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ABSTRACT

The COVID-19 pandemic has drawn consider-
able attention to viral pneumonia from clini-
cians, public health authorities, and the general
public. With dozens of viruses able to cause
pneumonia in humans, differentiating viral
from bacterial pneumonia can be very chal-
lenging in clinical practice using traditional
diagnostic methods. Precision medicine is a
medical model in which decisions, practices,
interventions, and therapies are adapted to the
individual patient on the basis of their pre-
dicted response or risk of disease. Precision
medicine approaches hold promise as a way to
improve outcomes for patients with viral
pneumonia. This review describes the latest
advances in the use of precision medicine for
diagnosing and treating viral pneumonia in
adults and discusses areas where further
research is warranted.
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Key Summary Points

Viral pneumonia is difficult to
differentiate from bacterial pneumonia in
clinical practice.

One of the silver linings of the COVID-19
pandemic has been the gain of important
insights into the pathophysiology of viral
pneumonia.

Precision medicine has the potential to
help diagnose viral pneumonia, optimize
therapies, and lead to improved
outcomes.

Symptoms of viral pneumonia are

nonspecific, so it is not possible to
determine a viral etiology without
laboratory testing.

Novel biomarkers for viral pneumonia are
being developed using meta-genomics.

Immunologic therapies directed against
viral pathogens hold promise, although
further understanding of the pathogenesis
of viral pneumonia is needed to optimize
their use.
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INTRODUCTION

Viral pneumonia has historically been a signif-
icant cause of morbidity and mortality for
humankind. Indeed, the 1918 influenza pan-
demic caused over 50 million deaths worldwide
and its pathobiology is still incompletely
understood [1]. Viral pneumonia is increasingly
recognized as a cause of hospital-acquired
pneumonia, with comparable mortality to bac-
terial pneumonia [2]. Distinguishing bacterial
from viral pneumonia on clinical grounds is
very challenging and a microbiological diagno-
sis is achieved only in approximately half of all
cases [3, 4]. The COVID-19 pandemic has
caused millions of cases of viral pneumonia,
one result of which has been a more nuanced
understanding of the underlying pathophysiol-
ogy and immune response [5]. The develop-
ment of messenger ribonucleic acid (mRNA)
vaccines for COVID-19 has raised the possibility
that they can be developed against other viral
pathogens, including those that cause pneu-
monia [6]. Thus, despite significant progress, it
is clear that viral pneumonia remains a major
threat to human health and further advances in
its diagnosis, treatment, and prevention are
needed.

One paradigm that holds significant promise
in the management of viral pneumonia is pre-
cision medicine. It has been defined as “medical
care designed to optimize efficiency or thera-
peutic benefit for particular groups of patients
using genetic or molecular profiling” [7]. More
pragmatically, precision medicine involves
rapidly identifying altered biology within an
individual and using the findings to guide
treatment. There is an increasing amount of
research underway on precision medicine across
a multitude of medical conditions including
cancer, rheumatoid arthritis, psoriasis, and
asthma [8-10]. Furthermore, precision medicine
approaches have been investigated for several
infectious processes including sepsis [7], com-
munity-acquired pneumonia [11], urinary tract
infections [12], intra-abdominal infections [13],
diabetic foot infections [14], meningitis [15],
and endocarditis [16]. Patients with viral pneu-
monia often present to the emergency

department with broad phenotypes. Viral eti-
ologies and outcomes are unique to individuals,
making it difficult to cohort patients with viral
pneumonia. But this presents a prime target for
testing and developing tools for precision
medicine. Thus, precision medicine might help
differentiate viral from bacterial pneumonia
thereby reducing unnecessary antibiotic usage,
guide appropriate antiviral therapy such as
optimal drug dosing, and determine which
patients with viral pneumonia might benefit
from adjunctive therapies, such as corticos-
teroids or other immune modulators (Fig. 1).

Prevention

Treatment

Improved
patient
outcomes

Rapid Laboratory Diagnosis

Fig. 1 Components of a precision medicine approach to
viral pneumonia. A comprehensive approach to viral
pneumonia using precision medicine involves rapid labo-
ratory testing and biomarkers, with the main goal of
differentiating bacterial from viral etiologies. Treatment
includes effective antiviral medications and anti-inflam-
matory therapies (e.g, steroids and immunomodulators)
that are preferentially prescribed early in the course of
illness. Prevention occurs through vaccines and prophylac-
tic antiviral medications, when appropriate. These com-
bine to optimize the care of patients with viral pneumonia
by improving outcomes and reducing overall health care
costs
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The microbiome of the upper airways and, to
a lesser extent, the lower airways host a large
number of commensal viruses (i.e., the virome)
that is often disrupted during an acute episode
of viral pneumonia [17]. For example, increased
COVID-19 severity has been shown to correlate
with greater colonization and higher titers of
Anelloviridae and Redondoviridae in the respira-
tory tract [18]. Each individual has their own
unique virome, which is impacted by oppor-
tunistic viral pathogens in myriad ways. Further
understanding of these complex interactions
may lead to novel diagnostic and therapeutic
approaches targeting the pathogens that cause
viral pneumonia, as well as ways to reconstitute
the virome post-infection.

