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Long COVID, also known as post-COVID syndrome (PCS), is characterized by 
persistent and unexplained symptoms that can occur not only in individuals who 
experienced severe symptoms during the acute phase of SARS-CoV-2 infection 
but also in those who were asymptomatic or had only mild symptoms. These 
symptoms may persist for months, even in individuals who test negative via 
nasopharyngeal swab samples. This proposal aims to explain the cause of long 
COVID through the concept of host factor variants, including cellular variants 
and major histocompatibility complex (MHC) polymorphisms. A key aspect of 
this hypothesis is the role of antigen-presenting cells, such as macrophages 
and dendritic cells. It is proposed that blood or white blood cells could serve as 
suitable samples for diagnosing long COVID in affected individuals.
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1 Introduction

Long COVID, also referred to as post-viral sequelae or post-COVID syndrome (PCS), 
affects not only individuals who experienced severe symptomatic COVID-19 but also a 
significant number of those who were asymptomatic or only mildly symptomatic. It is 
estimated to affect 10–20% of SARS-CoV-2-positive individuals—and possibly more, 
according to some reports—even after recovery and despite negative results from 
nasopharyngeal swab testing (1). The condition manifests as a range of symptoms involving 
multiple organ systems. Common symptoms include fatigue, breathlessness, persistent cough, 
chest pain, difficulty speaking, muscle aches, and cognitive dysfunction, all of which can 
significantly impair daily activities and quality of life. These chronic symptoms may last for 
months or even years, depending on the individual (1, 2).

There are no predictable symptoms for diagnosing long COVID, especially in patients who 
are asymptomatic during the acute phase. Some individuals experience continuous symptoms 
during the acute phase, whereas others develop symptoms after recovering from their initial 
illness. Symptoms can relapse intermittently, varying from better to worse, without any clear 
clinical indicators of prognosis (2, 3).

SARS-CoV-2 positivity can be  found in individuals who have been fully vaccinated, 
therefore, long COVID can also occur in some vaccinated individuals. Currently, there is no 
definitive explanation of the causes of long COVID (4). Surveys have indicated that age, sex, 
and underlying diseases are associated with its incidence; however, the true cause remains 
unclear and warrants further investigation (1–3).

The post-viral sequelae of other viruses have also been reported. Examples include measles 
(5), chikungunya (6), West Nile virus (7), and hepatitis B and C viruses, which can cause 
chronic infections in approximately 10–15% and 60–70% of the cases, respectively (8, 9). The 
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occurrence of post-viral sequelae following certain acute viral 
infections suggests that individual host factors, rather than viral 
factors alone, may contribute to these outcomes. If the virus alone was 
responsible, it would be unclear why all exposed individuals did not 
develop post-viral sequelae. Variations in host factors among 
individuals have been proposed to explain post-viral sequelae.

The concept of host factor variants, including variations in cellular 
molecules and major histocompatibility complex (MHC) 
polymorphisms, has been proposed to explain the variable symptoms 
in SARS-CoV-2-positive individuals. This article expands on this 
concept to explain the causes of long COVID, particularly focusing on 
the roles of cytotoxic T cells (Tc), helper T cells (Th), and antigen-
presenting cells (APCs), including details from a previous article (10).

2 Cellular variants and viral infection

The virus is an obligate intracellular agent that requires a 
susceptible host cell to enter and replicate in the host cell, therefore, it 
uses the receptor-binding domain (RBD) to interact with the host’s 
cellular molecule(s), which require susceptible receptor/co-receptor 
molecules for viral attachment and entry. Cellular variants have been 
reported in individuals susceptible to viral attachment and entry and 
are related to symptomatic severity (11, 12). The insusceptibility 
between the viral RBD and host cell variants blocks viral entry and 
replication in the target host cell.

Viral infection can occur only when the virus attaches to a cellular 
molecule with its susceptible RBD and enters the target host cell of the 
individual and can replicate. This is opposite to the definition of “viral 
expose,” which is the incidence that a virus invaded into a body, but 
does not enter into the target host cell because the viral RBD is not 
susceptible to host cellular variants. Once a virus invades the body, it 
does not always result in infection if the cellular variants of the 
individual are not susceptible to the viral RBD. This logic explains the 
cause of variable symptoms in SARS-CoV-2-positive individuals (10).

For most viruses, the pathogenesis is related to the host response to 
foreign substances, which is known as an immune-pathogenic syndrome 
characterized by the release of pro-inflammatory cytokines (13, 14). If 
individuals do not have susceptible variants of the cellular molecules that 
enable the virus to attach to and enter, they may be asymptomatic or 
mildly affected. Although the virus does not enter susceptible target cells, 
it can enter APCs, such as macrophages and dendritic cells (DCs) with 
their broadly acceptable receptors to foreign substances, known as toll-
like receptors (TLRs) (15). During this period, virus-exposed individuals 
may show symptoms owing to the release of pro-inflammatory cytokines 
by APCs. APCs present viral epitopes that induce adaptive immune cells, 
such as Tc and Th cells in secondary lymphoid organs (13, 16).

During viral presentation by APCs, virus-exposed individuals 
may show symptoms due to the effects of pro-inflammatory cytokines 
(17). This situation differs from a viral infection, in which the virus 
enters the target cells and extensively replicates. In individuals 
genetically susceptible to viral infections, the target cell becomes a 
source for the virus to multiply, leading to an uncontrolled release of 
inflammatory cytokines and severe symptoms (18). The discussion of 
long COVID and the critical roles of MHC polymorphisms in 
individuals will be explored in more detail later.

3 The relationship between the 
polymorphism of MHC molecules and 
the individuals immune responses

MHC molecules are located in the cell membrane. There are two 
classes of MHC molecules, I and II. MHC class I molecules are found 
on the membranes of all nucleated cells in the body. In contrast, MHC 
class II molecules are expressed only on the membranes of APCs to 
activate Th cells. Each class of MHC molecules has multiple loci that 
are recognized as classical and non-classical. In humans, MHC 
molecules are called human leukocyte antigens (HLAs), because they 
were first studied and discovered in white blood cells. Therefore, HLA 
is synonymous with human MHC molecules. Classical HLA class 
I loci include HLA-A, HLA-B, and HLA-C, whereas HLA class II loci 
include HLA-DP, HLA-DQ, and HLA-DR.

