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Abstract. Studies of acute and post-acute COVID-
19 were presented at the 2023 Conference on
Retroviruses and Opportunistic Infections (CROI).
Early treatment with ensitrelvir, a novel prote-
ase inhibitor, hastened viral clearance and symp-
tom resolution during coronavirus disease 2019
(CoVID-19) and appeared to reduce the preva-
lence of long COVID symptoms. The development
of novel agents against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), including
those with broader sarbecovirus activity such as
anti-angiotensin-converting enzyme 2 mono-
clonal antibodies, is underway. A growing under-
standing of the pathophysiology of long COVID
has provided several potential therapeutic targets
for individuals experiencing this condition. Efforts
to understand COVID-19 in people with HIV have
led to novel insights into the biology and natural
history of SARS-CoV-2 coinfection in this vulner-
able subpopulation. These and other studies are
summarized herein.
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Introduction

The emergence of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) pandemic in early
2020 disrupted all aspects of life around the globe,
had a major impact on preexisting research activities,
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and led to the rapid implementation of new scientific
endeavors to understand the epidemiology, natural
history, pathophysiology, and management of corona-
virus disease 2019 (COVID-19) and, more recently, its
post-acute consequences. Many HIV and infectious
diseases scientists have led these efforts. This arti-
cle highlights new research on acute and post-acute
SARS-CoV-2 infection, including in people with HIV,
presented at the 2023 Conference on Retroviruses
and Opportunistic Infections (CROI).

Acute COVID-19

Epidemiology and Natural History of COVID-19

The risk factors for poor outcomes in acute COVID-19
havebecomeclear. Theseinclude olderage; medical co-
morbidities such as diabetes, obesity, and pregnancy;
not being previously vaccinated against SARS-CoV-2;
and lack of treatment during the acute phase of the
infection. > However, questions remain about the risk
of severe disease with recent and emerging Omicron
subvariants. Cloherty and colleagues examined clini-
cal outcomes by SARS-CoV-2 variant in Chicago and
demonstrated attenuation of severity with Omicron
subvariants compared with prior variants of concern
(VOCs) (Abstract 889). Hospitalization and death
rates were highest with the Delta variant, and those
rates continued to decline when Omicron subvariants
were prevalent.

Over the past 3 years, several groups developed in-
hospital risk prediction algorithms to aid in clinician
decision-making and counseling during hospital-
ization for COVID-19.%° Parczewski and colleagues
incorporated an artificial neural networks (ANN)
analysis of computed tomography (CT) chest scans
into a prediction model that also included laboratory
and clinical variables, to identify the best predictors
of poor hospital outcomes (Abstract 731). They identi-
fied an ANN-assigned percentage of lung involvement
of greater than 50% and age over 80 years as the
most significant risk factors predicting poor hospital
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outcomes from acute COVID-19. This suggests that
the addition of ANN-analyzed chest CT scan scores
could improve automated risk prediction models.
Two studies further validated the use of nucleocap-
sid (N)-antigen levels in the peripheral circulation as a
biomarker predicting severe outcomes from COVID-19.
Jain showed that higher N-antigen levels in blood dur-
ing early hospitalization were associated with elevated
risk for death within 90 days (hazard ratio [HR], 4.4;95%
confidence interval [Cl], 3.2-5.9) and reduced incidence
of sustained recovery through day 90 (Abstract 728).
This suggests a pathogenic role for viremia, and impor-
tantly it identifies a group of hospitalized people who
did not have high oxygen requirements but were still
at high risk for poor outcomes. Studying the placebo
arm of the ACTIV-2 trial, Jilg and colleagues evaluated
the association of anti-spike immunoglobulin G (IgG)
and N-antigen in plasma with clinical outcomes in 229
nonhospitalized people with mild to moderate COVID-
19 at risk for severe outcomes (Abstract 283). They
found that absence of anti-spike antibody and higher
levels of plasma N-antigen predicted hospitalization or
death and delayed symptom improvement in COVID-
19 outpatients. Taken together, these studies show a
potential role for measurement of these biomarkers in
some individuals during the acute phase of infection.

Pathogenesis and Immune Responses

Several groups described interactions between SARS-
CoV-2 and the innate immune system. Bouhaddou and
colleagues profiled mRNA, protein, phosphorylation,
and virus-host protein-protein interactions in Calu-3
cells after infection with several VOCs (Abstract 108).
VOCs alter viral RNA and protein production, evolve
altered N phosphorylation, and differentially regulate
host inflammatory responses. Most VOCs antagonize
interferon-stimulated gene (ISG) induction, and the
Omicron subvariant BA.5 showed a strengthened an-
tagonism of innate immunity compared with subvariant
BA.1. This may be the reason why Suryawanshi and
colleagues found that subvariant BA.5 replicated to
higher titers and more frequently led to lethal infection
in keratin 18 (K18)-human (h) angiotensin-converting
enzyme 2 (ACE2) mice (Abstract 275). Similarly, Shi
and colleagues demonstrated that Omicron strains
exhibited resistance to type | and type Il interferons
in primary nasal epithelial cells and provided evidence
that this may be related to a novel route of cellular entry
compared with older variants (Abstract 232). Puray-
Chavez and colleagues showed that SARS-CoV-2 is
restricted by basally active cyclic GMP-AMP synthase
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(cGAS)-stimulator of interferon genes (STING), a DNA
sensing pathway that underlies the basally high inter-
feron pathway activity seen in airway-derived cells lines
that do not support SARS-CoV-2 replication despite
ACE2 cell surface expression (Abstract 224). Together,
this work demonstrates that interferons, shown to be

Fc-receptor-mediated infection
of myeloid cells by SARS-CoV-2
may be responsible for the late
production of proinflammatory
cytokines that characterizes
severe COVID-19

a determinant of acute COVID-19 disease severity,*® are
important for restriction of SARS-CoV-2 replication, and
that new variants are evolving resistance to host inter-
feron responses.

The role of natural killer (NK) and dendritic cells in
SARS-CoV-2 pathogenesis is still being investigated.
Balachandran and colleagues provided evidence with
a nonhuman primate model that NK cells are im-
portant for clearance of virus from the pharynx and
lung, with peak NK cell activity 10 days post infection
(Abstract 340). Saini and colleagues extended this
narrative into humans by demonstrating that COVID-
19 hospitalization is associated with dysfunctional NK
cells with low expression of CD16 (Abstract 341). They
found that Siglec-9-defined NK cell subpopulations
are highly cytotoxic against SARS-CoV-2.

Pickering and colleagues provided evidence to
support the hypothesis that Fc-receptor-mediated
infection of myeloid cells by SARS-CoV-2 may be
responsible for the late production of proinflamma-
tory cytokines that characterizes severe COVID-19
(Abstract 231). They used a THP-1 human leukemia
monocytic cell model system to show that spike re-
ceptor-binding domain (S-RBD)-specific monoclonal
antibodies promoted infection of monocytes at sub-
neutralizing concentrations and provided evidence for
productive infection of primary macrophages via this
mechanism. Cai and colleagues also used in vitro sys-
tems to demonstrate that plasmacytoid dendritic cells
(pDCs) can sense SARS-CoV-2 infected cells, and that
direct contact between infected cells and pDCs is re-
quired for type | interferon production (Abstract 342).
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Many viruses evolve mechanisms to evade host
restriction factors or to repurpose host cell ma-
chinery to support replication. Shi and colleagues
demonstrated that subsequent SARS-CoV-2 variants
become increasingly more efficient at downregulating
BST2/tetherin, a transmembrane protein that pre-
vents release of viruses after assembly in the host cell
(Abstract 223). This downregulation of BST2 is due
to mutations in spike that route BST2 for lysosomal
degradation.