In this review, the latest advances in the use
of precision medicine for diagnosing and treat-
ing viral pneumonia in adults will be discussed,
with an emphasis on pragmatic approaches that
clinicians treating patients at the bedside will
find useful. It will also identify gaps in our
current understanding of the pathophysiology
of viral pneumonia, particularly from a genomic
standpoint, and offer suggestions for further
research. This article is based on previously
conducted studies and does not contain any
new studies with human participants or animals
performed by the author.

CLINICAL MANIFESTATIONS
OF VIRAL PNEUMONIA

There are many viruses that have the potential
to cause pneumonia in humans. The most
commonly encountered ones in clinical prac-
tice are listed in Table 1. Symptoms of viral
pneumonia range from mild with fever, cough,
and shortness of breath to severe, including
sepsis and acute respiratory failure [19]. The
severity of symptoms is due to local and sys-
temic immune responses and varies for each
individual. Hypoxemia can occur as a result of
impairment in alveolar gas exchange [20].
Although fever higher than 38.5 °C, a respira-
tory rate greater than 50 breaths per minute,
and chest recession are suggestive of bacterial
rather than viral pneumonia, clinical

Table 1 Common etiologies of viral pneumonia in adults

SARS-CoV-2

Influenza A

Influenza B

Respiratory syncytial virus
Human metapneumovirus
Adenovirus 4 and 7
Parainfluenza

Rhinovirus

Herpes simplex virus*
Cytomegalovirus*

Varicella zoster virus*

Adapted from reference [68]

*More frequent in immunocompromised patients

manifestations alone are not reliable for differ-
entiating the two conditions [21].

Influenza remains the clinically most signif-
icant viral cause of community-acquired pneu-
monia in adults, with annual epidemics in the
USA occurring during the fall and winter
months. Risk factors for influenza infection
progressing to pneumonia include advanced
age, malignancy, delayed influenza diagnosis,
an absolute lymphocyte count less than
200 cells/mL, and not receiving influenza-di-
rected antiviral therapy [20]. A study that
included 579 adults hospitalized for influenza
found those with acute respiratory failure and
who presented with a productive cough had a
higher likelihood of pneumonia [22]. Multiplex
nucleic acid amplification tests (NAATs) that
include influenza in a panel of other respiratory
viruses are commonly used for diagnosis and are
preferred over rapid influenza tests for better
accuracy. Chest radiographs often demonstrate
diffuse infiltrates, with no one feature differen-
tiating it from other viral etiologies.

Respiratory syncytial virus (RSV) is primarily
an infection of infants and young children.
When adults are infected, it usually causes mild
illness although immunocompromised indi-
viduals are at higher risk for severe disease.
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Patients with RSV often report a longer time
from the beginning of symptoms to hospital
admission when compared to other causes of
viral pneumonia, and bacterial superinfection
occurs in approximately 12% of cases [23].
Human metapneumovirus (HMPV) was detec-
ted in 3% adult patients with pneumonia in a
population-based surveillance study. Clinical
features did not reliably differentiate HMPV-as-
sociated pneumonia from other pathogens.
HMPV-associated pneumonia was less severe
than bacterial and adult RSV pneumonia, but
apart from that was comparable to other eti-
ologies [24]. Adenovirus usually causes mild
illness in immunocompetent adults but can
sometimes lead to acute respiratory distress
syndrome (ARDS). A prospective observational
study found younger age, lower
CD3"CD4" T cells, and high serum creatinine
were associated with adenovirus-induced ARDS
in adults who required mechanical ventilation
[25]. There are four types and two subtypes of
parainfluenza virus (PIV), with PIV-3 the most
common cause of clinically significant infec-
tions. The clinical presentation of PIV in adults
(i.e., cough, sore throat, and rhinorrhea) is
indistinguishable from other respiratory ill-
nesses. Typical chest computed tomography
(CT) findings for PIV pneumonia are multifocal
patchy consolidation with ground glass opaci-
ties and centrilobular nodules with bronchial
wall thickening [26]. Recently a case of ARDS in
an immunocompetent 48-year-old man due to
PIV was reported [27]. Rhinoviruses typically
cause pneumonia in immunocompromised
adults and appear to cause septic shock less
often than other respiratory pathogens [28]. Co-
infections of rhinoviruses with influenza virus
or Streptococcus pneumoniae can occur and there
is an increased incidence of rhinovirus infec-
tions in autumn [29]. As with influenza, RSV,
parainfluenza, HMNV, adenovirus, and rhi-
novirus are often included in multiplex NAAT
panels and it not advised to use viral cultures for
diagnostic purposes because of the long turn-
around time.

Numerous risk factors for COVID-19 pneu-
monia have been identified. These include age
65 years or older, male sex (which may be rela-
ted to lower T cell activation than in female

individuals), diabetes, hypertension, obesity,
viral hepatitis, HIV disease, and chronic kidney
disease [5]. Obesity and insulin resistance in
people with diabetes predisposes to metabolic
syndrome and can lead to vascular damage,
impaired tissue repair, and a dampened
immune response early in the course of COVID-
19 infection. The result can be impaired viral
clearance, causing further immune cell activa-
tion and vascular injury. Notably, it may be
possible to modify some of these risk factors,
such as improving glycemic control in people
with diabetes and weight loss in those with
obesity, using a precision medicine approach
[30]. For example, combining clinical informa-
tion with genomics and metabolomics data
might identify more accurate predictors that
lead to optimized therapy for individual
patients.