HLA molecules are inherited from both parents, which indicates 
that each locus in an individual’s HLA genome can be heterozygous 
or homozygous. Consequently, the number of gene alleles for each 
MHC class in any individual was limited to three to six. For example, 
an individual homozygous at all three loci would have only three gene 
alleles, whereas an individual heterozygous at all loci would have six 
gene alleles. MHC gene alleles are highly polymorphic, the likelihood 
that two individuals will have the same set of gene alleles is <1 in a 
million and is most commonly observed in identical twins.

Individuals who are MHC homozygous are more susceptible to 
pathogens than those who are MHC heterozygous (19, 20). To explain 
this more extensively, the interaction between MHC molecules and T 
cell epitopes in the formation of pMHC complexes to activate T cell 
clones is crucial. Normally, MHC molecules do not need to interact 
with all the amino acids of a T-cell epitope, which typically consists of 
approximately 8–20 amino acid residues. MHC molecules require 
only a few amino acids, approximately 2–4 residues, of the T-cell 
epitope for interaction to form a pMHC complex (21, 22). The region 
of the T cell epitope that interacts with the MHC groove is referred to 
as the anchor residue. This allows each MHC allele to bind to many 
different peptides, provided that the anchor residues are present in 
specific T cell epitopes. Thus, any T cell epitope peptide processed by 
APCs must contain amino acids that can serve as anchor residues and 
fit into the MHC allele pocket to form a pMHC complex (22, 23). The 
formation of pMHC is pivotal for inducing T-cell clones via the T-cell 
receptor (TCR), although many other molecules are involved in the 
interaction between T cells and APCs (24). Each MHC variant can 
bind to many different peptides, giving MHC molecules 
broad interactions with T cell epitopes present in APCs. However, 
each MHC allele has limitations in binding to certain peptides (25–
27). It is unlikely that all processed T cell epitopes can form a pMHC 
complex with a single MHC allele.

Abbreviations: APCs, Antigen-Presenting Cells; COVID-19, Coronavirus Disease 

2019; DCs, Dendritic Cells; cDC, Conventional Dendritic Cells; HLA, Human 

Leucocyte Antigen; Ig, Immunoglobulin; MHC, Major Histocompatibility Complex; 

Mo-DCs, Monocyte-Derived Dendritic Cells; PCS, Post COVID Syndrome; pDC, 

Plasmacytoid Dendritic cells; pMHC, Peptide-Major Histocompatibility Complex; 

RBD, Receptor-Binding Domain; SARS-CoV-2, Severe acute respiratory syndrome 

Coronavirus 2; Tc, Cytotoxic T cell; TCR, T cell Receptor; Th, Helper T cell; TLRs, 
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Thus, the MHC alleles of each individual are limited in forming 
pMHC complexes with some peptides if the T-cell epitopes do not 
contain anchor residues compatible with the individual’s MHC alleles. 
This explains why individuals with fewer MHC alleles are reportedly 
more susceptible to pathogenic infections. This could be due to the 
limitations in forming pMHC complexes with foreign substances, 
including viral agents, to induce naïve T-cell clones in these 
individuals. In addition to the possibility of viral variants, the lack of 
compatible MHC alleles in individuals may explain why some 
individuals become infected and do not respond efficiently to gain 
seroprotection even after receiving full doses of the viral vaccine 
(28, 29).

Therefore, the invasion and infection of any particular foreign 
substance, including viral antigens, in different individuals results in 
varying levels of immune response. To activate Tc cells, individuals 
require a compatible MHC class I allele to form a pMHC-I complex 
with the viral epitope. Similarly, a compatible MHC class II allele is 
required to form the pMHC-II complex to activate Th cells.

4 The role of macrophages and DCs as 
APCs

The adaptive immune response requires that macrophages and 
DCs present antigenic epitopes for primary activation. Both 
macrophages and DCs function as APCs because of their ability to 
express MHC class I  and II, forming pMHC-I and pMHC-II 
complexes for T-cell clone activation. Although DCs may play a 
crucial role in activating T-cell clones (30), macrophages are more 
active in removing apoptotic cells and foreign agents through 
phagocytosis (31). While acting as APCs, both macrophages and DCs 
produce cytokines as mediators that initiate antigen presentation.

APCs, macrophages, and DCs capture foreign substances, 
including viral agents, through TLRs (15). This process is essential; 
antigen presentation cannot occur without antigen engulfing, and T 
cell activation becomes impossible. There is no direct evidence of the 
pathogenesis of most viruses. Instead, macrophages and DCs, which 
function as APCs, are the primary sources of pro-inflammatory 
cytokines that can lead to mild-to-severe symptoms in response to the 
viral presence in the body.

In virus-infected individuals, viral replication occurs within 
susceptible target cells. In contrast, in individuals exposed to viruses, 
viral agents are present only in limited amounts and are engulfed by 
APCs. Some studies have identified viral agents within APCs, 
particularly macrophages and DCs, suggesting that certain viruses 
target these cells (32–38). However, it is important to consider that 
this may be part of the APC process rather than evidence that APCs 
are the direct target cells for these viruses. Further investigation is 
needed to clarify this for each viral agent identified in APCs. The 
persistent presence of viral agents in APCs has been observed in 
COVID 19 (32, 33), including respiratory syncytial (34), hepatitis B 
(35), and hepatitis C viruses (36), and many others (33, 37, 38). 
Previous studies have mainly attributed viral persistence in APCs to 
the immune evasion mechanisms employed by these viruses. However, 
it remains unclear why immune evasion occurs in some individuals, 
but not in others and why the prevalence varies among different 
viruses. These differences may be  explained by variations in host 
factors or potentially by a combination of viral and host factors 

influenced by individual genetics. Further details of these mechanisms 
are discussed later.

