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ORIGINAL STUDIES

THYROID FUNCTION AND DYSFUNCTION

Activation of Type | and Type Il Interferon
Signaling in SARS-CoV-2-Positive Thyroid Tissue
of Patients Dying from COVID-19
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Background: Thyroid dysfunctions have been reported after Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) infection. However, the biological mechanisms behind these conditions remain unexplored.
Herein, we report on changes of the immune transcriptome in autoptic thyroid tissues of people who have died
from coronavirus disease 2019 (COVID-19).

Methods: Twenty-five autoptic thyroid specimens of subjects dying from COVID-19 were investigated. Eleven
autoptic thyroid specimens of subjects dying from causes other than infectious conditions served as controls.
RNA transcripts of 770 immune-related genes together with RNA genomes of multiple coronavirus types were
measured by the nCounter system. Reverse transcription—polymerase chain reaction for two SARS-CoV-2
genes was used to assess virus positivity. Results were validated by immunohistochemistry.

Results: The SARS-CoV-2 genome and antigens were detected in 9 of 25 (36%) thyroid specimens from the
COVID-19 cohort. Virus-negative thyroid tissues from COVID-19 subject did not show changes of gene
transcription nor significant numbers of infiltrating immune cells. Conversely, SARS-CoV-2-positive thyroid
specimens showed marked upregulation of immune genes, especially those proper of the type I and type II
interferon (IFN) pathways. In infected tissues, infiltrates of innate immune cells (macrophages and polymor-
phonuclear neutrophils) were prevalent.

Conclusions: The thyroid gland can be directly infected by the SARS-CoV-2. Infection strongly activates IFN
pathways. The direct viral insult combined with an intense immune response may trigger or worsen thyroid
conditions in predisposed individuals.
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Introduction

AT THE END OF 2019, cases of pneumonitis of unknown
etiology were reported in Wuhan, China (1). In a few
months, the coronavirus disease 2019 (COVID-19) was
spreading worldwide (2). The disease typically involves the
lungs, but recent findings report that COVID-19 is also a
condition associated with endothelial damage (3). As a con-
sequence, the Severe Acute Respiratory Syndrome Cor-
onavirus 2 (SARS-CoV-2) may affect multiple organs,
including endocrine glands. Different endocrine tissues, in
fact, have been shown to express the angiotensin-converting
enzyme 2 (ACE2) and the transmembrane serine protease 2
(TMPRSS2), two surface proteins acting as host cell entry

factors for SARS-CoV-2 (4,5). Accordingly, endocrine dys-
functions especially of the thyroid have been reported.
However, the spectrum of thyroid disorders linked to SARS-
CoV-2 infection is rather broad. The first reports of altered
thyroid functions were classified under three different con-
ditions: nonthyroidal illness syndrome (NTIS), thyrotoxico-
sis, and subacute thyroiditis (SAT) (6-9). Although NTIS and
thyrotoxicosis are not necessarily associated with the direct
virus infection of thyroid cells (9), SAT is a likely conse-
quence of virus replication within thyroid follicular cells
(10). In addition, the possible thyroid tropism of SARS-
CoV-2 (11-13) is suggested by the observation that COVID-
19 may precede the onset of Graves’ disease (GD), an
immune-mediated condition linked to both genetic and
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environmental factors (14,15). In a recent study (16), we
showed that a low-level enterovirus infection may be asso-
ciated with GD. The persistent enteroviral infection does lead
to reduced transcription of type I interferon (IFN) and cyto-
kine pathways and the concurrent activation of NFKBI/
RELA, IFNARI, JAKI1/STATI, CCL2 chemokine, and ILI8
genes that play pathogenic roles in autoimmune conditions
(17,18). An autopsy report from our group (19) shows that—
in patients dying from COVID-19—the SARS-CoV-2 ge-
nome and proteins can be detected in cells of thyroid, testis,
and the subcutaneous adipose tissue. With regard to thyroid,
it will be important to understand whether preexisting dis-
orders may affect COVID-19 prognosis and whether thyroid
disorders develop in survivors of SARS-CoV-2 infection
(20,21). The present study investigates viral markers, in-
flammatory infiltrates, and the immune transcriptome in the
thyroid gland of COVID-19 fatal cases.

Materials and Methods

Study population

COVID-19 autopsy cases were investigated in parallel
with control autopsy cases without evidence for infectious
conditions. Twenty-five thyroid samples were obtained from
individuals dying from COVID-19. Each case had a pre-
mortem nasopharyngeal swab and a postmortem lung speci-
men positive for SARS-CoV-2 genome. In addition, in all
cases, pathological examination showed alterations of lung
parenchyma consistent with moderate-to-severe COVID-19
(Supplementary Fig. S1). Eleven thyroid samples were ob-
tained from control subjects dying for causes other than in-
fectious conditions. Control cases had both nasopharyngeal
swab and lung specimen negative for the presence of the
virus. None of the cases had clinical or laboratory evidence
for thyroid disorders. The study was approved by the local
Ethics Committee (Comitato Etico Area Vasta Nord-Ovest,
Italy No. 17327, 2020-05-14).