COVID-19 pneumonia usually develops
around 7 days after the initial onset of symp-
toms. Dyspnea is the most common symptom
and hypoxia is often present. Most patients
have lymphopenia, and some develop throm-
boembolic complications, disorders of the cen-
tral or peripheral nervous system, cardiac
arrhythmias, rhabdomyolysis, coagulopathy,
and shock [31]. Chest radiographs frequently
show bilateral consolidations or ground glass
opacities. A study that included 88 patients
with severe COVID-19 pneumonia found alve-
olar macrophages in the lungs containing SARS-
CoV-2 and T cells form a positive feedback loop
that drives persistent alveolar inflammation
[32]. This sheds light onto the complex
immunopathogy occurring in the lungs, as does
another study by Verma et al., which reported
low monocyte/lymphocyte ratio levels among
nonsurvivors of COVID-19 pneumonia [33].
Sex-specific biological differences in COVID-19
pneumonia require further elucidation and are
an area of active investigation. As previously
mentioned, male individuals tend to have lower
T cell activation in the lungs. Recent data shows
that estrogen impacts angiotensin-converting
enzyme 2 (ACE-2) expression and lowers the
available binding sites for SARS-CoV-2 [34].
Further understanding of sex-related differences
in viral pneumonia in general and COVID-19 in
particular will advance precision medicine and
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may lead to improvements in diagnostic meth-
ods and treatments.

There are radiographic features that may
help to differentiate viral from bacterial pneu-
monia. The most common pattern observed of
viral pneumonia on CT scans of the chest is
multifocal patchy consolidation with ground
glass opacities. Radiographic findings common
in influenza include bilateral reticulonodular
areas of opacity with or without focal areas of
consolidation, usually in the lower lobes, and
poorly defined patchy or nodular areas of con-
solidation that become rapidly confluent and
resolve after 3 weeks [26]. Patients who progress
to diffuse lung damage can demonstrate find-
ings of ARDS or, in cases of influenza HIN1,
organizing pneumonia. Adenovirus pneumonia
can show lobar or segmental distribution that
indicates bronchopneumonia resembling bac-
terial pneumonia [26].

BIOMARKERS AND THE DIAGNOSIS
OF VIRAL PNEUMONIA

Antiviral therapies are most effective if given
soon after the onset of infection, making it
imperative that a rapid diagnosis occurs [35].
The main challenge in diagnosing viral pneu-
monia is differentiating viral from bacterial
pneumonia. A misdiagnosis can have a number
of deleterious consequences, including the
unnecessary use of antibiotics and delaying or
missing the chance to use antivirals. Thus,
improving diagnostic capabilities for viral
pneumonia is an important objective and pre-
cision medicine approaches have the potential
to achieve this goal. For example, measuring
host gene expression is a promising diagnostic
strategy for discriminating viral from bacterial
infection. Bodkin et al. did a systematic com-
parison of 28 host gene expression signatures
and found that performance improved with
larger signatures, viral classification was easier
than bacterial classification, and performance
was decreased in pediatric subjects [36]. More-
over, signature performance differed on the
basis of age, specific pathogen, sample type, and
the cohort’s heterogeneity. One caveat with this
study is that subjects adjudicated as having a

rhinovirus infection, which is frequently a col-
onizer, may actually have had non-viral infec-
tions leading to errors in the clinical label. The
results will hopefully inform the development
and translation of host gene expression signa-
tures into clinical practice.

A biomarker is defined as “a characteristic
that is objectively measured and evaluated as an
indicator of normal biological processes,
pathogenic  processes, or pharmacologic
responses to a therapeutic intervention” [37].
Biomarkers are key factors in precision medicine
because they can be an effective tool for better
stratification, prognosis, and therapeutic selec-
tion. While their use first became common in
oncology [38], biomarkers have since moved
into the realm of infectious diseases such as
sepsis [7], intra-abdominal infections [39], and
pneumonia [40]. Perhaps the most extensively
studied biomarker in pneumonia is procalci-
tonin (PCT), a peptide produced by the
parafollicular cells of the thyroid. During a
bacterial infection, an inflammatory cascade
triggers the extra-thyroidal production of PCT
from adipocytes and neuroendocrine cells in
the lungs and intestine. In contrast, viral
infections cause an increase in interferon-v,
which inhibits production of PCT. High PCT
levels have been shown to strongly correlate
with an increased probability of bacterial com-
munity-acquired pneumonia (CAP) [41]. How-
ever, the sensitivity of the test ranges from 38%
to 91% making it unreliable for important
clinical decisions such as withholding antibi-
otics [42]. The latest guidelines on the man-
agement of CAP from the Infectious Diseases
Society of America and the American Thoracic
Society state “we recommend that empiric
antibiotic therapy should be initiated in adults
with clinically suspected and radiographically
confirmed CAP regardless of initial serum pro-
calcitonin level (strong recommendation,
moderate quality of evidence)” [43]. PCT levels
can be elevated in severe COVID-19, calling its
diagnostic usefulness into further question [44].
Thus, clinicians need more accurate biomarkers
for pneumonia than PCT, whose prominence
appears to be fading.

