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ARTICLE INFO ABSTRACT

Keywords: Background: SARS-CoV-2 infections have been associated with the onset of thyroid disorders like classic subacute
SARS-COV2 thyroiditis (SAT) or atypical SAT upon severe COVID disease (COV-A-SAT). Little is known about thyroid anti-
Tissue resident memory cells

viral immune responses.

Objectives: To define the role of T-cells in COV-A-SAT.

Methods: T-cells from COV-A-SAT patients were analyzed by multi-dimensional flow cytometry, UMAP and
DiffusionMap dimensionality reduction and FlowSOM clustering. T-cells from COVID-naive healthy donors,
patients with autoimmune thyroiditis (ATD) and with SAT following COVID vaccination were analyzed as
controls. T-cells were analyzed four and eight months post-infection in peripheral blood and in thyroid specimen
obtained by ultrasound-guided fine needle aspiration. SARS-COV2-specific T-cells were identified by cytokine
production induced by SARS-COV2-derived peptides and with COVID peptide-loaded HLA multimers after HLA
haplotyping.

Results: COV-A-SAT was associated with HLA-DRB1*13 and HLA-B*57. COV-A-SAT patients contained activated
Thl- and cytotoxic CD4+ and CD8+ effector cells four months post-infection, which acquired a quiescent
memory phenotype after eight months. Anti-SARS-CoV-2-specific T-cell responses were readily detectable in
peripheral blood four months post-infection, but were reduced after eight months. CD4+ and CD8- tissue-
resident memory cells (TRM) were present in the thyroid, and circulating CXCR3+T-cells identified as their
putative precursors. SARS-CoV-2-specific T-cells were enriched in the thyroid, and acquired a TRM phenotype
eight months post-infection.

Conclusions: The association of COV-A-SAT with specific HLA haplotypes suggests a genetic predisposition and a
key role for T-cells. COV-A-SAT is characterized by a prolonged systemic anti-viral effector T-cell response and
the late generation of COVID-specific TRM in the thyroid target tissue.

Thyroid
Anti-viral T-cells

1. Introduction (SARS-CoV-2), has represented an unprecedented global health emer-
gency [1]. Since the end of 2020, one of the main sanitary measures

Since early 2020 the pandemic of Coronavirus disease 2019 (Covid- implemented to fight the Covid-19 pandemic has been the launch of the
19), determined by the severe acute respiratory syndrome coronavirus 2 greatest and fastest mass vaccination in human history [2,3]. In Italy,
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where our Institution is located, 4 types of Covid-19 vaccines have been
used, all encoding for the SARS-CoV-2 spike protein: two mRNA lipid
nanoparticle vaccines (BNT162b2 Comirnaty®, Pfizer—BioNTech and
mRNA-1273 SpikeVax®, Moderna) and two DNA (adeno)viral vector
vaccines (Vaxzevria® Astrazeneca and Janssen® Johnson&Johnson)
[2]. Both SARS-CoV-2 infection and Covid-19 vaccines induce specific
CD4+ and CD8 + T-cell responses that can be detected in the circulation
even after several months [4-6]. In the lung, virus-specific T-cells can
become tissue-resident cells, which do not recirculate but can provide
immediate protection [7,8]. Notably, anti-SARS-CoV-2 immune re-
sponses have been associated with the onset of thyroid disorders [9,10].
In particular, after SARS-CoV-2 infection several cases of subacute
thyroiditis (SAT) and autoimmune thyroid disorders (ATD) have been
described [11-14]. We have described the onset of atypical thyroiditis in
hospitalized patients for severe Covid-19 disease, as the result of pain-
less thyroiditis associated to non-thyroidal illness syndrome [15,16].
Similarly, cases of SAT [17-20] or ATD such as Graves disease and
Graves’ orbitopathy [21-26] have been described following Covid-19
vaccination. However anti-SARS-CoV-2 immune responses in the thy-
roid have not been investigated in detail yet [9,10]. In the present study
we therefore characterized the immunological response to SARS-CoV-2
in patients with non-autoimmune atypical thyroiditis developed during
severe Covid-19 disease (COV-A-SAT). We analyzed anti-viral CD4+ and
CD8+ T-cell subsets by immunophenotyping and tested their SARS-CoV-
2 specificity both in peripheral blood and thyroid-infiltrating T-lym-
phocytes. We observed a systemic anti-COVID effector T-cell response 4
months post-infection that largely vanished after 8 months, and the
concomitant late generation of COVID-specific TRM in the thyroid.

2. Materials and methods
2.1. Study population

The study included 13 patients having developed atypical thyroiditis
during severe COVID-19 disease (COV-A-SAT), 6 patients developing
classic SAT following COVID-19 vaccination (VAX-SAT) and 6 patients
with ATD (3 spontaneous and 3 following COVID-19 vaccination) fol-
lowed at the IRCCS Fondazione Ca’ Granda Ospedale Maggiore Policli-
nico, Milan, Italy (Table 1). Four of the COV-A-SAT patients had
concomitant ATD and were thus excluded from the analysis, unless
indicated (Fig. 6C, Fig. 7 and Table 2). Fifteen healthy donors (HD)
previously unexposed to SARS-CoV-2 were also included in the study as
controls. To this purpose the presence of IgG anti-spike protein (anti-S
IgG) in serum was determined by ELISA to verify that HD had negative
anti-S IgG [5].

The COV-A-SAT group included patients developing non-
autoimmune transient atypical thyroiditis during hospitalization for
severe Covid-19 disease, defined as painless transient thyrotoxicosis
(low/suppressed TSH and/or elevated FT4), or presence of hypoechoic
areas of thyroiditis at thyroid ultrasound [15,16]. COV-A-SAT patients
were tested positive for COVID-19 by real-time reverse transcriptase
polymerase chain reaction conducted on nasal and pharyngeal swab
specimens for a period of 37+15 days (range 17-69 days).

All patients in the VAX-SAT group had non-autoimmune classic SAT,
defined as classic painful transient thyrotoxicosis in presence of hypo-
echoic areas of thyroiditis at thyroid ultrasound [27]. The ATD group
included 4 patients with Graves’ disease (autoimmune hyperthyroidism
with positive autoantibodies to thyrotropin receptor) complicated with
Graves’ orbitopathy (thyroid-related orbital tissue inflammation [28]),
one patient with Graves’ disease without ocular complications and one
patient with euthyroid autoimmune thyroiditis in multinodular goitre.
The VAX patients developed thyroid disorders 15 + 18 (mean + SD)
days after receiving the last dose of Covid-19 vaccine. At timepoint I (4
months), all COV-A-SAT and one ATD patients were euthyroid in
absence of treatment, while the majority of VAX-SAT and ATD patients
were thyrotoxic (Table 1). Importantly, none of the COV-A-SAT patients
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Table 1
Patient characteristics.
HD ATD VAX-SAT COV-A-
SAT
(n=15) (n=6) (n=6) (n=13)
Female sex N (%) 6 (40) 5(83) 3(50) 6 (46)
Age years mean (SD) 44 (14) 54 (11) 55 (14) 60 (9)
Tnlnepomt 1 days mean (SD) NA 11583)2 88 (30) 120 (39)
Tulnepomt 1I days mean (SD) NA NA NA 243 (8)
Previous thyroid disorders N NA 2(67) 2 1a6) 0 )
(%)
Thyroid family history N NA 5(83) 467) 108
%)
. 1.43 0.02 0.06 1.65
TSH mlU/1 median (1QR) (0.83) (0.38) (0.46) (0.90)
23.3
FT4 ng/1 mean (SD) NA (26.9) 14.2 (6.8) 11.1 (1.8)
FT3 ng/1 mean (SD) NA 7.3(7.5) 3.4(1.1) 3.1(0.4)
TRAD POS N (%) NA 5 (83) 0(0) 0(0)
TPOAD POS N (%) 0 (100) 5(83) 0(0) 2(15)
TgAb POS N (%) 0 (100) 4 (67) 0(0) 2(15)
Steroids N (%) NA 1Q17) 3(50) 0(0)
Anti-thyroid drugs N (%) NA 4 (67) 0(0) 0 (0)
Levothyroxine N (%) NA 0 (0) 0(0) 0(0)

General and clinical characteristics of patients developing atypical thyroiditis
during severe Covid-19 (COV-A-SAT), subacute thyroiditis after Covid-19
vaccination (VAX-SAT), autoimmune thyroid disorders (ATD) and healthy do-
nors (HD).

