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Abstract

The mechanisms of post-acute medical conditions and unexplained symptoms following SARS-
CoV-2 infection (Long COVID; LC) are incompletely understood. There is growing evidence

that viral persistence, immune dysregulation, and T cell dysfunction may play major roles. We
performed whole-body positron emission tomography (PET) imaging in a well-characterized
cohort of 24 participants at time points ranging from 27 to 910 days following acute SARS-CoV-2
infection using the radiopharmaceutical agent [18F]F-AraG, a selective tracer that allows for
anatomical quantitation of activated T lymphocytes. Tracer uptake in the post-acute COVID-19
group, which included those with and without continuing symptoms, was higher compared to
pre-pandemic controls in many regions, including the brain stem, spinal cord, bone marrow,
nasopharyngeal and hilar lymphoid tissue, cardiopulmonary tissues, and gut wall. T cell activation
in the spinal cord and gut wall was associated with the presence of LC symptoms. In addition,
tracer uptake in lung tissue was higher in those with persistent pulmonary symptoms specifically.
Increased T cell activation in these tissues was also observed in many individuals without

LC. Given the high [*8F]F-AraG uptake detected in the gut, we obtained colorectal tissue for

in situ hybridization of SARS-CoV-2 RNA and immunohistochemical studies in a subset of

five participants with LC symptoms. We identified intracellular SARS-CoV-2 single-stranded
Spike protein-encoding RNA in rectosigmoid lamina propria tissue in all five participants and
double-stranded Spike protein-encoding RNA in three participants up to 676 days following
initial COVID-19, suggesting that tissue viral persistence could be associated with long-term
immunologic perturbations.

One Sentence Summary:

Total-body PET imaging and microscopy analysis of rectosigmoid biopsies reveal prolonged T cell
activation and SARS-CoV-2 RNA persistence following COVID-19.

INTRODUCTION

Some people do not return to their baseline health following Severe Acute Respiratory
Syndrome-Coronavirus-2 (SARS-CoV-2) infection (1, 2). Such individuals may experience
an increased burden of new medical conditions including cardiovascular disease or diabetes
(3). They may also experience Long COVID (LC): unexplained symptoms following SARS-
CoV-2 infection not attributable to an alternative diagnosis (2). According to the U.S.
Centers for Disease Control and Prevention (CDC), approximately 15% of American adults
have ever experienced LC and 6% are currently experiencing the condition (4); 18 million
adults in the U.S. alone might be affected (5). Despite the scale of the problem, there are no
accepted treatments.

Acute coronavirus disease 2019 (COVID-19) is highly inflammatory (6, 7). In the post-
acute phase, inflammation, immune activation, and dysregulation of virus-specific immune
responses have consistently been identified in blood (8-19). These responses are associated
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with factors including clotting dysfunction (20-24), reactivation of Epstein Barr Virus
(EBV) (8, 25, 26), and autoimmunity (8, 27-31). Our group recently demonstrated that
compared to complete symptomatic recovery, LC is associated with increased frequencies
of tissue-migrating CD4+ T cells and exhausted SARS-CoV-2-specific CD8+ T cells up
to 8 months after COVID-19 (18). There is growing evidence that persistent SARS-CoV-2
antigens can be detected in various tissues for months following acute infection (32-40).
Tissue viral persistence may explain ongoing aberrant immune responses, especially T cell
dysfunction, inflammation, and symptomatology (18, 41).

Data regarding SARS-CoV-2 persistence or aberrant immune responses in non-blood tissues
are sparse. Most studies have been limited to samples from convenience cohorts (33, 36),
with many individuals requiring hospitalization or without detailed post-acute data. Clinical
studies of tissue pathology in living participants have assessed limited quantities of tissue
obtained through minimally invasive biopsies. Furthermore, many potential anatomic sites
of SARS-CoV-2 persistence, such as the brain, spinal cord, and heart, cannot be sampled

in living individuals (42, 43). As a result, characterization of immune responses in these
locations has been limited. When it has been attempted, it has utilized non-specific tracers,
such as [18F]Fluorodeoxyglucose (FDG), or limited follow-up of clinical symptoms (44—
51). There is an urgent need to develop non-invasive techniques to identify persistent T

cell immune responses in highly characterized cohorts to better understand the tissue-level
biology that might drive findings observed in peripheral blood.

In this study, we performed whole-body positron emission tomography (PET) imaging of

24 highly characterized participants ranging from 27 to 910 days following COVID-19
onset. Given the potential importance of dysregulated T cell responses in the pathogenesis of
LC and the potential for tissue-based persistence of SARS-CoV-2 eliciting such responses,
we used a radiopharmaceutical agent, [18F]F-AraG (Fluorine-18 labeled arabinofuranosyl
guanine), a selective and sensitive tracer that allows for anatomical localization of activated
CD8+ and CD4+ T lymphocytes (52-54), and characterized viral persistence in gut tissue
from a subset of participants with LC.

Study cohort

[18F]F-AraG PET/CT imaging was performed on 24 participants from the UCSF-based
Long-term Impact of Infection with Novel Coronavirus (LIINC) study (NCT04362150) (55).
We enrolled two groups: (1) those in the early post-acute phase (<90 days from COVID-19
onset with and without complete recovery (e.g., resolution of all COVID-19-attributed
symptoms by the time of the visit; n=3 and n=6, respectively), and (2) those in the later post-
acute phase (>90 days from COVID-19 onset) with and without complete recovery (n=3
with complete recovery and n=12 with LC symptoms (Table 1)). Images from 6 participants
who underwent [18F]F-AraG PET imaging (3 females, 3 males) before 2020 served as pre-
pandemic controls. Although we did not have access to detailed demographic information

or in-depth medical histories for these control participants, we elected to use pre-pandemic
rather than contemporaneous comparators given the high rate of subclinical or undiagnosed
SARS-CoV-2 infection during the study period (4). Control participants were excluded,

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.
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however, if they had systemic comorbidities (such as malignancy or immunosuppression) or
recent infection that would influence T cell responses.

Demographics, clinical factors, and LC symptoms at the time of imaging were recorded
(Table 1, Fig. 1). The median age was 39.5 years (range 26 to 65), and those with LC

were younger than those without LC (median 33 versus 55.5 years, respectively; P=0.026).
Eleven participants were female, and most were infected before the emergence of Omicron
variants in the U.S. (table S1) (56). Only two were hospitalized for acute COVID-19; one
had required supplemental oxygen, but not intensive care and the other had not required
supplemental oxygen or intensive care. The median number of LC symptoms was 5.5
(range 0 to 15), and the median number of days between initial COVID-19 onset and PET
imaging was 199 (range 27 to 910). No differences in the number of days between the last
documented SARS-CoV-2 infection and PET imaging were observed between groups. All
but one participant had received at least one COVID-19 vaccination prior to PET imaging
(median number of days from most recent vaccine to tracer injection was 183). Among those
with LC, the most common symptoms were fatigue (n=16) and neurocognitive complaints
(n=14). Six participants did not report any LC symptoms.