The primary role of vitamin D in humans is
the maintenance of bone homeostasis, but it
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also plays a role in regulating innate and adap-
tive immunity. Vitamin D deficiency is associ-
ated with worse outcomes in a number of
infections including pneumonia [45]. The role
of vitamin D deficiency and COVID-19 severity
has been controversial, with some studies
showing higher severity [46-48], while others
showed no significant difference between
patients with low and normal vitamin D levels
[49]. Although the role of vitamin D deficiency
in viral pneumonia including COVID-19
remains to be fully elucidated, measuring serum
vitamin D is relatively rapid, widely available,
and inexpensive, making it axiomatic for pre-
cision medicine.

Nucleic acid amplification tests (NAATS)
have been the mainstay for diagnosing viral
pneumonia over the past decade [50]. The
COVID-19 pandemic has led to an outpouring
of research on novel biomarkers for viral pneu-
monia, several of which have the potential to be
used in a precision medicine approach. Using
multi-cohort analysis, Sweeney et al. derived a
set of seven genes to discriminate bacterial from
viral infections, and then validated them in 30
independent cohorts [51]. Next, they used a
previously identified 11-gene set along with the
new bacterial/viral classifier to design an inte-
grated antibiotics decision model. A pooled
analysis of 1057 samples from 20 cohorts found
the integrated antibiotics decision model had a
sensitivity and specificity for bacterial infec-
tions of 94.0% and 59.8%, respectively.
Although the turnaround time of the technique
(4-6 h) is too long for clinical applications,
further refinements may shorten the timeframe
and allow it to be useful in the diagnosis of
pneumonia.

Levels of the hormone MR-proad-
renomedullin were shown to predict non-sur-
vival and risk for intensive care unit (ICU)
admission in patients with influenza A pneu-
monia [52]. This study also found that ferritin
levels greater than 830 ng/mL reflected a sig-
nificant risk of mortality. Notably, patients with
bacterial co-infection were excluded from the
analysis. Another potential biomarker for
influenza pneumonia is influenza interferon-
induced protein 35 (IFP35). Yu et al. reported
that IFP35 was released by macrophages and

lung epithelial cells after influenza virus infec-
tion [53]. Administration of IFP35 neutralizing
antibodies reduced severe pneumonia and low-
ered the fatality rate in influenza-infected mice.
However, some severely ill individuals (15 of 83)
had low serum IFP35 and the investigators
hypothesized that it may have been caused by
degradation from serum proteases in the
bloodstream. Further investigation of IFP35 in
patients with varying degrees of influenza
pneumonia seems warranted.

A plethora of biomarkers for COVID-19
pneumonia have been recently reported
(Table 2). Using metabolomic data generated
from the blood of COVID-19 patients, Rendeiro
et al. found substantial changes in serum
metabolome composition that correlated with
disease severity and treatment with tocilizumab
[60]. They generated high-dimensional meta-
bolomic and joint immune-metabolic readouts
that provide meaningful information to under-
stand the host’s response to infection. For
example, tocilizumab partially rescued the
effect of disease severity at the metabolic level
and biomarkers for liver function (e.g., AST and
ALT) did not show significant association with
disease severity. The immune-metabolic
cross talk that occurs during COVID-19 pro-
gression highlights the potential use of
metabolites to control disease by direct modu-
lation of specific steps of lipid metabolism at the
immune level. Having accurate methods for
disease monitoring that captures both metabo-
lism and immune system states would be an
important advancement in precision medicine.

TREATMENT OF VIRAL PNEUMONIA

It has been known for several decades that viral
infections can be effectively treated with medi-
cations that interfere with viral replication. All
RNA viruses encode a common set of enzymes
(e.g., RNA polymerases and proteases) that are
essential for replication and thus potential tar-
gets for antiviral compounds. All three of the
approved drugs for COVID-19 target SARS-CoV-
2 replication. Remdesivir and molnupiravir act
on SARS-CoV-2 polymerase, while nirmatrelvir
inhibits SARS-CoV-2 MP™ protease. The three
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Table 2 Biomarkers for COVID-19 pneumonia

Biomarker References

Cell free DNA (cfDNA) [54]
Growth differentiation factor 15 (GDF-15) [55]
Actin-aortic smooth muscle (ACTA2) [56]
o-1-acid glycoprotein 1 (ORM1)

a-1-antichymotrypsin (SERPINA3)

B-2-microglobulin (B2M)

Carbonic anhydrase 1 (CA1)

Complement component C9 (C9)

C-reactive protein (CRP)

Cystatin-c (CST3)

Follistatin-related protein 1 (FSTL1)
Fructose-bisphosphate aldolase b (ALDOB)
Haptoglobin (HP)

Hemoglobin subunit oo (HBA1; HBA2)

Insulin-like growth factor-binding protein 2 (IGFBP2)
Leucine-rich a-2-glycoprotein (LRG1)
Lipopolysaccharide-binding protein (LBP)