Abbreviations: FT3 = free-tri-iodothyronine, FT4 = free-thyroxine, IQR =
interquartile range, NA = Not applicable, SD = standard deviation, TgAb =
autoantibodies to thyroglobulin, TPOAb = autoantibodies to thyroid peroxidase,
TRAb = autoantibodies to the TSH receptor, TSH = thyroid stimulating hor-
mone.

1 = Days between blood/thyroid assessment and date of SARS-CoV-2 positive
test (Covid-19 group) or last dose of Covid-19 vaccine (VAX-SAT and ATD
groups).

2 = Figures apply only to the three patients developing ATD following Covid-19
vaccination.

had been vaccinated for Covid-19 at both time-points, since sampled
before the launch of the mass vaccination campaign. Similarly, none of
the ATD patients had a known previous infection with SARS-CoV-2,
except for one case who had symptomatic Covid-19 disease two
months before receiving Covid-19 vaccination.

This study was approved by the ethical committee of Milano Area 2
(permissions 0004946 69_2020bis 7/2/2020 ID 1333 and 583_2021 5/
5/2021 ID 1582) and informed consent was obtained from all subjects.

2.2. Human samples

Paired blood withdrawal and ultrasound-guided fine needle aspira-
tion (US-FNA) of thyroid gland were obtained from patients, while HD
underwent blood withdrawal only. Blood sampling and thyroid US-FNA
were performed four months post-infection or vaccination in all pa-
tients. Five COV-A-SAT patients were also analyzed for paired blood and
thyroid sampling 8 months after infection. Notably, due to the limited
and variable number of cells obtained from human samples, not all as-
says could be performed with all patients.

2.3. Thyroid analysis

The serum concentrations of thyroid stimulating hormone (TSH),
free-thyroxine (FT4) and tri-iodothyronine (FT3) were measured by
electrochemiluminescence immunoassay (Cobas® e801, Roche Di-
agnostics). Reference intervals were 0.28-4.30 mIU/1 for TSH, 8-17 ng/1
for FT4 and 2-5 ng/l for FT3. Autoantibodies to thyroid peroxidase
(TPOAD) and thyroglobulin (TgAb) were measured by enzyme-linked
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Table 2
Human Leucocytes Antigen (HLA) typing.
Allele I Allele IT
FNA1 A*01:01 A*01:01
B*35:02 B*57:01
C*04:01 C*06:02
DRB1%07:01 DRB1%11:04
FNA2 A702:11 A*30:01
B*35:01 B*44:03
C*04:01 C*04:01
DRB1%04:07 DRB1%15:03
FNA3 A*03:01 A*24:02
B*35:01 B*44:02
C*04:01 C*05:01
DRB1%01:01 DRB1%13:01
FNA4 A*24:02 A*26:01
B*35:08 B*44:02
C*04:01 C*05:01
DRB1%13:01 DRB1%13:02
FNA5* A*02:01 A*11:01
B*15:17 B*57:01
C*06:02 C*07:01
DRB1*07:01 DRB1%13:02
FNA6 A*01:01 A*02:05
B*35:01 B*58:01
C*06:02 C*07:18
DRB1%08:04 DRB1711:04
FNA7 A*03:01 A*11:01
B*07:02 B*08:01
C*07:02 C*07:18
DRB1%03:01 DRB1%14:01
FNAS8 A*02:02 A*23:01
B*41:01 B*52:01
C*12:02 C*17:01
DRB1%13:03 DRB1%15:02
FNA9 A*03:01 A*24:02
B*18:01 B*51:01
C*07:02 C*12:03
DRB1%07:01 DRB1%13:02
FNA10* A*01:01 A*24:17
B*15:02 B*57:01
C*06:02 C*08:01
DRB1%07:01 DRB1%12:02
FNA11 A*24:02 A*68:02
B*35:03 B*53:01
C*04:01 C*12:03
DRB1%01:02 DRB1%11:01
FNA12 A*01:01 A*01:01
DRB1%01:01 DRB1*%11:04
FNA13 A*02:01 A*02:01
DRB1%13:01 DRB1%16:01

Human Leucocytes Antigen (HLA) typing of locus A, B, C and DRB1 of COVID-19
patients (n = 13).
Patients expressing HLA-A*24:02, HLA-A*01:01, HLA-A*02:01 or HLA-
DRB1%07:01 eligible for dextramers staining are highlighted in grey. FNA1,
FNA2, FNA7 and FNA13 also had thyroid autoimmunity.

* Although FNAS5 and FNA10 patients had eligible haplotypes, we had insuf-
ficient thyroid material to perform dextramers analysis.

immunosorbent assay (ThermoFisher) and autoantibodies to TSH re-
ceptor (TRAb) by Immulite 2000/2000 XPi TSI (Siemens). Normal
reference ranges were < 35 KIU/L (TPOAb), < 60 KIU/L (TgAb) and <
0.55 KIU/L (TRAD). Serum was tested for TgAb with ELISA kit (EIA-
3708, Pantec), TPOAb (EIA-3561, Pantec) and TSH (EHTSH, Invi-
trogen). Normal reference ranges were < 100 IU/ml (TgAb), < 50 IU/ml
(TPOAD) and between 0.2 and 4.3 mIU/l (TSH). Excluding the ATD
group, all patients that were positive for TPOAb or TgAb, which is quite
common in the general population (12%) [29], were excluded from the
analysis unless indicated (Fig. 6C, 7 and Table 2).

2.4. Cell isolation

Human peripheral blood mononuclear cells (PBMCs) were isolated
by using Ficoll-Hypaque (Sigma-Aldrich) gradient. Lymphocytes from
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thyroid US-FNA were processed or frozen immediately after collection,
without isolation procedures.

2.5. Intra-thyroid detection of SARS-CoV-2 mRNA

The presence of intra-thyroid SARS-CoV-2 RNA on thyroid US-FNA
samples was tested by real-time reverse transcriptase polymerase
chain reaction with GeneFinder™ 2019-nCoV RealAmp Kit (IFMR-29)
and AllplexTM 2019-nCoV Assay (Seegene).

2.6. Ex vivo flow cytometric analysis of T-lymphocytes

Flow cytometry was performed according to the published guidelines
[30]. PBMCs were stained at the cell surface with the following anti-
bodies: CD4 (OKT4, Invitrogen or SK3, BD Biosciences), CD103 (Ber-
ACTS8, BD Biosciences), CD25 (M-A251 or 2A3 BD Biosciences), CD38
(HIT2, BD Biosciences), CD27 (M-T271 or L128, BD Biosciences), CD127
(AO19D5, Biolegend or HIL-TI7R-M21, BD Biosciences), CD45 (2D1,
Biolegend), CD8 (SK1 or RPA-T8, BD Biosciences), CD69 (FN50, BD
Biosciences), CXCR3 (1C6/CXCR3, BD Biosciences), CCR7 (150,503, BD
Biosciences), LIVE/DEAD™ (Thermo Fisher Scientific), CD45RA
(HI100, BD Biosciences), CD56 (B159, BD Biosciences) and CD3
(UCHT1, BD Biosciences or Biolegend). For the analysis of intracellular
markers, cells were fixed and permeabilized and stained intracellularly
for Foxp3 (259D, Biolegend), Granzyme K (GM6C3, Santa Cruz), CD40L
(24-31, Biolegend), Granzyme B (GB11l, BD Biosciences), Eomes
(WD1928, Invitrogen), IFN-y (B27, BD Biosciences), Ki67 (B56, BD
Biosciences), IL-2 (5344.111, BD Biosciences) and TNF-a (Mab11, BD
Biosciences). Samples were acquired at FACS Symphony cell analyser
(BD Biosciences) and data were analyzed using FlowJo Software.

