26635790
http://doi.org/10.4049/jimmunol.167.11.6637
http://doi.org/10.3390/cells9020482
http://doi.org/10.1177/0300060521998471
http://doi.org/10.1093/brain/awab103
http://doi.org/10.3389/fimmu.2021.637948
http://doi.org/10.4049/jimmunol.1600397
http://doi.org/10.4049/jimmunol.1800139
http://www.ncbi.nlm.nih.gov/pubmed/29884701
http://doi.org/10.1186/s12974-018-1248-8
http://www.ncbi.nlm.nih.gov/pubmed/30001736
http://doi.org/10.1161/01.CIR.103.21.2610
http://doi.org/10.1073/pnas.0409015102
http://doi.org/10.1161/01.CIR.0000066317.23972.CE
http://doi.org/10.1016/j.jacc.2005.03.040
http://doi.org/10.1073/pnas.1135726100
http://doi.org/10.1161/ATVBAHA.112.300871

Viruses 2022, 14, 1493 23 of 26

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Pene, ].; Chevalier, S.; Preisser, L.; Vénéreau, E.; Guilleux, M.-H.; Ghannam, S.; Moles, J.-P,; Danger, Y.; Ravon, E.; Lesaux, S.; et al.
Chronically inflamed human tissues are infiltrated by highly differentiated Th17 lymphocytes. . Immunol. 2008, 180, 7423-7430.
[CrossRef] [PubMed]

Ge, J.; Wang, K.; Meng, Q.H.; Qi, Z.X.; Meng, F.L.; Fan, Y.C. Implication of Th17 and Th1 cells in patients with chronic active
hepatitis B. J. Clin. Immunol. 2010, 30, 60-67. [CrossRef]

Wang, H.; Liu, X,; Tan, C.; Zhou, W,; Jiang, J.; Peng, W.; Zhou, X.; Mo, L.; Chen, L. Bacterial, viral, and fungal infection-related risk
of Parkinson’s disease: Meta-analysis of cohort and case-control studies. Brain Behav. 2020, 10, e01549. [CrossRef] [PubMed]
Choi, H.; Mai, T.H.; Kim, K.; Cho, H.; Ki, M. Association between viral hepatitis infection and Parkinson’s disease: A population-
based prospective study. J. Viral Hepat. 2020, 27, 1171-1178. [CrossRef]

Tracy, R.P; Doyle, M.E,; Olson, N.C.; Huber, S.A ; Jenny, N.S.; Sallam, R.; Psaty, B.M.; Kronmal, R.A. T-helper type 1 bias in healthy
people is associated with cytomegalovirus serology and atherosclerosis: The Multi-Ethnic Study of Atherosclerosis. |. Am. Heart
Assoc. 2013, 2, e000117. [CrossRef] [PubMed]

Shurin, M.R;; Lu, L.; Kalinski, P.; Stewart-Akers, A.M.; Lotze, M.T. Th1/Th2 balance in cancer, transplantation and pregnancy.
Springer Semin. Immunopathol. 1999, 21, 339-359. [CrossRef]

Shimato, S.; Maier, L.M.; Maier, R.; Bruce, ].N.; Anderson, R.C.; Anderson, D.E. Profound tumor-specific Th2 bias in patients with
malignant glioma. BMC Cancer 2012, 12, 561. [CrossRef]

Nevala, WK.; Vachon, C.M.; Leontovich, A.A.; Scott, C.G.; Thompson, M.A.; Markovic, S.N.; for the Melanoma Study Group of
the Mayo Clinic Cancer Center. Evidence of systemic Th2-driven chronic inflammation in patients with metastatic melanoma.
Clin. Cancer Res. 2009, 15, 1931-1939. [CrossRef]

Guenova, E.; Watanabe, R.; Teague, J.E.; Desimone, J.A.; Jiang, Y.; Dowlatshahi, M.; Schlapbach, C.; Schaekel, K.; Rook, A.H.;
Tawa, M; et al. TH2 cytokines from malignant cells suppress TH1 responses and enforce a global TH2 bias in leukemic cutaneous
T-cell lymphoma. Clin. Cancer Res. 2013, 19, 3755-3763. [CrossRef]

Glajcar, A.; Szpor, J.; Hodorowicz-Zaniewska, D.; Tyrak, K.E.; Okon, K. The composition of T cell infiltrates varies in primary
invasive breast cancer of different molecular subtypes as well as according to tumor size and nodal status. Virchows Arch. 2019,
475, 13-23. [CrossRef]

