SARS-CoV-2 infection of thymus induces loss of
function that correlates with disease severity
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Background: Lymphopenia, particularly when restricted to the
T-cell compartment, has been described as one of the major
clinical hallmarks in patients with coronavirus disease 2019
(COVID-19) and proposed as an indicator of disease severity.
Although several mechanisms fostering COVID-19-related
lymphopenia have been described, including cell apoptosis and
tissue homing, the underlying causes of the decline in T-cell
count and function are still not completely understood.
Objective: Given that viral infections can directly target
thymic microenvironment and impair the process of T-cell
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generation, we sought to investigate the impact of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) on thymic
function.

Methods: We performed molecular quantification of T-cell
receptor excision circles and k-deleting recombination excision
circles to assess, respectively, T- and B-cell neogenesis in SARS-
CoV-2-infected patients. We developed a system for in vitro
culture of primary human thymic epithelial cells (TECs) to
mechanistically investigate the impact of SARS-CoV-2 on TEC
function.
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Results: We showed that patients with COVID-19 had reduced
thymic function that was inversely associated with the severity
of the disease. We found that angiotensin-converting enzyme 2,
through which SARS-CoV-2 enters the host cells, was expressed
by thymic epithelium, and in particular by medullary TECs. We
also demonstrated that SARS-CoV-2 can target TECs and
downregulate critical genes and pathways associated with
epithelial cell adhesion and survival.

Conclusions: Our data demonstrate that the human thymus is a
target of SARS-CoV-2 and thymic function is altered following
infection. These findings expand our current knowledge of the
effects of SARS-CoV-2 infection on T-cell homeostasis and
suggest that monitoring thymic activity may be a useful marker
to predict disease severity and progression. (J Allergy Clin
Immunol 2023 ;N EEN-EEN,)

Key words: COVID-19, SARS-CoV-2, immunodeficiency, thymus, T
cells, thymic epithelial cells

Since December 2019, a new infectious respiratory disease,
named coronavirus disease 2019 (COVID-19) and caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
emerged in Wuhan, China, and spread worldwide, causing a
pandemic. Apart from the respiratory tract, a large variety of
organs and tissues are also affected by SARS-CoV-2 infection.
Lymphopenia has been described as one of the major clinical hall-
marks in infected patients and proposed as an indicator of disease
severity.'” Although transient lymphopenia is a common feature
of many respiratory viral infections, it normally lasts 2 to 4 days,
after which patients recover. By contrast, the lymphopenia
observed in patients with COVID-19 appears to be more severe
and persistent, as well as particularly selective for T-cell lineage.”
Thus, multiple studies have investigated the underlying causes of
the T-cell lymphopenia in patients with COVID-19 and its corre-
lation with disease severity and progression. Exhaustion and
depletion of T cells during COVID-19 progression have been
attributed to several processes triggered by a highly inflammatory
microenvironment, including aberrant activation, cell apoptosis,
and tissue recruitment.”®

The thymus gland is the primary organ for the generation and
education of T cells. This process is highly dependent on the cross
talk between developing thymocytes and the thymic stromal
compartment, which consists of thymic epithelial cells (TECs),
macrophages, endothelial cells, fibroblasts, and dendritic
cells.””!! TECs account for most of the thymic stromal population
and are classically divided into cortical and medullary TECs
(cTECs and mTECs, respectively) according to their localization
and functional properties.'""'? cTECs control fate commitment,
expansion, and positive selection of the developing thymocytes.
mTECs are primarily involved in the negative selection of thymo-
cytes and in the establishment of the “central tolerance” through
the presentation of self-peptides restricted to organs in the periph-
ery by the MHC. Thus, mTECsS play a critical role in the induction
of tolerance to a large array of tissue-restricted antigens.'”

The process of T-cell development is severely altered by
immunologic insults, such as those associated with common
antineoplastic therapies (radiotherapy or chemotherapy), immu-
nosuppressive treatments, and infections.'* Viral and bacterial in-
fections negatively affect thymic function through the direct
targeting of cells of the thymic microenvironment or through

J ALLERGY CLIN IMMUNOL
mmm 2023

Abbreviations used
ACE2: Angiotensin-converting enzyme 2
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¢jKREC: Coding joint KREC
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SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
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bystander systemic effects of soluble factors released in the
bloodstream, such as glucocorticoids and proinflammatory cyto-
kines.'>'? Clinical and experimental evidence demonstrates that
multiple viruses, such as HIV, 17.20-23 measles virus,”*>” human T-
lymphotropic virus type 1,°**’ Zika virus,?® chronic hepatitis C
virus,'” highly pathogenic avian influenza viruses,”’ and simian
immunodeficiency virus,”” affect the thymic local microenviron-
ment and disrupt its function, leading to a reduction in T-cell neo-
genesis. Despite the detrimental effects of viral infections on
thymic function, the very few studies analyzing
T lymphopoiesis during SARS-CoV-2 infection have shown con-
trasting results.’’?