Two groups investigated the importance of
SARS-CoV-2 nonstructural protein 6 (NSP6) in viral
pathogenesis. Chen and Serra-Moreno showed
that SARS-CoV-2 uses NSP6 to remodel endosomal
membranes, recruit them to perinuclear locations,
and generate replication organelles required for
efficient viral replication (Abstract 234). Taha and
colleagues used a novel replicon system to char-
acterize Omicron replication independent of spike
and found that mutations in NSP6 lead to lower
viral replication (Abstract 233).

Treatment Options

The development, testing, and authorization of
therapeutics for COVID-19 proceeded at a rapid
pace in the first years of the pandemic but have
since slowed. Treatment guidelines have not
substantially changed in the past year, with the ex-
ception of the removal of authorized monoclonal
antibody products, which are predicted to have no
activity against currently circulating Omicron sub-
variants. Excitingly, several abstracts reported on
novel therapeutics in the pipeline, whereas other
abstracts provided a deeper characterization of
current therapeutics. Chew presented a detailed
summary of the state of COVID-19 outpatient ther-
apeutics (Abstract 31).

Protease inhibitors. Uehara and colleagues re-
ported phase Il results from SCORPIO-SR (Efficacy
and Safety of Ensitrelvir in Patients With Mild-to-
Moderate COVID-19: A Protocol for a Multicenter,
Randomized, Double-Blind, Placebo-Controlled, Phase
3 Study), a multicenter, randomized, double-blinded,
placebo-controlled trial of ensitrelvir in people with
mild-to-moderate COVID-19 within 5 days of symptom
onset (Abstract 166). Ensitrelvir is a novel oral SARS-
CoV-2 3C-like (3CL) protease inhibitor that does not
require ritonavir boosting and has an active emergency
use authorization (EUA) in Japan. In this population
of mostly vaccinated people infected with Omicron

Acute and Post-Acute COVID-19

subvariants, ensitrelvir was safe and well tolerated.
Compared with those receiving placebo, participants
receiving ensitrelvir within 72 hours of symptom onset
experienced shortened duration of symptoms and
shortened duration of infectious viral shedding from
the upper respiratory tract by approximately 1 day
each. Ensitrelvir treatment during acute COVID-19
was also associated with decreased incidence of long
COVID, as discussed below.

Tong and colleagues demonstrated that pomotrel-
vir, another investigational protease inhibitor, retains
broad in vitro activity against all SARS-CoV-2 isolates

SCORPIO-SR results demonstrate
that ensitrelvir in vaccinated
people with mild-to-moderate
COVID-19 within 72 hours of
symptom onset is associated with
shortened duration of symptoms,
shortened duration of viral
shedding, and decreased incidence
of long COVID

to date, including 5 Omicron subvariants, and it has a
favorable resistance profile (Abstract 551). They ad-
ditionally showed in vitro additivity when pomotrelvir
is combined with remdesivir or molnupiravir, but not
nirmatrelvir, likely because they share the same bind-
ing site. This observation suggests that combination
therapy with antivirals may be worthy of consider-
ation in the future.

Nirmatrelvir/ritonavir remains the first-line agent
for outpatient COVID-19 therapy due to its effective-
ness and oral formulation. Henderson and colleagues
used data from a large academic health system to
demonstrate that the use of nirmatrelvir/ritonavir
was associated with a 98% relative reduction in age-
adjusted risk for hospitalization within 14 days of
diagnosis, compared with no therapy in outpatients
diagnosed with COVID-19 (Abstract 172). This is even
greater than the 89% relative risk reduction observed
in the clinical trial.” In a multivariate regression model
predicting COVID-19 hospitalization, the effect of
treatment with nirmatrelvir/ritonavir was similar to
that conferred by young age (approximately 20 years),
demonstrating the remarkable impact of this agent.
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Butt and colleagues investigated approximately 8000
propensity-matched people from the US Veterans Af-
fairs (VA) health system and found that nirmatrelvir/
ritonavir use was associated with a modest reduction
in hospitalization and death among nonhospitalized
people at high risk of progression to severe disease
(Abstract 569). The clearest benefit was seen in those
who were older, unvaccinated, or asymptomatic at
baseline. Despite these data establishing the clear
benefits of this agent, Shen and colleagues showed
that, although it is increasing, the uptake of nirma-
trelvir/ritonavir in people diagnosed with COVID-19
in the outpatient setting remains low (Abstract 567).

One reason clinicians and patients remain wary
of nirmatrelvir/ritonavir is reports of symptom and
virus rebound after completion of the 5-day course of
treatment. Li presented a detailed summary of what
is known about symptom and viral rebound with and
without antiviral therapy (Abstract 32). He highlighted
that rebound phenomena are common in untreated
patients and that the field currently lacks a direct
comparison of rebound in people who have and have
not received nirmatrelvir/ritonavir. Perelson and col-
leagues expanded on a previous viral dynamics model
and predicted that extending the treatment duration
of nirmatrelvir/ritonavir to 10 days or initiating a sec-
ond 5-day treatment course 1 day after symptoms
reappear would not prevent rebound (Abstract 568).
Deo and colleagues characterized symptom and viral
rebound in the untreated and placebo arms of the
ACTIV-2 trial, enrolling primarily unvaccinated peo-
ple in the pre-Omicron era (Abstract 171). They found
that 1in 4 participants had symptom rebound, and 1
in 8 had high-level viral rebound, though having both
simultaneously was uncommon, providing strong ev-
idence that symptom and viral rebound are common
without treatment.

Nucleoside and nucleotide analogues. Remdesivir,
a nucleotide prodrug of an adenosine analogue, was
one of the first antiviral therapies to enter phase IlI
clinical trials for SARS-CoV-2 infection. It remains the
only antiviral drug approved by the US Food and Drug
Administration (FDA) for the treatment of COVID-19.
However, because remdesivir must be administered
intravenously or intramuscularly, its use in the outpa-
tient setting has been limited. Using a mouse model,
Carlin and colleagues presented promising data on
the therapeutic effectiveness of 1-O-octadecyl-2-O-
benzyl-sn-glyceryl-3-phospho-RVn (V2043), an oral
prodrug of remdesivir, and identified modifications

496

Published May 24, 2023 © |IAS-USA

to V2043 that improved its potency (Abstract 543).
Hedskog and colleagues showed that remdesivir re-
tains excellent potency against all recent Omicron
subvariants (Abstract 562). Using a novel replicon sys-
tem, Han and colleagues demonstrated that common
RNA-dependent RNA polymerase (Nsp12) mutations
in VOCs do not decrease the potency of remdesivir
(Abstract 962). Work from Mozaffari and colleagues
used data from more than 700 hospitals to show that
early hospital use of remdesivir is associated with sig-
nificant reductions in mortality in all people, including
immunocompromised people at 14 and 28 days across
all levels of severity and all VOCs (Abstracts 556-557).

Molnupiravir, an oral prodrug of B-D-N4-hydroxy-
cytidine, is less effective in reducing hospitalization
in at-risk outpatients with COVID-19 than nirma-
trelvir/ritonavir or remdesivir, and in the US it is
currently an alternate therapy used only if nirma-
trelvir/ritonavir or remdesivir are not available or
appropriate.® Using data from the VA health system,
Butt and colleagues found that molnupiravir was not
associated with significant reduction in hospitaliza-
tion or death within 30 days of diagnosis compared
with no therapy (Abstract 570). Efforts are needed to
further define the role this agent should play in the
management of COVID-109.