To minimize the impact of vaccination on T cell activation, PET imaging was performed
greater than 4 weeks from any vaccine dose (SARS-CoV-2 or otherwise), but one participant
received a SARS-CoV-2 booster vaccine dose 6 days prior to imaging without notifying

the study. There was no difference in the time between vaccination and PET imaging
between those with and without LC (Fig. 1). One participant (participant 17) was initially
infected during the ancestral wave but experienced two documented re-infections with
presumed Omicron variants prior to imaging. Except for participant 17, no one reported
acute symptoms suggestive of reinfection with SARS-CoV-2 between the initial COVID-19
episode and PET imaging; during the study period none had subsequent positive COVID-19
tests beyond their initial confirmatory test.

Clinical review of chest CTs showed little relationship between pulmonary LC symptoms
and abnormal findings

On clinical review of chest CTs, four participants had apical scarring or reticulation
suggesting mild pulmonary fibrosis; one had a bulla in the right lower lobe. The remainder
of the scans were normal except for incidental findings likely not attributable to COVID-19,
such as calcified granulomas (table S2). Most lung CT findings were determined by

the radiologist to be without clinical importance. Furthermore, there was no association
between the presence of pulmonary LC symptoms and abnormal clinical CT findings. This
observation is consistent with prior studies demonstrating a relatively low rate of clinically
meaningful fibrotic lung disease detectable by CT in patients with recent COVID-19 (57).

[18F]F-AraG PET/CT imaging was safe and identified tissue regions of T cell activation

[18F]F-AraG is a PET imaging agent developed to assess T cell activation and cycling. It is
an analog of arabinosyl guanine (AraG), an FDA-approved chemotherapy agent (nelarabine)
used to treat refractory T cell malignancies (58). [L8F]F-AraG can be phosphorylated

by cytoplasmic deoxycytidine kinase (dCK) and deoxyguanosine kinase (dGK), enzymes
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upregulated in activated T cells, which traps [L8F]F-AraG intracellularly (59). [18F]F-
AraG is highly selective for activated T cells in humans and selective activated T cell

uptake has been confirmed using murine models and first-in-human studies of T cell
responses following PD-1 therapy for malignancy (52, 60, 61). [18F]F-AraG is safe with

no major adverse events in healthy volunteers, patients with metastatic cancer, or individuals
with immune deficiencies (52-54). Of note, non-specific [18F]F-AraG uptake has been
observed in the thyroid, choroid plexus, left ventricle wall, and some glandular tissue, and
accumulates in the liver and kidneys during metabolism and excretion.

[18F]F-AraG was prepared in a two-step method using a modified previously reported
procedure (58). [18F]F-AraG was administered intravenously (166.5-185 MBq) followed by
PET/CT (Siemens Biograph Vision) for post-acute COVID-19 participants and (299.7-329.3
MBq) followed by PET/MR (GE SIGN) for pre-pandemic controls. Whole-body imaging
was performed over a median interval of 50 (IQR 47-55) minutes post-injection, covering
vertex to mid-thigh. Regions of interest (ROIs) were drawn around various tissues using
isometric or 3-dimensional ball tools depending on the anatomical structure. Maximum and
mean standardized uptake values (SUVmax and SUVmean) were determined. SUVs are

a function of the concentration of radioactivity within a ROI, the administered activity,
participant weight as a surrogate for volume, timing of injection, and scan time (62),
allowing cross-participant comparisons. Overall, the tracer was well-tolerated, with no
serious adverse events during or following tracer injection. CT was chosen for anatomical
localization and PET attenuation correction to provide information on lung parenchymal and
structural pathology following COVID-19.

Increased [18F]F-AraG tissue uptake was observed in post-acute COVID-19 participants
compared to pre-pandemic controls

Higher SUVmax and SUVmean values were observed across a variety of anatomic regions
(such as lymphoid tissues, glandular tissue, vascular tissue, and spinal cord) in post-acute
COVID-19 participants compared with uninfected controls (Fig. 2 and 3). Maximum
Intensity Projections (MIP) of PET data from all post-acute COVID-19 and pre-pandemic
control participants were generated (fig. S1). Although [18F]F-AraG uptake was low overall
in the brain and spinal cord (SUVmax and SUVmean <1), significantly higher SUVmax
(p=0.003, p<0.001) and SUVmean (p=0.009, p<0.001) were identified in the thoracic cord
and cauda equina (at the level of the fourth lumbar vertebra) and higher SUVmean (p=0.002)
was identified in the brain stem (pons) (Fig. 3). The CNS choroid plexus is known to

highly express angiotensin converting enzyme 2 (ACE2), the receptor for SARS-CoV-2, but
this region had high background uptake and there were no differences between post-acute
COVID-19 cases and pre-pandemic controls. It is possible that cauda equina ROIs included
some overlap with extra-tissue cerebrospinal fluid, but similar differences in thoracic spinal
cord SUVs were observed where ROIs were exclusively in tissue parenchyma. Significantly
higher [18F]F-AraG uptake (SUVmax and SUVmean) was also observed in the aortic arch
wall (p=0.007 and p=0.004), pulmonary artery wall (p=0.019 SUVmax only), lower lung
lobes (p=0.039 and p=0.04) and right ventricle wall (p<0.001 and p=0.001) compared with
pre-pandemic controls. Significant increases in [18F]F-AraG uptake were observed in nasal
turbinates (SUVmax p=0.004 and SUVmean p=0.022), hilar lymph node regions (right-

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.
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sided; SUVmax, p=0.008), proximal colon wall (SUVmax p=0.019), rectal wall (SUVmax
p=0.004 and SUVmean p=0.015), lumbar (SUVmax p<0.001 and SUVmean p<0.001) and
iliac crest (SUVmax p=0.023) bone marrow, and pharyngeal tonsils (SUVmax p=0.037).
Uptake in the liver (a metabolic and excretory organ for [18F]F-AraG), abdominal adipose
tissue, and quadriceps muscles were similar across participants (all p>0.05). No differences
in SUV were observed in testes, penile tissue, prostate, or uterine tissue, although sample
size was limited for these comparisons (fig. S2). [18F]F-AraG uptake was also compared
between male and female participants. Although statistical power was limited in these
four-way comparisons, male participants had significantly higher SUVmax (p=0.002) and
SUVmean (p=0.041) uptake in right hilar ROIs compared to female participants following
COVID-19 (fig. S3).