2.7. Bioinformatic analysis

Flow cytometry data were imported into FlowJo software (version
10.8.0) to compensate fluorescence spreading; dead cells, debris, B cells
and monocytes were excluded from the analysis. To compare the blood
of patients versus those of HD a random down-sample of 5000 events for
CD3+ T-cells compartment was performed. In order to compare blood
and thyroid of the same patient (paired) a random down-sample of 1620
events was performed separately for CD4+ and CD8+ T-cells. Finally,
CD4+ and CD8+ down sampled data where merged and exported as FCS
file for further analysis in R software (version 4.0.2).

Sample batches were read using read.flowSet (2.6.0) from the
flowCore R package. We applied the Logicle transformation that allows
the use of multiple samples to estimate transformation parameters. To
reduce batch effect due to technical and not to biological variation we
normalized the signal of each marker with the function gaussNorm from
the flowStat package (4.6.0). After the batch-specific pre-processing,
samples were concatenated into a SingleCellExperiment object in R
using the function prepData from the CATALYST R package [31].
Dimensionality reduction by UMAP was subsequently applied to visu-
alize relative proximities of cells within reduced dimensions. We per-
formed high-resolution, unsupervised clustering and meta-clustering
using FlowSOM (2.2.0) and ConsensusClusterPlus (1.58.0) packages
following the workflow in Nowicka et al. [31]. The T-cell compartment
in the comparison of blood and thyroids belonging to the same patient
(paired analysis) was clustered based on the expression of 11 markers:
CD4, CD8, CD127, CD27, CD38, CD25, CXCR3, CD103, CD69, Ki67 and
CD56. Whereas, in the analysis of blood of patients and HD, T-cells were
clustered based on the following markers: CD4, CD8, CD45RA, CCR7,
CD27, CCR5, CXCR3, CD25, FOXP3, EOMES, GRANZYME K, GRAN-
ZYME B, PD1, CD69 and Ki67. In addition, CD127 was included in the
comparison of COV-A-SAT patients at 4 and 8 month post-infection.
Manually annotated clusters were subsequently visualized on the
UMAP. Functional pseudo-time analysis to infer the differentiation tra-
jectory of cells was carried out by Diffusion Maps [31] using the function
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run Diffusion Map on the SingleCellExperiment object using default
parameters. We performed, also, a dimensionality reduction plot on
centered log-ratios (CLR) of sample/cluster proportions across cluster/
samples, in order to understand similarities between samples/clusters
based on their composition.

2.8. Antigenic stimulation

Stimulation with SARS-CoV-2 peptides was performed for 5 h with
1x10° PBMCs in RPMI complete medium (2 mM glutamine, 1 mM so-
dium pyruvate, 1% non-essential amino acids, 1% penicillin/strepto-
mycin) supplemented with 5% of autologous plasma and 1pg/ml of
PepTivator SARS-CoV-2 Spike protein, Membrane protein or Nucleo-
capsid protein (Miltenyi Biotec) for 5h at 37°C in a 5% CO5 humidified
atmosphere. Cytokine secretion was blocked with 0,6 pl/ml Monensin
(Golgi Stop Protein Transport Inhibitor, 554,724, BD Biosciences) after
90 min of incubation. To calculate the T-cells response data were
normalized by subtraction of unstimulated value.

2.9. Human Leukocyte Antigen (HLA) Typing and HLA dextramer
stainings

HLA typing of locus A and DRB1 was performed in all COV-A-SAT
patients, i.e. including in this case also the four patients with concomi-
tant ATD, by reverse dot blotting (RDB) bead array with LabType SSO
XR kits (One Lambda, Inc.) (Table 2). Seven patients expressing HLA-
A*24:02, and/or HLA-A*01:01, or HLA-A*02:01 and/or HLA-
DRB1*07:01 were analyzed with commercially available, relevant dex-
tramers for the presence of COVID-specific T-cells (Table 3). Notably,
the HLA-A*02:014+ FNA13 and the HLA-DRB1*07:01 FNA1l had
concomitant ATD, but were nevertheless analyzed with dextramers
(Fig. 7). COVID-19-specific T-cells in thyroid fine needle aspiration or
peripheral blood were detected by staining with CD4 (RPA/T4, BD
Biosciences) or CD8 (SK1, BD Biosciences), CD69 (FN50, BD Bio-
sciences) and CD103 (Ber-ACT8, BD Biosciences), along with MHC II
(FE10157, FE10172, Immudex) or MHC I dextramer (WF05952,
WF06097, WA05846, WB5824, WB05838, Immudex). The cells were
acquired at Aria III cell sorter (BD Biosciences) and data were analyzed
using FlowJo Software.

2.10. Amino acid sequence homology between SARS-CoV-2 and thyroid
auto-antigens

To investigate potential amino acid sequence similarities between
the spike protein of SARS-CoV-2 and other proteins, namely TPO, TSHR,
and TG, we utilized the BLAST (Basic Local Alignment Search Tool)
sequence matching program provided by the NIH/US National Library
of Medicine. Additionally, we employed Clustal Omega to determine the
presence of similar proteins among amino acid groups. In the Clustal
Omega results, the conservation between strongly similar property
groups is denoted by “:” while conservation between weakly similar
property groups is denoted by “.”.

Table 3
Covid-19 T-cells Epitopes.
HLA Allele MHC Antigen Peptide
A*2402 Class I Spike (S2) QYIKWPWYI
A*2402 Class I Spike (RBM) NYNYLYRLF
A*0101 Class I Spike (S2) LTDEMIAQY
A*0201 Class I Spike (NTD) YLQPRTFLL
A*0201 Class I Spike (RBD) KLPDDFTGCV
DRB1*0701 Class II Spike (S2) QLIRAAEIRASANLAAT
DRB1*0701 Class II Envelope FYVYSRVKNLNSSRV

Covid-19 T-cells Epitopes used to analyze the presence of COVID-specific T-cells
in thyroid fine needle aspiration and peripheral blood of seven COV-A-SAT
patients.
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2.11. MHC class I epitope prediction

We utilized the NetMHCpan-4.1 server [32] to predict peptide
binding to MHC class I molecules. The protein sequences of thyroid
peroxidase (TPO, UniProt: P07202, 933aa), thyrotropin receptor (TSHR,
UniProt: P16473, 764aa), and thyroglobulin (TG, UniProt: P01266,
2768aa) were inputted in FASTA format. The following parameters were
applied: peptide length of 9-11 amino acids, threshold for strong binder
(SB) set at 0.5% rank, and threshold for weak binder (WB) set at 2%
rank. Short peptides of 9-11 amino acids were generated, and only those
classified as strong binders (SB) were evaluated to identify candidate
epitopes with high affinity for the HLA alleles A*01:01, A*02:01,
A*24:02, and the COV-A-SAT-associated risk allele HLA-B*57:01.

2.12. Statistics

All data comparisons were performed using GraphPad Prism 8 soft-
ware. Statistical significance for multiple comparison was calculated
using Mann Whitney test, one-way ANOVA with Kruskal-Wallis post-test
or two-way ANOVA with Turkey’s post-test. Statistical significance for
longitudinal analysis was calculated using paired student’s t-test. p <
0.05(*), p < 0.01(**), p < 0.001(***) and p < 0.0001(****) were
regarded as statistically significant. Error bars reflect + SEM.

The chi-squared test was applied to test for the HLA association be-
tween two categorical variables. Fisher’s exact test was performed in
case of having a frequency of <5 in one or more of the cells. Statistical
significance was determined at p < 0.05. Statistical analyses were per-
formed using SAS 9.4.