Lathers, D.M.; Achille, N J.; Young, M.R. Incomplete Th2 skewing of cytokines in plasma of patients with squamous cell carcinoma
of the head and neck. Hum. Immunol. 2003, 64, 1160-1166. [CrossRef] [PubMed]

Hong, C.C.; Yao, S.; McCann, S.E.; Dolnick, R.Y.; Wallace, PK.; Gong, Z.; Quan, L.; Lee, K.P; Evans, S.S.; Repasky, E.A.; et al.
Pretreatment levels of circulating Th1 and Th2 cytokines, and their ratios, are associated with ER-negative and triple negative
breast cancers. Breast Cancer Res. Treat. 2013, 139, 477-488. [CrossRef] [PubMed]

Snell, L.M.; Osokine, I.; Yamada, D.H.; De la Fuente, J.R.; Elsaesser, H.].; Brooks, D.G. Overcoming CD4 Th1 Cell Fate Restrictions
to Sustain Antiviral CD8 T Cells and Control Persistent Virus Infection. Cell Rep. 2016, 16, 3286-3296. [CrossRef] [PubMed]
Johnson, D.B.; Puzanov, I.; Kelley, M.C. Talimogene laherparepvec (T-VEC) for the treatment of advanced melanoma. Immunother-
apy 2015, 7, 611-619. [CrossRef]

Parker, ].N.; Gillespie, G.Y.; Love, C.E.; Randall, S.; Whitley, R.].; Markert, ]. M. Engineered herpes simplex virus expressing IL-12
in the treatment of experimental murine brain tumors. Proc. Natl. Acad. Sci. USA 2000, 97, 2208-2213. [CrossRef]

Gredeland, G.; Fossum, E.; Bogen, B. Polarizing T and B Cell Responses by APC-Targeted Subunit Vaccines. Front. Immunol. 2015,
6,367. [CrossRef]

Shi, L.; Xiong, H.; He, J.; Deng, H.; Li, Q.; Zhong, Q.; Hou, W.; Cheng, L.; Xiao, H.; Yang, Z. Antiviral activity of arbidol against
influenza A virus, respiratory syncytial virus, rhinovirus, coxsackie virus and adenovirus in vitro and in vivo. Arch. Virol. 2007,
152, 1447-1455. [CrossRef]

Brooks, M.].; Burtseva, E.I; Ellery, PJ.; Marsh, G.A.; Lew, A.M,; Slepushkin, A.N.; Crowe, S.M.; Tannock, G.A. Antiviral activity
of arbidol, a broad-spectrum drug for use against respiratory viruses, varies according to test conditions. J. Med. Virol. 2012,
84,170-181. [CrossRef]

Liu, Q.; Xiong, H.R.; Lu, L,; Liu, Y.Y;; Luo, F,; Hou, W,; Yang, Z.Q. Antiviral and anti-inflammatory activity of arbidol hydrochloride
in influenza A (H1N1) virus infection. Acta Pharmacol. Sin. 2013, 34, 1075-1083. [CrossRef]

Wang, Y,; Ding, Y.; Yang, C.; Li, R.; Du, Q.; Hao, Y,; Li, Z,; Jiang, H.; Zhao, J.; Chen, Q.; et al. Inhibition of the infectivity and
inflammatory response of influenza virus by Arbidol hydrochloride in vitro and in vivo (mice and ferret). Biomed. Pharmacother.
2017, 91, 393-401. [CrossRef] [PubMed]

Lopalco, G.; Lucherini, O.M.; Lopalco, A.; Venerito, V.; Fabiani, C.; Frediani, B.; Galeazzi, M.; Lapadula, G.; Cantarini, L.; lannone,
F. Cytokine Signatures in Mucocutaneous and Ocular Behget’s Disease. Front. Immunol. 2017, 8, 200. [CrossRef] [PubMed]
Bennett, A.L.; Smith, D.W.; Cummins, M.].; Jacoby, P.A.; Cummins, ].M.; Beilharz, M.W. Low-dose oral interferon alpha as
prophylaxis against viral respiratory illness: A double-blind, parallel controlled trial during an influenza pandemic year. Influenza
Other Respir. Viruses 2013, 7, 854-862. [CrossRef] [PubMed]

Touzot, M.; Cacoub, P,; Bodaghi, B.; Soumelis, V.; Saadoun, D. IFN-«, induces IL-10 production and tilt the balance between Th1
and Th17 in Behget disease. Autoimmun. Rev. 2015, 14, 370-375. [CrossRef] [PubMed]