There are two types of macrophages: M1 and M2. M1 macrophages 
primarily produce proinflammatory cytokines, whereas M2 
macrophages produce anti-inflammatory cytokines. However, both 
M1 and M2 macrophages can switch between phenotypes with one 
another (39). DCs also have heterogeneous forms and produce various 
pro-and anti-inflammatory cytokines. Currently, DCs are classified 
into four distinct subpopulations: conventional (cDC1 and cDC2), 
plasmacytoid (pDCs), and monocyte-derived (mo-DCs) DCs (36, 37). 
cDC1 is rare in the body, whereas cDC2 is abundant. Further studies 
are required to understand the phenotypic diversity and specific 
functions of these heterogeneous DC phenotypes, although cytokine 
production and molecular expression have been described for each 
phenotype (40).

Notably, macrophages and DCs are both derived from the same 
progenitor and capable of switching functions with one another. 
Macrophages perform DC functions to a certain extent, and vice versa 
(41). However, there is no conclusive evidence that these two cells are 
identical. This contrasts with monocytes and macrophages, which 
have been classified as the same type of cells after decades of research. 
A key question arises: Why does the immune system require both 
macrophages and DCs to play similar roles as APCs if they are distinct 
cell populations? This raises challenges for reviewing and integrating 
knowledge concerning the mediating role of APCs in linking innate 
and adaptive immunity. Further studies in this area may provide 
clearer and more conclusive results.

Based on fundamental knowledge, it was concluded that 
macrophages and DCs are APCs that play a central role in producing 
pro-inflammatory cytokines during their functions. Cytokine 
production probably contributes to the pathogenesis of viral invasion 
and infection. Additionally, there is no evidence that macrophages or 
DCs can clear viral agents by themselves, effective Tc cells are required 
for this process, which will be discussed later.

5 Host factor variants concept for 
explaining the cause of long COVID in 
asymptomatic SARS-CoV-2-positive 
individuals

The host factor variants concept has been proposed to classify 
individuals into eight groups based on three host factors: (1) viral-
susceptible variants of cellular molecules, (2) compatible MHC class 
I alleles, and (3) compatible MHC class II alleles. This framework 
helps explain the variable symptoms observed in individuals after viral 
invasion. Individuals without susceptible variants of the cellular 
molecules were not truly infected. Only patients with susceptible 
cellular variants experienced severe symptoms. For viral clearance, 
individuals must possess MHC class I compatibility to activate Tc cells, 
which require compatible Th cells for further induction into effective 
Tc and memory Tc cells, including memory B cells. Compatible Th 
cells require MHC class II compatibility to present the viral epitope.

Table 1 explains the cause of long COVID in asymptomatic or 
mildly symptomatic SARS-CoV-2-positive individuals based on the 
host factor variant concept. These individuals remain asymptomatic 
or have mild symptoms because they lack susceptible cellular variants 
for the viral RBD to attach to and enter host cells. Thus, the virus 
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invades the body without replicating in its primary target cells, thereby 
preventing complete infection. Individuals in Group 1 were predicted 
to be  the least affected, as viral invasion may cause only minor 
symptoms or leave them asymptomatic while still allowing for a full 
adaptive immune response to clear the virus and provide protection. 
They may remain healthy even after exposure to the virus 
without vaccination.

In contrast, individuals in Groups 2–4 had one or both classes of 
MHC incompatible with viral peptides, preventing the formation of 
specific pMHC complexes required to induce effective T-cell clones. 
This incompatibility may lead to T-cell exhaustion, impairing the 
ability of the body to clear virus-infected cells (42). This mechanism 
may also help explain the cause of long COVID in some individuals 
who retain the viral agent in APCs, rather than attributing it solely to 
immune evasion by the virus. Viral mutations in hotspot regions can 
alter the amino acids of a T-cell epitope, changing its compatibility 
with certain MHC alleles and leading to incompatibility, or vice versa. 
Consequently, individuals who are unable to form compatible pMHC 
complexes to activate T-cell receptors of specific T-cell clones may 
develop chronic infections or post-viral sequelae. However, this 
hypothesis requires further investigation.

Notably, although SARS-CoV-2 transcription and translation have 
been observed in monocytes/macrophages, infectious viral particles 
have not been detected (43). This suggests that the virus undergoes 
abortive infection within antigen-presenting cells (APCs). The specific 
mechanisms underlying this phenomenon remain unclear and may 
involve disruptions at various stages of the viral replication process. 
Similar patterns have been observed with other viruses. For example, 
in the case of influenza virus, impairments in viral assembly or 
budding within APCs have been reported (44, 45). Abortive infections 
in APCs have also been documented for other viruses (46, 47). Further 
studies are needed to elucidate both the mechanisms that block viral 
production and the underlying causes of abortive infections in APCs. 
Nevertheless, it is arguably beneficial that APCs are not ideal targets 
for productive viral infection. Their primary role is to activate T-cell 
clones through antigen presentation; if they were permissive to viral 
replication, they could instead become centers of viral proliferation 
and excessive proinflammatory cytokine production, potentially 
triggering harmful cytokine storms in larger segments of the 
population, including individuals merely exposed to the virus but not 
actively infected.

Despite the inability of SARS-CoV-2 and other viruses to complete 
their replication cycles in APCs, the induction of inflammatory 
cytokines can still occur, as demonstrated in previous studies (48, 49). 

Notably, the persistence of spike protein in non-productively infected 
APCs has been associated with sustained cytokine production, 
potentially contributing to long COVID symptoms (43). In addition, 
the study by Zheng et  al. (48) reported that abortive infection of 
SARS-CoV-2  in macrophages can induce a strong inflammatory 
response via activation of Toll-like receptors (TLRs) and 
inflammasomes. These findings may help explain how abortive 
infection of APCs by SARS-CoV-2 contributes to inflammatory 
cytokine production in long COVID patients.