Here, we have hypothesized that SARS-CoV-2 can directly
target cells in the thymus and affect its function. We provide
compelling evidence that patients with COVID-19 display altered
thymic function and that SARS-CoV-2 directly influences thymic
epithelium function. We have demonstrated that patients with
COVID-19 had severely reduced thymic T-cell output and that the
disease severity was associated with a decline in thymic function.
Mechanistically, we found that the angiotensin-converting
enzyme 2 (ACE2), which is the main receptor for entry of
SARS-CoV-2 into the host cells, was expressed in thymic
epithelium and in particular by mTECs. We also demonstrated
that SARS-CoV-2 can enter TECs and affect their gene expression
profile, upregulating genes linked to the “coronavirus disease”
and downregulating pathways associated with epithelial cell
adhesion and survival.

Our results expand current knowledge of the effects of SARS-
CoV-2 infection on patients’ immune system and suggest that
monitoring thymic activity might be a useful marker to evaluate
disease severity and progression.

METHODS

Study design

A total of 34 hospitalized patients with COVID-19 were retrospectively
enrolled in the study. The inclusion criterion was molecular diagnosis of
SARS-CoV-2 infection confirmed by RT-PCR on nasopharyngeal swab. The
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TABLE I. Patient demographic information
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Study group Healthy donors

COVID-19 (non-ICU)

COVID-19 (ICU)

Healthy subjects and patients, no. 21
Age (y), median (IQR) 49 (30-52)
Sex (M/F), no. 714
Day of analysis (d from admission), median (IQR) N/A
Lymphocyte count (k 10%/L), mean *+ SD N/A

25
59 (48-73)
18/7
1 (0-2)
12 + 0.7

9
57 (55-77)
mn
2 (1-4)
1+08

exclusion criteria were HIV, hepatitis B virus, hepatitis C virus infection, and
pregnancy. Patients were further divided into 2 cohorts based on the severity of
their disease: 9 patients were admitted to the intensive care unit (ICU),
whereas 25 patients were not (non-ICU). A total of 21 adult healthy donors not
infected with SARS-CoV-2 were enrolled in the control group (the healthy
donor group). Patient demographic information is detailed in Table I.

This observational study was conducted on adult patients hospitalized at
the INMI Lazzaro Spallanzani Hospital-IRCCS (Rome, Italy) from the
beginning of March 2020 to the end of October 2020. Ethical approval was
obtained from the ethics committee of INMI, Lazzaro Spallanzani (protocol
approval no. 9/2020), and each patient signed a written informed consent form.
The study was performed in accordance with the Good Clinical Practice
guidelines, the International Conference on Harmonization guidelines, and the
most recent version of the Declaration of Helsinki.

Generation of hTEC cultures

Cell cultures of primary human TECs (hTECs) were established following
the procedure originally described by Green et al’® with modifications.
Thymus tissue samples were obtained during corrective cardiovascular sur-
gery from pediatric patients after their parents signed a written informed con-
sent form. Thymus capsule was removed to make the innermost lobules
visible. Thymic specimens were finely minced and suspended in RPMI me-
dium (Euroclone, Pero, Italy) containing 0.06 mg/mL of Liberase (Merck,
Darmstadt, Germany), 0.4 mg/mL of DNAse from bovine pancreas (Roche,
Basel, Switzerland), and 2 mM L-Glutamine (Euroclone) and rotated in spin-
ner flasks at 37°C for 3 cycles of 20 minutes each. Digested specimens were
collected in RPMI medium containing 2% FBS (ThermoFisher Scientific,
Waltham, Mass), pooled, and spun at 300 g for 5 minutes at 4°C. To enrich
for TECs, epithelial cell adhesion molecule (EpCAM)-positive cells were en-
riched by using anti-EpCAM (CD326) (clone HEA-125, Miltenyi, Bergisch
Gladbach, Germany) staining and anti-APC microbeads (Miltenyi) separa-
tion. The TEC-enriched cell fraction was plated (2.5 X 10* cells/cm?) on a
feeder layer of lethally irradiated 3T3-J2 murine fibroblasts (Kerafast, Boston,
Mass) and cultured in a humidified atmosphere of 5% CO, in growth medium
composed of a mixture of Dulbecco modified Eagle medium and Ham’s F-12
(a 3:1 mixture), 10% FCS (ThermoFisher Scientific), insulin (5 wg/mL, Eli
Lilly, Indianapolis, Ind), adenine (0.18 mM, Sigma, St Louis, Mo), hydrocor-
tisone (0.4 pg/mL, Sigma), cholera toxin (0.1 nM, List Labs, Campbell,
Calif), triiodothyronine (2 nM, Sigma), glutamine (4 mM, ThermoFisher Sci-
entific), and antibiotics. Epidermal growth factor (10 ng/mL, Austral Biolog-
icals, San Ramon, Calif) was added to medium after 48 hours of culture.
Cultured TECs were assessed by standard light sheet microscopy for the main-
tenance of TEC-like morphology and by fluorescence-activated cell sorting
for expression of the TEC markers EpCAM, Ulex europaeus agglutinin I
(UEAL1, clone GoH3, DBA), and CD205 (clone C205, BD, Franklin Lakes,
NJ) to discriminate between mTECs (CD205'% UEA1™") and ¢TECs
(CD205"€" UEA1'°"). Twenty-four hours before the start of the experiments,
hTECs were plated in KGM-Gold defined medium (Lonza, Basel,
Switzerland) in the absence of feeder layer.