Agrawal, A.; Kaushal, P.; Agrawal, S.; Gollapudi, S.; Gupta, S. Thimerosal induces TH2 responses via influencing cytokine
secretion by human dendritic cells. J. Leukoc. Biol. 2007, 81, 474—482. [CrossRef]


http://doi.org/10.4049/jimmunol.180.11.7423
http://www.ncbi.nlm.nih.gov/pubmed/18490742
http://doi.org/10.1007/s10875-009-9328-2
http://doi.org/10.1002/brb3.1549
http://www.ncbi.nlm.nih.gov/pubmed/32017453
http://doi.org/10.1111/jvh.13346
http://doi.org/10.1161/JAHA.113.000117
http://www.ncbi.nlm.nih.gov/pubmed/23688675
http://doi.org/10.1007/BF00812261
http://doi.org/10.1186/1471-2407-12-561
http://doi.org/10.1158/1078-0432.CCR-08-1980
http://doi.org/10.1158/1078-0432.CCR-12-3488
http://doi.org/10.1007/s00428-019-02568-y
http://doi.org/10.1016/j.humimm.2003.08.024
http://www.ncbi.nlm.nih.gov/pubmed/14630398
http://doi.org/10.1007/s10549-013-2549-3
http://www.ncbi.nlm.nih.gov/pubmed/23624818
http://doi.org/10.1016/j.celrep.2016.08.065
http://www.ncbi.nlm.nih.gov/pubmed/27653690
http://doi.org/10.2217/imt.15.35
http://doi.org/10.1073/pnas.040557897
http://doi.org/10.3389/fimmu.2015.00367
http://doi.org/10.1007/s00705-007-0974-5
http://doi.org/10.1002/jmv.22234
http://doi.org/10.1038/aps.2013.54
http://doi.org/10.1016/j.biopha.2017.04.091
http://www.ncbi.nlm.nih.gov/pubmed/28475918
http://doi.org/10.3389/fimmu.2017.00200
http://www.ncbi.nlm.nih.gov/pubmed/28289419
http://doi.org/10.1111/irv.12094
http://www.ncbi.nlm.nih.gov/pubmed/23398960
http://doi.org/10.1016/j.autrev.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25541082
http://doi.org/10.1189/jlb.0706467

Viruses 2022, 14, 1493 24 of 26

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Ribeiro, A.; Ferraz-De-Paula, V.; Pinheiro, M.L.; Vitoretti, L.B.; Mariano-Souza, D.P.; Quinteiro-Filho, W.M.; Akamine, A.T.;
Almeida, V.I; Quevedo, J.; Dal-Pizzol, F; et al. Cannabidiol, a non-psychotropic plant-derived cannabinoid, decreases in-
flammation in a murine model of acute lung injury: Role for the adenosine A, receptor. Eur. . Pharmacol. 2012, 678, 78-85.
[CrossRef]

Yuan, M.; Kiertscher, S.M.; Cheng, Q.; Zoumalan, R.; Tashkin, D.P.; Roth, M.D. A9-Tetrahydrocannabinol regulates Th1/Th2
cytokine balance in activated human T cells. J. Neuroimmunol. 2002, 133, 124-131. [CrossRef]

Tahamtan, A.; Tavakoli-Yaraki, M.; Rygiel, T.P.; Mokhtari-Azad, T.; Salimi, V. Effects of cannabinoids and their receptors on viral
infections. J. Med. Virol. 2016, 88, 1-12. [CrossRef]

He, S.; Lin, B.; Chu, V.; Hu, Z,; Hu, X,; Xiao, J.; Wang, A.Q.; Schweitzer, C.J.; Li, Q.; Imamura, M.; et al. Repurposing of the
antihistamine chlorcyclizine and related compounds for treatment of hepatitis C virus infection. Sci. Transl. Med. 2015, 7, 282ra49.
[CrossRef]

Klemenstsson, H.; Andersson, M.; Pipkorn, U. Allergen-induced increase in nonspecific nasal reactivity is blocked by antihis-
tamines without a clear-cut relationship to eosinophil influx. J. Allergy Clin. Immunol. 1990, 86, 466—472. [CrossRef]

Robinson, D.; Hamid, Q.; Bentley, A.; Ying, S.; Kay, A.B.; Durham, S.R. Activation of CD4+ T cells, increased TH2-type cytokine
mRNA expression, and eosinophil recruitment in bronchoalveolar lavage after allergen inhalation challenge in patients with
atopic asthma. J. Allergy Clin. Immunol. 1993, 92, 313-324. [CrossRef]

Abdelaziz, M.M.; Devalia, J.L.; Khair, O.A.; Bayram, H.; Prior, A.]J.; Davies, R.]. Effect of fexofenadine on eosinophil-induced
changes in epithelial permeability and cytokine release from nasal epithelial cells of patients with seasonal allergic rhinitis.
J. Allergy Clin. Immunol. 1998, 101, 410-420. [CrossRef]