Monoclonal antibody therapy. Although monoclo-
nal antibody (mAb) products have been removed from
the arsenal of treatments for COVID-19 due to loss of
efficacy against currently circulating Omicron subvari-
ants,® efforts are underway to develop products that
target invariant regions of SARS-CoV-2. Ruiz and col-
leagues isolated 2 novel pan-sarbecovirus mAbs that
potently bind highly divergent SARS-related corona-
viruses, including sarbecoviruses that do not use ACE2
as a receptor (Abstract 309). One of these displays
broad and potent neutralizing activity. Guenthoer
and colleagues isolated 2 further novel spike-specific
mAbs that target a functionally constrained region of
RBD and a conserved region in spike subdomain 1(SD1)
that show breadth and potency across VOCs (Abstract
310). Bieniasz and colleagues identified anti-ACE2 an-
tibodies that represent a promising, broadly potent,
pan-sarbecovirus therapeutic (Abstract 107, discussed
further below). Using data from an ACTIV-2 clinical
trial of amubarvimab and romlusevimab, Choudhary
and colleagues provided evidence that dual active
mAbs resulted in faster viral clearance and lower rates
of resistance than single active mAbs, lending sup-
port to the development and use of dual active mAb
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therapeutics (Abstract 168). Bender Ignacio and col-
leagues presented results from ACTIV-2 demonstrating
safety and tolerability of intramuscular administration
of combination mAbs in the thigh, which could lower
barriers to outpatient implementation of mAb treat-
ment in the future (Abstract 571).

Interferon therapy. Glenn and colleagues presented
data on the use of pegylated interferon lambda from
a phase Il study of more than 1900 mostly vacci-
nated but high-risk, nonhospitalized participants in
TOGETHER, an adaptive, multicenter, randomized,
placebo-controlled trial (Abstract 167). A single sub-
cutaneous injection of peginterferon lambda was
associated with a 58% risk reduction of hospitalization
or emergency department visit if administered within
3 days of symptom onset. More rapid viral clear-
ance was seen in those treated with peginterferon
lambda, and adverse effects were similar to placebo.
Fischer and colleagues presented phase Il inhaled
interferon-B1A (SNG0O1) results from approximately
220 participants in ACTIV-2 (Abstract 169). This agent
was shown to be safe, but it did not accelerate the
clearance of nasopharyngeal SARS-CoV-2 RNA over 2
weeks and was not associated with more rapid symp-
tom recovery. There was a nonsignificant trend toward
fewer hospitalizations in the treatment group, but the
trial was not powered to detect a difference in risk of
hospitalization.

Miscellaneous approved drugs. Provocative data from
the COVID-OUT phase lI, blinded, placebo-controlled
trial suggested that metformin, a widely available
and commonly used oral agent for prediabetes and
diabetes, may be of benefit in acute COVID-19. Hav-
ing already demonstrated a modest reduction in risk
of emergency department visits, hospitalization, and
death with metformin,® Bramante and colleagues pre-
sented self-collected nasalviralRNAdatafromdays1,5,
and 10 of the trial (Abstract 170). Trial participants tak-
ing metformin were more likely to have undetectable
viral RNA at days 5 and 10 than those taking placebo
(odds ratio [OR], 1.355; 95% Cl, 1.054-1.742). Metfor-
min is thought to work by inhibiting mammalian target
of rapamycin (MTOR)-dependent viral translation and
inhibiting Nod-like receptor family pyrin domain con-
taining 3(NLRP3) inflammasome activation.® Naggie
and colleagues from ACTIV-6 presented results from a
randomized trial comparing ivermectin and placebo in
mild-to-moderate COVID-19, demonstrating no differ-
ence in time to recovery (Abstract 572).
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Perez-Zsolt and colleagues showed that plitidep-
sin, a clinically approved antitumor agent that blocks
eukaryotic translation elongation factor 1A (eEF1A),
inhibits the synthesis of all SARS-CoV-2 proteins
and the formation of viral particles (Abstract 548).
Plitidepsin has a less potent effect on the cellular
proteome, likely because of compensatory upregu-
lation of eukaryotic initiation factor 4A2 (elF4A2)
and elF2S3. They also demonstrated that plitidepsin
inhibits replication of other RNA-dependent, nonin-
tegrated DNA viruses such as Zika, hepatitis C virus,
and herpes simplex virus, suggesting that it could
be developed and evaluated for a variety of viral
indications.

Miscellaneous drugs in development. Several new
compounds are in development as COVID-19 thera-
peutics. Miller and colleagues reported that BIT225,
an investigational HIV-1 compound that targets SARS-
CoV-2 envelope protein, protected against death and

In a phase Il RCT of more than
1900 mostly vaccinated but high-
risk, nonhospitalized participants,
a single subcutaneous injection of
peginterferon lambda was asso-
ciated with a 58% risk reduction
of hospitalization or emergency
department visit if administered
within 3 days of symptom onset

reduced inflammatory and viral markers in a mouse
model of COVID-19 (Abstract 552). Xing and colleagues
showed that spike ACE2 inhibitor (SAI)4, a promising
small molecule inhibitor of spike-RBD-ACE2 binding,
inhibited cell entry, remained potent against several
VOCs, and inhibited SARS-CoV-2 replication in lung
tissue in a mouse model of COVID-19 (Abstract 547).
Two studies evaluated zotatifin, an inhibitor of
elF4A, which is a host RNA helicase required for
SARS-CoV-2 replication. Zotatifin can be adminis-
tered intravenously or subcutaneously. Using this
agent, Patick and colleagues demonstrated in vitro in-
hibition of translation and replication in SARS-CoV-2
variants, Middle East respiratory syndrome coronavi-
rus (MERS-CoV), severe acute respiratory syndrome
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coronavirus 1 (SARS-CoV-1), and human coronavirus
229E (HCoV-229E). They also demonstrated its syn-
ergy with other therapeutics in cell culture (Abstract

High-affinity anti-ACE2 antibodies
with potent pan-sarbecovirus ac-
tivity were identified...resistance
to these antibodies was rare and
had only subtle effects on potency

544). Warner and colleagues demonstrated safety
and tolerability of zotatifin in PROPEL, a phase Ib
clinical trial on people with mild-to-moderate COVID-
19 (Abstract 545). Du and colleagues demonstrated
that PAV-104, a pan-viral inhibitor of a subset of host
protein assembly machinery, inhibits replication of
several SARS-CoV-2 variants in primary airway epi-
thelial cells at a step post entry by interfering with
N oligomerization and blocking viral assembly and
release (Abstract 549). Taken together, these studies
emphasize the ongoing development of treatments
for SARS-CoV-2 that target novel pathways and may
ultimately broaden the armamentarium of available
treatments for COVID-19.

The first SARS-CoV-2 vaccines outside of a clinical
trial were administered in December 2020 as a re-
sult of a breathtakingly rapid global effort. COVID-19
vaccinations were estimated to prevent more than
14 million deaths globally in the first year of the vac-
cination campaign. However, much work remains,
including distributing vaccines equitably, developing
a new generation of vaccines for future VOCs, devel-
oping on-demand, self-administered prophylactic
agents, understanding the correlates of sterilizing
immunity, developing evidence-based vaccination
schedules, combating misinformation, understand-
ing vaccine effectiveness in special populations, and
determining which nonpharmaceutical interven-
tions are most effective and when best to implement
them. A variety of research presented at CROI 2023
addressed these issues.

Prophylactics Under Development
Although the SARS-CoV-2 spike protein evolves in
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response to selective pressure, the human SARS-
CoV-2 receptor ACE2 cannot evolve rapidly and thus
represents an attractive target for antibody and drug
development.

Bieniasz and colleagues identified high-affinity
anti-ACE2 antibodies with potent pan-sarbeco-
virus activity, presented the mechanism for their
effectiveness (steric clash at the SARS-CoV-2
spike-RBD-ACE2 binding site), demonstrated their
effectivenessagainstseveralhumanpolymorphisms
of ACE2, and showed almost sterile protection of
the lung when used for prophylaxis in a mouse
model (Abstract 107). Importantly, they showed that
endogenous ACE2 activity is not affected by these an-
tibodies and that antibody binding does not trigger
ACE2 internalization. Resistance to these antibodies
was rare and had only subtle effects on potency. This
work complemented other efforts described above to
develop pan-sarbecovirus prophylactic or therapeutic
agents for future SARS-CoV-2 variants or future new
emerging sarbecoviruses (Abstracts 309-310).