Considering the antigen-presenting roles of macrophages and 
DCs in individuals in Groups 2–4, these APCs were suspected of 
harboring the viral agent. Macrophages and DCs can migrate and 
disseminate the viral agent to various organs, acting as sources of 
pro-inflammatory cytokines that contribute to persistent symptoms 
associated with long COVID (50, 51). As an immune-privileged 
organ, the central nervous system (CNS) might be accessed by APCs 
carrying the virus across the blood–brain barrier via a “Trojan horse” 
mechanism, causing inflammation and viral CNS infection in patients 
with long COVID (52, 53). Additionally, there have been reports of 
persistent viruses in macrophages and DCs during chronic viral 
infection (54, 55). The discovery of viral particles in APCs, based on 
autopsies of individuals with chronic viral symptoms, has been 
previously reported (56, 57). These studies could provide key insights 
for understanding the causes of post-viral sequelae in various viral 
infections, including long COVID. From an immunological 
perspective, macrophages and DCs are not capable of clearing viral 
agents on their own, they rely on effective Tc cells. It should 
be evaluated whether the virus within APCs is part of their duty to 
present antigenic epitopes to activate adaptive immune cells, rather 
than simply being the result of viral infection. The T cell epitopes of 
viral agents require compatible MHC alleles to form appropriate 
pMHC complexes that activate the TCR of either Tc cells through 
MHC class I  alleles or Th cells through MHC class II alleles. 
Incompatibility in forming either or both pMHC-I and pMHC-II 
complexes halts further activation of adaptive cellular immunity, 
preventing the activation of T-cell clones. This can result in persistent 
viral agents in the macrophages and DCs, contributing to post-viral 
sequelae. Such a mechanism might explain T cell exhaustion, in which 
T cells lose their ability to eliminate infected cells, resulting in chronic 
infection or post-viral sequelae in virus-invaded individuals.

Based on this perspective, SARS-CoV-2-engulfing macrophages 
and DCs may contribute to long COVID in individuals from Groups 
2–4 (Table 1). The incompatibility of viral peptides and MHC alleles 
in these individuals suggests that those in Group 4 might experience 

TABLE 1 Classification of individuals who are insusceptible to viral infection and became symptomless/mild symptoms of SARS-CoV-2 invasion while 
the compatibility of their MHC alleles determines the potential to clear the viral agent from the viral engulfing APCs, which are persistent in becoming 
the cause of long COVID or post COVID syndrome (PCS).

Individual 
group

MHC I allele MHC II 
allele

Prediction on viral exposure and the possibility to gain post COVID 
syndrome (PCS)

1 Compatible Compatible With the complete production of an effective Tc and Th cell clones and all of the memory cells of 

adaptive immune cells, it is unlikely that these individuals will gain PCS

2 Compatible Non-compatible With specific Tc cells that cannot develop into effective T cells due to the lack of effective Th cell, only 

IgM is produced, and no memory B and T cells are formed. PCS is possible.

3 Non-compatible Compatible Although effective Th cells and memory B cells are generated, along with all classes of 

immunoglobulins, the lack of specific Tc cells allows for the possibility of PCS

4 Non-compatible Non-compatible Without the generation of both effective Tc and Th cell, PCS is highly predictable in this group.
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more severe and prolonged symptoms than those in Groups 2 and 3 
because they are unable to generate effective Tc and Th cells. 
Conversely, predicting the outcomes of the individuals in Group 2 is 
challenging. Whether activated Tc cells, which do not further develop 
into effective Tc cells due to a lack of Th cell assistance, can clear viral-
engulfing APCs remains unclear (58–60). Effective T-cell generation 
requires tripartite interactions between APCs, Tc cells, and Th cells 
(61). This step is crucial for clearing virus-engulfing APCs and 
preventing the persistence of the virus, which can then disseminate to 
various organs. Further studies are required to elucidate 
these mechanisms.

For individuals in Group  3, who lack compatible Tc cells, 
symptoms may resemble those of Group 4 unless natural killer cells, 
in combination with IgG antibodies through antibody-dependent 
cytotoxicity, clear the viral agent (/). This presents a notable avenue for 
research, particularly for organizations with the potential to conduct 
clinical studies on HLA alleles in patients with long COVID.

6 Peripheral blood analysis for long 
COVID diagnosis

Peripheral blood samples can be analyzed for the SARS-CoV-2 
genome using reverse transcription PCR (RT-PCR) (62), in conjunction 
with cytokine level assessments, to aid in the diagnosis of long 
COVID. Although SARS-CoV-2 has been reported to undergo abortive 
infection in APCs, it can still induce inflammatory cytokine production. 
This is likely due to continued viral peptide synthesis, which may act as 
a trigger for the inflammatory response contributing to long COVID 
symptoms (43, 48, 49). Given that the SARS-CoV-2 genome can persist 
in long COVID patients, APCs may serve as a potential viral reservoir.

Analyzing peripheral blood or white blood cells for SARS-CoV-2 
genome detection may yield valuable diagnostic markers, enabling a 
faster and more specific diagnosis of long COVID compared to 
cytokine profiling alone. Early detection in individuals who test 
negative by nasopharyngeal swab could help confirm viral persistence, 
monitor disease progression, and inform preventive strategies. This 
approach may also provide insight into post-viral sequelae from other 
viral infections, such as dengue (63), influenza (64), and others (32–
37). Additionally, recent findings linking iron dysregulation and 
inflammatory stress erythropoiesis to post-COVID syndrome (PCS) 
suggest another potential diagnostic pathway (65). Early diagnosis 
could support preventive interventions—such as iron 
supplementation—to reduce the risk of long COVID. Research into 
iron metabolism may also be applicable to other post-viral conditions.

The clinical implications of this research include the 
development of early diagnostic tests for long COVID, particularly 
in patients who are PCR-negative via nasopharyngeal swabs yet 
continue to experience persistent symptoms. Identifying individuals 
at risk based on cytokine profiles and iron metabolism abnormalities 
could allow for timely therapeutic interventions, including iron 
supplementation, to mitigate long-term sequelae. Future studies may 
investigate whether antiviral or immunomodulatory therapies can 
reduce viral persistence. Multi-center studies are warranted to 
validate potential biomarkers and explore the autoimmune 
components potentially associated with long COVID. By integrating 
molecular diagnostics, immune profiling, and iron metabolism 
analysis, this approach aims to improve the management of long 
COVID and guide targeted therapeutic strategies.