Kato, Y.; Manabe, T.; Tanaka, Y.; Mochizuki, H. Effect of an orally active Th1/Th2 balance modulator, M50367, on IgE production,
eosinophilia, and airway hyperresponsiveness in mice. J. Immunol. 1999, 162, 7470-7479. [PubMed]

Xu, W,; Xia, S.; Pu, J.; Wang, Q.; Li, P; Lu, L.; Jiang, S. The Antihistamine Drugs Carbinoxamine Maleate and Chlorpheniramine
Maleate Exhibit Potent Antiviral Activity Against a Broad Spectrum of Influenza Viruses. Front. Microbiol. 2018, 9, 2643. [CrossRef]
[PubMed]

Coffman, R.L.; Sher, A.; Seder, R.A. Vaccine adjuvants: Putting innate immunity to work. Immunity 2010, 33, 492-503. [CrossRef]
Grun, J.L.; Maurer, P.H. Different T helper cell subsets elicited in mice utilizing two different adjuvant vehicles: The role of
endogenous interleukin 1 in proliferative responses. Cell. Immunol. 1989, 121, 134-145. [CrossRef]

Kool, M; Soullié, T.; van Nimwegen, M.; Willart, M.A.; Muskens, F,; Jung, S.; Hoogsteden, H.C.; Hammad, H.; Lambrecht, B.N.
Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory dendritic cells. J. Exp. Med. 2008,
205, 869-882. [CrossRef]

Sharp, EA.; Ruane, D.; Claass, B.; Creagh, E.; Harris, J.; Malyala, P; Singh, M.; O'Hagan, D.T.; Pétrilli, V.; Tschopp, J.; et al. Uptake
of particulate vaccine adjuvants by dendritic cells activates the NALP3 inflammasome. Proc. Natl. Acad. Sci. USA 2009, 106,
870-875. [CrossRef]

Jordan, M.B.; Mills, D.M.; Kappler, J.; Marrack, P.; Cambier, J.C. Promotion of B cell immune responses via an alum-induced
myeloid cell population. Science 2004, 304, 1808-1810. [CrossRef]

Didierlaurent, A.M.; Morel, S.; Lockman, L.; Giannini, S.L.; Bisteau, M.; Carlsen, H.; Kielland, A.; Vosters, O.; Vanderheyde,
N.; Schiavetti, F; et al. AS04, an aluminum salt- and TLR4 agonist-based adjuvant system, induces a transient localized innate
immune response leading to enhanced adaptive immunity. J. Immunol. 2009, 183, 6186—6197. [CrossRef]

Netea, M.G.; Van der Meer, ].W.; Sutmuller, R.P.; Adema, G.J.; Kullberg, B.]. From the Th1/Th2 paradigm towards a Toll-like
receptor/T-helper bias. Antimicrob. Agents Chemother. 2005, 49, 3991-3996. [CrossRef]

Sarkar, I; Garg, R.; van Drunen Littel-van den Hurk, S. Selection of adjuvants for vaccines targeting specific pathogens. Expert
Rev. Vaccines 2019, 18, 505-521. [CrossRef] [PubMed]

Janovec, V,; Hodek, J.; Clarova, K.; Hofman, T.; Dostalik, P.; Fronek, J.; Chlupac, J.; Chaperot, L.; Durand, S.; Baumert, T.F; et al.
Toll-like receptor dual-acting agonists are potent inducers of PBMC-produced cytokines that inhibit hepatitis B virus production
in primary human hepatocytes. Sci. Rep. 2020, 10, 12767. [CrossRef] [PubMed]

Ratnapriya, S.; Perez-Greene, E.; Schifanella, L.; Herschhorn, A. Adjuvant-mediated enhancement of the immune response to
HIV vaccines. FEBS J. 2021, 289, 3317-3334. [CrossRef] [PubMed]

Coler, R.N.; Baldwin, S.L.; Shaverdian, N.; Bertholet, S.; Reed, S.J.; Raman, V.S.; Lu, X.; DeVos, J.; Hancock, K.; Katz, J.M.; et al.
A synthetic adjuvant to enhance and expand immune responses to influenza vaccines. PLoS ONE 2010, 5, €13677. [CrossRef]
[PubMed]

Chapuy, M.C.; Arlot, M.E.; Duboeuf, E; Brun, J.; Crouzet, B.; Arnaud, S.; Delmas, P.D.; Meunier, PJ. Vitamin D3 and calcium to
prevent hip fractures in elderly women. N. Engl. ]. Med. 1992, 327, 1637-1642. [CrossRef]