Detection of SARS-CoV-2 genome by quantitative
reverse transcription—polymerase chain reaction

Total RNA was extracted from four 10 ym-thick formalin-
fixed paraffin-embedded (FFPE) sections using the RNeasy
FFPE Kit (Qiagen, Hilden, Germany) and quantified by
spectrophotometry (Trinean, Gentbrugge, Belgium). About
250ng of RNA was used for each reverse transcription—
polymerase chain reaction (RT-PCR) test.

The Easy® SARS-CoV-2 WE kit (Diatech Pharmacoge-
netics, Jesi, Italy) was used as a quantitative RT-PCR assay to
detect the SARS-CoV-2 genome. The assay detects the nu-
cleocapsid (N) and the RNA-dependent RNA polymerase
(RdRp) genes. Detection is based on fluorescent probes: FAM
(green channel) for the N gene and ROX (orange channel) for
the RdRp gene. An endogenous internal control (IC, marked
with HEX, yellow channel) allows to check the amplification
process and avoid false negative results. The assay was per-
formed as follows: first, RT was performed for 10 minutes at
50°C, followed by the activation of the Taq polymerase at 95°C
for 5 minutes, and then, PCR was run for 40 cycles (denatur-
ation at 95°C for 5 seconds, annealing and elongation at 58°C
for 30 seconds). A Rotor-Gene Q (Qiagen) instrument was
used, and the threshold was set to 0.01. After the assessment of

positive control amplification in the absence of negative control
amplification, a sample was deemed positive when the N gene
signal was detected below the 36 ct and/or the RdRp gene
signal appeared below the 38 ct. All samples were run in du-
plicate. Borderline cases were repeated.

Analysis of mRNA transcripts

Gene expression analysis was performed using the
nCounter technology (NanoString Technologies, Seattle,
WA), which is based on the direct hybridization of specific
probes to the target molecules (mMRNA, miRNA) without
amplification steps. Two probes of about 50 nucleotides per
target are designed, namely the reporter and the capture
probe. The reporter probe carries six fluorescent molecules of
four different types; their sequence is specific for each target,
thus allowing the analysis of up to 800 targets simulta-
neously. The capture probe carries a molecule of biotin,
which is necessary to bind the target-probes complex to a
solid substrate (i.e., the cartridge). The assay consists of three
parts: hybridization, purification, and digital counting. In the
hybridization phase, probes, RNA, and a hybridization buffer
are mixed and incubated at 65°C for 16 hours. Then, the
target-probes complexes are purified by a magnetic beads
system, bounded to the cartridge, and aligned by application
of an electric field. The alignment avoids an incorrect
counting of targets. The purification procedures are auto-
matically performed by the Prep Station instrument. Finally,
a Digital Analyzer counts the target molecules. In particular,
each well is divided into fields of view. In this study, the

TABLE 1. DEMOGRAPHIC AND CLINICAL DATA
OF COVID-19 AND CONTROL AUTOPSY CASES

Demographic COVID-19 Control
and clinical data (n=25) (n=11)
Age (years)

Mean (SD) 59.7 (17.6) 61.2 (16.1)
Sex, n (%)

Male 19 (76%) 4 (36%)

Female 6 (24%) 7 (64%)
Body mass index, n (%)

Normal 10 (40%) 8 (73%)

Overweight/obese 15 (60%) 3 (27%)
Comorbidities, n (%)

Cardiovascular disease 9 (36%) 3 (27%)

Chronic pulmonary disease 5 (20%) 0

Diabetes 6 (24%) 2 (18%)

Chronic liver disease 0 3 27%)

Malignancy 3 (12%) 0

Chronic kidney disease 0 1 (9%)

Hypokinesia 1 (4%) 0

None 4 (16%) 3 (27%)
Days from COVID-19 symptoms to death

Mean (SD) 11.5 (14.7) Not

applicable

SARS-CoV-2 in thyroid tissue, n (%)

Detected 9 (36%) 0

Not detected 16 (64%) 11 (100%)

All cases had no clinical signs or laboratory evidence for
thyroiditis.
COVID-19, coronavirus disease 2019; SD, standard deviation.
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maximum sensitivity was set to 555 fields of view. Two
panels were used: (a) the Host Immune Response panel in-
vestigating 770 immune-related genes; (b) the Coronavirus
panel plus contains probes targeting the N and S ORFs of
HCoV-229E, HCoV-HKUI1, HCoV-NL63, HCoV-OC43,
SARS-CoV, and the ACE2 virus receptor (Supplementary
Table S1). Probes for the SARS-CoV-2 virus were designed
to the reference sequence, Wuhan-Hu-1 (NC_045512).