7 Conclusion

This study proposes that the long COVID in asymptomatic or 
mildly symptomatic SARS-CoV-2-positive individuals can be explained 
by the host factor variant concept. These individuals are exposed by 
SARS-CoV-2 without substantial replication in target cells. Individuals 
with incompatible MHC alleles for both classes I and II (Group 4), who 
cannot generate effective Tc and Th cells, are more likely to develop 
long COVID. Patients with incompatible MHC class I or class II alleles 
(Groups 2 and 3) may also be at risk. Impaired T-cell function in these 
individuals may allow the virus to persist in APCs, which could be a 
key cause of persistent symptoms due to the release of pro-inflammatory 
cytokines. Persistent viral agents in APCs may migrate and disseminate 
to various organs, including the CNS, leading to persistent symptoms. 
This study also suggests that examining the SARS-CoV-2 genome in 
peripheral blood or white blood cells could provide a diagnostic tool 
for long COVID, facilitating early diagnosis and better management of 
the condition. However, this approach requires further investigation.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

TP: Conceptualization, Funding acquisition, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was funded by 
Department of Medical Technology, College of Allied Health Sciences, 
Rattana Bundit University.

Conflict of interest

The author declares that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author declares that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fmed.2025.1603317
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Pasharawipas 10.3389/fmed.2025.1603317

Frontiers in Medicine 06 frontiersin.org

References
 1. Chen C, Haupert SR, Zimmermann L, Shi X, Fritsche LG, Mukherjee B. Global 

prevalence of post-coronavirus disease 2019 (COVID-19) condition or long COVID: a 
Meta-analysis and systematic review. J Infect Dis. (2022) 226:1593–607. doi: 
10.1093/infdis/jiac136

 2. Donald J, Bilasy SE, Yang C, El-Shamy A. Exploring the complexities of long 
COVID. Viruses. (2024) 16:1060. doi: 10.3390/v16071060

 3. Pinzon RT, Wijaya VO, Jody AA, Nunsio PN, Buana RB. Persistent neurological 
manifestations in long COVID-19 syndrome: a systematic review and meta-analysis. J 
Infect Public Health. (2022) 15:856–69. doi: 10.1016/j.jiph.2022.06.013

 4. Mumtaz A, Sheikh AAE, Khan AM, Khalid SN, Khan J, Nasrullah A, et al. 
COVID-19 vaccine and long COVID: a scoping review. Life. (2022) 12:1066. doi: 
10.3390/life12071066

 5. Buchanan R, Bonthius DJ. Measles virus and associated central nervous system 
sequelae. Semin Pediatr Neurol. (2012) 19:107–14. doi: 10.1016/j.spen.2012.02.003

 6. van Aalst M, Nelen CM, Goorhuis A, Stijnis C, Grobusch MP. Long-term sequelae 
of chikungunya virus disease: a systematic review. Travel Med Infect Dis. (2017) 15:8–22. 
doi: 10.1016/j.tmaid.2017.01.004

 7. Patel H, Sander B, Nelder MP. Long-term sequelae of West Nile virus-related illness: 
a systematic review. Lancet Infect Dis. (2015) 15:951–9. doi: 
10.1016/S1473-3099(15)00134-6

 8. WHO. (2024). Hepatitis B. Available online at: www.who.int/news-room/fact-
sheets/detail/hepatitis-b (accessed April 9, 2024).

 9. WHO. (2024). Hepatitis C. Available online at: www.who.int/news-room/fact-
sheets/detail/hepatitis-c (accessed April 9, 2024).

 10. Pasharawipas T. Host factors influencing variable symptoms of COVID-19. Asian 
Pac J Allergy Immunol. (2024) 42:97–104. doi: 10.12932/AP-091023-1708

 11. Pecoraro V, Cuccorese M, Trenti T. Genetic polymorphisms of ACE1, ACE2, 
IFTM3, TMPRSS2 and TNFα genes associated with susceptibility and severity of SARS-
CoV-2 infection: a systematic review and meta-analysis. Clin Exp Med. (2023) 
23:3251–64. doi: 10.1007/s10238-023-01038-9

 12. Saengsiwaritt W, Jittikoon J, Chaikledkaew U, Udomsinprasert W. Genetic 
polymorphisms of ACE1, ACE2, and TMPRSS2 associated with COVID-19 severity: a 
systematic review with meta-analysis. Rev Med Virol. (2022) 32:e2323. doi: 
10.1002/rmv.2323

 13. Hume DA. Macrophages as APC and the dendritic cell myth. J Immunol. (2008) 
181:5829–35. doi: 10.4049/jimmunol.181.9.5829

 14. Pirhonen J, Sareneva T, Kurimoto M, Julkunen I, Matikainen S. Virus infection 
activates IL-1 beta and IL-18 production in human macrophages by a caspase-1-
dependent pathway. J Immunol. (1999) 162:7322–9. doi: 10.4049/jimmunol.162.12.7322

 15. Kawai T, Ikegawa M, Ori D, Akira S. Decoding toll-like receptors: recent insights 
and perspectives in innate immunity. Immunity. (2024) 57:649–73. doi: 
10.1016/j.immuni.2024.03.004

 16. Kelly A, Trowsdale J. Genetics of antigen processing and presentation. 
Immunogenetics. (2019) 71:161–70. doi: 10.1007/s00251-018-1082-2

 17. Nakamura S, Iwanaga N, Hara S, Shimada S, Kashima Y, Hayasaka D, et al. Viral 
load and inflammatory cytokine dynamics associated with the prognosis of severe fever 
with thrombocytopenia syndrome virus infection: an autopsy case. J Infect Chemother. 
(2019) 25:480–4. doi: 10.1016/j.jiac.2019.01.013