Hansdottir, S.; Monick, M.M.; Hinde, S.L.; Lovan, N.; Look, D.C.; Hunninghake, G.W. Respiratory epithelial cells convert inactive
vitamin D to its active form: Potential effects on host defense. J. Immunol. 2008, 181, 7090-7099. [CrossRef]

Liu, P.T,; Stenger, S.; Li, H.; Wenzel, L.; Tan, B.H.; Krutzik, S.R.; Ochoa, M.T.; Schauber, J.; Wu, K.; Meinken, C.; et al. Toll-like
receptor triggering of a vitamin D-mediated human antimicrobial response. Science 2006, 311, 1770-1773. [CrossRef]

Yim, S.; Dhawan, P,; Ragunath, C.; Christakos, S.; Diamond, G. Induction of cathelicidin in normal and CF bronchial epithelial
cells by 1,25-dihydroxyvitamin Djs. J. Cyst. Fibros. 2007, 6, 403-410. [CrossRef]


http://doi.org/10.1016/j.ejphar.2011.12.043
http://doi.org/10.1016/S0165-5728(02)00370-3
http://doi.org/10.1002/jmv.24292
http://doi.org/10.1126/scitranslmed.3010286
http://doi.org/10.1016/S0091-6749(05)80201-5
http://doi.org/10.1016/0091-6749(93)90175-F
http://doi.org/10.1016/S0091-6749(98)70256-8
http://www.ncbi.nlm.nih.gov/pubmed/10358202
http://doi.org/10.3389/fmicb.2018.02643
http://www.ncbi.nlm.nih.gov/pubmed/30459739
http://doi.org/10.1016/j.immuni.2010.10.002
http://doi.org/10.1016/0008-8749(89)90011-7
http://doi.org/10.1084/jem.20071087
http://doi.org/10.1073/pnas.0804897106
http://doi.org/10.1126/science.1089926
http://doi.org/10.4049/jimmunol.0901474
http://doi.org/10.1128/AAC.49.10.3991-3996.2005
http://doi.org/10.1080/14760584.2019.1604231
http://www.ncbi.nlm.nih.gov/pubmed/31009255
http://doi.org/10.1038/s41598-020-69614-7
http://www.ncbi.nlm.nih.gov/pubmed/32728070
http://doi.org/10.1111/febs.15814
http://www.ncbi.nlm.nih.gov/pubmed/33705608
http://doi.org/10.1371/journal.pone.0013677
http://www.ncbi.nlm.nih.gov/pubmed/21060869
http://doi.org/10.1056/NEJM199212033272305
http://doi.org/10.4049/jimmunol.181.10.7090
http://doi.org/10.1126/science.1123933
http://doi.org/10.1016/j.jcf.2007.03.003

Viruses 2022, 14, 1493 25 of 26

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Hansdottir, S.; Monick, M.M.; Lovan, N.; Powers, L.; Gerke, A.; Hunninghake, G.W. Vitamin D decreases respiratory syncytial
virus induction of NF-kB-linked chemokines and cytokines in airway epithelium while maintaining the antiviral state. J. Immunol.
2010, 184, 965-974. [CrossRef]

Rehman, PK. Sub-clinical rickets and recurrent infection. J. Trop. Pediatr. 1994, 40, 58. [CrossRef]

Laaksi, I.; Ruohola, J.P; Tuohimaa, P.; Auvinen, A.; Haataja, R.; Pihlajaméki, H.; Ylikomi, T. An association of serum vitamin D
concentrations <40 nmol/L with acute respiratory tract infection in young Finnish men. Am. . Clin. Nutr. 2007, 86, 714-717.
[CrossRef]

Roth, D.E; Shah, R.; Black, R.E.; Baqui, A.H. Vitamin D status and acute lower respiratory infection in early childhood in Sylhet,
Bangladesh. Acta Paediatr. 2010, 99, 389-393. [CrossRef] [PubMed]

Wayse, V.; Yousafzai, A.; Mogale, K.; Filteau, S. Association of subclinical vitamin D deficiency with severe acute lower respiratory
infection in Indian children under 5 y. Eur. J. Clin. Nutr. 2004, 58, 563-567. [CrossRef] [PubMed]

Karatekin, G.; Kaya, A.; Salihoglu, O.; Balci, H.; Nuhoglu, A. Association of subclinical vitamin D deficiency in newborns with
acute lower respiratory infection and their mothers. Eur. J. Clin. Nutr. 2009, 63, 473-477. [CrossRef]