[18F]F-AraG uptake remained elevated throughout the post-acute phase of COVID-19 in
most tissues

We performed imaging over a span of nearly 2.5 years following COVID-19 onset to
determine the duration of T cell activation. [18F]F-AraG SUVmax for tissues of interest
was stratified by timing of PET imaging before or after 90 days following initial COVID-19
onset (Fig. 4A, fig. S4). Although there is variability in case definitions for LC (63),

the World Health Organization recommends that symptoms are present at least 90 days
following COVID-19 (64). Our group has consistently used this definition in prior work,
and sensitivity analyses for this project demonstrated near-maximal separation between
PET imaging uptake measures between groups stratified by this time point. We observed
modestly decreased uptake in thoracic and lumbar spinal cord and colon/rectal wall ROIs

in participants imaged beyond 90 days following COVID-19 onset, but SUVs in these
later-imaged individuals remained significantly elevated compared to pre-pandemic controls
(thoracic spinal cord: SUVmax p=0.025 only; cauda equina: SUVmax p<0.001, SUVmean
p<0.001; rectal wall: SUVmax only p=0.038), except for the right colon wall. We observed
significant inverse correlations between [18F]F-AraG SUVmax uptake in colon/rectal wall
ROIs and the number of days from initial infection to PET imaging (P=0.004 and P=0.035,
respectively by two-tailed Spearman tests; fig. S5) but no other significant correlations
between time from infection to imaging and tracer uptake in other tissue regions.

Long COVID symptoms were associated with higher [18F]F-AraG uptake in some tissues

Associations between T cell activation and LC symptoms were assessed between post-
acute COVID-19 participants with (N=18) and without (N=6) LC symptoms at the time

of imaging. Participants with LC symptoms were generally highly symptomatic, with a
median of 5.5 symptoms. Whereas tracer uptake in many tissue regions was significantly
higher in post-acute COVID-19 participants with and without LC symptoms compared

with pre-pandemic controls (pons, cauda equina, aortic arch, pulmonary artery, right
ventricle wall, lumbar bone marrow; all p<0.05), uptake in the right hilum (SUVmax
p=0.004 SUVmean p=0.047), colon wall (SUVmax only p=0.034) and rectal wall (SUVmax
p=0.004, SUVmean p=0.013) were only significantly higher than pre-pandemic controls in
those that experienced LC symptoms (Fig. 4B; fig. S4). However, no statistically significant
correlations were observed between the number of LC symptoms and PET uptake in any
ROI, (all P>0.05 by two-sided Spearman tests).

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.
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Increased [18F]F-AraG uptake in some tissues was associated with Long COVID symptom
phenotypes

We investigated whether specific LC symptom phenotypes correlated with SUVmax

and SUVmean uptake in tissue ROIs. Significantly higher uptake in the lower lung
parenchyma (SUVmax p=0.032, SUVmean p=0.042) and pulmonary artery wall (SUVmax
only p=0.047) was only observed in participants with pulmonary LC symptoms (cough,
shortness of breath, dyspnea) present at time of imaging compared to pre-pandemic controls,
whereas uptake in the aortic arch wall, right hilum and right ventricle wall in those with and
without pulmonary symptoms was significantly higher in post-acute COVID-19 participants
(all p<0.05) compared to pre-pandemic controls (Fig. 4C and fig. S4). Direct relationships
between other phenotypes (neurocognitive, gastrointestinal) and tissue uptake in related
tissues (CNS tissues, gut wall) were not observed (Fig. 4D and E). Of note, all but two
participants in the LC group reported fatigue and all persons with fatigue also reported
neurological symptoms. Of those with GI symptoms, only 3 reported constipation, and none
reported other lower tract symptoms such as diarrhea.

SARS-CoV-2 vaccination had little effect on the biodistribution of [18F]F-AraG

We analyzed [18F]F-AraG uptake in participants grouped by receipt of a SARS-CoV-2
vaccine greater than or less than 180 days prior to PET imaging. Timing from most recent
vaccination to imaging appeared to have little effect on [18F]F-AraG uptake across most
tissues, with the exception of modestly lower colon (SUVmax only p=0.034) and rectal
(SUVmax p=0.003, SUVmean p=0.009) wall tracer uptake in those whose last dose of
SARS-CoV-2 vaccine was >180 days prior to imaging (fig. S6). Although our protocol did
not enroll those who planned to receive any vaccine within 4 weeks of imaging, as noted
above one participant received a SARS-CoV-2 mRNA booster 6 days prior to imaging
without informing the study team. Post-hoc investigation of this participant’s PET/CT
images revealed similar [18F]F-AraG uptake across all tissue ROISs to other post-acute
COVID-19 participants, with values in the middle range of the observed SUVmax values,
and without marked uptake in the deltoid muscle injection site. In addition, no significant
correlations were observed between the time from vaccine to imaging and PET uptake in
any ROI (all P>0.05 by two-sided Spearman tests).

Detectable SARS-CoV-2 nucleocapsid antibody responses were not with [18F]F-AraG
uptake

SARS-CoV-2 nucleocapsid IgG titers were measured from plasma obtained at the time

of PET imaging to provide information about potential recent reinfection that may have
influenced our findings. Ten of 24 post-acute COVID-19 participants had no detectable
nucleocapsid antibody detection at the time of PET imaging (signal to cutoff [SC] ratio
<1; Table 1). Overall, among the post-acute COVID-19 group, the presence of a detectable
nucleocapsid 1gG response did not have a major influence on [18F]F-AraG uptake across
ROIs (fig. S7).

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.
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Modules of circulating markers of inflammation and immune activation were associated
with [18F]F-AraG PET uptake in some tissues

To identify associations between [18F]F-AraG PET imaging and systemic immune
activation, we assessed circulating protein mediators in plasma just prior to PET imaging
using the Olink EXPLORE 384 Inflammation panel. Proteomic data were available for 19
of 24 participants. Differentially expressed proteins were observed in participants grouped
by time since initial COVID-19 onset, LC symptom count (proteomic data were only
available on two cases without LC symptoms), and higher PET tracer uptake in various
ROIs of interest; they did not achieve individual significance after conservative adjustments
for multiple comparisons. Clustered heatmaps of differentially expressed genes (DEGS),
however, yielded modules of related proteins defined by non-hierarchical k-means clustering
by time from initial COVID-19 onset to PET imaging > or <90 days, the presence of >5

or <5 LC symptoms at the time of imaging, and high or low tracer [18F]F-AraG uptake
across various anatomical ROIs (Fig. 5, fig. S8). High and low [18F]F-AraG uptake was
defined as participants with ROl SUVmax values one to three standard deviations above the
mean SUVmax value of the pre-pandemic controls (standard deviations cutoffs were based
on overall variation within case and control SUVmax values to define clusters of individuals
with [18F]F-AraG uptake higher than the control population). Whereas individual proteins
were not increased in adjusted analyses, these modules of proteins had shared directional
expression suggesting biological plausibility and warrant further study in larger cohorts.