 18. Kwon JS, Kim JY, Kim MC, Park SY, Kim BN, Bae S, et al. Factors of severity in 
patients with COVID-19: cytokine/chemokine concentrations, viral load, and antibody 
responses. Am J Trop Med Hyg. (2020) 103:2412–8. doi: 10.4269/ajtmh.20-1110

 19. Arora J, Pierini F, McLaren PJ, Carrington M, Fellay J, Lenz TL. HLA heterozygote 
advantage against HIV-1 is driven by quantitative and qualitative differences in HLA 
allele-specific peptide presentation. Mol Biol Evol. (2020) 37:639–50. doi: 
10.1093/molbev/msz249

 20. Lipsitch M, Bergstrom CT, Antia R. Effect of human leukocyte antigen 
heterozygosity on infectious disease outcome: the need for allele-specific measures. BMC 
Med Genet. (2003) 4:2. doi: 10.1186/1471-2350-4-2

 21. Marzella DF, Parizi FM, van Tilborg D, Renaud N, Sybrandi D, Buzatu R, et al. 
PANDORA: a fast, anchor-restrained modelling protocol for peptide: MHC complexes. 
Front Immunol. (2022) 13:878762. doi: 10.3389/fimmu.2022.878762

 22. Perez MAS, Cuendet MA, Röhrig UF, Michielin O, Zoete V. Structural prediction 
of peptide-MHC binding modes. Methods Mol Biol. (2022) 2405:245–82. doi: 
10.1007/978-1-0716-1855-4_13

 23. Nielsen M, Lundegaard C, Lund O. Prediction of MHC class II binding affinity 
using SMM-align, a novel stabilization matrix alignment method. BMC Bioinf. (2007) 
8:238. doi: 10.1186/1471-2105-8-238

 24. Szeto C, Lobos CA, Nguyen AT, Gras S. TCR recognition of peptide-MHC-I: rule 
makers and breakers. Int J Mol Sci. (2020) 22:68. doi: 10.3390/ijms22010068

 25. Margulies DH, Corr M, Boyd LF, Khilko SN. MHC class I/peptide interactions: 
binding specificity and kinetics. J Mol Recognit. (1993) 6:59–69. doi: 
10.1002/jmr.300060204

 26. Sinigaglia F, Hammer J. Defining rules for the peptide-MHC class II interaction. 
Curr Opin Immunol. (1994) 6:52–6. doi: 10.1016/0952-7915[94]90033-7

 27. Jensen KK, Andreatta M, Marcatili P, Buus S, Greenbaum JA, Yan Z, et al. 
Improved methods for predicting peptide binding affinity to MHC class II molecules. 
Immunology. (2018) 154:394–406. doi: 10.1111/imm.12889

 28. Faneye AO, Adeniji JA, Olusola BA, Motayo BO, Akintunde GB. Measles virus 
infection among vaccinated and unvaccinated children in Nigeria. Viral Immunol. 
(2015) 28:304–8. doi: 10.1089/vim.2014.0118

 29. Smith LL, Milstone AM, Jibowu M, Luo CH, Morris CP, Mostafa HH, et al. 
Transmission of severe acute respiratory coronavirus virus 2 [SARS-CoV-2], delta 
variant, between two fully vaccinated healthcare personnel. Infect Control Hosp 
Epidemiol. (2021) 43:1983–5. doi: 10.1017/ice.2021.469

 30. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature. 
(2007) 449:419–26. doi: 10.1038/nature06175

 31. Ravichandran KS. Find-me and eat-me signals in apoptotic cell clearance: 
progress and conundrums. J Exp Med. (2010) 207:1807–17. doi: 
10.1084/jem.20101157

 32. Wang X, Guan F, Miller H, Byazrova MG, Cndotti F, Benlagha K, et al. The role 
of dendritic cells in COVID-19 infection. Emerg Microbes Infect. (2023) 12:2195019. 
doi: 10.1080/22221751.2023.2195019

 33. Reece MD, Taylor RR, Song C, Gavegnano C. Targeting macrophage 
dysregulation for viral infections: novel targets for immunomodulators. Front 
Immunol. (2021) 12:768695. doi: 10.3389/fimmu.2021.768695

 34. Hobson L, Everard ML. Persistent of respiratory syncytial virus in human 
dendritic cells and influence of nitric oxide. Clin Exp Immunol. (2008) 151:359–66. 
doi: 10.1111/j.1365-2249.2007.03560.x

 35. Singh AK, Rooge SB, Varshney A, Vasudevan M, Kumar M, Geffers R, et al. 
Identification of miRNAs associated with dendritic cell dysfunction during acute and 
chronic hepatitis B virus infection. J Med Virol. (2021) 93:3697–706. doi: 
10.1002/jmv.26629

 36. Pachiadakis I, Pollara G, Chain BM, Naoumov NV. Is hepatitis C virus infection 
of dendritic cells a mechanism facilitating viral persistence? Lancet Infect Dis. (2005) 
5:296–304. doi: 10.1016/S1473-3099(05)70114-6

 37. Labudová M, Pastorek J, Pastoreková S. Lymphocytic choriomeningitis virus: 
ways to establish and maintain non-cytolytic persistent infection. Acta Virol. (2016) 
60:15–26. doi: 10.4149/av_2016_01_15

 38. van Eyll O, Michiels T. Influence of the Theiler's virus L* protein on macrophage 
infection, viral persistence, and neurovirulence. J Virol. (2000) 74:9071–7. doi: 
10.1128/jvi.74.19.9071-9077.2000

 39. Wang N, Liang H, Zen K. Molecular mechanisms that influence the macrophage 
m1-m2 polarization balance. Front Immunol. (2014) 5:614. doi: 
10.3389/fimmu.2014.00614

 40. Balan S, Saxena M, Bhardwaj N. Dendritic cell subsets and locations. Int Rev 
Cell Mol Biol. (2019) 348:1–68. doi: 10.1016/bs.ircmb.2019.07.004