Matrix metalloproteinase-9 (MMP9)

Neutrophil gelatinase-associated lipocalin (LCN2)
Osteopontin (SPP1)

Peroxiredoxin-2 (PRDX2)

Plasma protease cl inhibitor (SERPING1)
Pregnancy zone protein (PZP)

Protein s100-A12 (S100A12)

Protein s100-A9 (S100A9)

Protein deglycase DJ-1/parkinson disease

Protein 7 (PARK?7)

Serum amyloid A-1 and A-2 proteins (SAA1; SAA2)
Serum amyloid P-component (APCS)

Secreted protein acidic and rich in cysteine (SPARC)
Thrombospondin-1 (THBS1)

Vascular cell adhesion protein 1 (VCAMI, vascular cell
adhesion molecule 1)

von Willebrand factor (VWF)

S100A-9

S$100-A12

Apolipoprotein(a) (LPA)

sPD-L1 (57]
sTIM-3

sMMP-7

sTREM-1 58]
Serum NO, ™ and NO3™ [59]
Procalcitonin

D-dimer

LDH

Albumin

antiviral drugs recommended for treating
influenza (oseltamivir, zanamivir, and per-
amivir) inhibit the neuraminidase enzyme,
which facilitates viral release from infected
cells.

The development of effective therapies
against COVID-19 is a marvel of scientific pro-
gress and human ingenuity. Equally remarkable
as the new antiviral drugs has been the progress
made in creating monoclonal antibodies
(mAbs) against SARS-CoV-2. The first mAb
approved was in 1998 for the prevention of RSV
in neonates. The technology made significant
strides during the Ebola outbreak of 2018-2019,
where both a fixed-dose combination of three
monoclonal antibodies and a monotherapy
directed against a single protein on the Ebola
virus surface reduced deaths by approximately
50% in patients with symptoms [61]. This
experience allowed manufactures to quickly
identify mAbs that tightly bind to the SARS-
CoV-2 S protein and neutralize the virus when
the pandemic first began. Promising antibodies
were then rapidly advanced to clinical studies
[35]. Hopefully the development of mAbs
against SARS-CoV-2 can serve as a blueprint for
designing effective mAbs against other viral
pathogens that cause pneumonia.

The finding that steroids improve outcomes
in COVID-19 yet are harmful in the treatment
of influenza underscores the crucial role of the
inflammatory response in mediating the
pathogenesis of viral pneumonia [5]. Moreover,
when other anti-inflammatory drugs (e.g.,
interleukin-6 inhibitors and JAK-STAT blockers)
are given to less ill patients or too late in the
course of illness, there is evidence of harm.
Further understanding of these complex
immunopathological processes is needed to
identify which patients with viral pneumonia
might benefit from immune modulating ther-
apy. A precision medicine approach for dealing
with the heterogeneity of using anti-inflamma-
tory agents for viral pneumonia could match
therapies to subgroups of patients that are
anticipated to most likely benefit, which ini-
tially could be identified by assessing for
heterogeneity of treatment effect in clinical
trials [62].
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PREVENTION OF VIRAL
PNEUMONIA

The development of mRNA vaccines has been
one of the most important advances from the
COVID-19 pandemic. They have proven to be
highly effective in preventing serious disease
and death. This is mainly because mRNA
sequences can be altered to encode nearly any
protein without significantly altering its chem-
ical properties [63]. It is therefore hoped that
mRNA vaccines can be developed against the
multitude of other viral pathogens that cause
pneumonia. Recent advances in omics tech-
nologies that measure the behavior of genes,
mRNA (single-cell transcriptomics), proteins
(proteomics), metabolites (metabolomics), cells
(mass cytometry), and epigenetic modifications
(ATAC-seq), coupled with computational
approaches, have facilitated the investigation of
the immune response to vaccination in myriad
ways [64]. Coupling these with computational
approaches has led to the emerging field of
systems virology, which aims to comprehen-
sively evaluate the immune response to vacci-
nation with a view towards defining new
mechanisms and correlates of protective
immunity [65]. Thus, combining systems virol-
ogy with precision medicine approaches holds
immense promise for designing vaccines against
respiratory viruses, especially as the threat of
future pandemics looms [66]. Additional
research on integrating these approaches is
warranted.

CONCLUSIONS AND FUTURE
DIRECTIONS

The first-ever sequencing of a complete human
genome is a groundbreaking accomplishment
that is very exciting from a precision medicine
standpoint [67]. It may facilitate the develop-
ment of more accurate diagnostic tests and
therapies for many infections, including viral
pneumonia. One current limitation in the
management of viral pneumonia is the time it
takes to make a diagnosis. This unmet clinical
need could be solved by further advances in

omics technologies and computational algo-
rithms. Immunotherapy is another area where
the promise of precision medicine will be actu-
alized after further understanding of the com-
plex role the immune system plays in
contributing both to the protection against and
the pathogenesis of viral pneumonia. Elucidat-
ing the obligatory determinants of the under-
lying biological processes in viral pneumonia
will require considerable effort. We must invest
further in basic and applied research on viral
evolution, pathogenesis, human immunology,
and how they intersect in order to mitigate the
effects of viral pneumonia on human health,
the world economy, and health care systems.