Immunohistochemistry

Immunohistochemistry (IHC) was performed in all cases
for viral proteins, and in 18/36 cases for markers of immune
cells. Three-micrometer-thick sections were stained with
antibodies to SARS-CoV-2: rabbit anti-SARS nucleocap-
sid protein antibody (NB100-56683; Novus Biologicals,

FIG. 1. Immunohisto-
chemistry of thyroid tissue of
COVID-19 autopsy cases.
(A) Hematoxylin and eosin
of thyroid tissue (original
magnification 20 x).

(B) SARS-CoV-2 nucleo-
capsid antigen in a COVID-
19 case (original magnifica-
tion 60X ). The viral antigen
is seen as coarse granular
dots in the cytoplasm.

(C) Staining of the inflam-
matory infiltrate for the pan-
leukocyte marker CD45
(original magnification
20x). (D) Staining for the
pan-T cells CD3 marker
(original magnification
40x). (E) A few B cell
stained with the CD20 mar-
ker (original magnification
40x). (F) Granulocyte infil-
tration evidenced by CDI15
staining (original magnifica-
tion 40 ). (G) Sparse natural
killer cells stained for the
CD57 marker (40x).

(H) Evident macrophage in-
filtration highlighted by
CD68 staining (40x).
COVID-19, coronavirus dis-
ease 2019; NK, natural killer.
Color images are available
online.
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Centennial, CO) and a mouse monoclonal antibody to SARS-
CoV-2 spike glycoprotein (GTX632304; GeneTex). Anti-
bodies to immune cell markers included: CONFIRM anti-CD3
(2GV6, T cell marker) Rabbit Monoclonal Primary Anti-
body, CONFIRM anti-CD20 (L26, B cell marker) Mouse
Monoclonal Primary Antibody, CONFIRM anti-CD45, LCA
(RP2/18, pan-leukocyte marker) Mouse Monoclonal Primary
Antibody, CONFIRM anti-CD68 (KP-1, macrophage mark-
er) Mouse Monoclonal Primary Antibody, anti-CD57 (NK1,
natural killer [NK] cell marker) Mouse Monoclonal Primary
Antibody, and CONFIRM anti-CD15 (MMA, granulocyte
marker) Mouse Monoclonal Primary Antibody (Roche Di-
agnostics, Ventana Medical Systems). Staining procedures
were performed with an automated staining system (Bench-
Mark ULTRA; Ventana Medical Systems, Oro Valley, AZ).
Antibody binding was revealed with the OptiView DAB IHC
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Detection Kit (Ventana Medical Systems). Slides were
counterstained with Hematoxylin II and Bluing Reagent
(Ventana Medical Systems). Inflammatory cell counts were
performed independently by two pathologists (A.P. and F.B).
Ten randomly selected fields were scanned at 20 X magnifi-
cation, and cell counts are presented as mean numbers per
square millimeter.

Data analysis

Raw data were normalized using the Advanced Ana-
lysis module of the nSolver v.4.0 (NanoString Technol-
ogies). Low count genes defined as those with raw
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expression level as low as 20 counts were omitted. Nor-
malized gene expression levels were log2 transformed for
further analysis. The principal component analysis (PCA)
was performed by the procedures of the PCAtools Bio-
conductor package v.3.12 after removing 10% of genes
with the lowest variance. Differentially expressed genes
(DEG) were computed by a linear model using the Ad-
vanced Analysis module of nSolver. In detail, control
cases were used as baseline and three comparisons were
performed: all COVID-19 cases versus baseline, COVID-
19 cases with SARS-CoV-2 detected in thyroid tissue
versus baseline, and COVID-19 cases with no virus de-
tected in thyroid tissue versus baseline.
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FIG. 2. Gene expression results. (A) Principal component analysis; COVID-19 cases partially overlap to controls, but
cases in which the SARS-CoV-2 was detected show a more pronounced difference with respect to the other two groups.
Volcano plots (B-D) show differentially expressed genes; in details, there is a trend for gene upregulation by contrasting all
COVID-19 cases with controls, but no genes were significantly deregulated (B). COVID-19 cases without virus presence in
the thyroid tissue have no gene expression alterations in comparison to the control group (C). COVID-19 cases in which the
SARS-CoV-2 infected the thyroid tissue present a significant gene expression deregulation (n=32 genes) with the majority
being upregulated (D). Color images are available online.
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Single sample Gene Set Enrichment Analysis (sSGSEA)
was run using the procedures of the GSVA Bioconductor
package v.1.38.2. In detail, the method described by Barbie
et al. (22) was used, and a minimum of 10 genes was set as
gene set size cutoff. Then, gene sets were manually filtered,
and only those concerning immune processes or generic bi-
ological functions belonging to Reactome (23) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (24) databases
were selected. ssGSEA scores were compared by the mod-
erated t-statistics following the procedures of the limma
Bioconductor package v.3.12. The same contrasts of DEG
analyses were performed. Gene Set Enrichment Analysis
(GSEA) was run using the ranked gene list of differential
expression analyses and following the procedures of clus-
terProfiler Bioconductor package v.3.18.1. For the analyses,
10 was used as minimum gene set size cutoff, and the Hall-
mark collection of the Molecular Signatures Database
(MSigDB) v.7.4 was used as reference (25).