Monoclonal antibodies have been the mainstay for
those who need prophylactic agents in addition to
or instead of vaccination, especially in populations
with immune compromise or dysfunction, yet nei-
ther mAbs nor vaccines deliver sterilizing immunity,

An on-demand, self-administered
prophylactic with sterilizing
immunity would be a practical and
beneficial agent for people at
elevated risk of severe COVID-19
to take prior to entering a
high-risk setting

and both require administration in a health care set-
ting. An on-demand, self-administered prophylactic
with sterilizing immunity would be a practical and
beneficial agent for people at elevated risk of severe
COVID-19 to take prior to entering a high-risk set-
ting. Neary and colleagues reported that intranasal
nafamostat was protective against airborne transmis-
sion of SARS-CoV-2 in a Syrian golden hamster model
(Abstract 553). Nafamostat inhibits transmembrane
serine protease 2 (TMPRSS2), the host cell surface
serine protease that mediates the cleavage of spike
that is required for virus-host cell fusion and entry.
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Although intravenous (IV) nafamostat did not show
efficacy in a phase Ila clinical trial of people with mod-
erate-to-severe COVID-19 pneumonia, its half-life is
short after IV administration and, like other thera-
peutics, it may have more beneficial effects when
given early or prophylactically. Nabeta and colleagues
demonstrated the safety of intranasal Q-griffithsin
(Q-GRFT) in a phase | clinical trial (Abstract 554). Q-
GRFT is an engineered oxidation-resistant variant of
griffithsin, an algal antiviral that binds oligomannose
residues in glycoproteins on viral envelopes. The re-
searchers showed that nasopharyngeal fluids from
people treated with intranasal Q-GRFT neutralized
the Omicron BA.5 subvariant, as well as MERS-CoV.

Vaccine Effectiveness, Uptake, and Equity

People with hybrid immunity (induced by a combina-
tion of infection and vaccination) have the highest
protection against severe acute COVID-19 outcomes.*
Mayer-Blackwell and colleagues tracked SARS-CoV-2
spike-specific T cells over time in people recovering
from COVID-19 who were subsequently vaccinated
and found that mRNA vaccination broadened the
postinfection memory response by expanding low-
abundance clonotypes (Abstract 360). However, the
recalled memory clonotypes from infection predomi-
nated. People who were hospitalized with COVID-19
developed greater spike-reactive CD4+ T-cell diver-
sity that persisted after vaccines than people who
had mild-to-moderate COVID-19. The investigators
also identified vaccine-reactive CD8+ T-cell clono-
types present in nasal mucosa that were also present
in the blood after booster dosing. Pérez-Caballero and
colleagues showed that, among people with hybrid
immunity, those who had infection prior to vaccination
had broader and higher magnitude T-cell responses to
numerous SARS-CoV-2 peptides than people who had
vaccination prior to infection (Abstract 345).

Henderson and colleagues used data from an aca-
demic health system during the Delta and Omicron
waves, and found that people with 3 vaccine doses
compared with those with none had a 71% relative risk
reduction for hospitalization within 14 days of diagno-
sis, with risk higher in the Delta era and in older people
(Abstract 172). There was a 28% relative increase in
risk after 180 days since the last vaccine dose; those
most at increased risk were aged 75 years or older.
Older age was the most influential overall predictor of
hospitalization.

Although the rapid development of COVID-19 vac-
cines was a success story, the distribution of vaccines
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left much to be desired. As of March 2023, only 28% of
people in low-income countries have received at least 1
dose of a COVID-19 vaccine.® One of the many reasons
for this inequity is the restricted access to intellectual
property for mRNA vaccines.”* In a meta-analysis of
35 clinical trials in healthy nonpregnant adults, Ven-
katesh and colleagues demonstrated that protein
subunit vaccines, many of which are patent-free and
could be mass produced, have similar neutralizing an-
tibody titers to mRNA vaccines (Abstract 356). Lee and
colleagues presented data from nearly 24 million Tai-
wanese people demonstrating that a protein subunit
vaccine (MVC-COV1901; Medigen) was similarly effec-
tive at preventing severe COVID-19 and death as the
BNT162b2 mRNA vaccine (Pfizer-BioNTech) (Abstract
355). People who received AZD1222 (AstraZeneca, a

Evidence presented demonstrated
that protein subunit vaccines,
many of which are patent-free
and could be mass produced, have
similar neutralizing antibody
titers to mRNA vaccines and are
similarly effective at preventing
severe COVID-19 and death as
mRNA vaccines

replication-deficient chimpanzee adenovirus vectored
vaccine) as a primary series, regardless of which vac-
cine they received as a booster (mRNA, AZD1222, or
protein subunit), had significantly lower protection
against severe COVID-19 and death than those who
received an mRNA vaccine or the protein subunit pri-
mary series.

Several groups examined factors associated with
low vaccine uptake. Liang and colleagues examined
county-level COVID-19 booster coverage by age group
in southeastern US states and found that counties with
higher racial housing segregation had lower percent-
ages of booster coverage across age groups (Abstract
1006). Hoffman and colleagues examined correlates
of COVID-19 vaccine update in Malawian adults and
found that older age, having children, greater educa-
tional attainment, confidence in vaccine safety, and
belief that its benefits outweighed its risks positively
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correlated with up-to-date COVID-19 vaccination sta-
tus (Abstract 1018).

Nonpharmaceutical Interventions

Numerous studies have demonstrated that lockdowns
with high adherence reduced SARS-CoV-2 transmis-
sion early in the COVID-19 pandemic. However, it
remains difficult to study the comparative effective-
ness of different nonpharmaceutical interventions,
given that these were often implemented simulta-
neously and without control groups. Thiebaut and

Although vaccines elicited equally
strong anti-spike IgG in people
with HIV compared with people
who were HIV seronegative, the
median neutralizing titers af-

ter the second dose were lower
among people with HIV

colleagues used 3 models to examine interventions
in France and demonstrated that all nonpharmaceu-
tical interventions studied effectively reduced viral
transmission, but the effectiveness of lockdown in-
terventions decreased with time, potentially due to
decreased adherence or enforcement (Abstract 1008).
Nonpharmaceutical interventions are needed to con-
tain deadly airborne respiratory pathogen epidemics
if vaccine coverage is low, and rapid vaccine rollout is
essential. Stuart and colleagues used the open-source
COVID-19 Agent-based Simulator (Covasim) to define
time intervals for ideal deployment of variant-chas-
ing vaccines (Abstract 1015). They described an ideal
variant-containing strategy of global monitoring for
highly immune-evading virulent variants paired with
temporary nonpharmaceutical interventions, to buy
time during rapid rollout of variant-specific or broad
and potent vaccines.

Special Populations of Interest

Acute SARS-CoV-2 infection and vaccination in people
with HIV. Recent work from the UK Biobank demon-
strated differences in regional brain volume in the
thalamus, caudate, putamen, ventral striatum, and
hippocampus between people who went on to acquire
SARS-CoV-2 infection and people who did not acquire
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SARS-CoV-2 infection.” Paul and colleagues evalu-
ated brain volumes using 3 Tesla magnetic resonance
imaging (MRI) and neurobehavioral characteristics
among 112 Thai men who have sex with men with HIV
enrolled in the RV254/SEARCHO010 cohort (Abstract
188). Using a machine learning algorithm, they found
that a collection of volumetric features, particularly
in right hemisphere regions that are implicated in im-
pulsivity and risk-taking behavior, were associated
with subsequent SARS-CoV-2 infection. Their findings
were generally consistent with those of the UK Bio-
bank study.