 41. Weisheit CK, Engel DR, Kurts C. Dendritic cells and macrophages: sentinels in 
the kidney. Clin J Am Soc Nephrol. (2015) 10:1841–51. doi: 10.2215/CJN.07100714

 42. Roe K. A role for T-cell exhaustion in long COVID-19 and severe outcomes for 
several categories of COVID-19 patients. J Neurosci Res. (2021) 99:2367–76. doi: 
10.1002/jnr.24917

 43. Swank Z, Senussi Y, Manickas-Hill Z, Yu XG, Li JZ, Alter G, et al. Persistent 
circulating severe acute respiratory syndrome coronavirus 2 spike is associated with 
post-acute coronavirus disease 2019 sequelae. Clin Infect Dis. (2023) 76:e487–90. doi: 
10.1093/cid/ciac722

 44. Ioannidis LJ, Verity EE, Crawford S, Rockman SP, Brown LE. Abortive 
replication of influenza virus in mouse dendritic cells. J Virol. (2012) 86:5922–5. doi: 
10.1128/JVI.07060-11

 45. Londrigan SL, Short KR, Ma J, Gillespie L, Rockman SP, Brooks AG, et al. 
Infection of mouse macrophages by seasonal influenza viruses can be restricted at 
the level of virus entry and at a late stage in the virus life cycle. J Virol. (2015) 
89:12319–29. doi: 10.1128/JVI.01455-15

 46. Cheung CY, Poon LL, Ng IH, Luk W, Sia SF, Wu MH, et al. Cytokine responses 
in severe acute respiratory syndrome coronavirus-infected macrophages in vitro: 
possible relevance to pathogenesis. J Virol. (2005) 79:7819–26. doi: 
10.1128/JVI.79.12.7819-7826.2005

 47. Doitsh G, Cavrois M, Lassen KG, Zepeda O, Yang Z, Santiago ML, et al. 
Abortive HIV infection mediates CD4 T cell depletion and inflammation in human 
lymphoid tissue [published correction appears in cell. 2014 Feb 27;156(5):1112-3]. 
Cell. (2010) 143:789–801. doi: 10.1016/j.cell.2010.11.001

 48. Zheng J, Wang Y, Li K, Meyerholz DK, Allamargot C, Perlman S. Severe acute 
respiratory syndrome coronavirus 2-induced immune activation and death of 
monocyte-derived human macrophages and dendritic cells. J Infect Dis. (2021) 
223:785–95. doi: 10.1093/infdis/jiaa753

https://doi.org/10.3389/fmed.2025.1603317
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1093/infdis/jiac136
https://doi.org/10.3390/v16071060
https://doi.org/10.1016/j.jiph.2022.06.013
https://doi.org/10.3390/life12071066
https://doi.org/10.1016/j.spen.2012.02.003
https://doi.org/10.1016/j.tmaid.2017.01.004
https://doi.org/10.1016/S1473-3099(15)00134-6
http://www.who.int/news-room/fact-sheets/detail/hepatitis-b
http://www.who.int/news-room/fact-sheets/detail/hepatitis-b
http://www.who.int/news-room/fact-sheets/detail/hepatitis-c
http://www.who.int/news-room/fact-sheets/detail/hepatitis-c
https://doi.org/10.12932/AP-091023-1708
https://doi.org/10.1007/s10238-023-01038-9
https://doi.org/10.1002/rmv.2323
https://doi.org/10.4049/jimmunol.181.9.5829
https://doi.org/10.4049/jimmunol.162.12.7322
https://doi.org/10.1016/j.immuni.2024.03.004
https://doi.org/10.1007/s00251-018-1082-2
https://doi.org/10.1016/j.jiac.2019.01.013
https://doi.org/10.4269/ajtmh.20-1110
https://doi.org/10.1093/molbev/msz249
https://doi.org/10.1186/1471-2350-4-2
https://doi.org/10.3389/fimmu.2022.878762
https://doi.org/10.1007/978-1-0716-1855-4_13
https://doi.org/10.1186/1471-2105-8-238
https://doi.org/10.3390/ijms22010068
https://doi.org/10.1002/jmr.300060204
https://doi.org/10.1016/0952-7915[94]90033-7
https://doi.org/10.1111/imm.12889
https://doi.org/10.1089/vim.2014.0118
https://doi.org/10.1017/ice.2021.469
https://doi.org/10.1038/nature06175
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1080/22221751.2023.2195019
https://doi.org/10.3389/fimmu.2021.768695
https://doi.org/10.1111/j.1365-2249.2007.03560.x
https://doi.org/10.1002/jmv.26629
https://doi.org/10.1016/S1473-3099(05)70114-6
https://doi.org/10.4149/av_2016_01_15
https://doi.org/10.1128/jvi.74.19.9071-9077.2000
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1016/bs.ircmb.2019.07.004
https://doi.org/10.2215/CJN.07100714
https://doi.org/10.1002/jnr.24917
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.1128/JVI.07060-11
https://doi.org/10.1128/JVI.01455-15
https://doi.org/10.1128/JVI.79.12.7819-7826.2005
https://doi.org/10.1016/j.cell.2010.11.001
https://doi.org/10.1093/infdis/jiaa753


Pasharawipas 10.3389/fmed.2025.1603317

Frontiers in Medicine 07 frontiersin.org

 49. Theobald SJ, Simonis A, Georgomanolis T, Kreer C, Zehner M, Eisfeld HS, et al. 
Long-lived macrophage reprogramming drives spike protein-mediated inflammasome 
activation in COVID-19. EMBO Mol Med. (2021) 13:e14150. doi: 
10.15252/emmm.202114150

 50. Marongiu L, Valache M, Facchini FA, Granucci F. How dendritic cells sense and 
respond to viral infections. Clin Sci (Lond). (2021) 135:2217–42. doi: 
10.1042/CS20210577