SARS-CoV-2 infection of TECs

hTECs were either not infected or infected with SARS-CoV-2 (SARS-
CoV-2/Human/ITA/PAVIA10734/2020, clade G, D614G [S] Ref-SKU:
008V-04005, from the EVAg portal) in minimum essential medium at a

multiplicity of infection of 1. Viral inoculum or medium only (not infected)
was applied, and cells were incubated for 90 minutes at 37°C in 5% CO,.
Viral inoculum was then removed, and the cells were washed 2 times
with 0.3 mL of PBS. The hTECs were fixed in paraformaldehyde 4% for
immunofluorescence or lysed for gene expression analysis at the indicated
time points after infection.

Viral RNA quantification

For viral RNA quantification, real-time RT-PCR was performed on 40 ng of
cell-associated RNA by using the RealStar-SARS-CoV-2 RT-PCR Kit (Altona
Diagnostics, Hamburg, Germany), which amplifies the E- and S- viral genes.
A 5-point standard curve (10%-10% SARS-CoV-2 RNA copies per reaction; Hu-
man 2019-nCoV strain 2019-nCoV/Italy-INMI1 RNA; Ref-SKU: 008N-
03894, from EVAg portal) was run in parallel with experimental samples in
each RT-PCR.

Immunofluorescence

For the in vitro experiments with hTECs, cells were fixed in paraformalde-
hyde 4% after SARS-CoV-2 infection, washed 3 times with PBS for 5 minutes,
and blocked with blocking buffer (2% goat serum from Invitrogen, 1% BSA
from Sigma Aldrich, 0.1% fish gelatin blocking agent from Biotium (Fremont,
Calif), and 0.1% Triton X-100 and 0.05% Tween20 from Sigma Aldrich in
PBS) for 1 hour at room temperature. After washing, the primary antibodies
anti—Zonula occludens-1 (anti—ZO-1) (Invitrogen, Waltham, Mass) and anti—
SARS-CoV-2 SPIKE (clone 1A9, GeneTex, Irvine, Calif) in primary antibody
buffer (1% BSA and 0.1% fish gelatin blocking agent in PBS) were added and
incubated overnight at 4°C in the dark. After washing, secondary antibodies
(anti-mouse IgG1 Alexa-488 and anti-rabbit IgG Alexa-647 from Sigma Al-
drich) were added to each condition and incubated for 2 hours at room temper-
ature. After washing, the slides were mounted with SlowFade Gold Antifade
Mountant with 4’,6-diamino-2-phenylindole (Invitrogen). The images were
acquired with a Leica THUNDER 3D Live Cell Imaging system using THUN-
DER Computational Clearing Settings at X63 magnification.

For the evaluation of ACE2, SPIKE protein, cytokeratin 1 (CK1), and
cytokeratin 5 (CKS5) expression on human thymic samples, immunofluorescence
analysis was performed on 2.5-pum-thick sections obtained from formalin-fixed
paraffin-embedded tissues. After dewaxing and rehydrating, heat-induced
epitope retrieval was performed by boiling the slides with EDTA (pH 9)
(Dako, Santa Clara, Calif).

We tested the specificity of ACE2 antibody in testis, a tissue with a high
level of ACE2 expression, by using immunohistochemistry and immunofiu-
orescence techniques.

For the immunohistochemistry, the epitope retrieval was performed by
incubating the sections at room temperature with proteinase K (S3020)
(Dako). Endogenous peroxidase was blocked with 3% hydrogen peroxide
followed by another blocking step in 5% BSA. Sections were incubated
overnight at 4°C with the anti-ACE2 antibody (dilution 1:500). Secondary bio-
tinylated antibody (K8024, Dako) and the peroxidase DAB kit (Dako) were
used to reveal the primary antibody. Hematoxylin and eosin staining was
also performed following the standard procedure. Next, stained sections
were acquired by using a digital scanner platform (Nanozoomer 2.0, Hama-
matsu, Shizuoka, Japan).

For the immunofluorescence, after blocking in 5% BSA for 1 hour, tissue
sections were incubated overnight at 4 °C with ACE2, SPIKE, CK1, or CK5
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(dilution 1:100). The primary antibody was revealed with the secondary antibody
Alexa Fluor goat anti-rabbit 555 or anti-mouse IgG1 Alexa-488 (Applied Bio-
systems, Waltham, Mass). For nuclear staining, HOECHST was added for 5 mi-
nutes before section mounting with glycerol/PBS (1:1). The images were
acquired using a Leica TCS SP8X laser scanning confocal microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a white light laser source
tunable in the range of 470 to 670 nm, a 405-nm diode laser, 3 photomultiplier
tubes, and 2 internal spectral detector channels (HyD) GaAsP. Sequential
confocal images using excitation spectral laser lines at 405 nm, 488 nm, and
555 nm were acquired by using C PLAN 10X/0.40 dry and HC PL APO CS2
63X/1.40 oil immersion objectives (Leica Microsystems) with a 1024 X 1024
format and scan speed of 200 Hz, with an electronic zoom up to 4X. The total
number of ACE2- and cytokeratin-positive cells (CK1 or CKS5) was counted in
3 to 4 digital confocal images randomly selected and analyzed for each tissue
sample by 2 independent operators.