Immune cell scores were computed following the method
described by Middleton et al. (26). Only immune cell sets
with at least two genes were used for further analyses. Im-
mune cell scores were compared using a pairwise Dunn test.
For all analyses, false discovery rate (FDR) below 0.05 was
deemed significant. Analyses and plots were generated in the
R environment (v.4.1.0) unless otherwise specified.

B HALLMARK_INTERFERON_GAMMA_RESPONSE
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Results
Detection of SARS-CoV-2 in thyroid tissue

The demographic and clinical data of the investigated
autopsy cases are shown in Table 1. With regard to age and
comorbidities, COVID-19 cases were not different from con-
trol cases dying from causes other than infectious conditions.
By RT-PCR, the SARS-CoV-2 genome was detected in 9/25
(36%) thyroid specimens of COVID-19 patients. Immune de-
tection of the viral nucleocapsid protein in thyroid cells con-
firmed virus positivity in the nine cases. In agreement with
previous observations (27), virus antigens are seen as coarse
granular dots in the cytoplasm of thyroid cells (Fig. 1). As
expected, the nucleocapsid virus antigen was not found in
thyroid tissue of controls nor in virus-negative thyroid of
COVID-19 patients. A mouse monoclonal antibody to the
SARS-CoV-2 spike glycoprotein produced only diffused
staining and did not allow the precise localization of this viral
antigen (data not shown). The nCounter system (a non-
amplified assay with probes specific for a broad range of cor-
onaviruses) could detect the virus genome in only 4/25 (16%)
thyroid specimens. In the four cases, hybridization occurred
with probes targeting SARS-CoV-2 but not with probes spe-
cific for common cold and SARS coronaviruses (HCoV-229E,
HCoV-HKU1, HCoV-NL63, HCoV-0OC43, and SARS-CoV).
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FIG. 3. Gene set analyses. (A) IFN-related signatures are activated mostly in virus-positive cases. After GSEA, two gene sets
resulted significantly activated in virus-positive cases, namely IFNy (B) and IFNa response (C). GSEA, Gene Set Enrichment
Analysis; IFN, interferon; FDR, false discovery rate; NES, normalized enrichment score. Color images are available online.
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As expected, RT-PCR and hybridization failed to detect
SARS-CoV-2 in thyroid tissues of control autopsy cases. For
further analyses, the nine thyroid specimens positive for
SARS-CoV-2 were treated as a single group.

Transcription of immune genes in thyroid tissue
that had been proven positive for SARS-CoV-2

The PCA showed a partial overlap between COVID-19
cases and controls. However, virus-positive thyroid samples
had a different expression pattern compared with virus-
negative COVID-19 cases and controls (Fig. 2A). When all
COVID-19 cases were compared with controls, a trend to-
ward upregulation of immune genes was apparent but no
single gene was differentially expressed (Fig. 2B). Alter-
natively, when virus-positive (n=9) and virus-negative
(n=16) thyroid samples were compared with autopsy con-
trols, virus-negative samples were not significantly different

with almost all genes flattened on an FDR of 1 (Fig. 2C).
Conversely, comparison of virus-positive cases with control
autopsy cases revealed that 32 genes were differentially ex-
pressed (Fig. 2D). The majority of these were upregulated
(n=28), including IL2RA, XAFI1, OAS1, OAS3, and IFI6.
Only four genes were downregulated in cases positive for
virus in thyroid, namely KPNBI, IRF3, LCN2, and SMAD4.
Of note, two genes (IL2ZRA and CD209/L-SIGN) whose
polymorphism has been associated to severe COVID-19 are
also upregulated (28,29). Supplementary Table S2 lists the
complete results of differential expression analysis (DEG).

In thyroid tissue, SARS-CoV-2 positivity is linked
with activation of type | and type Il IFNs

Using the criteria reported for ssGSEA, scores were
computed for 591 gene sets. Among them, 94 gene sets re-
lated to immune processes or generic biological functions

TABLE 2. GENE TRANSCRIPTION CHANGES IN TYPE I AND TYPE II INTERFERON PATHWAYS

Gene Gene function

Log2 FC  SE (Log2) FDR IFNo IFNy

XAF1 XIAP Associated Factor 1. Protein that binds to and 3.54 0.68 0.01 J
counteracts the inhibitory effect of a member of the IAP
(inhibitor of apoptosis) protein family. IAP proteins bind
to and inhibit caspases, which are activated during

apoptosis

OAS3 2’-5’-Oligoadenylate Synthetase 3. This enzyme is induced 3.29 0.67 0.01 J
by IFNs and catalyzes the 2’, 5" oligomers of adenosine to
bind and activate RNase L, thus inhibiting cellular protein
synthesis and promoting resistance to virus infection
OAS1 2’-5’-Oligoadenylate Synthetase 1. This enzyme is induced 3.13 0.63 0.01 N
by IFNs and activates latent RNase L, which results in
viral RNA degradation and the inhibition of viral

replication
RSAD2

RASD Family Member 2. It functions as an E3 ligase for 3.08 0.62 0.01 N N

attachment of small ubiquitin-like modifier (SUMO)