High-dimensional flow cytometry of peripheral blood and gut-derived mononuclear cell
phenotypes did not reveal significant relationships

A multi-dimensional spectral flow cytometry panel that characterized CD4+ and CD8+ T
cell, and B cell phenotypes, including markers of activation, naive/memory phenotypes,
regulatory function, and immune checkpoint/exhaustion was performed on peripheral blood
mononuclear cells (PBMCs) from 16 participants who had sufficient specimens around the
time of PET imaging and from gut tissue from 5 participants who underwent colorectal
biopsies. Overall, we observed higher frequencies of effector memory CD8+ and CD4+

T cells in gut tissue versus peripheral blood, but similar frequencies of CD8+ and CD4+

T cell subsets, CD8+ and CD4+ lymphocytes expressing the activation markers CD38

and HLA-DR, T cells expressing PD-1, and class-switched (IgD-) and unswitched (IgD+)
memory B cells in participants grouped by time from infection, having greater than 5 LC
symptoms, or time from last COVID-19 vaccine dose to imaging and vaccine (fig. S9 and
S10). In addition, there were no significant correlations between PET tissue tracer uptake,
LC symptom counts, timing of infection or vaccination, or specific LC symptom phenotypes
with CD4+T cell, CD8+ T cell, and B cell phenotypes (all p>0.05).

Intestinal biopsies in a subset of post-acute COVID-19 participants showed evidence of
persistent SARS-CoV-2 Spike protein-encoding RNA in rectal tissue

Prior studies suggest that SARS-CoV-2 RNA or proteins may be detected in the gut or
shed in stool for several months following COVID-19 (32). Given the higher [18F]F-AraG
uptake in proximal colon and rectal wall across many post-acute COVID-19 participants,
it is possible that viral persistence may be driving increased activated T cell migration

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.
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to gastrointestinal tissues. We explored this by collecting rectosigmoid tissue by flexible
sigmoidoscopy in 5 participants who had undergone PET imaging ranging from 158 to 676
days following infection (Table 1). Four of 5 participants had biopsies within 63 days of
PET imaging; one was biopsied 182 days after imaging. All participants reported at least
two LC symptoms at the time of biopsy. None had received a SARS-CoV-2 vaccine dose in
the prior month. None reported any history, symptoms, or testing suggestive of SARS-CoV-2
reinfection, and three of the five participants (participants 15, 16 and 18) had no detectable
SARS-CoV-2 nucleocapsid IgG detected around the time of tissue collection (SC ratios <1
at time of PET imaging). No clinical evidence of reinfection was observed in those who
continued to have detectable N IgG responses.

Single-stranded SARS-CoV-2 RNA was detected in multiple cells in all three tissue regions
surveyed from all but one individual (participant 18) who had SARS-CoV-2 RNA+ cells
detected in only one of three gut tissue regions sampled 645 days following initial infection.
The percentage of gut cells that harbored SARS-CoV-2 Spike protein-encoding RNA for
each participant was determined (Table 1). Nearly all RNA was detected in cells in the
lamina propria, without an epithelial signal (Fig. 6). A small percentage of RNA+ cells
expressed CD68, a macrophage and monocyte lineage marker, but many SARS-CoV-2
RNA+ cells did not express CD68 and none expressed CD3. Nonetheless, we observed
relatively high numbers of CD68+ and CD3+ positive cells within the vicinity of SARS-
CoV-2 RNA+ cells (Fig. 6). [18F]F-AraG SUVmax values in proximal colon and rectal
tissue in the participants who underwent biopsy were at least 3 standard deviations above the
mean SUVmax of pre-pandemic controls (1.86 vs 0.95 and 1.5 vs 0.9, respectively).

Double-stranded SARS-CoV-2 RNA was also identified in gut lamina propria in 3 of the

4 participants with detectable single-stranded RNA in all three gut regions surveyed (Table
1). dsRNA is only produced during active viral transcription and translation activity or
during replication. We observed intracellular dsRNA in relatively discreet clusters and not
distributed widely across all regions, which may represent either local replication with
limited viral spread or lack of ability to achieve immune clearance of actively infected cells
(Fig. 7). Polymerase Chain Reaction (PCR) was also performed on RNA isolated from bulk
rectal tissue lysates (separate biopsy from the FFPE tissue used above) targeting the Spike,
N1, N2, Envelope (E) and RNA-dependent RNA polymerase (RdRp) protein-encoding
regions of SARS-CoV-2. No RNA was detected using this method in any participant.

DISCUSSION

In this first-in-human T cell activation PET imaging study of individuals following SARS-
CoV-2 infection, we found evidence of persistent T cell activation in a variety of tissues. In
some individuals, this activity may persist for years following initial COVID-19 onset and
be associated with systemic changes in immune activation as well as the presence of LC
symptoms. Finally, we found evidence of SARS-CoV-2 persistence in gut tissue including
potential ongoing viral transcriptional activity. Taken together, these observations suggest
that even clinically mild SARS-CoV-2 infection could have long-term consequences on
tissue-based immune homeostasis and potentially result in an active viral reservoir in deeper
tissues. Although correlative, our findings provide additional evidence to support the role of
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tissue-based immune activation and viral persistence as contributors to post-acute sequelae
of SARS-CoV-2 infection, including LC.

This study adds to our knowledge of tissue-based immune responses following SARS-
CoV-2 infection. Whereas traditional PET-based imaging using radio-labeled glucose (FDG)
as a marker of tissue inflammation has been applied to the study of acute COVID-19 and,

to a lesser extent, the post-acute phase (44-50), this method is non-specific because FDG

is taken up by any metabolically active tissue. One pilot PET study using a CD8-specific
minibody radiotracer provides some evidence that T cells traffic to tissues such as bone
marrow following acute infection and remain up to 4 months thereafter (51), but the
relationship between T cell activation state, clinical symptoms, and viral persistence in the
post-acute phase was not addressed. Dysregulated T cell responses in peripheral blood have
previously been associated with LC (18) and methods that identify activated T cell responses
in tissues have the potential to provide insights into the breadth of immune response and
dysfunction across the whole body.

We found that [18F]F-AraG uptake was higher in post-acute COVID-19 participants
compared to pre-pandemic controls in many anatomical regions. These observations were
identified up to 2.5 years following initial COVID-19 symptom onset, in the absence of
confirmed or suspected re-infection. Although [18F]F-AraG uptake in some tissues (spinal
cord, colon/rectal wall) appeared to decline with time, the degree of uptake often remained
elevated above those measured in pre-pandemic healthy controls. These data extend prior
observations of a durable and dysfunctional cellular immune response to SARS-CoV-2 (11,
18, 19, 70) and suggest that SARS-CoV-2 infection could result in a new immunologic
steady state in the years following COVID-19.

In this study, T cell activation in some tissues (spinal cord and gut wall) was higher in
participants reporting LC symptoms of any type compared to both pre-pandemic controls
and those with complete recovery. Increased lung and pulmonary artery wall [18F]F-AraG
uptake was only identified in those with persistent pulmonary symptoms, and not those
without these symptoms, compared to pre-pandemic controls, suggesting a potential link
between ongoing aberrant tissue immune responses and long-term clinical symptoms.
Larger studies involving well-curated clinical cohorts will be needed to further characterize
relationships between whole-body T cell activation and LC symptoms.