RNA-sequencing and bioinformatics analysis

Total RNA was extracted from primary cells with an RNeasy Plus Micro Kit
(Qiagen, Hilden, Germania) according to the manufacturer’s instructions.
Samples were derived from 4 (at 24 hours) and 3 (at 48 hours) independent
experiments using 3 biologic replicates. Quality control was performed through
TapeStation 4200 and NanoDrop 2000c. Libraries were created (TruSeq stranded
mRNA, Illumina, San Diego, Calif), and paired-end sequencing was performed
with the Illumina platform. In the preprocessing step, the raw reads in fastq format
were inspected and cleaned using FASTP.* The mean quality per base was fixed
ata phred score of 20 and reads with more than 30% of unqualified bases (-q 20 -u
30-155—detect_adapter_for_pe) were removed. Reads shorter than 55 bases were
also removed. Cleaned reads were aligned with STAR (2.7.9a)° using the
ENCODE standard options onto a consensus version of the reference human
genome (GRCh38). The 1000 Genomes Project variant call format file with
consensus single-nucleotide variants and insertion/deletions (InDels) were pro-
vided at the genome generation stage and the alternative alleles in this variant
call format have been inserted into the reference genome to create a “trans-
formed” genome. At the mapping stage, the reads were mapped to the trans-
formed genome and the alignments were transformed back to the original
(reference) coordinates. Reads unmapped against the human genome were
collected and realigned with Burrows-Wheeler Aligner (0.7.17) minimum essen-
tial medium onto the SARS-CoV-2 reference genome (NC_045512v2) using the
default parameters. Gene expression was quantified with featureCounts®’ using
the Gencode (release 42) reference gene annotation taking advantage of the
strand-oriented nature of the reads. The list of human protein—coding genes linked
to SARS-CoV-2 infection and COVID-19 disease was obtained from the Gen-
code database (https:/www.gencodegenes.org/human/covid19_genes.html).
The row counts were normalized with DESqu38 (1.38.1), and a batch effect
correction was introduced with the R limma package.*” Heatmaps were generated
with the R ComplexHeatmap library, also highlighting clusters of coregulated
genes. Differential gene expression analysis was conducted with DESeq2. The
volcano plots were generated with the R EnhancedVolcano library. Gene set
enrichment was tested with the EnrichR web tool (available at: https:/
maayanlab.cloud/Enrichr/). The RNA sequencing data have been deposited in
the NCBI Sequence Read Archive (SRA) under ID: SRP422324.

Flow cytometry and cell sorting

For viability quantification, h\TECs were stained with Fixable Viability Stain
440 UV (BD, catalog no. 566332) according to the manufacturer’s instructions.
Cells were then fixed with the Intracellular Fixation and Permeabilization buffer
set (catalog no. 88-8824-00, eBioscience, San Diego, Calif). For surface marker
analysis, cells were stained with fluorochrome-conjugated antibodies to identify
TEC subsets. The antibodies used were as follows: CD326 (EpCam) (Miltenyi
Biotec, catalog no. 130-113-822) and UEAI1 (catalog no. FL-1061, DBA,
Segrate, Italy). Acquisition was performed on a BD LSRFortessa X-20 (BD
Biosciences), and data were analyzed with FlowJo version 8 (Treestar). For
sorting of thymocytes, thymii from pediatric healthy donors were smashed on a
100-pm cell strainer to obtain total thymocytes. Cells were stained with
fluorochrome-conjugated antibodies: CD3 (BD, catalog no. 565119), CD4
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TABLE Il. Probe and primer list

Target Primer/probe

Albumin FAM-CCTGTCATGCCCACACAAATCTCTCC-TAMRA

Dbl FAM-CAAAAACCTCTCTGGCGGTCCCAAC-TAMRA

Db2 FAM-CCCACCCAGCTCAGGGAATGCA-TAMRA

sjTREC FAM-ACACCTCTGGTTTTTGTAAAGGTGCCCACT-
TAMRA

¢jKREC FAM-AGCTGCATTTTTGCCATATCCACTATTTGGAGT-
TAMRA

sjKREC FAM-CCAGCTCTTACCCTAGAGTTTCTGCACGG-
TAMRA

Albumin-F GCTGTCATCTCTTGTGGGCTGT

Albumin-R ACTCATGGGAGCTGCTGGTTC

Dbl-in TGTGACCCAGGAGGAAAGAAG

1.1-in TGTCCTCCATCCTAGCCAGG

1.2-in TCCGTCACAGGGAAAAGTGG

1.3-in TGTCCCTGTGAGGGAAGAGTT

1.4-in TGGACTTGGGGAGGCAGGA

1.5-in CTCATAAAATGTGGGTCAGTGGA

1.6-in TGAATCCAGGCAGAGAAAGG

Db2-in GGACCAGCCCCAGAGAA

2.1-in CCAGCTAACTCGAGACAGGAA

2.2-in GAACCCTGTTCTTAGGGGAGT

2.3-in TGAGAGGGGCTGTGCTGAGA

2.4-in AAGCGGGGGCTCCCGCTGAA

¢jKREC-F CCCGATTAATGCTGCCGTAG

cjKREC-R CCTAGGGAGCAGGGAGGCTT

sjKREC-F TCAGCGCCCATTACGTTTCT

sjKREC-R GTGAGGGACACGCAGCC

(BD, catalog no. 563876), and CD8 (BD, catalog no. 557746).