0OAS2 2’-5’-Oligoadenylate Synthetase 2. Essential protein 2.94 0.66 0.02 J
involved in the innate immune response to viral infection

ISG15 ISG15 Ubiquitin-Like Modifier. Ubiquitin-like protein that 2.88 0.73 0.05 N N
is conjugated to intracellular target proteins upon

activation by IFNs

IFI44 IFN Induced Protein 44 aggregates to form microtubular 2.44 0.46 0.01 N J
structures and influences the severity of hepatitis D

MX1 MX Dynamin-Like GTPase 1. Protein induced by type I and 2.03 0.42 0.01 N J
type II IFNs that antagonize the replication process of

RNA and DNA viruses

IRF9 IFN Regulatory Factor 9. Member of the IRF family that has 1.65 0.40 0.04 J J
diverse roles, including virus-mediated activation of IFN

and modulation of immune system activity

BST2 Bone Marrow Stromal Cell Antigen 2 (Tetherin). IFN- 1.52 0.38 0.05 N J
induced antiviral factor that blocks the release of diverse
enveloped viruses by tethering nascent virions to the

membranes of infected cells
TRIMS

Tripartite Motif Containing 5. A E3 ubiquitin-ligase and 1.46 0.33 0.02 N

ubiquitinates itself to regulate its subcellular localization;

it plays a role in viral restriction

IFIH] IFN Induced with Helicase C Domain 1 encodes MDAS, an 1.36 0.35 0.05 N N
intracellular sensor of viral RNA that triggers the innate
response. Implicated in autoimmune diseases such as type

1 diabetes and systemic lupus erythematosus

The hallmark collection of the molecular signatures database (MSIGDB) v.7.4 was used as reference. COVID-19 autopsy cases versus

control cases without evidence of infectious disorders.

FC, fold change; FDR, false discovery rate; IFN, interferon; IRF, interferon regulatory factor; SE, standard error.
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were analyzed in more detail. Comparing SARS-CoV-2-
negative samples with control autopsy cases, no gene sets
were differentially transcribed. The analysis showed, how-
ever, that in virus-positive thyroid samples nine gene sets
were significantly altered. Specifically, four gene sets were
downregulated: two related to TLR4 signaling, one of the
Myd88 cascade, and one related to insulin signaling. Con-
versely, five gene sets were upregulated: one involved in the
leptin response, one in tumor necrosis factor alpha (TNFo)
signaling, and three related to IFN pathways. Since changes
in IFN signaling were highly significant, IFN signatures were
gathered and plotted. As shown in the heat map (Fig. 3A),
IFN genes are generally inactive in controls and in virus-
negative samples, whereas the same genes are activated
in samples positive for SARS-CoV-2. A classical GSEA
showed that the gene sets of both type I and type II IFNs were
significantly activated in virus-positive thyroid specimens
(Fig. 3B, C). Table 2 shows the significantly activated im-
mune genes belonging to IFN pathways along with their
functions. In particular, the three genes coding for the 2’-5’
oligoadenylate synthetase (OAS1-2-3) that are central in
activating RNAse-L—a key enzyme in antiviral resistance—
are strongly activated. Of interest is also that transcription
of the ACE2 virus receptor was upregulated in virus-
positive thyroid specimens, possibly as a consequence of
IFN activation.

Innate immune cells are well represented
in SARS-CoV-2-positive thyroid tissue

Immune cell infiltrates were compared among COVID-19
cases (positive or negative for SARS-CoV-2 in thyroid tissue)

Chemokine myeloid

Chemcokine neutrophil

POMA ET AL.

and in control autopsy cases. In the absence of virus in thy-
roid, COVID-19 cases were not significantly different from
controls. In contrast, thyroid tissue positive for SARS-CoV-
2 had higher scores for macrophages, polymorphonuclear
neutrophils, and chemokine neutrophils compared with
both virus-free COVID-19 thyroids and controls (Fig. 4).
IHC confirmed the results. COVID-19 cases positive for
virus in thyroid had higher levels of granulocytes (CD15)
and macrophages (CD68) compared with COVID-19 cases
negative for virus in thyroid and controls. Compared with
controls, infiltrating T cells (CD3) were more abundant in
COVID-19 cases, especially those positive for virus
(Figs. 1 and 5).