3. Results

3.1. Thl and cytotoxic T-cell clusters are increased in patients with
COVID-induced atypical thyroiditis (COV-A-SAT)

We first studied if, four months post-infection, the composition of the
T-cell compartment in peripheral blood of COV-A-SAT patients showed
major alterations compared to COVID-naive healthy donors (HD). Pa-
tients that developed subacute thyroiditis following vaccination (VAX-
SAT) and those with autoimmune thyroid disorders (ATD, for details see
Materials Methods) were analyzed as additional controls. Five patients
per group were analyzed by multiparametric flow cytometry and un-
supervised clustering performed. Seventeen different clusters were
identified, eight CD4+, eight CD8+ and one CD4-CD8- T-cell cluster
(Fig. S1A). There were strong differences in the frequencies of these T-
cell clusters in COV-A-SAT patients as compared to HDs (Fig. 1A).
Importantly, several clusters that were increased in COV-A-SAT patients
(i.e., CD4: Clusters 2, 4, 6-8; CD8: Clusters 10, 11, 15 and 17) expressed
markers that are characteristic for Th1 (i.e., CXCR3) and/or cytotoxic T-
cells (i.e., Eomes and Granzymes (Gzm, K or B)), i.e. T-cell subsets that
mediate anti-viral immune responses. However, many clusters were also
increased in VAX-SAT and in particular in ATD patients (Fig. 1A, B and
S1B). Consistently, the first two principal components computed on CLR
plot unveiled that the T-cell cluster composition of COV-A-SAT patients
were quite similar to that of ATD patients and more distinct from VAX-
SAT patients and HDs (Fig. S1C). We next analyzed the 17 T-cell clusters
by Diffusion Map that models possible differentiation pathways in
pseudo-time. Both CD4+ and CD8+ T-cells showed a predicted differ-
entiation pathway from naive T-cells (Clusters 1, 9), i.e. uncommitted
precursor cells, to cytotoxic T-cells expressing GzmB (Clusters 7 (CD4)
and 13-15 (CD8), Fig. 1C and S1D), which are indeed considered to be
terminally differentiated effector cells. Clusters at an intermediate stage
of differentiation (CD4: Clusters 2-6, CD8: Clusters 11, 12 and 16)
corresponded to memory-like cells (Fig. S1D). Diffusion Map analysis
predicted a progressive differentiation from clusters containing CCR7+
central memory T-cells (T¢y, Clusters 2-5 (CD4) and 11 (CD8)) to CCR7-
effector memory clusters (TEM, Clusters 6, 8 (CD4) and 12, 16 (CD8)), as
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Fig. 1. COVID-induced subacute thyroiditis (COV-A-SAT) is associated with Th1 and cytotoxic T-cell clusters.

A. Bar-plots showing selective cluster distributions in the blood of healthy donors (HD), autoimmune thyroiditis patients (ATD) and patients with subacute thyroiditis
following vaccination (VAX-SAT) or COVID infection (COV-A-SAT).

B. Left: UMAP maps of the four patient cohorts (all n = 5) colored according to the 17 identified T-cell clusters. Numbers in the UMAP maps indicate the 17 clusters.

Right: UMAP of CD4, CD8, CXCR3 and GZM B expression.

C. Left: Diffusion Map modelling differentiation pathways from naive T-cells to GZMB+ CTL. The 17 identified clusters are indicated by numbers and cluster-specific

colors.
Right: DiffusionMap of CD4, CD8, CXCR3 and GZM_B expression.

The 17 subsets corresponding to the different colors are listed in the panel.

B/C: (Right panels) Red indicates high, green intermediate and blue low expression levels.
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expected [33]. Moreover, CCR5 and GzmK were restricted to TEM
clusters, while CXCR3 was also expressed on less differentiated TCM-like
clusters [34].

In summary, unbiased bioinformatical analysis identified in COV-A-
SAT patients several different CD4+ and CD8+ T-cell memory- and
effector-like clusters, which contained cells that are involved in anti-
viral immune responses.

3.2. Cytotoxic and effector T-cells are still increased in the blood of
patients with COVID-induced atypical thyroiditis (COV-A-SAT) four
months post-infection

To corroborate the above finding, we performed conventional
manual gating of canonical T-cell subsets. Total CD3+, CD4+ and CD8+
T-cells did not show significant differences between the 4 cohorts
(Fig. S2A). Also the major subsets associated with progressive T-cell
differentiation, i.e. naive, central memory and effector memory subsets
(CD45RA-TEM and CD45RA + TEMRA) did not show significant alter-
ations in COV-A-SAT patients (Fig. S2B). Conversely, we detected sig-
nificant increases of CD4-+CTL (GzmB+) in all three patients’ cohorts as
compared to HDs (Fig. 2A). Also Th1-cells (CXCR3+-[34]) were in mean
more frequent in the patients, but these increases did not reached sta-
tistical significance (Fig. 2A). Conversely, the frequencies of regulatory
T-cell (Treg) subsets, i.e. FOXP3+Tregs and Tr1-like cells [35], were not
significantly different in the four cohorts (Fig. S2C).

We next assessed the expression of surface markers that are modu-
lated upon T-cell activation. Thus, we monitored expression of CD69 and
CD38, which are induced upon activation, and of IL-7R and CD27, which
are in contrast down-regulated upon activation and/or effector cell
generation [36-38]. Total CD4+T-cells and CD8+ T-cells did not express
increased levels of CD69 or CD38, but in COV-A-SAT patients they
expressed overall lower levels of CD27 and IL-7R (Fig. S2D). In partic-
ular, CD4+CTL in all patients cohorts had down-regulated IL-7R and
CD27 expression, but the acquisition of an IL-7Rj,,,CD27- effector
phenotype was most evident in COV-A-SAT patients (Fig. 2B). The ma-
jority of Thl-cells displayed in contrast as expected an IL-7Rp;g,CD27+
memory phenotype, in particular in COV-A-SAT and VAX-SAT patients,
but they contained nevertheless also some effector-like cells (Fig. 2B).

Among CD8+T-cells we also detected a significant increase of ca-
nonical cytotoxic GzmB+ T-cells in all three patient cohorts (Fig. 2C),
and this increase was again most prominent in COV-A-SAT patients.
Moreover, cytotoxic CD8+GzmB+ cells in COV-A-SAT patients had
again a significantly more pronounced IL-7R),,CD27- effector pheno-
type (Fig. 2D). Also the less differentiated cytotoxic GzmK+CD8+ cells
[39] (Fig. 1C) had a more effector-like phenotype in COV-A-SAT pa-
tients, and contained in particular significant lower frequencies of cells
with an IL-7RpgnCD27+ memory phenotype (Fig. 2D).

We then evaluated the proliferation rates of T-cells according to
intracellular Ki67 expression, which marks cells that have divided in the
last few days in vivo [40]. Although the virus in the serum of all COV-A-
SAT patients was undetectable since several weeks (81+39d, range 24-
179d), there was still an increase of proliferating CD4+ and CD8+T-cells
in COV-A-SAT patients (2.897+0.567% (CD4) and 2.991+0.816%
(CD8)) as compared to COVID-naive HD (1.433+0.262% (CD4) and 1.
461+0.326% (CD8), Fig. 2E). Notably, we did not observe an inverse
association between this increased T-cell proliferation and the time that
patients became seronegative for the virus (data not shown). Among
CD4+T-cells, the proliferation of cells with a CD45RA+CCR7+ pheno-
type, which is characteristic not only for naive but also for memory stem
cells [41], was significantly increased (Fig. S2E). Moreover, Thl-cells
(Fig. 2F) and regulatory T-cells (Fig. S2F) showed increased prolifera-
tion rates selectively in COV-A-SAT patients. Among CD8+T-cell sub-
sets, GzmK+- cells showed a significantly higher proliferation exclusively
in COV-A-SAT patients (Fig. 2F).

In summary, COV-A-SAT patients still showed moderately increased
in vivo T-cell proliferation in peripheral blood four months post-
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infection, and in particular CD4+ and CD8+ cytotoxic effector T-cells
were significantly increased.