7-Aminoactinomycin D (7aad) (BD, catalog no. 559925) was used to assess
cell viability. Cells were sort-purified using a BD Aria III cell sorter. The level
of cell purity was greater than 98%.

TREC and KREC quantification

Genomic DNA was extracted from PBMCs with a Quick-gDNA Miniprep
Kit (Zymo Research, Irvine, Calif), according to the manufacturer’s in-
structions. T-cell receptor excision circles (TRECs) and k-deleting recombi-
nation excision circles (KRECs) were quantified to evaluate T- and B-cell
neogenesis, as previously described.”* Briefly, a first PCR reaction was car-
ried out with a primer mix containing primers, 0.5 to 1 pg of genomic DNA,
200 uM each 2'-deoxynucleoside 5'-triphosphate (ANTP), 2.5 mM MgCl,,
1X buffer, and 1.25 U of platinium Taq polymerase (ThermoFisher) in
20 pL (3 minutes at 95°C followed by 18 cycles of 95°C for 15 seconds,
60°C for 30 seconds, and 68°C for 30 seconds). Quantification was made on
a QuantStudio 12K Flex real-time PCR system, in duplicate with a second re-
action containing 4 pL of a 1/200 or 1/2000 dilution of the first PCR product;
primer; and probes for albumin, signal joint (sj) TRECs (sjTRECs), coding
joint (cj) KRECs (cjKRECs), sjKRECsS, or 1 of the DB-JB segments, Takyon
Low Rox master mix (Eurogentec, Seraing, Belgium) in a final volume of
10 pL (40 cycles of 95°C for 15 seconds and 60°C for 1 minute). The sum
of the 10 DB-JB segments was finally multiplied by 1.3 to extrapolate for
all of the 13 existing DB-JB segments. Values were normalized for the
genomic copy number by using albumin gene quantification. Data were ex-
pressed per 150,000 PBMCs. All primers and probes were purchased from
Merck (Table II).

Statistics

Bars and error bars represent the mean plus or minus SEM for the various
groups. For most experiments, nonparametric testing was performed if a normal
distribution could not be assumed. Statistical analysis between 2 groups was
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FIG 1. T- and B-cell neogenesis is impaired in patients (pts) with COVID-19.
sjTREC (A) and BTREC (B) quantification per 150,000 cells. cjKREC (C) and
sjKREC (D) quantification per 150,000 cells. Analyses include data on 21
healthy donors (HD), 25 non-ICU pts, and 9 ICU pts. *P < .05; **P < .01;
**%¥P < .001; ****P < .0001. NS, Not significant.

performed with the nonparametric, unpaired Mann-Whitney U test. In general,
variation within groups and between experiments was low; however, to take into
account interexperimental variation, all experiments were performed at least
twice. To account for intraexperimental variation, particularly for in vitro
studies, multiple wells per condition were assessed with primary sample mate-
rial coming from at least 2 different thymus tissue samples. All statistics were
calculated, and display graphs were generated using GraphPad 9.

RESULTS
T- and B-cell neogenesis is impaired in patients
with COVID-19

To assess the impact of COVID-19 on the process of T-cell
development, we quantified TRECs in patient peripheral blood, a
well-defined strategy to measure thymic T-cell neogenesis. ">
We specifically assessed sjTRECs and B-TRECs (BTRECs),
which represent episomal DNA molecules generated during the
intrathymic VDJ recombination of the T-cell receptor-a and -3
locus, respectively.43 The patients with COVID-19 showed signif-
icantly reduced thymic functionality, as demonstrated by the
reduction in the levels of sjTRECs when compared with the levels
in age-matched healthy controls (Fig 1, A). Importantly, the ICU
patients showed a more dramatic reduction in sjTREC number
when compared with the number in the non-ICU cohort, suggest-
ing a more severe impairment of thymic function in patients with
life-threatening disease (Fig 1, A). Despite the fact that BTRECs
are canonically less detectable in the peripheral blood than are
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FIG 2. Human thymus is a direct target of SARS-CoV-2 infection. ACE2
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isolated from a patient with a fatal case of COVID-19. E, SPIKE expression
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case of COVID-19. F, Quantification of ACE2 and CK5 as well as ACE2 and
CK1 coexpression in cells of the medullary compartment (n > 3 fields per
image). White dotted lines indicate the corticomedullary junction. White
boxes indicate magnified areas. **P < .01; ***P < .001; ****P < .0001.

sjTRECs owing to their higher dilution rate, we observed a strong
reduction of BTREC levels in all patients with COVID-19,
although statistical significance was not reached when compared
with the levels in non-ICU patients, presumably owing to the
limited sample size (Fig 1, B). Although the ICU patient cohort
of our study was very small, we found that patients who did not
recover from the ICU and died had significantly lower sjTREC
levels than the surviving patients (see Fig E1 in the Online Repos-
itory at www.jacionline.org).
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As B-cell lymphopenia is another hallmark of COVID-
19,*** we sought to investigate the possibility of B-cell neo-
genesis defects in patients through the quantification of KRECs.
We quantified sjKRECs and cjKRECs, which reflect newly
generated and total B cells, respectively.”’ In agreement with
previous reports,”® we observed no differences in terms of total
B-cell levels in patients with COVID-19, as measured by
¢jKREC quantification (Fig 1, C). However, we found reduced
levels of newly generated B cells in patients, although these ef-
fects were primarily restricted to the ICU cohort (Fig 1, D).
Taken together, these data suggest that SARS-CoV-2 infection
affects both T- and B-cell generation, with more dramatic ef-
fects on the T-cell compartment.