Discussion

At present, thyroid dysfunction following COVID-19
seems not to be frequent. The majority of disorders are
NTIS and thyrotoxicosis—both possibly linked to a cyto-
kine storm (9). Cases of SAT and GD after SARS-CoV-2
infection strongly suggest that the virus can infect thyroid
endocrine cells (6,8,11-13). The results show that the
SARS-CoV-2 genome can be found in thyroid tissue of 9/25
subjects dying from COVID-19 and that, in these same
cases, virus proteins are expressed in the cytoplasm of
thyroid cells.

Interestingly, compared with the control autopsy group,
virus-free thyroid tissues of subject with COVID-19 do not
show alterations of immune genes transcription. Conversely,
detection of SARS-CoV-2 in the thyroid gland is associated
with an intense activation of the innate immune response likely
consequential to upregulation of both type I (i.e., IFN-alpha)

Polymorphenuclear neutrophils 2 Polymorphonuclear neutrophils 3

SARS-CoV-2 in Thyroid tissue

I control B detected

B not detected

FIG. 4. Immune cell abundance. COVID-19 cases with virus presence in thyroid tissue have a higher abundance of
chemokine neutrophil, polymorphonuclear neutrophil, macrophage, and M2 macrophage scores. *P <0.05; **P<0.01;

***P<(0.001. Color images are available online.
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able online.
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and type II (i.e., [IFN-gamma) pathways. Innate lymphoid
cells and NK cells are an important source of IFN-gamma
(30,31). IFN-gamma links the innate response with the
adaptive response and primes macrophages inducing
the release of nitric oxide (30). Accordingly, innate im-
mune cells, including macrophages, were overrepresented
in SARS-CoV-2-positive thyroid specimens. The exacer-
bation of the macrophage activity could promote tissue
damage and a diffuse inflammatory state of thyroid pa-
renchyma consistent with the SAT condition (10,32,33).
Although both IFN-alpha and IFN-gamma promote anti-
viral resistance (30,34,35), a prolonged and intense stim-
ulation may have detrimental effects (30), including
triggering autoimmune thyroiditis and exacerbating pre-
existing autoimmune conditions (30,36,37). Currently,
thyroid dysfunction or de novo appearance of thyroid au-
toantibodies do not seem frequent in the follow-up of pa-
tients who recovered from COVID-19 (20,21,38). In the
present study, the frequent detection of SARS-CoV-2 in
thyroid tissue may indicate that thyroid infection does oc-
cur in patients with more severe fatal forms of the disease.
None of the investigated COVID-19 cases had clinical or
laboratory evidence for previous thyroid conditions; hence,
it is unclear whether preexisting thyroid disorders could
favor the viral infection of the gland.

Further autopsy studies of COVID-19 cases (and possibly
biopsy specimens from living patients) will define the real
incidence of coronavirus detection in thyroid.

Multiple observations show that the thyroid gland may
be hit by a broad range of different viruses, including hu-
man herpesvirus 6 (39,40), hepatitis C virus (41), parvo-
virus B19 (42), Ebola virus (43), and enteroviruses (16).
Since thyroid follicular cells express ACE2 (44), the main
receptor of SARS-CoV-2, the virus may reach endocrine
cells and replicate within them in at least some individuals.
Of interest is that, coincidentally with virus-induced IFN
activation, the expression of ACE2 is enhanced in the
thyroid gland.

To conclude, the findings indicate that, in thyroid, COVID-
19 associates with transcriptional changes of immune genes
once the virus is replicating in endocrine cells. Infection
appears to activate type I and type II IFN pathways that, in
turn, boost innate immunity. Likely, the confluence of in-
fectious and immune stimuli may trigger or exacerbate thy-

roid autoimmunity in predisposed individuals. Thus, thyroid
disorders still need to be monitored in prolonged follow-up of
COVID-19 cases.

Acknowledgments

The study has been conducted in collaboration with the
Centro Linceo Beniamino Segre, Accademia dei Lincei, Rome,
Italy, and the Global Virus Network (GVN), Baltimore, MD.

Authors’ Contributions

Conceptualization: A.M.P., D.B., F.B., AT., and F.S.
Methodology: AM.P., AB., D.B., AP., EM, C.U, LT,
G.A., and P.V. Formal analysis: A.M.P.,R.G., A.T., and F.B.
Writing—original draft preparation: A.M.P., A.T., and F.B.
Writing—review and editing: all authors. Supervision: F.B.,
A.T., and F.S. Funding acquisition: F.B. and A.T.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This research was funded by University of Pisa (no specific
grant to F.B.), the Juvenile Diabetes Research Foundation
(JDRF) and nPOD-V (JDRF grant 25-2012-770 to A.T.), and
the Italian Ministry of Health (grant PE-2013-02357094 to A.T.).

Supplementary Material

Supplementary Figure S1
Supplementary Table S1
Supplementary Table S2

References

1. WHO | Pneumonia of unknown cause—China. WHO.
World Health Organization. Available at www.who.int/cst/
don/05-january-2020-pneumonia-of-unkown-cause-china/
en (accessed May 20, 2021).