3.3. The increase of activated effector T-cells in the blood of COV-A-SAT
patients is transient

Five COV-A-SAT patients could be analyzed at two different time
points, i.e., four and eight months after SARS-CoV-2 infection (Table 1).
Notably, the virus was already undetectable at the earlier time point, not
only in the serum, but also in the thyroid (data not shown). Thus, the
analyzed two time points represent an early and a late time point of
immunological memory generation.

Strikingly, unsupervised cluster analysis of the two time points
(Fig. S3A—B) unveiled that in the CD4 compartment there was a clear
shift from Thl effector cells (Cluster 4) to Thl central memory cells
(Cluster 3, Fig. 3A). We also detected a marked decrease of several CD4-
CD8- T-cell clusters (DN, Clusters 15-17), whereas the dynamics among
different cytotoxic CD8+T-cell clusters (Clusters 8-14) was more subtle
and complex (Fig. 3A). Conventional manual gating unveiled that both
CD4+ and CD8+ central memory subsets increased significantly at the
late time point, while CD4+ effector memory subsets were instead
significantly reduced (Fig. S3C). Also regulatory T-cell subsets decreased
slightly over time (Fig. S3D). There were in contrast no consistent
changes in the frequencies of CD4 CTL and Thl-cells (Fig. 3B). In the
CD8 compartment we observed, in contrast, a significant and selective
decrease of cytotoxic T-cells that expressed GzmK (Fig. 3B). Both CD4+
and CD8 + T-cells showed moreover a reduction of proliferating Ki67+
cells at the later time point, in particular in the patients with higher
proliferation rates at the earlier time point (Fig. 3C). Similar tendencies
of reduced proliferation at the later time point were observed for Th1,
CD4+CTL and cytotoxic CD8+T-cell subsets, which reached statistical
significance for CD8+GzmK+T-cells (Fig. 3D). Also regulatory T-cell
subsets showed reduced proliferation at the late time point in most pa-
tients (Fig. S3E).

Finally, we also monitored the dynamics of activation marker
expression. CD4 + T-cells expressed significantly lower levels of CD69
after 8 months, and both CD4+ and CD8+ T-cells up-regulated IL-7R and
CD27 expression (Fig. S3F). IL-7R was significantly up-regulated on
CD-+CTL and in particular on Thl-cells, consistent with an effector-to-
memory transition, as suggested by Fig. 3A. IL-7R re-expression was
less prominent on cytotoxic CD8 +T-cell subsets, but CD27 was signif-
icantly up-regulated on CD8 + GzmK+ T-cells (Fig. 3D). Notably, the
latter also showed the most marked increases of CCR7 (Fig. 3D) and of
CXCRS3 (Fig. S3G).

In conclusion, the increases in T-cell proliferation and anti-viral
effector cells in COV-A-SAT patients observed in the early memory
phase was transient and returned to normal levels 8 months post
infection.

3.4. Early robust COVID-specific T-cell responses in the blood of COV-A-
SAT patients are not sustained

We next analyzed the specificity of CD4+ and CD8+ T-cells from
peripheral blood in COV-A-SAT patients for COVID-19-derived antigens.
T-cells were stimulated with SARS-CoV-2-derived peptide pools, and
COVID-reactive T-cells identified according to the concomitant up-
regulation of activation markers and cytokine production. COV-A-SAT
patients, but not the COVID-19 inexperienced HDs, showed a variable,
but clearly detectable IFN-y response of CD4+CD40L+ helper T-cells
with Spike (S), Membrane (M) and Nucleocapsid (N) protein-derived
peptide pools 4 months post-infection (Fig. 4A). In addition, there was
also a significant production of IL-2 by S-specific T helper cells, while
TNF was hardly detectable (Fig. S4A). Notably, COVID-specific Th1-cells
in the blood were overall strongly decreased after eight months. This
was in particular true for patients that showed a strong response at the
early time point (Fig. 4A). Notably, total activated (i.e., CD69+) CD4+T-
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Fig. 2. Cytotoxic CD4+ and CD8+ effector cells are increased in COV-A-SAT.

Clinical Immunology 254 (2023) 109684

COV-A-SAT patients (without ATD, n = 7) were compared to COVID-naive HDs (n = 11), ATD (n = 6) and VAX-SAT (n = 6) patients.
A. Percentages of CTL (CD4+Foxp3-GzmB+) and Thl-cells (CD4-+Foxp3-GzmK-GzmB-CXCR3+) among CD4+T-cells. Data show individual values and mean (bar

heights) + SEM.

B. Stacked histogram bars show expression of IL-7R and CD27 in CD4+ CTL and Th1-cells.

C. Expression of GzmB and GzmK in CD8+ T-cells in the same cohorts.

D. Stacked histogram bars show expression of IL-7R and CD27 in CD8+ GzmB+ and GzmK+ cells.
E. Proliferation of total CD4+ and CD8+ T-cells assessed by intracellular Ki67 staining ex vivo.

F. Proliferation of CD4+ CTL, Thl-cells, CD8+GzmB+ and GzmK+ T-cells.

A, E-F: Statistical analysis by one-way ANOVA; p < 0.05(*) and p < 0.01(**) were regarded as statistically significant; if not indicated, p value is not significant (p >

0.05).

B-D: Statistical analysis by two-way ANOVA; p < 0.05(*), p < 0.01(**), p < 0.001(***) and p < 0.0001(****) were regarded as statistically significant; if not

indicated, p value is not significant (p > 0.05).

cells producing IFN-y with COVID-derived peptides (Fig. S4B) were
indeed predominantly Gzm-negative Thl-cells, but we detected also
some GzmB-+CTL specific for S, M and N four months post-infection that
disappeared at the later time point (Fig. 4B).

In the CD8 compartment, the SARS-CoV-2 specific responses were
overall rather low when total peripheral blood CD8+T-cells were
analyzed (Fig. 4C). However, when GzmB+CD8+T-cells were analyzed
separately, a more robust increase of IFN-y production was evident in
several patients after 4 months, but was again hardly detectable after 8
months (Fig. 4C). Also GzmK+CD8+ T-cells produced IFN-y in some
patients with S and N-derived peptides at the early time point (Fig. S4C),
but not at the later time point. Finally, CD8+GzmB+T-cells were able to
produce IL-2 and in particular TNF-a with Spike-derived peptides in
some patients, but again only at the early time point (Fig. S4C).

In summary, COVID-specific Thl-cells as well as CD4+ and
CD8-+CTL were clearly detectable in the majority of COV-A-SAT patients
in the blood four months post-infection, but they were hardly detectable
after 8 months.

3.5. Unbiased analysis of T-cell phenotypes unveiled a differential
distribution of T-cell clusters in the thyroid gland and the blood

To analyze immune responses also in the target tissue, we then
compared T-cells from blood and thyroid samples obtained with US-FNA
(see Material Methods). Since rather little is known on T-cells that
infiltrate the thyroid gland, we first analyzed the T-cell compartments by
unbiased multi-dimensional flow cytometry ex vivo. We selected one
representative COV-A-SAT, one VAX-SAT and one ATD patient with a
sufficiently high cellularity to perform unsupervised clustering [31]. In
this analysis we identified 15 distinguishable major clusters (Fig. 5A),
seven clusters were CD4+ and eight were CD8+ (Fig. 5B, Fig. S5A, B),
and most clusters were enriched either in the blood or in the thyroid
(Fig. 5A, C). Among CD4+ T-cells in the thyroid there was a strong
enrichment of IL-7R+4Th-cells (Cluster 1) and of CXCR3+4Thl cells
(Cluster 3), which was related to CD56 expression on the corresponding
Th and Th1 clusters in peripheral blood (Clusters 4 and 5; Fig. S5A). In
addition, the CD25+Treg-containing clusters 6 and 7 were slightly
reduced in the thyroid. Among CD8+T-cells, we observed mainly an
enrichment of CD27- and IL-7Rlow effector-like cells (cluster 8 and 15,
respectively) in the thyroid. In contrast, CD8+CXCR3+ clusters (12,13)
were enriched in the blood. Intriguingly, a small cluster of highly acti-
vated and proliferating CD8+T-cells (Cluster 10) was identified in the
blood, but was largely absent from the thyroid. Finally, cluster 14, which
was composed of CD8+CD103+ cells, and contained also cells with a
canonical CD103+CD69+ tissue-resident (TRM) phenotype, was
enriched in the thyroid. The positioning of this cluster in the UMAP
analysis suggested that TRM were distinct from all other CD8+ T-cells
(Fig. S5B). Consistently, Diffusion Map analysis unveiled a clear differ-
entiation pattern of TRM-cells, in particular of CD8+TRW,, in the thyroid
(Fig. 5C and Fig. S5C). Interestingly, among non-TRM-cells, clusters
expressing CXCR3 and CD56 were closely positioned to TRM in the
Diffusion Map (Cluster 5 for CD4 and cluster 13 for CD8), suggesting that

TRM may be derived from circulating CXCR3+ precursors.