Importantly, sjTREC and sjKREC levels normalized by the
number of lymphocytes still show a significant drop in sjTREC
and sjKREC levels in ICU patients when compared with the
levels in non-ICU patients (see Fig E2 in the Online Repository
at www.jacionline.org), suggesting that thymic insufficiency is
independent of the general lymphopenia associated with
COVID-19 and that the quantification of sjTRECs and sjKRECs
is a valuable tool to assess patient at risk of life-threatening
disease.

In vivo SARS-CoV-2 infection of TECs

Several viruses can directly influence thymic function by
infecting cells of the thymic microenvironment.”” Thus, we
analyzed the expression of the human SARS-CoV-2 receptor
ACE2 in sections of thymus tissue obtained from pediatric pa-
tients undergoing cardiac corrective surgery, as well as in an
adult patient with fatal COVID-19. Immunofluorescence imag-
ing of the pediatric thymus sections showed expression of
ACE2 within the thymus, mainly restricted to large cells of
the stromal microenvironment (particularly in the medulla).
Importantly, we observed ACE2 coexpression with CKS5, a
marker that is primarily restricted to the mTEC subset®*’
(Fig 2, A and F and see Fig E3 in the Online Repository at
www.jacionline.org). Scrutinizing publicly available single-cell
RNA sequencing data,”® we found that ACE2 was preferentially
enriched in a particular mTEC cluster that is characterized by
the expression of CK1. Consistent with these data, further anal-
ysis revealed a broad coexpression of ACE2 within the CK1™
cells in the thymic medulla (Fig 2, B and F). ACE2 expression
was also evaluated in thymic tissue sections of an adult patient
who died of COVID-19 while in the hospital. In this case, we
found a greater fraction of CK5* and CK1* mTECs expressing
ACE2 when compared with the fractions in the pediatric tissue
(Fig 2, A-D and F). Interestingly, previous single-cell RNA
sequencing studies in mice and humans demonstrated that the
proportion of CK1" mTECs increases with age, which may sug-
gest that the frequency of ACE2T mTECs may be greater in
adult patients than in pediatric patients.”*~’

To assess whether SARS-CoV-2 could infect TECs in vivo,
we evaluated the presence of SPIKE protein in the thymus of
the patient fatal case of COVID-19. In agreement with the
ACE2 expression data, we found SPIKE expression in the
medullary compartment and its coexpression with CKS5 (Fig
2, E). Taken together, these data demonstrate that the thymic
epithelium is a direct target of SARS-CoV-2 infection in
humans.
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In vitro SARS-CoV-2 infection of primary human
TECs

To study the impact of SARS-CoV-2 infection on TEC
function, we developed a system for in vitro culture of primary
hTECs (Fig 3, A). We isolated and cultured hTECs from the
thymus of pediatric individuals, and ACE2 expression was veri-
fied trough quantitative PCR (see Fig E4, A in the Online Repos-
itory at www.jacionline.org). hTECs were therefore infected
in vitro with SARS-CoV-2, and viral replication was measured
at 24 and 48 hours after infection. Specifically, the replication
capability of SARS-CoV-2 was evaluated by comparing viral
RNA associated with hTECs as well as by measuring the infective
titers of the viral particles shed by hTECs in vitro. An increase in
cell-associated SARS-CoV-2 RNA levels was detected in hTECs
after 24 hours and to a similar extent at 48 hours after infection
(Fig 3, B). The same profile was observed when measuring the in-
fectious titer (median tissue culture infective dose) of viral parti-
cles, suggesting that hTECs can be infected but fail to sustain an
active viral replication over time (Fig 3, C). These data were
confirmed by immunofluorescence staining, which showed
SPIKE-positive hTECs at 24 and 48 hours after infection (Fig
3,D-E).

To further investigate the impact of SARS-CoV-2 infection on
hTECs, we evaluated the proportion of medullary and cortical
hTECs as well as their viability after infection. Although no
significant differences in the proportion of medullary and
cortical hTECs were observed (see Fig E4, B), we found
increased mortality in the mTEC subset 24 hours after infection
(Fig 3, F-G). This observation appears consistent with the
higher ACE2 and SPIKE levels positivity observed in vivo in
the medulla. Taken together, these data demonstrate that hTECs
can be efficiently infected in vitro, although failing to sustain
active viral replication over time.