Avenell, A.; Cook, J.A.; Maclennan, G.S.; Macpherson, G.C. Vitamin D supplementation to prevent infections: A sub-study of a
randomised placebo-controlled trial in older people (RECORD trial, ISRCTN 51647438). Age Ageing 2007, 36, 574-577. [CrossRef]
[PubMed]

Parva, N.R,; Tadepalli, S.; Singh, P; Qian, A.; Joshi, R.; Kandala, H.; Nookala, V.K.; Cheriyath, P. Prevalence of Vitamin D
Deficiency and Associated Risk Factors in the US Population (2011-2012). Cureus 2018, 10, e2741. [CrossRef] [PubMed]

Li-Ng, M.; Aloia, J.E; Pollack, S.; Cunha, B.A.; Mikhail, M.; Yeh, J.; Berbari, N. A randomized controlled trial of vitamin D3
supplementation for the prevention of symptomatic upper respiratory tract infections. Epidemiol. Infect. 2009, 137, 1396-1404.
[CrossRef] [PubMed]

Boonstra, A.; Barrat, FJ.; Crain, C.; Heath, V.L.; Savelkoul, H.F.,; O’Garra, A. 1,25-Dihydroxyvitamin d3 has a direct effect on
naive CD4" T cells to enhance the development of Th2 cells. J. Immunol. 2001, 167, 4974-4980. [CrossRef]

Zdrenghea, M.T.; Makrinioti, H.; Bagacean, C.; Bush, A.; Johnston, S.L.; Stanciu, L.A. Vitamin D modulation of innate immune
responses to respiratory viral infections. Rev. Med. Virol. 2017, 27, €1909. [CrossRef]

Teymoori-Rad, M.; Shokri, E; Salimi, V.; Marashi, S.M. The interplay between vitamin D and viral infections. Rev. Med. Virol.
2019, 29, €2032. [CrossRef]

Lee, C. Controversial Effects of Vitamin D and Related Genes on Viral Infections, Pathogenesis, and Treatment Outcomes.
Nutrients 2020, 12, 962. [CrossRef] [PubMed]

Ramamoorthy, S.; Cidlowski, J.A. Corticosteroids: Mechanisms of Action in Health and Disease. Rheum. Dis. Clin. N. Am. 2016,
42,15-31. [CrossRef] [PubMed]

Coutinho, A.E.; Chapman, K.E. The anti-inflammatory and immunosuppressive effects of glucocorticoids, recent developments
and mechanistic insights. Mol. Cell. Endocrinol. 2011, 335, 2-13. [CrossRef] [PubMed]

De, A.; Blotta, H.M.; Mamoni, R.L.; Louzada, P.; Bertolo, M.B.; Foss, N.T.; Moreira, A.C.; Castro, M. Effects of dexamethasone on
lymphocyte proliferation and cytokine production in rheumatoid arthritis. . Rheumatol. 2002, 29, 46-51.

Nair, R.; Kakroo, A.; Bapna, A.; Gogia, A.; Vora, A.; Pathak, A.; Korula, A.; Chakrapani, A.; Doval, D.; Prakash, G.; et al.
Management of Lymphomas: Consensus Document 2018 by an Indian Expert Group. Indian ]. Hematol. Blood Transfus. 2018,
34, 398-421. [CrossRef] [PubMed]

Elenkov, I.]. Glucocorticoids and the Th1/Th2 balance. Ann. N. Y. Acad. Sci. 2004, 1024, 138-146. [CrossRef]

Giles, A.].; Hutchinson, M.-K.; Sonnemann, H.M.; Jung, J.; Fecci, PE.; Ratnam, N.M.; Zhang, W.; Song, H.; Bailey, R.; Davis, D.;
et al. Dexamethasone-induced immunosuppression: Mechanisms and implications for immunotherapy. J. Immunother. Cancer
2018, 6, 51. [CrossRef]

Gett, A.V.; Hodgkin, P.D. Cell division regulates the T cell cytokine repertoire, revealing a mechanism underlying immune class
regulation. Proc. Natl. Acad. Sci. USA 1998, 95, 9488-9493. [CrossRef]

Norbiato, G.; Bevilacqua, M.; Vago, T.; Taddei, A.; Clerici, M. Glucocorticoids and the immune function in the human immunode-
ficiency virus infection: A study in hypercortisolemic and cortisol-resistant patients. J. Clin. Endocrinol. Metab. 1997, 82, 3260-3263.
[CrossRef]