Overall, this unbiased analysis is consistent with the view that the
thyroid gland and the peripheral blood contain largely different types of
T-cells. In particular, the thyroid CD8 compartment was enriched for
TRM and effector-like cells, while actively proliferating CD8+T-cells
and putative precursors of TRM were predominantly found in the blood.

3.6. Some T-cells in the thyroid gland display a tissue-resident phenotype

We then analyzed the T-cell compartments in the blood and the
thyroid more in detail by conventional manual gating. The percentages
of total CD4+ and CD8+ T-cells within thyroid were in general not
different from those in peripheral blood (Fig. S6A). As shown in Fig. 6A,
CD4+T-cells from the thyroid gland had however a more activated
phenotype (CD38+ or CD69+) in COV-A-SAT and in particular in VAX-
SAT patients. This was true not only as compared to paired blood sam-
ples, but also as compared to the thyroid of the autoimmune (ATD)
cohort. In the CD8 compartment, we also detected a significantly
increased CD69 expression in the thyroid glands in COV-A-SAT and
VAX-SAT patients (Fig. 6A). Conversely, IL-7R}ow effector-like cells were
more prominent in the thyroid of ATD and VAX-SAT patients.

Canonical CD103+CD69+ TRM were identified in both CD4+ and
CD8+ T-cell subsets and, as expected, exclusively in the thyroid gland
(Fig. 6B). Interestingly, with the caveat that we could analyze only a
limited number of ATD patients, CD4+ TRM were restricted to COV-A-
SAT and VAX-SAT patients (Fig. 6B). A phenotypic analysis of TRM in
the thyroid unveiled that they expressed overall high levels of CD38 and
CXCR3, but CD8+TRM had down-regulated CD27 (Fig. S6B). Interest-
ingly, CD8+TRM in COV-A-SAT and VAX-SAT differed in IL-7R
expression. Since intra-thyroid TRM were detectable only in a fraction
of COV-A-SAT patients, we analyzed if their presence may depend on the
analyzed time point. Although the mean frequencies of TRM were
similar at the analyzed two time points, we noticed that, after eight
months all analyzed COV-A-SAT patients contained TRM at least in the
CD8 compartment, compared with only 3/8 (37%) after four months
(Fig. 6C).

Overall, this analysis confirmed that CD4+ and CD8+ TRM-cells are
present in the thyroid gland, and unveiled that TRM were consistently
present at the later time point in COV-A-SAT patients.

3.7. SARS-CoV-2 specific TRM are present in the thyroid gland of COV-
A-SAT patients after 8 months

To detect SARS-CoV-2-specific T-cells also in the thyroid, we first
performed HLA haplotyping of all 13 COV-A-SAT patients (Table 1/2) to
be able to identify such cells with suited SARS-CoV-2 peptide-HLA
multimers (Table 3). Interestingly, we observed that HLA-DRB1*13 was
significantly over-represented in the total cohort of 13 COV-A-SAT pa-
tients as compared to healthy haplotyped donors (p=0.01), suggesting
that it may represent a genetic risk factor to develop COV-A-SAT.
Moreover, there was also a significantly more frequent expression of
HLA-B*57, suggesting that both CD4+ and CD8+ T-cell responses may
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Fig. 3. Increased T-cell proliferation and effector cell generation in COV-A-SAT patients is transient.

COV-A-SAT patients (w/o ATD, n = 5) were analyzed after 4 and 8 months post-infection by multi-parametric flow cytometry.

A. Left: UMAP maps of the 19 identified T-cell clusters marked with different colors. Middle: Bar-plots showing selective cluster distributions after 4 and 8 months
post-infection. Right: Two dimensionality illustration of CD4, CD8, CXCR3 and GZM_B expression level by UMAP. Red indicates high, green intermediate and blue
low expression levels.

B: Percentages of CTL and Th1l-cells among CD4+T-cells and of cytotoxic GzmB+GzmK- and GzmK+GzmB- cells among CD8 + T-cells.

C. Ex vivo expression of Ki67 in total CD4+ and CD8+ T-cells.

D. Ex vivo analysis of Ki67, IL-7R CD27 and CCR7 expression in CD4+CTL, Thl-cells, CD8+GzmB+ and CD8+ GzmK+ T-cells.

B-D: Lines connect the values of the same patients. Statistical analysis was performed with a paired student’s t-test; < 0.05(*) were regarded as statisti-
cally significant.
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Fig. 4. SARS-CoV-2 specific T-cell responses in peripheral blood of COV-A-SAT patients are not sustained.

A. Frequencies of SARS-CoV-2 specific Th1-cells (CD4+CD40L+IFN-y+) in the blood induced by peptide stimulation with COVID-19 peptides in COVID-naive HDs (n
= 3) and in COV-A-SAT patients 4 months and 8 months (n = 7) post-infection. Data show individual values, and the mean (bar height) + SEM,

B. Percentages of COVID peptide-induced CD4-+CD69+IFN-y+ T-cells expressing GzmB and/or GzmK after stimulation with COVID-19 peptides at 4 months (n = 6)

and 8 months post-infection (n = 3).

C. Frequencies of SARS-CoV-2 specific (CD69 + IFN-y+) total CD8+ (left panel) or GzmB+ CD8-+ (right panel) T-cells in COVID-naive HDs (n = 3) and in COV-A-SAT

patients 4 months (n = 7) and 8 months (n = 5) post-infection.

A, C: Values from the same patients at different time point are connected with a dotted line. Statistical analysis by Kruskal Wallis test; p < 0.05(*) were regarded as

statistically significant.

contribute to the risk to develop COV-A-SAT. In any case, following HLA
haplotyping, we were able to detect SARS-CoV-2-specific T-cells in pe-
ripheral blood and in the thyroid gland of eight COV-A-SAT patients
(Fig. 7). SARS-COV-2-specific CD4+ and CD8+ T-cells were increased in
the thyroid gland (in mean 2.46+1.75%) as compared to the blood (in
mean 0.174+0.13%) as expected; for CD8-+T-cells this difference reached
statistical significance (Fig. 7A). When analyzing thyroid-derived T-cells
for the expression of tissue-residency markers, a relevant fraction of

10

SARS-CoV-2-specific T-cells were found to express CD103 and CD69,
alone or in combination, in particular in the CD8 compartment (Fig. 7B).
We then compared SARS-CoV-2-specific CD8+T-cells in patients that
had undergone US-FNA after four or after eight months post-infection.
At both time points, SARS-CoV-2-specific CTL could be detected at
variable frequencies (Fig. 7C). Intriguingly, when the phenotypes of
these SARS-CoV-2-specific CTL were analyzed, we observed that CD103
expression was low after 4 months, but was expressed on virtually all
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Fig. 5. The thyroid gland contains unique T-cell clusters.
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A. UMAP maps of three different patients were colored according to 15 different CD4+ (left superclusters) and CD8+ T-cell clusters (right superclusters) in the blood
and in the thyroid. Color code and phenotype of the 15 clusters is indicated in the Fig.
B. Two-dimensional illustration of CD4, CD8, CD127, CD27, CD25, CXCR3, CD56 and Ki67 expression in the UMAP maps. Blue denotes low, green intermediate and

red high expression.