ACKNOWLEDGEMENTS

Funding. No funding or sponsorship was
received for this study or publication of this
article.

Author Contributions. Richard R. Watkins
wrote all drafts of the manuscript.

Disclosures. Richard R. Watkins has
received research grants from Allergan and the
Akron General Foundation.

Compliance with Ethics Guidelines. This
article is based on previously conducted studies
and does not contain any new studies with
human participants or animals performed by
the author.

Open Access. This article is licensed under a
Creative Commons Attribution-Non-
Commercial 4.0 International License, which
permits any non-commercial use, sharing,
adaptation, distribution and reproduction in
any medium or format, as long as you give
appropriate credit to the original author(s) and
the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material
in this article are included in the article’s
Creative Commons licence, unless indicated
otherwise in a credit line to the material. If

A\ Adis



Adv Ther (2022) 39:3061-3071

3069

material is not included in the article’s Creative
Commons licence and your intended use is not
permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view
a copy of this licence, visit http://
creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1. Taubenberger JK, Kash JC, Morens DM. The 1918
influenza pandemic: 100 years of questions
answered and unanswered. Sci Transl Med. 2019;11:
eaau5485.

2. Hong HL, Hong SB, Ko GB, et al. Viral infection is
not uncommon in adult patients with severe hos-
pital-acquired pneumonia. PLoS ONE. 2014;9:
€95865.

3. Tonkin-Crine SK, Tan PS, van Hecke O, et al. Clin-
ician-targeted interventions to influence antibiotic
prescribing behaviour for acute respiratory infec-
tions in primary care: an overview of systematic
reviews. Cochrane Database Syst Rev. 2017;9:
CD012252.

4. Watkins RR, Lemonovich TL. Diagnosis and man-
agement of community-acquired pneumonia in
adults. Am Fam Physician. 2011;83:1299-306.

5. Merad M, Blish CA, Sallusto F, Iwasaki A. The
immunology and immunopathology of COVID-19.
Science. 2022;375:1122-7.

6. Hussain A, Yang H, Zhang M, et al. mRNA vaccines
for COVID-19 and diverse diseases. ] Control
Release. 2022;345:314-33.

7.  Watkins RR, Bonomo RA, Rello ]J. Managing sepsis
in the era of precision medicine: challenges and
opportunities. Expert Rev Anti Infect Ther. 2022;13:
1-10.

8. Das S, Bano S, Kapse P, Kundu GC. CRISPR based
therapeutics: a new paradigm in cancer precision
medicine. Mol Cancer. 2022;21:85.

9. Yamamoto Y, Kanayama N, Nakayama Y, Mat-
sushima N. Current status, issues and future pro-
spects of personalized medicine for each disease.
J Pers Med. 2022;12:444.

10. Salter B, Lacy P, Mukherjee M. Biologics in asthma:
a molecular perspective to precision medicine.
Front Pharmacol. 2022;12: 793409.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Self WH, Grijalva CG, Williams D]J, et al. Procalci-
tonin as an early marker of the need for invasive
respiratory or vasopressor support in adults with
community-acquired pneumonia. Chest. 2016;150:
819-28.

Josephs-Spaulding ], Krogh TJ, Rettig HC, et al.
Recurrent urinary tract infections: unraveling the
complicated environment of uncomplicated rUTIs.
Front Cell Infect Microbiol. 2021;11: 562525.

Watkins RR, Lemonovich TL. Serum procalcitonin
in the diagnosis and management of intra-abdom-
inal infections. Expert Rev Anti Infect Ther.
2012;10:197-208.

Lipsky BA. Diabetic foot infections: current treat-
ment and delaying the “post-antibiotic era.” Dia-
betes Metab Res Rev. 2016;32(Suppl 1):246-53.

Yan J, Han VX, Heng B, et al. Development of a
translational inflammation panel for the quantifi-
cation of cerebrospinal fluid pterin, tryptophan-
kynurenine and nitric oxide pathway metabolites.
EBioMedicine. 2022;77: 103917.

Zampino R, Patauner F, Karruli A, et al. Prognostic
value of decreased high-density lipoprotein
cholesterol levels in infective endocarditis. J Clin
Med. 2022;11(4):957.

Bai GH, Lin SC, Hsu YH, Chen SY. The human
virome: viral metagenomics, relations with human
diseases, and therapeutic applications. Viruses.
2022;14:278.

Merenstein C, Liang G, Whiteside SA, et al. Signa-
tures of COVID-19 severity and immune response
in the respiratory tract microbiome. MBio. 2021;12:
e0177721.

Pagliano P, Sellitto C, Conti V, Ascione T, Esposito
S. Characteristics of viral pneumonia in the COVID-
19 era: an update. Infection. 2021;49:607-16.

Dandachi D, Rodriguez-Barradas MC. Viral pneu-
monia: etiologies and treatment. J Investig Med.
2018;66:957-65.

Ruuskanen O, Lahti E, Jennings LC, Murdoch DR.
Viral pneumonia. Lancet. 2011;377:1264-75.