Several studies addressed the pathophysiology
of acute COVID-19 in people with HIV. Augello and
colleagues evaluated 18 HIV seropositive and 18 HIV
seronegative individuals hospitalized with COVID-
19 pneumonia a median of 10 days after symptom
onset (Abstract 344). They found that people with
HIV were more likely to have SARS-CoV-2 RNAemia,
greater systemic inflammation, and worse disease
severity, and they concluded that the data showed a
link between HIV-related T cell dysfunction and poor
control over circulating SARS-CoV-2. These obser-
vations are potentially important as evidence that
additional measures to reduce the viral burden or
improve immune control during early infection might
be warranted in people with HIV. There may also be
implications for the post-acute phase of COVID-19,
because some early factors can predict longer-term
clinical outcomes.*

Kolossvary and colleagues studied participants in
the REPRIEVE (Randomized Trial to Prevent Vascular
Events in HIV) trial and identified certain proteins in
the granzyme family that predicted the development
of moderate to severe COVID-19 (Abstract 274). They
suggested that baseline immune dysregulation may
relate to the severity of acute infection through
these physiologic mechanisms. In another REPRIEVE
analysis, Schnittman and colleagues compared 2181
donors who were SARS-CoV-2 negative with 283 in-
dividuals who were SARS-CoV-2 positive (most of
whom had asymptomatic infection) and determined
that among people with HIV, high body mass index
(BMI) and low CD4 nadir were associated with unique
SARS-CoV-2 humoral signatures. In this analysis,
high BMI was associated with a hyperinflammatory
response and low CD4 nadir was associated with
dysfunctional antibody class switching. (Abstract
348). The authors suggested that these observations
could explain more severe COVID-19 among people
with HIV. Abela and colleagues leveraged the Swiss
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HIV Cohort Study to identify that certain preexisting
immunity to human coronaviruses was associated
with reduced susceptibility to SARS-CoV-2 infection
(Abstract 352). They also identified a weaker overall
SARS-CoV-2 antibody response in those with HIV
infection.

Several studies addressed issues related to SARS-
CoV-2 vaccination in people with HIV. Matveev and
colleagues evaluated immune responses to booster
doses in people with HIV on ART who were older
than 55 years of age (Abstract 369). They found that
although vaccines elicited equally strong anti-spike
IgG in people with HIV compared with people who
were HIV seronegative, the median neutralizing ti-
ters after the second dose were lower among people
with HIV. However, these differences resolved fol-
lowing a third dose. This study, as well as another
study by Duncan and colleagues, did not find an
impact of SARS-CoV-2 mRNA vaccination on the
HIV reservoir (Abstract 370). Nowak and colleagues
showed that responses to BNT162b2 vaccination in
people with HIV correlated with the presence of cer-
tain gut microbiota populations, providing evidence
that characteristics of the microbiome may predict
the strength of vaccine responses (Abstract 372).

Liu and colleagues examined the effectiveness of
different COVID-19 vaccines and the evolution of
antibody responses in 1496 adult Taiwanese people
with HIV who had received a third dose of a SARS-
CoV-2 vaccine (Abstract 1020). They found similar
effectiveness of a third dose of mRNA-1273 (Mod-
erna) 100 pg or 50 pg, BNT162b2, and MVC-COV1901
(Medigen protein subunit vaccine) in preventing
SARS-CoV-2 infection or seroconversion of anti-N
lgG. People with HIV with CD4+ T-cell counts less
than 200/pL and plasma viral load greater than 200
copies/pL had reduced antibody responses. Matu-
sali and colleagues analyzed live-virus neutralizing
activity against Omicron subvariants BA.5, BQ.1.1,
and XBB.1 together with T-cell responses after the
bivalent third booster shot—that is, a fifth vaccine—
in 48 people with HIV with CD4+ T-cell count nadirs
more than 200 cells/pL with and without hybrid
immunity stratified by CD4+ T-cell count (Abstract
364). They found that hybrid immunity was associ-
ated with greater neutralizing responses against
BA.5 but not against BQ.1.1 and XBB.1, which cur-
rently predominate. This fifth shot elicited strong
neutralization against BA.5 and retained cross-neu-
tralization against BQ.1.1 and XBB.1, although levels
were 3-fold to 4-fold lower. There was no effect on
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T-cell mediated responses.

Many people wonder whether they will have a
reaction to a COVID-19 vaccine after infection. Tap-
ley and colleagues examined a safety subset of 1267
unvaccinated people with HIV from the COVID-19
Prevention Network (CoVPN) 3008 (UBUNTU) phase
Il efficacy trial of the mRNA-1273 vaccine, of whom
73% had evidence of prior SARS-CoV-2 infection
(Abstract 1013). Overall, 43% of people with HIV re-
ported local or systemic reactions in the first 7 days
after the first vaccination, with maximum severity of
mild (62%), moderate (36%), or severe (3%). Women
and people with CD4+ counts above 500 cells/pL
had increased odds of moderate or severe reacto-
genicity. Spinelli and colleagues found that 7% of
surveyed people with HIV in the US in the Center for
AIDS Research (CFAR) Network of Integrated Clinical
Systems (CNICS) cohort from February 2021 to April
2022 were not vaccinated and probably or definitely
had no desire to receive one (Abstract 1011). Factors
associated with vaccine hesitancy included age less
than 30 years old, viral load greater than 200 copies/
uL, female sex at birth, and Black race rather than
White race, with vaccine hesitancy decreasing with
time over the observation period.

Acute SARS-CoV-2 infection and vaccination in children
and adolescents. Several abstracts addressed SARS-
CoV-2 infection in children and adolescents. Tagarro
and colleagues studied more than 1700 children from

Comorbidities such as asthma and
chronic neurologic and cardiac
conditions, but not diabetes or
cancer, were associated with more
severe outcomes from COVID-19 in
a pediatric population

hospitals in Spain and Colombia (Abstract 835). They
identified that comorbidities such as asthma and
chronic neurologic and cardiac conditions, but not
diabetes or cancer, were associated with more severe
outcomes from COVID-19 in this pediatric population.
Such individuals were at higher risk of death, me-
chanical ventilation, and pediatric intensive care unit
admission.
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Antiviral treatment options for children with
COVID-19 remain limited. Bernardi and colleagues
studied a high-risk pediatric population in Rome who
had received nirmatrelvir/ritonavir, and found that
this therapy was safe and effective (Abstract 834).
Among 40 children treated, there were only 5 adverse
events (nausea, increased creatine phosphokinase
level, and metallic taste). The mean time of viral
shedding was 13 days, and 1 patient was persistently
positive for 56 days. Notably, 4 children received a
longer (10-day) course due to viral persistence and
severe comorbidities.

Several studies addressed SARS-CoV-2 vaccina-
tion in children. Milligan and colleagues reported on a
study of vaccinesininfantrhesus macaquesand found
that mRNA- and protein-based vaccines induced an-
tibody responses and protected against severe lung
disease on SARS-CoV-2 challenge at 1 year (Abstract
840). The protein-based vaccine induced higher titers
of neutralizing antibodies, but the mRNA vaccines
induced greater spike-specific T-cell responses. The
authors concluded that either approach is likely to
be efficacious in children. If so, this would mirror ef-
ficacy data in adults discussed previously. Di Chiara
and colleagues conducted a multicenter, prospective,
observational study evaluating immune responses to
mRNA vaccines in 82 Italian children, 60 of whom had
confirmed COVID-19 before vaccination (Abstract
841). The magnitude of the antibody response was
higher in children with prior SARS-CoV-2 infection
than in those without preexisting immunity, and lev-
els of antibodies decayed between 1 and 6 months
post vaccination. Chemaitelly and colleagues evalu-
ated the BNT162b2 vaccine in adolescents and found
that compared with a 10 pg dose, a 30 ug dose was
associated with 23% higher effectiveness against in-
fection with Omicron subvariants in adolescents who
were infection naive (Abstract 842). They noted that
this higher dose of BNT162b2 conferred similar im-
provement in protection as the mRNA-1273 vaccine,
which is also a 3-fold higher dose.