Yamada, H.; Nakashima, Y.; Okazaki, K.; Mawatari, T.; Fukushi, J.I.; Kaibara, N.; Hori, A.; Iwamoto, Y.; Yoshikai, Y. Th1 but not
Th17 cells predominate in the joints of patients with rheumatoid arthritis. Ann. Rheum. Dis. 2008, 67, 1299-1304. [CrossRef]
Franchimont, D.; Galon, J.; Gadina, M.; Visconti, R.; Zhou, Y.; Aringer, M.; Frucht, D.M.; Chrousos, G.P.; O’Shea, ].J. Inhibition
of Th1l immune response by glucocorticoids: Dexamethasone selectively inhibits IL-12-induced Stat4 phosphorylation in T
lymphocytes. J. Immunol. 2000, 164, 1768-1774. [CrossRef]

Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, ].; Dan, ].M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S,; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489-1501.e15. [CrossRef] [PubMed]

Ahmed, M.H.; Hassan, A. Dexamethasone for the Treatment of Coronavirus Disease (COVID-19): A Review. SN Compr. Clin.
Med. 2020, 2, 2637-2646. [CrossRef] [PubMed]


http://doi.org/10.4049/jimmunol.0902840
http://doi.org/10.1093/tropej/40.1.58
http://doi.org/10.1093/ajcn/86.3.714
http://doi.org/10.1111/j.1651-2227.2009.01594.x
http://www.ncbi.nlm.nih.gov/pubmed/19900174
http://doi.org/10.1038/sj.ejcn.1601845
http://www.ncbi.nlm.nih.gov/pubmed/15042122
http://doi.org/10.1038/sj.ejcn.1602960
http://doi.org/10.1093/ageing/afm091
http://www.ncbi.nlm.nih.gov/pubmed/17702768
http://doi.org/10.7759/cureus.2741
http://www.ncbi.nlm.nih.gov/pubmed/30087817
http://doi.org/10.1017/S0950268809002404
http://www.ncbi.nlm.nih.gov/pubmed/19296870
http://doi.org/10.4049/jimmunol.167.9.4974
http://doi.org/10.1002/rmv.1909
http://doi.org/10.1002/rmv.2032
http://doi.org/10.3390/nu12040962
http://www.ncbi.nlm.nih.gov/pubmed/32235600
http://doi.org/10.1016/j.rdc.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26611548
http://doi.org/10.1016/j.mce.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20398732
http://doi.org/10.1007/s12288-018-0991-4
http://www.ncbi.nlm.nih.gov/pubmed/30127547
http://doi.org/10.1196/annals.1321.010
http://doi.org/10.1186/s40425-018-0371-5
http://doi.org/10.1073/pnas.95.16.9488
http://doi.org/10.1210/jcem.82.10.4304
http://doi.org/10.1136/ard.2007.080341
http://doi.org/10.4049/jimmunol.164.4.1768
http://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
http://doi.org/10.1007/s42399-020-00610-8
http://www.ncbi.nlm.nih.gov/pubmed/33163859

Viruses 2022, 14, 1493 26 of 26

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.-C.; Uhl, S.; Hoagland, D.; Meller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.;
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036-1045.€9. [CrossRef]
[PubMed]

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

The RECOVERY Collaborative Group. Dexamethasone in Hospitalized Patients with Covid-19. N. Engl. J. Med. 2021, 384, 693-704.
[CrossRef]

Sterne, J.A.; Murthy, S.; Diaz, ].V,; Slutsky, A.S.; Villar, J.; Angus, D.C.; Annane, D.; Azevedo, L.C.; Berwanger, O.; Cavalcanti,
A.B,; et al. Association Between Administration of Systemic Corticosteroids and Mortality Among Critically Ill Patients With
COVID-19: A Meta-analysis. JAMA 2020, 324, 1330-1341. [CrossRef]

Villar, J.; Ferrando, C.; Martinez, D.; Ambrés, A.; Munoz, T.; Soler, J.A.; Aguilar, G.; Alba, F.; Gonzalez-Higueras, E.; Conesa, L.A;
et al. Dexamethasone treatment for the acute respiratory distress syndrome: A multicentre, randomised controlled trial. Lancet
Respir. Med. 2020, 8, 267-276. [CrossRef]

Alhazzani, W.; Meller, M.H.; Arabi, Y.M.; Loeb, M.; Gong, M.N.; Fan, E.; Oczkowski, S.; Levy, M.M.; Derde, L.; Dzierba, A.; et al.
Surviving Sepsis Campaign: Guidelines on the Management of Critically Ill Adults with Coronavirus Disease 2019 (COVID-19).
Crit. Care Med. 2020, 48, e440-e469. [CrossRef]

Kovacs, W.J. To B or not to B? Glucocorticoid impact on B lymphocyte fate and function. Endocrinology 2014, 155, 339-342.
[CrossRef]