Maruyama T, Fujisawa T, Suga S, et al. Outcomes
and prognostic features of patients with influenza
requiring hospitalization and receiving early
antiviral therapy: a prospective multicenter cohort
study. Chest. 2016;149:526-34.

Godefroy R, Giraud-Gatineau A, Jimeno MT, et al.
Respiratory syncytial virus infection: its propensity
for bacterial coinfection and related mortality in

I\ Adis


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

3070

Adv Ther (2022) 39:3061-3071

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

elderly adults. Open Forum Infect Dis. 2020;7:
ofaa546.

Howard LM, Edwards KM, Zhu Y, et al. Clinical
features of human metapneumovirus-associated
community-acquired pneumonia hospitalizations.
Clin Infect Dis. 2021;72:108-17.

Wu Z, Zhang R, Liu D, et al. Acute respiratory dis-
tress syndrome caused by human adenovirus in
adults: a prospective observational study in
Guangdong, China. Front Med (Lausanne). 2021;8:
791163.

Koo HJ, Lim S, Choe ], et al. Radiographic and CT
features of viral pneumonia. Radiographics.
2018;38:719-39.

Kakizaki R, Tojo R, Bunya N, et al. A 48-year-old
previously healthy man presenting with acute res-
piratory distress syndrome (ARDS), negative tests
for SARS-CoV-2, and positive serology for parain-
fluenza virus type 3 (PIV-3). Am ] Case Rep.
2022;23:€934362-1-e934362-5.

Choi SH, Huh JW, Hong SB, et al. Clinical charac-
teristics and outcomes of severe rhinovirus-associ-
ated pneumonia identified by bronchoscopic
bronchoalveolar lavage in adults: comparison with
severe influenza virus-associated pneumonia. J Clin
Virol. 2015;62:41-7.

Jiang H, Yang T, Yang C, et al. Molecular epidemi-
ology and clinical characterization of human rhi-
noviruses circulating in Shanghai, 2012-2020. Arch
Virol. 2022;18:1-13.

Ahmed A. Practicing precision medicine with
intelligently integrative clinical and multi-omics
data analysis. Hum Genomics. 2020;14:35.

Berlin DA, Gulick RM, Martinez FJ. Severe COVID-
19. N Engl ] Med. 2020;383:2451-60.

Grant RA, Morales-Nebreda L, Markov NS, et al.
Circuits between infected macrophages and T cells
in SARS-CoV-2 pneumonia. Nature. 2021;590:
635-41.

Verma JS, Libertin CR, Gupta Y, et al. Multi-cellular
immunological interactions associated with
COVID-19 infections. Front Immunol. 2022;13:
794006.

Tokatli MR, Sisti LG, Marziali E, et al. Hormones
and sex-specific medicine in human physiopathol-
ogy. Biomolecules. 2022;12:413.

Edwards AM, Baric RS, Saphire EO, Ulmer JB. Stop-
ping pandemics before they start: lessons learned
from SARS-CoV-2. Science. 2022;375:1133-9.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bodkin N, Ross M, McClain MT, et al. Systematic
comparison of published host gene expression sig-
natures for bacterial/viral discrimination. Genome
Med. 2022;14:18.

Rello J, van Engelen TSR, Alp E, et al. Towards
precision medicine in sepsis: a position paper from
the European Society of Clinical Microbiology and
Infectious Diseases. Clin Microbiol Infect. 2018;24:
1264-72.

Wang L, Ma T, Liu W, Li H, Luo Z, Feng X. Pan-
cancer analyses identify the CTC1-STN1-TEN1-
complex as a protective factor and predictive bio-
marker for immune checkpoint blockade in cancer.
Front Genet. 2022;13: 859617.

Barraud O, Guichard E, Chainier D, et al. Integrons,
a predictive biomarker for antibiotic resistance in
acute sepsis: the IRIS study. J Antimicrob Che-
mother. 2021;77:213-7.

Garcia-Rio F, Alcazar-Navarrete B, Castillo-Villegas
D, et al. Biological biomarkers in respiratory dis-
eases. Arch Bronconeumol. 2022;S0300-2896(22):
00015-21.

Self WH, Balk RA, Grijalva CG, et al. Procalcitonin
as a marker of etiology in adults hospitalized with
community-acquired pneumonia. Clin Infect Dis.
2017;65:183-90.

Kamat IS, Ramachandran V, Eswaran H, Abers MS,
Musher DM. Low procalcitonin, community
acquired pneumonia, and antibiotic therapy. Lan-
cet Infect Dis. 2018;18:496-7.

Metlay JP, Waterer GW, Long AC, et al. Diagnosis
and treatment of adults with community-acquired
pneumonia. An official clinical practice guideline of
the American Thoracic Society and Infectious Dis-
eases Society of America. Am ] Respir Crit Care Med.
2019;200:e45-67.

Jackson I, Jaradeh H. Aurit S, et al. Role of procal-
citonin as a predictor of clinical outcomes in hos-
pitalized patients with COVID-19. Int J Infect Dis.
2022;51201-9712(22):00179-85.

Watkins RR, Lemonovich TL, Salata RA. An update
on the association of vitamin D deficiency with
common infectious diseases. Can J Physiol Phar-
macol. 2015;93:363-8.