C. Bar-plots showing selective cluster distributions in the blood and the thyroid.

D. Possible cell differentiation was inferred by Diffusion Map and colored according to the identified T-cell clusters identified in A. Color code and phenotype of the
15 clusters is indicated. The CD103+ clusters (7, 14 and 15) are separated from CD103- clusters (1-6, 8-13).

E. CD4, CD8, CD103, CD38, CXCR3 and CD69 expression in the Diffusion Maps. Dimension 1 separates two superclusters of CD8+ (left) and CD4+ T-cells (right).
lzimension 2 separates CD103+ (upper) from CD103- clusters (lower). Blue denotes low, green intermediate and red high expression.

cells after 8 months. Consequently, SARS-CoV-2-specific CD8 +T-cells
with a canonical CD69+CD103+TRM phenotype were rare at the early
time point, but abundant at the later time point (Fig. 7D).

Finally, we assessed possible cross-reactivities of SARS-COV2-
specific T-cells and thyroid autoantigens (65). However, the homol-
ogies between the SARS-COV2-derived epitopes that we had assessed
here (suplementary Table 2), and peptides derived from thyroid auto-
antigens (TPO, TSHR, TG) was overall low (max. 50%, suplementary
Table 4). Moreover, most of these autoantigen-derived peptides were
not predicted to be presented by the relevant MHC-I molecules (suple-
mentary Table 4), suggesting that they are ignored by T-cells. A pre-
diction of MHC class II epitopes with NetMHCIIpan 4.0 server failed to
classify the two assessed epitopes (suplementary Table 2) as “strong
binders” of HLA-DRB*07:01 (data not shown), and a reliable prediction
of cross-reactive CD4 " T-cell epitopes was therefore not feasible. We also
analyzed possible cross-reactivities of all epitopes derived from thyroid
autoantigens that were predicted to be presented on the COV-A-SAT-
associated MHC class I allele HLA-B*57:01 (suplementary Table 3).
However, also in this case, the homologies with predicted epitopes
derived from the Spike protein of SARS-COV2 was rather low (Range
18-56%, suplementary Table 5). Overall, this in silico analysis suggests
that cross-reactivities of T-cells with thyroid autoantigens of the here
analyzed epitopes and the COV-A-SAT-associated MHC class I haplotype
is unlikely to play a major role.

In conclusion, our findings demonstrate that SARS-CoV-2 specific
CD4+ and CD8+T-cells are present in the thyroid glands of COV-A-SAT
patients. Moreover, SARS-CoV-2 specific T-cells in the thyroid acquired
the phenotype of CD103+TRM cells at late time points.

4. Discussion

SARS-COV2 can infect a wide range of tissues since ACE2, the main
entry receptor for SARS-CoV-2 [42,43], is broadly expressed, including
thyroid cells [44,45]. We previously reported on atypical thyroiditis in
patients hospitalized for moderate-to-severe Covid-19 [15,16] and here
we analyzed their T-cell compartments in peripheral blood and the
thyroid gland, with a focus on virus-specific CD4+ and CD8+ T-cells.
The main strength of this study is the availability of precious samples
(paired blood and thyroid-derived cells) collected in a cohort of patients
with thyroid abnormalities related to moderate-to-severe Covid-19.
Their immunological signature is unbiased, since studied before the
administration of Covid-19 vaccines and thus only reflecting the effects
of natural infection with SARS-CoV-2. These unique characteristics of
the samples explain the relatively low number of Covid-19 patients with
related thyroid dysfunction, and the impossibility to further increase the
number of patients due to the subsequent start of the mass vaccination
campaign. We compared these patients developing atypical subacute
thyroiditis during moderate-to-severe Covid-19 disease (COV-A-SAT)
[15,16] to patients with different thyroid disorders, such as classic SAT
developed after Covid-19 vaccination and thyroid autoimmunity.
Classic SAT is a transient non-autoimmune disorder usually triggered by
viral infections [27,46], that has also been described following both
SARS-CoV-2 infection [11,14] or Covid-19 vaccination [17-20]. In the
long term permanent hypothyroidism may occur in 25% of SAT cases
[47,48], while atypical thyroiditis associated with Covid-19 disease is
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characterized by a complete recovery of thyroid function [15,16].
Thyroid autoimmunity is the most frequent autoimmune disorder, with
thyroid autoantibodies being positive in about 12% of general popula-
tion [29,49]. Cases of Graves’ disease and Graves’ orbitopathy have also
been described following both SARS-CoV-2 infection [50-53] and
Covid-19 vaccination [21-26]. Besides environmental triggers, a genetic
predisposition has a key role in the development of thyroid diseases
[49,54,55]. Indeed, the majority of ATD and VAX-SAT patients had a
positive family history for thyroid disorders, compared with only one
COV-A-SAT patient. The HLA haplotype analysis of COV-A-SAT patients,
which needs of course to be verified and confirmed in larger study co-
horts, suggested a key role for T-cell responses. Thus, the allele HLA-
DRB1*13 was present significantly more frequent among the here
analyzed COV-A-SAT patients than in a cohort of >2000 HLA hap-
lotyped donors of our hospital. Also the allele HLA-B*57 was present
significantly more frequently than expected, suggesting that both CD4+
and CD8+T-cells contribute to the risk to develop COV-A-SAT.
Conversely, alleles associated with classical SAT, such as HLA-Bw35,
HLAB67, HLA-B15/62 or HLA-Drw8 [11,54] were not expressed more
frequently among COV-A-SAT patients. Notably, ATD is not strongly
associated with any specific HLA haplotype [56].

The main immunological finding of this study is that, despite a
transient SARS-CoV-2-specific Thl- and cytotoxic effector T-cell
response in peripheral blood, SARS-CoV-2-specific CD4+ and CD8+ T-
cells persisted in the thyroid gland and acquired a canonical tissue-
resident memory (TRM) phenotype, in particular at late time points.
The transient nature of the systemic SARS-CoV-2-specific T-cell response
was unexpected, since previous studies on circulating T-cells in con-
ventional Covid-19 patients without reported thyroid involvement
concluded that SARS-CoV-2-specific T-cell responses are sustained
[4-6]. In particular, Covid-19-vaccination-induced CD8+T-cells in the
blood that are specific for two S-derived epitopes presented on
HLA*A24:02 were shown to be maintained long-term [6]. Notably,
however, these epitope-specific CD8+T-cells cross-reacted with seasonal
coronaviruses [6], and it is therefore unclear if the long-term persistence
of these CD8 + T-cells is truly antigen-independent. In any case, we
identified here CD8+T-cells specific for the same epitopes also in the
thyroid of several HLA*A24:02+ patients eight months post-infection, in
spite of the fact that total S-specific CD4+ and CD8+ T-cell responses in
the blood were hardly detectable at this late time point. It is possible that
the here analyzed patients have a unique behavior, and that SARS-CoV-
2-specific T-cells disappear from the blood because they were retained in
the thyroid and potentially also in other tissues. The reduction of sys-
temic effector T-cells observed 8 months following infection is in line
with the transient and self-limiting nature of Covid-19 related atypical
thyroiditis [16].

The analysis of T-cells in the thyroid suggested that SARS-CoV-2-
specific T-cells persist in this peculiar target organ, and acquire the
phenotype of TRM cells, which are largely unable to recirculate through
the blood. Overall, very little is known on the thyroid T-cell compart-
ment, in particular in viral infections [9,10,46]. Our unbiased compar-
ison of T-cells from the thyroid and the blood suggested that
CD69+CD103+ TRM were selectively present in the thyroid, and were
largely distinct from all other T-cells. Interestingly, Diffusion Map
analysis, which predicts possible differentiation pathways in pseudo-
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Fig. 6. Tissue-resident memory cells (TRM) are present in the thyroid gland.