Acute SARS-CoV-2 infection and vaccination in preg-
nant individuals. Two groups reported SARS-CoV-2
antibody responses in pregnancy. Lacourse and
colleagues examined 71 people with SARS-CoV-2 in-
fection during pregnancy and found that maternal and
cord blood SARS-CoV-2 antibody binding and neutral-
izing responses were higher among those who had
been vaccinated prior to infection than among those
who were unvaccinated prior to infection (Abstract
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794). Approximately 18% of people who had been
unvaccinated prior to SARS-CoV-2 infection during
pregnancy did not have sustained neutralizing anti-
bodies by the time of delivery, and 100% of those with
hybrid immunity had neutralizing antibodies. Govin-
daraj and colleagues examined people with an mRNA
vaccine primary series during pregnancy and found
that neutralizing antibody titers to Omicron subvari-
ants were lower than those to pre-Omicron variants
(Abstract 796). Pregnant individuals remain an im-
portant subpopulation for further study of COVID-19
pathogenesis, and efforts are underway to continue to
characterize the impact of SARS-CoV-2 infection and
vaccination in pregnant individuals and their offspring.

Acute SARS-CoV-2 infection and vaccination in peo-
ple who are immunocompromised. It is postulated
that VOCs arise in immunocompromised hosts who
inadvertently maintain prolonged replication of SARS-
CoV-2 in the presence of the selective pressure of

The bivalent booster was
negatively associated with
breakthrough infection and hos-
pitalization in immune competent
populations and in those with
mild immune dysfunction, but

its effectiveness was reduced in
people with moderate-to-severe
immune dysfunction

exogenous or endogenous SARS-CoV-2-specific anti-
bodies. Kim and colleagues investigated viral kinetics
with weekly saliva testing in an immunocompromised
cohort(70%in active chemotherapy and 30% with solid
organ transplant) (Abstract 726). The median duration
of shedding of culture-positive virus was 4 weeks.
Having received 3 or more vaccinations was associated
with shorter shedding duration, and people receiving
B-cell depleting therapy generally shed viable virus for
longer. Ferré and colleagues sequenced the viral ge-
nomes of more than 700 people and reported higher
frequency of minority nonsynonymous mutations in
most genes of all variants studied in people who were
immunocompromised (Abstract 354). This provides
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additional support for the hypothesis that viral evolu-
tion can occur in the immunocompromised population.

Several groups reported vaccine effectiveness in
populations with and without immune dysfunction.
Sun and colleagues presented data on COVID-19 bi-
valent booster effectiveness in people with immune
dysfunction in the N3C (National COVID Cohort Col-
laborative). (Abstract 214). The bivalent booster was
negatively associated with breakthrough infection
and hospitalization in immune competent populations
and in those with mild immune dysfunction, but its
effectiveness was reduced in people with moderate-
to-severe immune dysfunction. Liu and colleagues
examined longitudinal anti-spike IgG titers in people
on anti-CD20 (B-cell depleting) therapy and found
that the likelihood of mounting antibody responses
increased with a third primary dose or with time after
anti-CD20 administration (Abstract 368). Rocco and
colleagues found that people with idiopathic CD4+
lymphopenia and absolute CD4+ counts above 100
cells/uL mounted similar humoral and cellular im-
mune responses to healthy controls, and people with
idiopathic CD4+ lymphopenia and CD4+ counts below
100 cells/uL had impaired vaccine immunity (Abstract
367). Taken together, these data will help people with
immune dysfunction and their clinicians make in-
formed decisions about best strategies for prevention
of severe COVID-19.

There is growing recognition that SARS-CoV-2 in-
fection can affect long-term health.”” Major efforts
are now underway to understand the post-acute
sequelae of SARS-CoV-2 infection (PASC, or long
COVID), which include incident medical diagnoses
potentially caused by SARS-CoV-2 infection, as well
as persistent, unexplained, and sometimes debili-
tating symptoms.’® Peluso provided an overview of
the current state of knowledge on long COVID syn-
dromes, including epidemiology, natural history,
biology, and the potential for therapeutics (Ab-
stract 33). Several studies presented at CROI 2023
provided additional insight into these topics.

Epidemiology and Natural History

Adding to observations that long COVID affects a
substantial proportion of individuals recovering from
SARS-CoV-2infection,?°Berryand colleagues studied
the incidence of long COVID in nearly 45,000 patients
previously hospitalized for COVID-19 (Abstract 718).
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More than 27,000 patients experienced 1 or more
long COVID symptoms between 90 and 270 days
post hospitalization. Electronic health records most
commonly captured neuropsychiatric symptoms,
dyspnea, fatigue, and joint pain in this population.
However, other important symptoms of long COVID
such as dysautonomia and protracted disturbances
in taste and smell were infrequently captured by
the International Classification of Diseases (ICD)-10
codes. This led the authors to conclude that this in-
cidence is likely to be an underestimate in addition to
the fact that individuals may be unlikely to seek care
for all relevant symptoms. Malambo and colleagues
described long COVID in post-COVID-19 clinics in
Zambia, demonstrating that this condition continues
to be observed in many populations, including those
outside the high-resource settings where it was ini-
tially described (Abstract 719).

|dentification of objective biomarkers of long
COVID symptoms remains a priority for the field.®®

Efforts are now underway to con-
firm the clinical observation that
there are different syndromic
phenotypes of long COVID, which
are possibly driven by different
biologic processes

McAlpine and colleagues correlated symptoms of
long COVID with objectively measurable defects (Ab-
stract 493). The authors applied the Research Domain
Criteria (RDoC) to better understand neuropsychiat-
ric alterations in people with neurologic long COVID
symptoms. In addition to providing support for the
observation that these individuals exhibit impairment
in executive functioning, processing speed, attention,
and verbal fluency, among other symptoms, they ob-
served novelalterationsin motorand negative valence
systems that warrant further investigation. Dziarski
and colleagues also observed impairment in process-
ing speed at 1 month post infection, which improved
by 4 months in a highly vaccinated cohort (Abstract
495). Brew and colleagues assessed individuals for up
to 2 years following initial SARS-CoV-2 infection and
found that olfactory performance declined over time,
especially among those exhibiting initial impairment
(Abstract 715). In another study, Brew and colleagues
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identified several potential MRI-based biomarkers of
blood-brain barrier impairment, neuronal and axonal
injury, and excitotoxicity in individuals with post-
COVID-19 neurocognitive symptoms (Abstract 492).
They saw variable improvement in these parameters
over 10 months of follow-up and suggested that these
markers might be usefulin future studies. De Bree and
colleagues identified early elevations in plasma levels
of IL-1B and sCD14 measured within the first 4 weeks
as potential biomarkers for long COVID at 6 months
(Abstract 710). Taken together, these studies contrib-
ute to a growing literature tying subjective symptoms
of long COVID to objective biomarker or physiologic
measurements.

Efforts are now underway to confirm the clinical
observation that there are different syndromic phe-
notypes of long COVID,? which are possibly driven by
different biologic processes.’® Mateu and colleagues
performeda hierarchical clusteranalysis andidentified
3 clusters of increasing severity in the Spanish King
cohort study (Abstract 723). These included a milder
cluster in which fatigue and dyspnea were dominant,
followed by amore moderate clusterthatalsoincluded
headache, arthralgia, chest pain, and neurocognitive
symptoms, followed by the most symptomatic clus-
ter, which also included tachycardia, neurosensitive
symptoms, and cough. Importantly, only a small pro-
portion (7.6%) of individuals achieved recovery at 2
years of follow-up. An additional analysis of the same
cohort presented by Nevot and colleagues identified 5
clusters to guide biologic analyses (discussed further
below) (Abstract 711). These observations are gen-
erally consistent with symptom-based phenotypes
described from smaller cohort studies.?>?