Zhong, J.; Tang, J.; Ye, C.; Dong, L. The immunology of COVID-19: Is immune modulation an option for treatment? Lancet
Rheumatol. 2020, 2, e428-e436. [CrossRef]

Ai, F; Zhao, G.; Lv, W,; Liu, B,; Lin, ]. Dexamethasone induces aberrant macrophage immune function and apoptosis. Oncol. Rep.
2020, 43, 427-436. [CrossRef] [PubMed]

Deborska-Materkowska, D.; Perkowska-Ptasinska, A.; Sadowska-Jakubowicz, A.; Gozdowska, J.; Ciszek, M.; Pazik, J.; Os-
taszewska, A.; Kosieradzki, M.; Nowak, J.; Durlik, M. Killer Inmunoglobulin-Like Receptor 2DS2 (KIR2DS2), KIR2DL2-HLA-C1,
and KIR2DL3 as Genetic Markers for Stratifying the Risk of Cytomegalovirus Infection in Kidney Transplant Recipients. Int. |.
Mol. Sci. 2019, 20, 546. [CrossRef] [PubMed]

Di Bona, D.; Aiello, A.; Colomba, C.; Bilancia, M.; Accardi, G.; Rubino, R.; Giannitrapani, L.; Tuttolomondo, A.; Cascio, A.; Caiaffa,
M.F,; et al. KIR2DL3 and the KIR ligand groups HLA-A-Bw4 and HLA-C2 predict the outcome of hepatitis B virus infection.
J. Viral Hepat. 2017, 24, 768-775. [CrossRef] [PubMed]

Tuttolomondo, A.; Colomba, C.; Di Bona, D.; Casuccio, A.; Di Raimondo, D.; Clemente, G.; Arnao, V.; Pecoraro, R.; Ragonese, P;
Aiello, A.; et al. HLA and killer cell immunoglobulin-like receptor (KIRs) genotyping in patients with acute viral encephalitis.
Oncotarget 2018, 9, 17523-17532. [CrossRef] [PubMed]

Tuttolomondo, A.; Di Raimondo, D.; Vasto, S.; Casuccio, A.; Colomba, C.; Norrito, R.L.; Di Bona, D.; Arnao, V.; Siciliano, L.;
Cascio, A.; et al. Protective and causative killer Ig-like receptor (KIR) and metalloproteinase genetic patterns associated with
Herpes simplex virus 1 (HSV-1) encephalitis occurrence. J. Neuroimmunol. 2020, 344, 577241. [CrossRef]

Danson, S.J.; Conner, J.; Edwards, ].G.; Blyth, K.G.; Fisher, PM.; Muthana, M.; Salawu, A.; Taylor, F.; Hodgkinson, E.; Joyce, P;
et al. Oncolytic herpesvirus therapy for mesothelioma—A phase I/1la trial of intrapleural administration of HSV1716. Lung
Cancer 2020, 150, 145-151. [CrossRef]

Howard, E; Conner, ].; Danson, S.; Muthana, M. Inconsistencies in Modeling the Efficacy of the Oncolytic Virus HSV1716 Reveal
Potential Predictive Biomarkers for Tolerability. Front. Mol. Biosci. 2022, 9, 559. [CrossRef]


http://doi.org/10.1016/j.cell.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32416070
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.1001/jama.2020.17023
http://doi.org/10.1016/S2213-2600(19)30417-5
http://doi.org/10.1097/CCM.0000000000004363
http://doi.org/10.1210/en.2013-2085
http://doi.org/10.1016/S2665-9913(20)30120-X
http://doi.org/10.3892/or.2019.7434
http://www.ncbi.nlm.nih.gov/pubmed/31894280
http://doi.org/10.3390/ijms20030546
http://www.ncbi.nlm.nih.gov/pubmed/30696053
http://doi.org/10.1111/jvh.12698
http://www.ncbi.nlm.nih.gov/pubmed/28211154
http://doi.org/10.18632/oncotarget.24778
http://www.ncbi.nlm.nih.gov/pubmed/29707126
http://doi.org/10.1016/j.jneuroim.2020.577241
http://doi.org/10.1016/j.lungcan.2020.10.007
http://doi.org/10.3389/fmolb.2022.889395

	Introduction 
	Causes of Deviant Immune Response in Viral Infections 
	Heterosubtypic Immunity 
	Ageing 
	Ethnicity 
	Co-Morbidities 

	Strategies to Address the Deviant Response 
	Antivirals 
	Anti-Histamines 
	Adjuvants 
	Vitamin D 
	Dexamethasone 
	Patient Stratification 

	Discussion and Concluding Remarks 
	References