This study provides evidence for ongoing immune responses in tissues, a potential source of
inflammation observed in peripheral blood (8-18, 71). Furthermore, as LC is increasingly
framed as having potential neurological underpinnings, it is possible that spinal cord and
brainstem [18F]F-AraG uptake observed in our study may represent T cell trafficking to
CNS tissues with residual viral components. This is consistent with an autopsy study that
identified SARS-CoV-2 spike RNA and protein in the spinal cord and basal ganglia in two
individuals who died 65 and 230 days following COVID-19 (36). We note, however, that
the increase in PET signal in the lumbar cauda equina regions may also be due, in part, to
accumulation of tracer in the CSF through altered blood-brain barrier permeability, as well
as activated T cell accumulation.
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We identified cellular single-stranded SARS-CoV-2 RNA in rectosigmoid lamina propria
tissue in situ in participants studied up to two years following COVID-19. This observation
extends prior reports limited to 4 to 6 months post-COVID-19 (32, 33, 36). Importantly, we
also observed clusters of lamina propria cells that harbored double-stranded RNA in several
participants. Double-stranded RNA is produced only during replication, active infection, or
ongoing transcriptional activity. Therefore, our findings suggest that there may be ongoing
replication or active SARS-CoV-2 “reservoirs” that persist and evade immune clearance
through mechanisms yet to be identified (40). Further tissue-based study of viral persistence
and virus-immune-host responses in these microenvironments is needed to determine if viral
persistence has a direct association with LC symptoms.

We employed several measures to guarantee virus-specific RNA in situ hybridization,
including use of pre-pandemic control tissue on each slide to minimize technique differences
or batch testing effects, and repeated RNA staining in contiguous slices to verify consistency
of location of the viral RNA signal. We also employed different RNA hybridization

probes to minimize confounding by autofluorescence. PCR from bulk tissue lysates was
unsuccessful (and hence viral sequencing was not possible). SARS-CoV-2 RNAscope
methods have been shown to be more sensitive in gut tissues in prior analyses (33).

As [18F]F-AraG uptake was observed in this anatomical region in nearly all post-acute
COVID-19 participants, this finding suggests that virus persistence might contribute to the
sustained T cell activation in our cohort. Because all participants who underwent gut biopsy
met LC criteria, it is difficult to draw concrete conclusions regarding the impact of gut

viral persistence on LC symptoms or [18F]F-AraG uptake. Further investigation, including
assessment of larger numbers of fully recovered comparators, will be needed to definitively
determine whether viral persistence is associated with LC.

A key question for the field is in which cell type(s) SARS-CoV-2 might persist. We observed
spike protein-encoding RNA in regions of CD68+ and CD3+ immune cell infiltration,
although most infected cells were not macrophages or T cells. ACE2 expression in the
lamina propria and on myeloid immune cells has been shown to be low, and we observed
little-to-no RNA in the gut epithelium, where ACE2 expression is higher (32, 72). These
data suggest that macrophages or other immune cells may be acquiring virus or viral
contents either through phagocytosis of other infected cells or through viral-immune
complexes, as previously proposed (73). Viral transcriptional activity, which is suggested
by the observed presence of double-stranded RNA within cells, may lead to innate immune
sensing and downstream, tissue-based inflammation that could lead to infiltration of other
immune cells (e.g., T cells), tissue damage and systemic inflammation even without
replication or de novo infection. For example, residual HIV-1 transcriptional activity in the
setting of otherwise suppressive antiretroviral therapy without replication has been observed
(74, 75).

Collectively, our data are consistent with a model in which persistence of SARS-CoV-2
results in chronic tissue-based inflammation, T cell activation, and perhaps LC. However,
we acknowledge that this story of persistent immune activation and viral antigen in LC
is still developing, and no causal relationships have been verified. The lack of observed
associations between many LC symptoms and T cell activation may be due to a smaller
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cohort or the well-described challenges in measuring LC (55). Larger studies will be needed
to further define the relationships between immune responses at the tissue level and specific
LC endotypes.

This study has several limitations, many inherent to PET imaging protocols. First, whereas
the relatively small sample size limited power in correlative studies, we were powered to
examine the primary imaging endpoints. Second, because of the rapidly evolving pandemic,
including intermittent variant waves, the recognition of LC as a relevant clinical entity,

and the rapid but inconsistent rollout of SARS-CoV-2 vaccines, we were required to adapt
the protocol over time. This resulted in a shift from imaging participants closer to initial
SARS-CoV-2 symptom onset to prioritizing those with LC symptoms months to years after
COVID-19. As a result, those enrolled earlier in the pandemic tended to be imaged closer to
the time of acute infection and were not selectively enrolled based upon the presence of LC
symptoms. Third, we relied mainly on pre-pandemic controls who were imaged in [18F]F-
AraG protocols using similar PET acquisition strategies and timing from tracer injection to
image acquisition. Pre-pandemic control volunteers were imaged using PET/MRI and, on
average, received a higher dose of [18F]F-AraG, but SUV were used as comparison which
take into account tracer injection dose, participant size and isotope decay rates. Sensitivity
of the PET/CT and PET/MRI scanners is similar. We would expect any confounding from
this higher tracer dose to lead to higher uptake in the pre-pandemic controls compared to
post-acute COVID-19 participants. Nonetheless, the use of historical controls may introduce
further bias, but we note that it has become difficult to enroll contemporary, never-infected
control participants in research studies now that most of the population has been infected
with SARS-CoV-2 (sometimes subclinically) (4). Individuals who participate in LC research
also tend to be highly vaccinated, so at this point it is not feasible to identify individuals who
never received a SARS-CoV-2 vaccination. Given the limited clinical information available
on the pre-pandemic control participants, there may be differences in the timing of PET
with regard to other infectious exposures (e.g., seasonal respiratory viruses) between the
pre-pandemic and post-acute COVID-19 cohorts. During the early stages of the pandemic
when we recruited many of our post-acute COVID-19 participants, there were reductions

in other circulating respiratory viruses. We followed each of our post-acute COVID-19
participants closely with ongoing assessment for infections, which were uncommon in the
post-acute COVID-19 cohort during the study period. As a result, it is probable that the
pre-COVID-19 controls, recruited in an era without the public health restrictions brought

on by the pandemic, had more frequent exposure to other respiratory infections around the
time of imaging. If this were the case, it would be expected to bias our results towards
higher tracer uptake in the control participants, and thus decrease our ability to identify
differences between pre-pandemic and post-acute COVID-19 participants. Finally, although
mitigated by frequent assessments in LIINC, it remains possible that some participants may
have had asymptomatic or undetected reinfections between initial COVID-19 onset and their
rectosigmoidoscopy or imaging; although this was less common during the study period, it is
now quite common and will be an important consideration for future research.

In summary, our results provide evidence of long-term immune system activation in several
tissues following SARS-CoV-2 infection, including in those experiencing LC. We also
show that SARS-CoV-2 RNA may persist in gut tissue for nearly 2 years. Overall, these
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observations challenge the paradigm that COVID-19 is a transient acute infection, building
upon recent observations in blood (76). These data provide evidence for T cell activation and
viral persistence in tissues well beyond the initial illness.

Study design.

Participants.

Adults with SARS-CoV-2 infection confirmed on nucleic acid-based or antigen-based
testing were enrolled 14 days or longer following initial COVID-19 symptom onset and
assessed prospectively approximately every 4 months following initial symptom onset.