 51. Kosyreva A, Dzhalilova D, Lokhonina A, Vishnyakova P, Fatkhudinov T. The role 
of macrophages in the pathogenesis of SARS-CoV-2-associated acute respiratory distress 
syndrome. Front Immunol. (2021) 12:682871. doi: 10.3389/fimmu.2021.682871

 52. Stevenson EV, Collins-McMillen D, Kim JH, Cieply SJ, Bentz GL, Yurochko AD. 
HCMV reprogramming of infected monocyte survival and differentiation: a goldilocks 
phenomenon. Viruses. (2014) 6:782–807. doi: 10.3390/v6020782

 53. Constant O, Maarifi G, Blanchet FP, Van de Perre P, Simonin Y, Salinas S. Role of 
dendritic cells in viral brain infections. Front Immunol. (2022) 13:862053. doi: 
10.3389/fimmu.2022.862053

 54. Bain C, Fatmi A, Zoulim F, Zarski J-P, Trepo C, Inchauspe G. Impaired 
allostimulatory function of dendritic cells in chronic hepatitis C infection. 
Gastroenterology. (2001) 120:512–24. doi: 10.1053/gast.2001.21212

 55. Gowans EJ, Jones KL, Bharadwaj M, Jackson DC. Prospects for dendritic cell 
vaccination in persistent infection with hepatitis C virus. J Clin Virol. (2004) 30:283–90. 
doi: 10.1016/j.jcv.2004.03.006

 56. Adachi T, Chong JM, Nakajima N, Sano M, Yamazaki J, Miyamoto I, et al. 
Clinicopathologic and immunohistochemical findings from autopsy of patient with 
COVID-19, Japan. Emerg Infect Dis. (2020) 26:2157–61. doi: 10.3201/eid2609.201353

 57. Yao XH, Luo T, Shi Y, He ZC, Tang R, Zhang PP, et al. A cohort autopsy study 
defines COVID-19 systemic pathogenesis. Cell Res. (2021) 31:836–46. doi: 10.1038/
s41422-021-00523-8

 58. Auffermann-Gretzinger S, Keeffe EB, Levy S. Impaired dendritic cell maturation 
in patients with chronic, but not resolved, hepatitis C virus infection. Blood. (2001) 
97:3171–6. doi: 10.1182/bloodv97.10.3171

 59. Bedoui S, Heath WR, Mueller SN. CD4(+) T-cell help amplifies innate signals for 
primary CD8(+) T-cell immunity. Immunol Rev. (2016) 272:52–64. doi: 10.1111/imr.12426

 60. Miyatake H, Kanto T, Inoue M, Sakakibara M, Kaimori A, Yakushijin T, et al. 
Impaired ability of interferon-alpha-primed dendritic cells to stimulate Th1-type CD4 
T-cell response in chronic hepatitis C virus infection. J Viral Hepat. (2007) 14:404–12. 
doi: 10.1111/j.1365-2893.2006.00814.x

 61. Hoyer S, Prommersberger S, Pfeiffer IA, Schuler-Thurner B, Schuler G, Dörrie J, 
et al. Concurrent interaction of DCs with CD4(+) and CD8(+) T cells improves 
secondary CTL expansion: it takes three to tango. Eur J Immunol. (2014) 44:3543–59. 
doi: 10.1002/eji.201444477

 62. Saichi M, Ladjemi MZ, Korniotis S, Rousseau C, Ait Hamou Z, Massenet-Regad 
L, et al. Single-cell RNA sequencing of blood antigen-presenting cells in severe 
COVID-19 reveals multi-process defects in antiviral immunity. Nat Cell Biol. (2021) 
23:538–51. doi: 10.1038/s41556-021-00681-2

 63. Yang W, Yan H, Ma Y, Yu T, Guo H, Kuang Y, et al. Lower activation-induced T-cell 
apoptosis is related to the pathological immune response in secondary infection with 
hetero-serotype dengue virus. Immunobiology. (2016) 221:432–9. doi: 
10.1016/j.imbio.2015.11.009

 64. Aldridge JR Jr, Moseley CE, Boltz DA, Negovetich NJ, Reynolds C, Franks J, 
et al. TNF/iNOS-producing dendritic cells are the necessary evil of lethal influenza 
virus infection. Proc Natl Acad Sci USA. (2009) 106:5306–11. doi: 
10.1073/pnas.0900655106

 65. Hanson AL, Mulè MP, Ruffieux H, Mescia F, Bergamaschi L, Pelly VS, et al. Iron 
dysregulation and inflammatory stress erythropoiesis associates with long-term 
outcome of COVID-19. Nat Immunol. (2024) 25:471–82. doi: 
10.1038/s41590-024-01754-8

https://doi.org/10.3389/fmed.2025.1603317
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.15252/emmm.202114150
https://doi.org/10.1042/CS20210577
https://doi.org/10.3389/fimmu.2021.682871
https://doi.org/10.3390/v6020782
https://doi.org/10.3389/fimmu.2022.862053
https://doi.org/10.1053/gast.2001.21212
https://doi.org/10.1016/j.jcv.2004.03.006
https://doi.org/10.3201/eid2609.201353
https://doi.org/10.1038/s41422-021-00523-8
https://doi.org/10.1038/s41422-021-00523-8
https://doi.org/10.1182/bloodv97.10.3171
https://doi.org/10.1111/imr.12426
https://doi.org/10.1111/j.1365-2893.2006.00814.x
https://doi.org/10.1002/eji.201444477
https://doi.org/10.1038/s41556-021-00681-2
https://doi.org/10.1016/j.imbio.2015.11.009
https://doi.org/10.1073/pnas.0900655106
https://doi.org/10.1038/s41590-024-01754-8

	Perspective: host factors variants and the underlying causes of long COVID
	1 Introduction
	2 Cellular variants and viral infection
	3 The relationship between the polymorphism of MHC molecules and the individuals immune responses
	4 The role of macrophages and DCs as APCs
	5 Host factor variants concept for explaining the cause of long COVID in asymptomatic SARS-CoV-2-positive individuals
	6 Peripheral blood analysis for long COVID diagnosis
	7 Conclusion

	References