Pathogenesis and Immune Responses

The pathophysiology of long COVID remains incom-
pletely understood. Potential mechanisms include
persistence of SARS-CoV-2 viral antigens (including
subgenomic RNA and protein), immune dysregulation,
reactivation of latent herpesviruses (eg, Epstein-Barr
virus), microbial translocation, autoimmunity, micro-
vascular dysfunction, and mitochondrial dysfunction,
among others.’®2* A number of studies advanced our
understanding of the potential contribution of each of
these mechanisms.

One of the most pressing questions for the field is
whether persistence of SARS-CoV-2 antigen contrib-
utes to long COVID. Peluso and colleagues presented
a study using the single molecule array (Simoa)
platform to investigate persistence of SARS-CoV-2
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proteins in the plasma of individuals during the post-
acute phase (Abstract 282). They found that 24% of
individuals studied had at least 1 antigen detected
during at least 1 time point up to 14 months after in-
fection, but antigen was detected only sporadically in
mostindividuals. Antigen persistence was strongly as-
sociated with hospitalization during acute infection,
and appeared more prevalent among those consis-
tently reporting high numbers (>8) symptoms. In
complementary work, Eden and colleagues reported
on the lack of persistent antigen in the cerebrospi-
nal fluid following SARS-CoV-2 infection; though this
does not rule out viral persistence in central nervous
system tissue, it suggests that viral persistence may
not be easily measurable in cerebrospinal fluid (CSF)
(Abstract 189). Although the prevalence of antigen
detection was much lower than previously reported,®
this phenomenon may drive at least some cases of
long COVID and is likely to remain an area of intense
investigation.

Inflammation has been consistently identified inin-
dividuals with long COVID compared with those who
have fully recovered.’®* Several studies evaluated

Cytomegalovirus serostatus is an
important protective factor with
regard to post-COVID-19 neuro-
cognitive symptoms

immune responses and potential dysregulation in the
post-acute phase. De Bree and colleagues assessed
inflammatory markers during the early post-acute
phase (4 weeks) and at 24 weeks post COVID-19.
Compared with healthy controls, they found that
people with prior SARS-CoV-2 infection had ongo-
ing elevations in IL-6, IL-10, IL-17, and IL-1B (Abstract
710). They further observed that early immune dys-
regulation was an important determinant of long
COVID, and that C-reactive protein level elevations
at week 24 were associated with ongoing symptoms.
Nevot and colleagues identified differential expres-
sion of 14 cytokines when comparing 5 symptomatic
clusters of long COVID with individuals who had fully
recovered and uninfected controls (Abstract 711).
This study provided an initial approach by which
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cluster analyses might be paired with biomarker
analyses to better understand the biology underly-
ing certain phenotypes of long COVID. Mouchati and
colleagues demonstrated that PASC is associated
with increased zonulin, a marker of gut permeabil-
ity, consistent with prior observations suggesting
that microbial translocation could be an important
driver of post-COVID-19 inflammation among those
with long COVID symptoms (Abstract 288).2 McAl-
pine and colleagues presented data from a study of
neurologic aspects of long COVID (Abstract 190). Al-
though they did not identify significant differences in
the CSF of those with PASC compared with prepan-
demic controls, there were clinical and demographic
differences between the 2 groups that may have bi-
ased against identification of an effect. Furthermore,
they identified elevations in certain soluble markers
of inflammation and glial fibrillary acid protein (GFAP)
in plasma, consistent with prior observations in other
cohorts.”

Several studies further explored long-term hu-
moral and cellular immune responses following
SARS-CoV-2 infection. Yin and colleagues presented
new cytometry by time-of-flight (CyTOF) data com-
paring 27 individuals who consistently met the case
definition of long COVID with 16 individuals who re-
ported complete recovery over an 8-month period
prior to receipt of any SARS-CoV-2 vaccine (Abstract
346). Among those with long COVID, the research-
ers found higher levels of markers of tissue homing
on CD4+ T cells and immune exhaustion on CD8+
T cells, which they suggested might represent in-
direct evidence of tissue antigen persistence. They
also found a dissociation between the humoral and
cellular immune responses in these individuals. For
example, SARS-CoV-2-specific CD4+ and CD8+ T-
cell responses directly correlated with anti-RBD
antibodies in those reporting full recovery, but not in
those with long COVID. The authors suggested that
discoordination between the 2 arms of the adaptive
immune system might drive long COVID.

Building on prior work demonstrating the poten-
tial role of human herpesviruses in long COVID,*26%
Peluso and colleagues identified cytomegalovirus
(CMV) serostatus as an important protective fac-
tor with regard to post-COVID-19 neurocognitive
symptoms (Abstract 273). This observation stands
in contrast to prior findings that high-level immune
responses to and serologic evidence suggesting re-
activation of Epstein Barr virus, another human
herpesvirus, are associated with increased odds of
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long COVID. The reason for this surprising observa-
tion was unclear, but the authors suggested that it
could relate to CMV-specific immunoregulatory cy-
tokines (eg, virus-specific IL-10), differential anatomic
compartmentalization of these viruses in relation to
SARS-CoV-2, or enhancement of immune responses
in those who are CMV seropositive. Further work
will be needed to determine if this observation can
be confirmed in other cohorts, including in those with
prepandemic serologies that can be assessed.

Acute COVID-19 is known to be associated with the
generation of autoantibodies, especially in those with
more severe acute illness.*® Using electronic health
record data from a large health network, Hileman and
colleagues compared individuals with COVID-19 with
propensity score-matched controls (Abstract 712).
They observed that autoimmune diseases, although
rare in both groups, were more likely to be diagnosed
in the first year after COVID-19 than in age- and
sex-matched comparators. Although conditions like
rheumatoid arthritis, psoriasis, and type 1 diabetes
mellitus had the highest incidence after COVID-19,
conditions such as polyarteritis nodosa, reactive
arthritis, and antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitides had the highest risk
ratios. This adds to the growing literature suggest-
ing an increased risk of autoimmune conditions in
the post-acute period.* However, whether autoim-
munity is a driver of unexplained symptoms (ie, long
COVID) remains unclear.

There has been much recent attention on the role
of platelet dysregulation, clotting dysfunction, and
endothelial dysfunction driving microvascular abnor-
malities in long COVID.* Zisis and colleagues used
Endopat testing to show that long COVID is associated
with arterial stiffness, and that the lowest arterial
elasticity scores were more strongly associated with
cardiopulmonary symptoms than neurocognitive or
other systemic symptoms (Abstract 714). Durieux and
colleagues extended this observation and showed that
sex was an important modifier of this relationship,
demonstrating that women were disproportionately
affected (Abstract 717).

Dirajlal-Fargo and colleagues showed differences in
oxygen consumption and oxidative stress in individu-
als with long COVID compared with those without
COVID-19 and those who fully recovered (Abstract
285). This observation builds on prior work that
showed an association between decreased mitochon-
drial health and neuropsychiatric symptoms in the
post-acute phase.*
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Treatment and Prevention

Acute-phase treatment and long COVID outcomes.
An important unanswered question is whether treat-
ment during the acute phase of COVID-19 has an
impact on long COVID outcomes. Uehara and col-
leagues presented data from a phase Ill, double-blind,
randomized trial of ensitrelvir, a SARS-CoV-2 3CL
protease inhibitor approved in Japan (also discussed
above) (Abstract 166). The study is notable because it
is one of the first clinical trials to prospectively assess
symptomatology during the acute phase of COVID-19
and in the post-acute phase, at 3 and 6 months post
infection. In addition to reducing the duration of acute
symptoms by approximately 1 day and accelerating
viral clearance, the authors observed a 25% reduction
in the presence of any long COVID symptoms and 26%
reduction in neurologic symptoms at 6 months among
those who received ensitrelvir compared with those
receiving placebo. This finding was more dramatic
when the population was restricted to individuals
who had the highest baseline symptom scores, in
whom the researchers identified a 45% reduction in
any long COVID symptoms and 33% reduction in neu-
rologic symptoms. Most symptoms appear to have
been reduced by 20% to 70% compared with placebo,
with reduction in smell disorder, difficulty concentrat-
ing, and insomnia achieving statistical significance. In
support of this observation, a retrospective analy-
sis of data from a single center presented by Antoni
found that early outpatient treatment with antivirals
or monoclonal antibodies was associated with 50% to
60% lower odds of symptoms at 3 months, although
the data were potentially biased by a low survey
response rate and potentially important clinical dif-
ferences between groups (Abstract 733).