Dumache R, Enache A, Cut T, et al. Deficiency of
vitamin D, a major risk factor for SARS-CoV-2
severity. Clin Lab. 2022;68(3):210327.

Karonova TL, Kudryavtsev IV, Golovatyuk KA, et al.
Vitamin D status and immune response in hospi-
talized patients with moderate and severe COVID-
19. Pharmaceuticals (Basel). 2022;15:305.

A\ Adis



Adv Ther (2022) 39:3061-3071

3071

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wang Z, Joshi A, Leopold K, et al. Association of
vitamin D deficiency with COVID-19 infection
severity: systematic review and meta-analysis. Clin
Endocrinol (Oxf). 2022;96:281-7.

Bassatne A, Basbous M, Chakhtoura M, et al. The
link between COVID-19 and vitamin D (VIVID): a
systematic review and meta-analysis. Metabolism.
2021;119: 154753.

Popowitch EB, O'Neill SS, Miller MB. Comparison
of the Biofire FilmArray RP, Genmark eSensor RVP,
Luminex xXTAG RVPv1, and Luminex XTAG RVP fast
multiplex assays for detection of respiratory viruses.
J Clin Microbiol. 2013;51:1528-33.

Sweeney TE, Wong HR, Khatri P. Robust classifica-
tion of bacterial and viral infections via integrated
host gene expression diagnostics. Sci Transl Med.
2016;8:346ra91.

Valenzuela-Méndez B, Valenzuela-Sanchez F,
Rodriguez-Gutiérrez JF, et al. Plasma levels of mid-
regional proadrenomedullin accurately identify
H1IN1pdmO9 influenza virus patients with risk of
intensive care admission and mortality in the
emergency department. ] Pers Med. 2022;12:84.

Yu Y, Xu N, Cheng Q, et al. IFP35 as a promising
biomarker and therapeutic target for the syndromes
induced by SARS-CoV-2 or influenza virus. Cell Rep.
2021;37: 110126.

Stawski R, Nowak D, Perdas E. Cell-free DNA:
potential application in COVID-19 diagnostics and
management. Viruses. 2022;14:321.

Ahmed DS, Mohammed A, Husain AA, et al. Coping
with stress: the mitokine GDF-15 as a biomarker of
COVID-19 severity. Front Immunol. 2022;13:
820350.

Mohammed Y, Goodlett DR, Cheng MP, et al.
Longitudinal plasma proteomics analysis reveals
novel candidate biomarkers in acute COVID-19.
J Proteome Res. 2022;21:975-92.

Chavez-Galan L, Ruiz A, Martinez-Espinosa K, et al.
Circulating levels of PD-L1, TIM-3 and MMP-7 are
promising biomarkers to differentiate COVID-19
patients that require invasive mechanical ventila-
tion. Biomolecules. 2022;12(3):445.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

de Oliveira YLM, de Sa RA, Martins-Filho PR, de
Moura TR. Role of triggering receptor expressed on
myeloid cells-1 (TREM-1) in COVID-19 and other
viral pneumonias: a systematic review and meta-
analysis of clinical studies. Inflammopharmacol-
ogy. 2022;28:1-9.

Wang J, Mei F, Bai L, et al. Serum nitrite and nitrate:
a potential biomarker for post-covid-19 complica-
tions? Free Radic Biol Med. 2021;1(175):216-25.

Rendeiro AF, Vorkas CK, Krumsiek J, et al. Meta-
bolic and immune markers for precise monitoring
of COVID-19 severity and treatment. Front Immu-
nol. 2022;12: 809937.

Mulangu S, Dodd LE, Davey RT Jr, et al. A ran-
domized, controlled trial of Ebola virus disease
therapeutics. N Engl ] Med. 2019;381:2293-303.

Beitler JR, Thompson BT, Baron RM, et al.
Advancing precision medicine for acute respiratory
distress syndrome. Lancet Respir Med. 2022;10:
107-20.

Webb C, Ip S, Bathula NV, et al. Current status and
future perspectives on MRNA drug manufacturing.
Mol Pharm. 2022;19:1047-58.

Pulendran B, Davis MM. The science and medicine
of human immunology. Science. 2020;369:
eaay4014.

Pulendran B, Li S, Nakaya HI. Systems vaccinology.
Immunity. 2010;33:516-29.

Kolahchi Z, De Domenico M. Uddin LQ, et al.
COVID-19 and its global economic impact. Adv Exp
Med Biol. 2021;1318:825-37.

Nurk S, Koren S, Rhie A, et al. The complete
sequence of a human genome. Science. 2022;376:
44-53.

Haak BW, Brands X, Davids M, et al. Bacterial and
viral respiratory tract microbiota and host charac-
teristics in adults with lower respiratory tract
infections: a case-control study. Clin Infect Dis.
2022;74:776-84.

I\ Adis



	Using Precision Medicine for the Diagnosis and Treatment of Viral Pneumonia
	Abstract
	Introduction
	Clinical Manifestations of Viral Pneumonia
	Biomarkers and the Diagnosis of Viral Pneumonia
	Treatment of Viral Pneumonia
	Prevention of Viral Pneumonia
	Conclusions and Future Directions
	Acknowledgements
	References