At each visit, participants completed interviewer-administered questionnaires that assessed
demographics, medical history, and SARS-CoV-2 infection, vaccination, and treatment
history, as well as Long COVID symptoms. Participants with and without concurrent

LC symptoms then underwent single [18F]F-AraG PET CT imaging, and a subset of 5
individuals with LC additionally provided written informed consent to undergo colorectal
biopsies weeks to months following completion of imaging. Participants were excluded
from the imaging protocol if they had a history of excessive radiation, underwent a

prior research study involving radiation within 1 year of enrollment, were pregnant or
breastfeeding, had screening absolute neutrophil count <1000 cells/mm3, platelet count
<75,000 cells/fmm3, hemoglobin <8 g/dL, estimated creatinine clearance <60 mL/min,
aspartate aminotransferase >3x ULN units/L, alanine aminotransferase >3x ULN units/L,
had recent use of medication including guanosine or cysteine analogs, had known SARS-
CoV-2 nasopharyngeal shedding within 5 days of scan, had a known SARS-CoV-2 vaccine
within 4 weeks of scan, or had a prior history of immunoproliferative or autoimmune
disease. We also did not image potential participants if they reported upper respiratory
symptoms or other viral symptoms in the 4 weeks prior to PET imaging.

Study volunteers were participants in the UCSF-based LIINC study (NCT04362150)
(55) and opted into the imaging protocol (NCT04815096). Participants provided
written informed consent for participation in both the LIINC cohort and the imaging
protocol. The study was approved by the UCSF Institutional Review Board and the
UCSF Radiation Safety Committee. ClinicalTirals.gov humbers: NCT04362150 and
NCT04815096. Procedures for LIINC have been described in detail elsewhere (55).

Questionnaire-based measurements.

At the first LIINC visit, participants completed an interviewer-administered questionnaire
that assessed demographics, medical history, and SARS-CoV-2 infection, vaccination, and
treatment history. At all subsequent visits, participants completed additional interviewer-
administered questionnaires that queried the presence and severity of any symptoms that
were new or worsened since the initial SARS-CoV-2 diagnosis, quality of life, interim
medical diagnoses, and interim treatments and vaccinations. Symptoms that predated
SARS-CoV-2 infection and were unchanged were not considered to represent LC. The
questionnaire included up to 32 symptoms which we grouped into distinct LC phenotypes
based on our prior published work showing biological differences between these groups as
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follows (26, 55): [1] fever/chills (fever, subjective fever, chills); [2] fatigue; [3] pulmonary
(cough, shortness of breath); [4] cardiac (chest pain, abnormal heart rate); [5] upper
respiratory (runny nose, sore throat); [6] muscle pain; [7] gastrointestinal (loss of appetite,
nausea, vomiting, abdominal pain, constipation, diarrhea); [8] rash; [9] changes in taste
and smell; [10] neurological/cognitive (concentration problems (such as “brain fog™),
headache, vision changes, dizziness, feeling faint, balance problems, numbness/tingling);
[11] back pain; [12] sleep disturbances. Concurrent with PET imaging, detailed histories
were obtained including symptoms, prior or subsequent SARS-CoV-2 PCR or antigen
testing, and clinical symptoms potentially related to SARS-CoV-2 re-infection.

[18F]F-AraG imaging.

Participants were intravenously administered [18F]F-AraG (166.5-185 MBq) and PET/CT
whole-body imaging was carried out for 20 minutes at approximately 50 minutes post
injection. [18F]F-AraG was prepared as documented elsewhere (58). Images were taken
from the top of head to mid thighs. Routine urinalysis was performed 7 to 14 days after
imaging to ensure proper excretion of [18F]F-AraG.

PET and CT image analysis.

Standardized uptake values (SUV) in various tissue regions of interest (ROI) from PET/CT
data were determined using the OsiriX DICOM viewer software package (Pixmeo). ROI
determination was performed in complex structures such as brain sections, heart wall,
spleen, and gut wall using two-dimensional isometric ROIs (fig. S11). For simpler structures
such as the spinal cord, bone marrow, and whole lymph nodes, three-dimensional spherical
VOlIs were used). For axillary and inguinal lymph node ROI determination, the most
prominent nodes on both the right and left side were included and SUV values averaged.
ROI were placed independently by two individuals blinded to the study group following
ROI determination upon a subcohort and comparison to ensure consistency across reviewers.
Two- and three-dimensional PET or PET/CT images were generated in OsiriX keeping
window levels consistent between participants. SUVs from participants reporting LC
symptoms were compared with six pre-pandemic PET/MRI controls. ROl determination on
bowel tissue was challenging as we observed intermittent intraluminal collection of tracer,
which was highly anatomically variable across all participants. As intraluminal signal does
not represent specific tissue tracer uptake, regions in gut wall tissue were only drawn in
areas without clear contiguous intraluminal signal. As a result, ROI placement was not
possible in 3 and 5 post-acute COVID-19 participants for proximal colon and rectal wall
ROls, respectively, and 3 pre-pandemic control participants for proximal colon. All PET
images and CT images of the chest were further reviewed independently by two dual
board-certified radiologists and nuclear medicine physicians (R.R.F. and Y.W.). Qualitative
abnormalities were tabulated. To constrain the large number of potential comparisons in
this study, we focused SUV comparisons in ROIs that demonstrated differences between
pre-COVID-19 and post-acute COVID-19 participants for focused, three-way analyses.

Circulating Markers of Inflammation.

A Protein Extension Assay (PEA) using the Olink EXPLORE Inflammation panel from
plasma samples was performed in post-acute COVID-19 imaging participants to characterize
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365 unique plasma proteins associated with inflammation and immune signaling. Protein
Extension Assay (PEA) involves dual-recognition of two matched antibodies labeled with
unique DNA oligonucleotides that simultaneously bind to specific target proteins. The
simultaneous antibody binding leads to hybridization of unique DNA oligonucleotides

that serve as templates for polymerase-dependent extension (DNA barcoding) followed by
PCR amplification and NovaSeq (Illumina) DNA sequencing. Protein expression values
were log-transformed and centered using the average expression value for each protein.
clustered heatmaps were generated by the UCSF Gladstone Bioinformatics Core using the
R package HOPACH to find the best cluster number. Gene product expression values were
log-transformed and centered using the average expression value for each protein. Gene
products were then clustered by running the Kmeans algorithm using the best cluster number
K found, and the results were plotted using the pheatmap package as modules. Standard
deviation (SD) cutoff values between those with higher and lower [18F]F-AraG uptake for
each tissue were decided based on variance of SUVmax values of uninfected controls, with
higher variance allowing for one or more SDs above the mean to qualify as “higher” uptake.

gPCR and In situ hybridization of SARS-CoV-2 Spike protein-encoding RNA in rectal

biopsies.