In contrast, related work presented by Evering and
colleagues from the ACTIV-2 study did not identify an
effect of early therapy with amubarvimab and rom-
lusevimab on long COVID symptoms or on quality of
life at 36 weeks in high-risk outpatients with mild-to-
moderate COVID-19, despite an improvement in early
diFF)erences in death and hospitalization (Abstract
721).

As an extension of their analysis showing ben-
efit of metformin treatment during the acute phase,
Bramante and colleagues showed a potential ben-
efit over the long term (Abstract 170). The same trial
participants were followed up with surveys every 30
days through 10 months. The team described a 42%
reduction in long COVID through month 10 among
participants taking metformin titrated over 14 days
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during acute infection compared with those receiving
placebo. This provocative observation may be related
to inhibition of viral translation, or to other metabolic
effects of metformin that warrant further investiga-
tion. Ultimately, more data will be needed to answer
the important question of whether early treatment
improves long COVID clinical outcomes.

Treatment of established long COVID. There is no
standard of care for established long COVID, and
most treatment is focused on ruling out conditions
that might mimic long COVID and on trying to opti-
mize symptoms. Importantly, each of the mechanisms
that has been proposed as a potential contributor to
long COVID is potentially targetable using antivirals,
monoclonal antibodies, and various forms of im-
munotherapy. Limited data were presented on the
treatment of established long COVID, except for a
study by Augustin and colleagues that did not find an
effect of therapeutic SARS-CoV-2 vaccination in those
with established symptoms (Abstract 720). Further
work focused on therapeutics in the post-acute phase
is urgently needed to address long COVID in those
who already have it.

Special Populations of Interest

PASC in people with HIV. Preexisting HIV infection
could potentially alter the risk of developing long
COVID.* Two large studies leveraging electronic
health records showed concerning trends among peo-
ple with HIV recovering from SARS-CoV-2 infection.

People with HIV had significantly
higher odds of incident diabetes,
heart disease, malignancy, throm-
bosis, and mental health disorders
than HIV-seronegative people 28
or more days post COVID

Yendewa and colleagues presented an analysis from
the TriNetX health research database, which includes
69 health care organizations within the US (Abstract
724). They found that people with HIV had significantly
higher odds of incident diabetes, heart disease, malig-
nancy, thrombosis, and mental health disorders than
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HIV-seronegative people at least 28 days post COVID.
They also observed that among people with HIV, vac-
cination was protective. In a complementary study
working with data from the N3C cohort, Liang and col-
leagues compared people with HIV who had a history
of SARS-CoV-2 infection with contemporary controls
who were HIV seropositive who did not have SARS-
CoV-2infection during the study period (Abstract 884).
They found a higher risk of pulmonary, renal, neuro-
psychiatric, and cardiovascular complications among
people with HIV following SARS-CoV-2 infection. This
observation addressed the criticism of prior studies
that compared people with HIV with people who were
HIV seronegative without accounting for the fact that
people with HIV may have a higher likelihood of devel-
oping complications attributed to PASC independent
of SARS-CoV-2 infection. Taken together, these stud-
ies suggest that there is additional risk of SARS-CoV-2
coinfection beyond the risks of HIV alone.

Other, smaller cohort studies did not clearly identify
longer-term complications of SARS-CoV-2 infection
among people with HIV evaluated prospectively. For
example, Ocampo and colleagues evaluated young
people with HIV in Thailand who were mostly vac-
cinated, who were on stable ART, and who had few
comorbidities (Abstract 494). They found no major
clinical adverse events following COVID-19 and ob-
served that cognitive and mood parameters, which are
sometimes part of long COVID syndromes, remained
stable after COVID-19.

Antarand colleaguesconductedaUS-based, nation-
wide, fully remote, prospective observational cohort
study to compare HIV seropositive and seronegative
people with and without SARS-CoV-2 infection (Ab-
stract 722). They found that although people with HIV
were more likely to report long COVID at 2 months
following infection, this was not the case at 4 to 6
months. They identified a negative correlation be-
tween cortisol and post-acute memory problems,
and positive correlations between C5a, TIM-3, and
TGF-beta levels, and pain, anxiety, and muscle aches,
respectively. Dziarski and colleagues performed de-
tailed neurocognitive testing in the same cohort and
observed that differences in neurocognitive scores
between people with HIV and people who were HIV
seronegative post COVID appeared to be primarily
attributable to HIV status (Abstract 495). Similarly,
Durstenfeld and colleagues found that exercise ca-
pacity measured on cardiopulmonary exercise testing
was reduced among people with HIV independent
of SARS-CoV-2 infection status or subjective long
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COVID symptoms (Abstract 666). Taken together, the
data suggest that people with HIV may be at higher
risk of post-COVID complications and face at least
equivalent risks of developing long COVID, but they
are not necessarily at higher risk of persistent long
COVID symptoms. Further work will be needed to un-
derstand long COVID epidemiology, natural history,
and biology in this subpopulation.

PASC in children and adolescents. Several studies
addressed manifestations of long COVID in children
and adolescents, a population in which this condition
has received relatively little attention. Moraleda and
colleagues evaluated children at 1 year post hospital-
ization with a history of multisystem inflammatory
syndrome in children (MIS-C), comparing those hos-
pitalized with COVID-19 with those with surgical
peritonitis (Abstract 837). They found that symptom
frequency was highest in those with MIS-C, and that
88% of children studied following this condition had
symptoms at 1 year. The most common symptoms
were headache, fatigue, insomnia, and concentration
problems. Fatigue and concentration problems were
also common among those hospitalized for COVID-
19 who did not meet criteria for MIS-C. In contrast,
Tagarro and colleagues did not find that symptoms
were significantly different in children hospitalized
for COVID compared with those hospitalized for other
reasons (Abstract 836). The most common symptoms
in both groups were fatigue, headache, poor appe-
tite, abdominal pain, and heart rate variability. Longer
hospital admission was generally associated with per-
sistent symptoms.

Izquierdo-Pujol and colleagues performed immuno-
phenotyping of peripheral blood mononuclear cells in
children with long COVID and compared them with 23
controls who did not experience long COVID symptoms
(Abstract 838). They identified differences in memory
B-cell populations that suggested viral antigen persis-
tence and differences in CD4+ effector memory T cells
re-expressing CD45RA (TEMRA) that could be related
to autoimmune phenomena, but they did not find sig-
nificant differences in levels of 42 biomarkers between
groups. Maddaloni and colleagues found poten-
tial dysregulation of immune responses in children
for up to 6 months post COVID, regardless of long
COVID symptoms (Abstract 839). Specifically, they
identified overexpression of factors in the NLRP3 in-
flammasome pathway and suggested that prolonged
activation of this pathway might be a driver of long
COVID symptoms.
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Work presented at CROI 2023 was at the cutting
edge of our understanding of SARS-CoV-2, COVID-
19, and long COVID. The studies described herein
advanced our knowledge of the epidemiology, natu-
ral history, pathophysiology, and management of the
acute and post-acute phases of SARS-CoV-2 infection
and are expected to shape the field over the next sev-
eral years.
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