2. WHO Director-General’s opening remarks at the media
briefing on COVID-19—11 March 2020. Available at
https://www.who.int/director-general/speeches/detail/who-


http://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en
http://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en
http://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19&mdash;11-march-2020

Downloaded by Society - Active - Hellenic Society of Endocrinology (HSE) from www.liebertpub.com at 01/16/22. For personal use only.

1774

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

director-general-s-opening-remarks-at-the-media-briefing-
on-covid-19—11-march-2020 (accessed May 20, 2021).

. Ackermann M, Verleden SE, Kuehnel M, et al. 2020 Pul-

monary vascular endothelialitis, thrombosis, and angio-
genesis in Covid-19. N Engl J Med 383:120-128.

. Ziegler CGK, Allon SJ, Nyquist SK, et al. 2020 SARS-

CoV-2 receptor ACE2 is an interferon-stimulated gene in
human airway epithelial cells and is detected in specific cell
subsets across tissues. Cell 181:1016-1035.e19.

. Li M-Y, Li L, Zhang Y, ef al. 2020 Expression of the

SARS-CoV-2 cell receptor gene ACE2 in a wide variety of
human tissues. Infect Dis Poverty 9:45.

. Brancatella A, Ricci D, Viola N, et al. 2020 Subacute

thyroiditis after Sars-COV-2 infection. J Clin Endocrinol
Metab 105:dgaa276.

. Lania A, Sandri MT, Cellini M, et al. 2020 Thyrotoxicosis

in patients with COVID-19: the THYRCOV study. Eur J
Endocrinol 183:381-387.

. Mattar SAM, Koh SJQ, Rama Chandran S, et al. 2020

Subacute thyroiditis associated with COVID-19. BMJ Case
Rep 13:e237336.

. Croce L, Gangemi D, Ancona G, et al. 2021 The cytokine

storm and thyroid hormone changes in COVID-19.
J Endocrinol Invest 44:891-904.

Desailloud R, Hober D 2009 Viruses and thyroiditis: an
update. Virol J 6:5.

Lanzolla G, Marcocci C, Marindo M 2021 Graves’ dis-
ease and Graves’ orbitopathy following COVID-19.
J Endocrinol Invest. [Epub ahead of print]; DOI: 10.1007
/s40618-021-01576-7.

Mateu-Salat M, Urgell E, Chico A 2020 SARS-COV-2 as a
trigger for autoimmune disease: report of two cases of
Graves’ disease after COVID-19. J Endocrinol Invest 43:
1527-1528.

Jiménez-Blanco S, Pla-Peris B, Marazuela M 2021
COVID-19: a cause of recurrent Graves’ hyperthyroidism?
J Endocrinol Invest 44:387-388.

Davies TF, Andersen S, Latif R, et al. 2020 Graves’ dis-
ease. Nat Rev Dis Primer 6:52.

Smith TJ, Hegediis L 2016 Graves’ disease. N Engl J] Med
375:1552-1565.

Poma AM, Hammerstad SS, Genoni A, et al. 2021 Immune
transcriptome of cells infected with enterovirus strains
obtained from cases of autoimmune thyroid disease. Mi-
croorganisms 9:876.

Migliorini P, Italiani P, Pratesi F, et al. 2020 The IL-1
family cytokines and receptors in autoimmune diseases.
Autoimmun Rev 19:102617.

Esmailbeig M, Ghaderi A 2017 Interleukin-18: a regulator
of cancer and autoimmune diseases. Eur Cytokine Netw 28:
127-140.

Poma AM, Bonuccelli D, Giannini R, et al. 2021 COVID-
19 autopsy cases: detection of virus in endocrine tissues.
J Endocrinol Invest. [Epub ahead of print]; DOI: 10.1007
/s40618-021-01628-y.

Brix TH, Hegediis L 2021 Severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) infection and thyroid
disease. An update. Curr Opin Endocrinol Diabetes
Obes. [Epub ahead of print]; DOI: 10.1097/MED
.0000000000000654.

Clarke SA, Phylactou M, Patel B, et al. 2021 Normal
adrenal and thyroid function in patients who survive
COVID-19 infection. J Clin Endocrinol Metab 106:2208—
2220.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

POMA ET AL.

Barbie DA, Tamayo P, Boehm JS, et al. 2009 Systematic
RNA interference reveals that oncogenic KRAS-driven
cancers require TBK1. Nature 462:108-112.

Jassal B, Matthews L, Viteri G, et al. 2020 The reactome
pathway knowledgebase. Nucleic Acids Res 48:D498-
D503.

Kanehisa M, Sato Y, Kawashima M, et al. 2016 KEGG as a
reference resource for gene and protein annotation. Nucleic
Acids Res 44:D457-D462.

Subramanian A, Tamayo P, Mootha VK, ef al. 2005 Gene
set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A 102:15545-15550.