Rectal wall tissue samples were obtained by flexible sigmoidoscopy with tissue being fixed
in fresh paraformaldehyde (PFA) followed by Paraffin embedding approximately 48 hours
after fixation or were cryopreserved at —180°C in Fetal Bovine Serum (FBS) and 20%
Dimethyl sulfoxide (DMSO) (77). A minimum of three formalin-fixed paraffin embedded
(FFPE) rectosigmoid tissue biopsies from each participant were used for RNAscope
experiments, along with comparative uninfected tissue, were mounted on the same slide

to control for batch effects from processing, staining, microscopy, and image analysis.
Experiments were performed at least twice on contiguous sections to verify signal over
non-specific staining or autofluorescence. Contiguous sections underwent hematoxylin and
eosin staining and immunohistochemical visualization of CD3 and CD68 expression to
localize viral RNA signals with anatomical tissue regions and immune cell types of interest.
Quantitative PCR assays were performed using Integrated DNA Technology’s (IDT) SARS-
CoV-2 RUO gPCR Primer & Probe Kits for N1, N2, E, and RDRP detection (catalog no.
10006713, 10006804, 10006805, and 10006806). Positive controls consisted of fragments of
human RPP30 and SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank: NC_045512.2) provided in
each IDT kit. Quantitative PCR was performed with TagPath 1-Step RT-qgPCR Master Mix
with the following conditions: 95 °C 2 min, 95 °C 3 sec, 55 °C 30 sec using the StepOnePlus
Real-Time PCR System. SARS-Cov-2 RNA was considered detectable for cycle threshold
(ct) values <40. Positive and non-template controls were run for all samples tested. Each
sample was run in duplicate wells. Spike gPCR was also performed on RNA extracted

from cryopreserved rectal tissue pieces using Thermo Fisher’s single-tube TagMan Microbe
Detection SARS-CoV-2 S gene Assay (catalogue no. A50137, Assay ID Vi07918636_s1)

to detect the S1 domain of the spike protein. Thermo Fisher’s Comprehensive Microbiota
Control (catalogue no. A50832), a multi-target plasmid pool containing the sequences for
the S gene-specific assay, was used as a positive control. Quantitative PCR was run using
TagPath 1-Step RT-gPCR Master Mix with the following conditions: 50°C 2 min, 95°C 20
sec, 95°C 1 sec, 60°C 20 sec using the StepOnePlus Real-Time PCR System. SARS-Cov-2
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RNA was considered detectable for cycle threshold (ct) values <40. Positive controls were
run for all samples tested.

The manual RNAscope 2.5 HD assay (Advanced Cell Diagnostics; catalog no. 322310)
was used to identify SARS-CoV-2 Spike protein-encoding RNA in situ. Paraffin-embedded
tissue blocks were sectioned at 5 um, mounted onto SuperFrost Plus slides, and stored

at 4°C prior to staining. Slides were baked in a dry-air oven at 60°C for 1 h, then
deparaffinized in 100% Xylene (5 min) twice and washed in 95% ethanol (3 min) twice,
80% ethanol (3 min) once, and dH20 (1 min) twice, all at room temperature. To prevent
drying, 3 to 4 drops of TBS were placed on each tissue section. A hydrophobic barrier

was then drawn around each tissue section and allowed to dry for 10 min. To block
endogenous peroxidase, slides were then pretreated with hydrogen peroxide for 10 mins

at room temperature followed by washing with dH20O. Next, heat-induced epitope retrieval
was performed with Target Retrieval Reagent (ACDBiI0) and incubated at 100°C for 15
minutes followed by rinsing with dH20O. Protease digestion was accomplished by treatment
with Protease Plus solution (ACDBIo) for 30 minutes at 40°C followed by dH20 wash.
Hybridization was performed with RNAscope probe-V-nCoV2019-S (catalog no. 848561-
C3, Advanced Cell Diagnostics) at 40°C for 2 h at a 1:50 dilution. Following hybridization,
3 amplification steps were carried out as indicated in the original protocol. Slides were then
incubated with HRP-C3 at room temperature for 15 min, TSA Vivid Fluorophore 520 for
40°C for 30 min, and HRP blocker at 40°C for 15 min. Finally, slides were counterstained
with DAPI, washed in PBS, and cover-slipped using Prolong Diamond Mounting Media.
Sense Spike RNAscope was also performed on each tissue as above [Probe- V-nCoV2019-S-
sense (catalogue no. 845701-C3)] to determine presence of double-stranded RNA.

Images were captured using the Zeiss AxioObserver Z1 (RNAscope) or the Leica Aperio
VERSA (chromogenic staining on contiguous tissue sections). FFPE rectal tissue from a
pre-pandemic control participant was mounted on each participant slide to control for any
staining or imaging technique differences. Only linear brightness and contrast adjustments
were made to image files and all adjustments were applied identically for each image.

Spectral Flow Cytometry.

PBMCs or cells obtained from gut tissue following a previously published collagenase
disaggregation protocol (78) were stained with the Cytek 25-Color Immunoprofiling Assay
25-plex kit (Cat# SKU R7-40002) and with the BioLegend 7 Color Immunoprofiling

kit antibodies (Cat#900004160); Zombie UV dye (Cat#423108) was used for live-dead
staining. 3e6 cells were stained with 5pl of antibodies for 30 min at 25°C in a total

volume of 130pl, including the addition of Brilliant stain buffer plus (cat#566385)
according to kit manufacturer’s guidelines. Cells were washed twice with FACS buffer
(PBS+10%FBS+1mM EDTA) before fixation with 1% PFA in PBS. Cells were acquired on
the 5L Cytek Aurora the day after. Spectraflow beads were used to verify laser alignment
and power consistency. The forward and side scatter profiles were established using human
PBMCs, similar to the test samples. Single- stained cellular reference controls were used to
unmix the data according to the 25-plex Cytek acquisition protocol, with unstained cells as
an autofluorescence control. Unmixing errors were corrected by spillover correction using
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OMIP-069 supplementary information as a guide. The Cytek analysis template was used to
replicate the gating strategy in FlowJo 10 (fig. S12 and S13). Data was exported, and further
analysis performed on GraphPad Prism.

SARS-CoV-2 Nucleocapsid Antibody Testing.

Nucleocapsid 1gG antibodies from post-acute COVID-19 participants from plasma tested
at the time of PET imaging were measured using the Abbott Architect i2000 two step
Chemiluminescent microparticle immunoassay (CMIA). Signal to cutoff (S/C) ratios were
determined and samples were considered positive if the S/C ratio was above the assay-
defined threshold (S/C >1 were considered positive).

Statistical analysis.

