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engineered to target HBsAg.9 All these novel agents 
have remained in early-phase drug development and 
preliminary results have not indicated that any of them 
can cure HBV infection alone. Reliance on antivirals 
without immunomodulation is also insufficient to 
cure the infection because the production of HBsAg 
can be maintained by integrated HBV DNA,10 which 
antiviral agents do not act on directly. Therefore, most 
patients will require combination therapy comprising 
several classes of therapeutic agents with different 
mechanisms of action to sustainably clear their blood 
of HBsAg. There is a great amount of work required 
and daunting challenges to overcome to achieve 
the goal of curing chronic HBV infection. A greater 
commitment from public and private sectors is needed 
to reach this end.
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Why we need a deeper understanding of the pathophysiology 
of long COVID

The most recent estimate of people living with post-
COVID-19 condition (also known as long COVID) 
globally has surpassed 65 million1 and, without clear 
diagnostic or treatment options available, this number 
is steadily increasing. There are more than 200 reported 
symptoms associated with long COVID,1 affecting 
virtually every organ system.

Although some long haulers recover, many people 
have had symptoms since early 2020. The condition is 
a blanket diagnosis that represents a heterogeneous 
set of pathophysiological processes. As such, several 
factors can affect the presentation of long COVID, 
such as the severity of acute infection, age, sex, pre-
existing comorbidities, genetics, socioeconomic 
factors, and other environmental factors. Long haulers 

who survived severe acute SARS-CoV-2 infection 
are most likely to be men older than 50 years with 
lingering tissue damage and scarring. People with 
long COVID after a less-severe infection are most 
likely to be younger women (aged 36–50 years) whose 
acute infection has triggered adverse physiological 
responses.

The main disease hypotheses for the root causes of 
long COVID include viral persistence (infectious virus, 
viral RNA, or viral proteins), autoimmunity triggered 
by the infection, reactivation of latent viruses, and 
inflammation-triggered chronic changes leading to 
tissue dysfunction and damage (figure).

There is growing and compelling evidence that 
SARS-CoV-2 infects and produces its RNA and proteins 
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in a wide range of cell types in tissues, including the 
gastrointestinal, respiratory, cardiovascular, lymphoid, 
endocrine, urogenital, ocular, skin, muscular, and 
peripheral nervous system and CNS tissues.2 Circulating 
spike proteins are observed in 60% of patients with 
long COVID between 2 and 12 months after infection.3 
Although the presence of viral RNA and proteins do 
not necessarily indicate persistent infection, viral RNA 
can trigger innate immune responses and viral proteins 
might cause tissue damage and stimulate persistent 
activation of lymphocytes, which lead to chronic 
inflammation.

In people with long COVID, assessment of 
autoantibodies to human exoproteome using rapid 
extracellular antigen profiling revealed no significant 

differences from people without long COVID.4 However, 
autoantibodies to intracellular antigens5 or autoreactive 
T cells might have a role in long COVID.

There is also emerging evidence for latent 
herpesviruses reactivation in people with long COVID. 
Reactivation of latent Epstein-Barr virus, but not the 
acute mononucleosis infection, is found in people with 
long COVID,4,6 and Epstein-Barr virus viraemia at the 
time of acute COVID is predictive for long COVID.5

Local inflammatory response to SARS-CoV-2 in 
one organ can cause lasting alterations in distant 
tissues and organs. In a mouse model, even mild 
lung-restricted COVID-19 (in which the infectious 
virus became undetectable within a week) was found 
to induce prolonged changes in the CNS, including 

B Autoimmunity 
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Figure: Causal model of interaction of viral persistence, autoimmunity, latent viral reactivation, and tissue damage and dysfunction as root cause drivers of 
Long COVID
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microglial activation, oligodendrocyte loss, and reduced 
myelination, for up to 7 weeks after infection.7

Beyond these potential root causes, many secondary 
pathological changes have been observed in people 
with long COVID, including the formation of micro-
clots and platelet activation,8 reduced cortisol,4,5 and 
mitochondrial dysfunction.9

Despite the multifactorial pathogenesis, available 
data show that long COVID is an organic post-acute 
infection syndrome (PAIS) with clear physiological 
dysfunction that is often not consistently apparent 
using standard medical diagnostic tests. This 
discrepancy highlights the need for a new generation 
of more sensitive testing procedures for people with 
PAIS. Although it is not known whether pre-existing 
psychological diagnoses might influence the risk 
of long COVID (eg, by affecting the host endocrine 
and immune systems), it is neither productive nor 
clinically or scientifically valid to classify long COVID as 
a psychosomatic condition.

As avoiding COVID-19 becomes increasingly 
difficult, we argue that deep biological analyses will 
identify biomarkers for long COVID and possibly 
identify distinct endotypes driven by different root 
causes so that the risk of contracting long COVID 
is better defined. Biomarker identification will not 
only be crucial for identifying predisposing factors 
but also allow us to implement safer, evidence-
based policies. Similarly, molecular, cellular, 
and physiological analyses will inform precision 
interventions that target the root causes of each 
long COVID endotype. For example, persistent viral 
infection could be targeted by antivirals; long COVID 
driven by autoimmune disease could be treated using 
monoclonal antibodies that target lymphocytes or 
drugs that block cytokines and cytokine signalling; 
and, if the reactivation of herpesviruses contributes 
to disease, targeting such viruses using antivirals 
or vaccines could be considered. Diagnostic criteria 
considering the root causes to prevent and treat 
long COVID will require large longitudinal studies. If 
therapeutic targeting of root causes is not feasible, 
the downstream pathological changes of long COVID 
could still be treated.

Ideally, potential therapies should be assessed in 
double-blinded, placebo-controlled, randomised clinical 

trials. However, such studies are quite costly, are labour 
intensive, and require substantial government, regulatory, 
and industry support.

Syndromes like Long COVID are not new. Other 
PAISs, such as myalgic encephalomyelitis and chronic 
fatigue syndrome and post-treatment Lyme disease 
syndrome, have overlapping symptoms with long 
COVID.10 Thus, the inclusion of individuals with 
other forms of PAIS as comparison groups in long 
COVID research is important for broadening overall 
understanding and widening the impact of this 
research. Finally, the current knowledge surrounding 
long COVID would not be possible without the hard 
work and dedication of patient-led communities 
striving for answers.
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