SARS-CoV-2 infection affects gene expression in
primary human TECs

To explore the biologic effects induced by SARS-CoV-2 on
thymic epithelium, we evaluated the gene expression profile of
hTECs after infection. The expression profiles of differentially
expressed genes (DEGs) 24 hours after infection were compared
with those in noninfected hTECs, revealing 1588 differentially
modulated genes after SARS-CoV-2 infection: 760 genes were
upregulated, whereas 828 downregulated (Fig 4, A). A large pro-
portion of these genes maintained a similar differential expression
at 48 hours after infection (see Fig E5, A-D in the Online Repos-
itory at www.jacionline.org). Of note, we found significant
enrichment of sequenced reads that mapped against the reference
viral genome obtained from University of California Santa Cruz
database at 24 hours and 48 hours after infection, which further
suggests a persistent hTEC infection in vitro over time (see Fig
E6, A in the Online Repository at www.jacionline.org). Among
DEGs, genes such as ITGB4, HSPG2, LAMB3, LAMAS, and
FN1, which play a critical role for the maintenance of the epithe-
lium junctions and integrity, were among the top downregulated
genes after infection (Fig 4, A). In addition, other negatively regu-
lated genes such as FASN, FLNB, RRBPI, MYHY9, HSPG2, and
DYNCIHI have recently been proposed as putative autoantigens
and possibly linked to autoimmunity in patients with
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COVID-19.°” The expression of top 3 downregulated genes was
confirmed through quantitative PCR in nonsequenced RNA sam-
ples of infected hTECs (see Fig E6, B).

Next, we evaluated the expression of a discreate list of genes
associated with TEC development and function. We found that
the infection led to the downregulation of genes critically
involved in TEC development and differentiation, such as
LTBR, RELA, NOTCHI, and EGFR (see Fig E6, C). On the other
hand, SARS-CoV-2 infection induced the expression of CTSL and
ATGS5. Interestingly, CTSL (cathepsin 1) has been recently shown
to be upregulated after SARS-CoV-2 infection.” As the expres-
sion of peripheral tissue—restricted antigens by TECs is critical
to establish central tolerance to self, we further searched for
known autoantigens differentially regulated after h\TEC infection.
Interestingly, we found that the tissue autoantigen SOX9, expres-
sion of which is predominantly restricted to skin, was signifi-
cantly downregulated after SARS-CoV-2 infection.'? Although
our data on the expression of autoantigens were limited, our study
suggests that along with causing transcriptional changes of genes
important for TEC maintenance, SARS-CoV-2 infection might
also negatively regulate the expression of potential tissue-
restricted antigens.

Subsequentially, to gain insights into the biologic pathways
affected by SARS-CoV-2 infection, we performed Gene
Ontology (GO) classifications and Kyoto Encyclopedia of Genes
and Genomes pathway analyses of DEGs. The Kyoto Encyclo-
pedia of Genes and Genomes analysis showed enrichment of
different pathways, including the coronavirus disease pathway,
indicating that infected TECs showed transcriptome status in line
with that shown by other coronavirus-infected cell types (Fig 4,
B). Our analysis further showed that SARS-CoV-2 infection regu-
lated critical processes related to cellular metabolism. In partic-
ular, we found that oxidative phosphorylation was among the
top 3 activated pathways following infection (Fig 4, B). In addi-
tion, the tricarboxylic acid cycle was also significantly increased
in SARS-CoV-2—-infected hTECs (see Table E1 in the Online Re-
pository at www.jacionline.org). On the other hand, pathways
involved in focal adhesion and extracellular matrix interaction,
which play a critical role in epithelial cell maintenance, adhesion,
and survival, were significantly downregulated after infection.

To further investigate the perturbation in gene expression
induced by SARS-CoV-2 infection, we compared the DEGs with
the Gencode COVID-19 Gene Annotation, a public set of human
protein—coding genes linked to SARS-CoV-2 infection. Among
the 321 genes currently validated in the gene set, 70 matched
with the DEGs that we observed in infected hTECs (36 down-
regulated and 34 upregulated) (Fig 4, C) and 63 maintained
similar gene expression changes at 48 hours after infection. To
better understand the biologic pathways affected by SARS-
CoV-2 infection, we used Gene Ontology for functional annota-
tion and tested the enrichment of coronavirus disease—associated
DEGs; we observed the activation of pathways associated with
virus entry into a host cell (CTSL and PPIA genes), whereas
many of the downregulated genes were strongly associated
with proteolysis and cell cycle regulation (see Fig E6, D). Taken
together, these results demonstrate that SARS-CoV-2 infection
has a profound impact on gene expression of human TECs, nega-
tively regulating pathways critical for TEC maintenance and
inducing transcriptional changes consistent with the COVID-
19 gene signature.
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DISCUSSION

Since its emergence in December 2019, SARS-CoV-2 has
quickly spread across the globe. The virus exploits ACE2 as the
primary cell entry receptor, and its infection leads to the highly
infective COVID-19. Given the complexity of the disease and the
surge of viral variants with high fatality risk, it is paramount to
comprehensively characterize the effects of the virus on its
biologic targets to develop effective treatments against COVID-
19 and identify patients at risk of severe disease.