Individual-level data are presented in data file S1. We used two-tailed, non-parametric
Kruskal-Wallis tests using a Benjamini-Hochberg adjustment for false discovery rates
from multiple comparisons within specific tissue regions (lymphoid tissues, glandular
tissue, vascular, spinal cord, etc.) to compare ROI SUV data and flow cytometric data
across participants (adjusted P values being analogous to the g value obtained from FPR
adjustmentsNonparametric tests were used given the assumption that SUV data may not be
normally distributed across comparator groups. Two-sided Welch Two Sample t-tests were
used to compare protein expression obtained from Olink assays. Two-sided Spearman rank
tests were performed to determine correlations between continuous variables. Sensitivity
analyses were performed to determine cutoff values for grouping SUV PET results by time
from infection and time from infection to imaging. An alpha level of 0.05 was used to define
statistically significant results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. COVID-19 PET imaging cohort demographics and clinical characteristics.
(A and B) Comparisons in age (A), sex assigned at birth, and variant wave (B) are shown

in those with (n=18) and without LC (n=6). (C and D) The days between last documented
SARS-CoV-2 infection and PET imaging (C) and last COVID-19 vaccine dose and PET
imaging (D) are shown for participants with and without LC. (E) Shown are the percent
of participants with and without specific LC symptoms phenotype. LC, Long COVID; Gl,
gastrointestinal; URI, upper respiratory infection symptoms; Pulm, pulmonary symptoms.
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Bars represent median values with all individual data points and interquartile ranges shown.
P values were calculated by two-sided non-parametric Mann-Whitney tests.
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Figure 2. Increased [18F]F-AraG uptakein participants following COVID-19 compared to pre-
pandemic control volunteers.

(A and B) Maximum intensity projections (MIP; coronal and sagittal views of 3-dimesional
reconstructions) are shown for four representative participants at various times following
SARS-CoV-2 infection (A) and male and female uninfected controls (B). (C) Axial PET/CT
overlay images show signal in nasal turbinates, parotid glands, tonsillar tissue, hilar lymph
node, lung parenchyma, and lumbar bone marrow in representative post-acute COVID-19
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and control participants (white arrows). MIPs for all participants are shown in fig. S1. Pt,
patient. SUV, standardized uptake value.
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Figure 3. Increased [18F]F-AraG in many tissues from post-acute COVID-19 cases compared to

pre-pandemic control volunteers.

(A and B) Maximum standardized uptake values (SUVmax) (A) and mean SUV
(SUVmean) (B) for various anatomical regions of interest (ROI) are shown for post-acute
COVID-19 participants, including those with any number of Long COVID symptoms
(Post-acute COVID-19/+L.C; n=18), as well as pre-pandemic controls (n=6). Bars represent
mean SUVmax or SUVmean and error bars represent 95% confidence interval. Adjusted

P values <0.05, <0.01 and <0.001 represented by *, **, and *** respectively from two-
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sided non-parametric Kruskal-Wallis tests using a Benjamini-Hochberg adjustment for false
discovery rates across multiple comparisons (q value = adjusted P value). All data points are
shown on the graph. ROI determination was not possible in 3 and 5 post-acute COVID-19
participants for proximal colon and rectal wall ROls, respectively, and 3 pre-pandemic
control participants for proximal colon. LN, lymph node.
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Figure 4. Differential [18F]F-AraG uptakein post-acute COVID-19 cases and control
participants grouped by time from initial COVID-19 symptom onset to PET imaging and by
Long COVID symptoms.

(A) SUVmax values in tissue ROIs in post-acute COVID-19 participants imaged <90 days or

>90 days from acute infection onset and control volunteers are shown. (B) SUVmax values
in tissue ROIs in post-acute COVID-19 participants with or without Long COVID symptoms
reported at the time of imaging and control volunteers are shown in. (C to E) SUVmax
values in tissue ROIs in post-acute COVID-19 participants with or without pulmonary
symptoms (C), neurocognitive symptoms (D) and gastrointestinal symptoms (E) are also
shown. Bars represent mean SUVmax and error bars represent 95% confidence interval.
Adjusted P values <0.05, <0.01 and <0.001 represented by *, **, and *** respectively from
two-sided non-parametric Kruskal-Wallis tests using a Benjamini-Hochberg adjustment for
false discovery rates across multiple comparisons (q value = adjusted P). All data points are
shown. SUVmean values are shown in fig. S4.
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Figure 5. Modules of circulating markers of inflammation and immune activation are associated
with reported Long COVID symptom number and [18F]F-AraG PET uptakein representative
tissues.

(A to D) Clustered heat maps of the top 25 differentially expressed plasma proteins from
Olink Proximity Extension Assay EXPLORE 384 panel based on unadjusted P values with
markers grouped into k-clusters based on similarity are shown for participants imaged early
(<90 days) or later (>90 days) after symptom onset (A), those reporting >5 or <5 Long
COVID symptoms (out of a total of 32 surveyed across multiple organ systems) at the time
of PET imaging (B), and in those with high lower lung lobe [18F]F-AraG uptake (C; defined

Sci Transl Med. Author manuscript; available in PMC 2024 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peluso et al.

Page 33

as SUVmax >2 standard deviations [SD] above the average SUVmax value measured in
Pre-pandemic control volunteers), and parotid gland tissue [1L8F]F-AraG uptake (D; defined
as SUVmax >1 SD above the average SUVmax value measured in pre-pandemic control
participants). Heat maps clustered by high uptake in other tissues ROIs are shown in fig. S8.
Scale bars represent mean subtracted normalized log, protein expression values.
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Control

Pt 16 (442 Days Post COVID-19) %
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Figure 6. SARS-CoV-2 single-stranded Spike protein-encoding RNA was identified in recto-
sigmoid tissue of individualswith L C monthsto year s following acute infection.

Panels represent from left to right: SARS-CoV-2 spike protein-encoding RNA staining by
ISH in pre-pandemic tissue, SARS-CoV-2 spike protein-encoding RNA staining by ISH in
post-acute COVID-19 participant sample, CD68 immunostaining, and CD3 immunostaining.
Red arrows denote representative areas of RNA detection across images for each sample (hot
all RNA detection is marked). Spike single-stranded (ss)RNA was detected in all five of the
post-acute COVID-19 participants that underwent biopsy from 158 to 676 days following
initial COVID-19 symptom onset and signal was primarily observed in cells located within
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the lamina propria. Four participants with detectable ssSRNA in three distinct gut regions
are shown, a fifth participant had rare Spike ssSRNA detected in only one of three regions
imaged. A minority of SARS-CoV-2 ssRNA signal was localized in CD68+ cells and very
rarely in CD3+ cells. No viral ssRNA was detected in control tissue from a pre-pandemic
participant.
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Pt 10 (158 Days Post Pt 15 (213 Days Post Pt 16 (442 Days Post Pt 22 (676 Days Post
COVID-19) COVID+19) COVID-19) COVID-19)

Figure 7. SARS-CoV-2 Spike protein-encoding double-stranded (ds)RNA was observed in recto-
sigmoid tissue from individuals with L C monthsto year s following acute infection.

Red arrows and the red circle denote representative areas of dSRNA detection in cells
across images for each sample. Spike protein-encoding dsRNA was detected in three of the
post-acute COVID-19 participants who underwent biopsy from 213 to 676 days following
initial COVID-19 symptom onset, and the signal was primarily observed exclusively in
cells located within the lamina propria. Four representative participants are shown. No viral
dsRNA was detected in the control tissue from a pre-pandemic participant.
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