Middleton G, Yang Y, Campbell CD, et al. 2020 BRAF-
mutant transcriptional subtypes predict outcome of com-
bined BRAF, MEK, and EGFR blockade with dabrafenib,
trametinib, and panitumumab in patients with colorectal
cancer. Clin Cancer Res 26:2466-2476.

Schaefer I-M, Padera RF, Solomon IH, et al. 2020 In situ
detection of SARS-CoV-2 in lungs and airways of patients
with COVID-19. Mod Pathol 33:2104-2114.

Wang L, Balmat TJ, Antonia AL, et al. 2021 An atlas
connecting shared genetic architecture of human diseases
and molecular phenotypes provides insight into COVID-19
susceptibility. Genome Med 13:83.

Dos Santos ACM, Dos Santos BRC, Dos Santos BB, et al.
2021 Genetic polymorphisms as multi-biomarkers in severe
acute respiratory syndrome (SARS) by coronavirus infec-
tion: a systematic review of candidate gene association
studies. Infect Genet Evol J Mol Epidemiol Evol Genet
Infect Dis 93:104846.

Lee AJ, Ashkar AA 2018 The dual nature of type I and type
II interferons. Front Immunol 9:2061.
Quintino-de-Carvalho IL, Gongalves-Pereira MH, Ramos
MF, et al. 2021 ILC1 and NK cells are sources of IFN-y and
other inflammatory cytokines associated to distinct clinical
presentation in early dengue infection. J Infect Dis jiab312.
[Epub ahead of print]; DOI: 10.1093/infdis/jiab312.
Lamichaney R, Sherpa M, Das D, et al. 2017 Fine-needle
aspiration of De Quervain’s thyroiditis (subacute granulo-
matous thyroiditis): a cytological review of 20 cases. J Clin
Diagn Res JCDR 11:EC09-EC11.

Kojima M, Nakamura S, Oyama T, et al. 2002 Cellular
composition of subacute thyroiditis. an immunohisto-
chemical study of six cases. Pathol Res Pract 198:833-837.
Lee AJ, Chen B, Chew MV, et al. 2017 Inflammatory
monocytes require type I interferon receptor signaling to
activate NK cells via IL-18 during a mucosal viral infec-
tion. J Exp Med 214:1153-1167.

Karupiah G, Xie QW, Buller RM, et al. 1993 Inhibition of
viral replication by interferon-gamma-induced nitric oxide
synthase. Science 261:1445-1448.

Prummel MF, Laurberg P 2003 Interferon-alpha and auto-
immune thyroid disease. Thyroid 13:547-551.

Tomer Y, Menconi F 2009 Interferon induced thyroiditis.
Best Pract Res Clin Endocrinol Metab 23:703-712.

Brix TH, Hegediis L, Hallas J, et al. 2021 Risk and course
of SARS-CoV-2 infection in patients treated for hypothy-
roidism and hyperthyroidism. Lancet Diabetes Endocrinol
9:197-199.

Caselli E, Zatelli MC, Rizzo R, et al. 2012 Virologic and
immunologic evidence supporting an association between
HHV-6 and Hashimoto’s thyroiditis. PLoS Pathog 8:
€1002951.


https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19&mdash;11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19&mdash;11-march-2020

Downloaded by Society - Active - Hellenic Society of Endocrinology (HSE) from www.liebertpub.com at 01/16/22. For personal use only.

INTERFERONS IN SARS-CoV-2-POSITIVE THYROID TISSUE

40.

41.

42.

43.

Sultanova A, Cistjakovs M, Sokolovska L, et al. 2020
HHV-6 infection and chemokine RANTES signaling
pathway disturbance in patients with autoimmune thyroid-
itis. Viruses 12:E689.

Hammerstad SS, Blackard JT, Lombardi A, et al. 2020
Hepatitis C virus infection of human thyrocytes: metabolic,
hormonal, and immunological implications. J Clin En-
docrinol Metab 105:dgz241.

Wang L, Zhang W-P, Yao L, et al. 2015 PRDM1 expres-
sion via human parvovirus B19 infection plays a role in the
pathogenesis of Hashimoto thyroiditis. Hum Pathol 46:
1913-1921.

Cooper TK, Huzella L, Johnson JC, et al. 2018 Histology,
immunohistochemistry, and in situ hybridization reveal
overlooked Ebola virus target tissues in the Ebola virus
disease guinea pig model. Sci Rep 8:1250.

1775

44. Rotondi M, Coperchini F, Ricci G, et al. 2021 Detec-

tion of SARS-COV-2 receptor ACE-2 mRNA in thyroid
cells: a clue for COVID-19-related subacute thyroiditis.
J Endocrinol Invest 44:1085-1090.

Address correspondence to:

Fulvio Basolo, MD, PhD

Department of Surgical, Medical, Molecular Pathology
and Critical Area

University of Pisa

Via Savi 10, Pisa 56126

Italy

E-mail: fulvio.basolo@med.unipi.it