Clinically, COVID-19 is associated with a broad spectrum of
symptoms and complications. Although a large body of literature
has investigated the effects of the infection on lymphopenia, very
few studies have assessed whether the process of T-cell and B-cell
lymphopoiesis is altered in patients with COVID-19. Here we
present for the first time evidence that the thymus is a target of
SARS-CoV-2 infection in vivo and that thymic function is
impaired in patients with COVID-19. We first demonstrated that
patients with COVID-19 display decreased levels of TRECs and
KRECsS, which represent surrogate markers of T- and B-cell neo-
genesis, respectively. Moreover, our data demonstrated a more se-
vere reduction in TREC levels in both non-ICU and ICU patients,
whereas KRECs were less affected. These results are in agreement
with previously published data showing that the T-cell pool is
more affected during COVID-19 than the B-cell compartment
is.*>>" Given these results, we sought to investigate a possible
direct impact of SARS-CoV-2 on the thymus. Our data demon-
strated that thymic epithelium of pediatric and adult patients ex-
presses the SARS-CoV-2 receptor ACE2 and that SARS-CoV-2
entry into the cells resulted in fundamental changes in gene
expression profile. Our data suggest that following infection,
SARS-CoV-2recruits a variety of host factors to survive and prop-
agate itself, as suggested by the activation of different pathways
associated with ribosome biogenesis and protein translation.
These effects are associated with the derangement of the normal
gene expression profile in TECs, leading to the downregulation
of crucial pathways involved in epithelium cell maintenance
(such as focal adhesion and extracellular matrix interaction) and
upregulation of metabolic processes (such as oxidative phosphor-
ylation). The activation of these metabolic pathways may result in
the rise of oxidative stress, which could explain the decrease in vi-
tality and increase in mitophagy pathway observed in SARS-Co V-
2—infected cells (see Table E1). Although we showed that primary
hTECs were unable to sustain effective viral replication in an
in vitro culture system (which is a finding observed in other
cellular systemsss’%), our data demonstrate that SARS-CoV-2
can persist in infected hTECs over time in vitro and in vivo.
Thus, along with the changes induced by the direct infection of
cells, recirculating virus-specific T cells could target infected
TECs and significantly contribute to thymic damage and reduced
thymic output. Previous studies conducted on mouse models of
mycobacterial and lymphocytic choriomeningitis virus (LCMV)
infections support this hypothesis.”’®

Impaired thymic function in patients with COVID-19 could
potentially lead to significant immunologic consequences. In
addition to its vital importance in generating the T-cell pool
during early life, optimal thymic function is required to reestab-
lish T-cell immunity after periods of immunologic insults, such as
those caused by antineoplastic therapies, immunosuppressive
treatments, and infections. Reduced thymic function and the
resulting decrease in T-cell export could exacerbate lymphopenia
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in acutely ill patients with COVID-19 and increase the time
required to restore the number and function of circulating T-cells
after recovery. Delayed recovery of thymic function may
contribute to the development of secondary infections, which
can worsen the severity of the illness, increase the risk of disease
progression,5 ? and facilitate persistent symptoms associated with
herpesvirus reactivation.’ Furthermore, the direct impact of
SARS-CoV-2 on TECs and the additional damage caused by
the rise in proinflammatory molecules, such as interferons, IL-
6, and TNF-a, which have all been implicated in acute thymic
involution,®! could lead to suboptimal education of the devel-
oping thymocytes. An impaired process of T-cell development
might alter the process of central tolerance and generate the matu-
ration of T-cell responses to self-antigens that lead to the develop-
ment of autoimmune response against self-tissue antigens. The
relationship between viral infections and the development of
autoimmune diseases, such as multiple sclerosis, rheumatoid
arthritis, type 1 diabetes, and SLE, is well known.®” However,
the underlying mechanisms of this association are still largely un-
explored, although evidence suggests that molecular mimicry,
bystander T-cell activation, and abnormal nucleic acid sensing
may play a role.*** Breaching of central tolerance has been
also proposed. Several viruses, including HIV, measles virus,
LCMYV, yellow fever virus, and Zika virus, can cause thymic invo-
Iution and altered thymic epithelium architecture and
function.”’**%7:0%-:% Recent evidence in mouse models of rose-
olovirus and LCMV infections demonstrated a direct link be-
tween viral infection and the development of autoimmunity®’
and self-reactive T cells.”” SARS-CoV-2 infection generates a
strong and excessive inflammatory response involving pathways
and targets known to be commonly associated with autoimmune
and inflammatory diseases. Whether SARS-CoV-2 induces or ex-
acerbates autoimmunity is an active area of research, particularly
now that several reports on a potential association of COVID-19
with autoimmune diseases (such as idiopathic thrombocytopenic
purpura, multisystem inflammatory syndrome in children, auto-
immune thyroid disease, and Guillain—Barré syndrome) have
gradually started to emerge.®®

Lastly, studies in experimental mouse models have demon-
strated that infections of the thymic microenvironment results in
the emergence of pathogen-specific tolerance, as shown for
LCMYV, murine leukemia virus,’ hepatitis B virus,®” and Myco-
bacterium avium infections.”’ However, whether this is relevant
in human infections is a matter of investigation.

To the best of our knowledge, our studies are unique in
establishing that SARS-CoV-2 can directly target the thymus and
alter gene expression profile of thymic epithelium. We propose
that the evaluation of thymic functionality (eg, by quantifying
sjTRECsS in patient peripheral blood) may be a useful marker to
identify patients with COVID-19 at risk of complication both in
acute and convalescent phases. Although the data that we have
collected on altered expression of potential autoantigens are
limited, our study also raises the possibility that disruption of
thymic function by SARS-CoV-2 may be an additional mecha-
nism to explain the excessive inflammation and potentially
contribute to the development of autoimmune diseases related
to COVID-19.
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Clinical implications: Patients with COVID-19 have reduced
thymic T-cell output, and disease severity is inversely correlated

with thymic function. Monitoring thymic activity may be a use-
ful marker to evaluate disease severity and progression.
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