A. Expression of CD38, CD69 and of IL-7R on CD4+ (upper panels) and CD8+ T-cells (lower panels) from thyroid US-FNA and peripheral blood of ATD patients (grey
bars; blue dots: vaccinated, black dots not vaccinated patients; blood n = 6, thyroid n = 3), as well as of VAX-SAT (blue, blood n = 6, thyroid n = 3) and COV-A-SAT
patients (non ATD, orange, blood n = 4, thyroid n = 5). Data show individual values, mean (bar height) 4+ SEM. Statistical analysis by Mann Whitney test; p < 0.05
(*) were regarded as statistically significant.

B. Percentage of CD103+CD69+TRM among CD4+ and CD8+T-cells in thyroid US-FNA and peripheral blood of ATD patients (grey, thyroid: n = 3, blood: n = 6)
VAX-SAT patients (blue, thyroid n = 3, blood n = 6) and COV-A-SAT patients (orange, thyroid n = 7, blood n = 4).

C. Percentage of CD4+ and CD8+ TRM in the thyroids of COV-A-SAT patients 3 months (n = 8) and 8 months (n = 4) after COVID-19 infection. 2 Patients with
concomitant ATD were included (marked in red).
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Fig. 7. SARS-CoV-2 specific T-cells in the thyroid
acquire a TRM phenotype.

A. COVID-19-specific T-cells were identified in HLA
haplotyped COV-A-SAT patients with appropriate
peptide-MHC multimers (Table 2). COVID-19-specific
CD4 + T-cells were detected in paired thyroid and
blood samples of 2 HLA-DRB1*07:01 patients (left),
one with and one w/o ATD. COVID-19-specific CD8+
T-cells (right) were detected in paired thyroid and
blood samples (connected by lines) of 3 patients (1
HLA-A*02:01 (with ATD) and 2 HLA-A*24:02 (w/0
ATD) and in 3 additional thyroid samples (all w/o
ATD, 1 HLA-A*01:01 and 2 HLA-A*24:02). Data
represent the frequencies of COVID-specific T-cells;
the mean is indicated by grey bars. Statistical analysis
was performed with a Mann Whitney test; p < 0.05(*)
were regarded as statistically significant.

B. COVID-19-specific CD4+ (n = 2) and CD8-+T-cells
(n = 6) from thyroids were analyzed for CD69 and
CD103 expression. The graphs report the percentages
of cells expressing CD103 and CD69 alone or in
combination. CD69+ CD103+TRM are shown in dark
green, cells expressing CD69 or CD103 alone in light
green as indicated. Data represent the mean percent-
ages of CD69+ and/or CD103+ cells(error bars indi-
cate SEM).

C. Percentages of COVID-19 epitope-specific CD8 + T-
cells in thyroids at 3 (n = 3) and 8 months (n = 3)
post-infection.

D. The same COVID-19-specific CD8+T-cells in thy-
roids were analyzed for CD69 and CD103 co-
expression at 3 and 8 months post-infection.
CD69+CD103+TRM are shown in dark green, cells
expressing CD69 or CD103 alone in light green as
indicated.
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time dimension, suggested that TRM could be derived from CXCR3+T-
cells, which were more abundant in the circulation. Thus, a possible
scenario that is consistent with our data is an early recruitment of
CXCR3+ TRM precursors from the blood to the thyroid, followed by a
progressive local differentiation to TRM. Notably, CXCR3+CD4+ T-cells
in the blood have anti-viral antigen specificities, and produce high levels
of the anti-viral effector cytokine IFN-y [34]. Consistently, our results
indicate that TRM contained SARS-CoV-2-specific T-cells. Interestingly,
some CD8+CXCR3+ T-cells in the blood expressed GzmK, a marker of
putative memory precursor cells [5] that may switch to GzmB expres-
sion upon terminal CTL differentiation [39]. Consistent with the notion
that they contained memory precursors, GzmK+CD8+ T-cells prolifer-
ated and displayed an effector phenotype in the early memory phase, but
were reduced at later time points. Moreover, they acquired a memory
phenotype and became largely resting.

TRM in Covid-19 patients have been identified previously in the lung
[8], in the nose and the mucosa of the upper respiratory tract [57].
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Importantly, TRM are in general long-lived, but TRM in the lung are
apparently a Covid-19-relevant exception to this rule [8]. The presence
of TRM in the thyroid gland was recently suggested by single-cell RNA
sequencing in thyroid tumors [58], but this is to our best knowledge the
first report that identifies TRM in the non-transformed thyroid gland.
With the caveat that we could not analyze the thyroid of the same pa-
tients both at the early and the late time point, the late and dramatic
increase of CD103 expression on COVID-specific CD8+T-cells suggests
that COVID-specific TRM are generated with delayed kinetics as
compared to the early and transient systemic effector T-cell response. As
mentioned previously, since the virus was undetectable since several
weeks in the blood and also in the thyroid target organ, we analyzed an
early and late time point of memory generation in these patients. In
Covid-19 related atypical thyroiditis the thyroid dysfunction is usually
observed at early time points and is transient [15,16]. Therefore, the late
generation of TRM might suggest a protective role against reinfections,
rather than a detrimental pro-inflammatory role. However, signs of
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inflammation at thyroid ultrasound persist up to one year post infection,
thus an ongoing subclinical thyroid damage cannot be fully excluded in
these patients [16]. TRM cells were also present in patients with no
previous history of SARS-CoV-2 infection and thyroid disorders, who
developed classic SAT shortly following Covid-19 vaccination. SARS-
CoV-2 specificity and long-term maintenance of these vaccination-
associated TRM could unfortunately not be analyzed [59], but it is
possible that they contributed to thyroid tissue damage [60]. Indeed,
dysfunctions of CD8+T-cells from bronchoalveolar lavage have been
previously associated with post Covid-19 disease lung sequelae, but the
canonical CD103+TRM analyzed in that study in the thyroid had only a
low pathogenic potential [61]. Indeed, Covid-19-induced organ
damaging could also be explained by several other mechanisms [62].
First, the SARS-CoV-2 spike has an intrinsic toxic activity [63] and cir-
culates through blood to several organs [64] including the thyroid
[44,45]. Second, an immunological cross-reactivity could be triggered,
by revelation of cryptic antigens or molecular mimicry of the spike
protein or other viral components with self-antigens [65]. Indeed, Voj-
dani et al. have identified a 50-70% sequence homology between TPO
and SARS-CoV-2-derived proteins or peptides, especially the spike. They
also demonstrated a cross-reactivity of anti-SARS-CoV-2 spike, nucleo-
capsid and membrane antibodies with TPO protein (65). Our in silico
analysis did not unveil major cross-reactivities between SARS-CoV-2
MHC class I epitopes used in this study and the main thyroid auto-
antigens. A possible molecular mimicry of thyroid autoantigen- and
SARS-CoV2-derived epitopes presented on the COV-A-SAT risk allele
HLA-B*57:01 was also rather unlikely. We can however of course not
rule out that other SARS-COV2-derived epitopes, in particular those
presented on MHC class II, may be cross-reactive with thyroid self-
peptides. However, since only 15% of COV-A-SAT patients contained
anti-thyroid autoantibodies (Table 1), a percentage in line with the
prevalence in the general population, this seems rather unlikely, since
cross-reactive CD4+ T-cells may provide help not only for anti-SARS-
COV2-specific antibodies, but also promote autoantibody production.

In conclusion, we showed that Covid-19 associated non-autoimmune
thyroiditis, is characterized by the generation of SARS-COV-2-specific,
tissue-resident memory T-cells in the thyroid, which were present
after several months post-infection. This finding has relevant implica-
tions for the maintenance of SARS-COV2-specific T-cell memory in tis-
sues, and shows that tissue-resident memory cells can contribute to anti-
viral immune responses in the thyroid. Further studies, including mouse
models, are needed to explore their potential role in the pathogenesis of
thyroid damage, and to verify whether they are also present in Covid-19
patients who did not develop thyroid abnormalities.
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