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Autoimmune thyroid diseases (AITDs), i.e., Graves’ disease (GD) and Hashimoto thyroiditis (HT), are the most
prevalent organ-specific autoimmune diseases, but their pathogenesis is still incompletely understood. The PD-
1/PD-L1 pathway is an important mechanism of peripheral tolerance that has not been investigated in AITDs.
Here, we report the analysis of the expression of PD-1, PD-L1 and PD-L2 in PBMGs, infiltrating thyroid lym-
phocytes (ITLs) and in thyroid follicular cells (TFCs) in GD, HT and multinodular goiter (MNG) patients and
healthy controls PBMCs (HC). By combining flow cytometry, tissue immunofluorescence and induction ex-
periments on primary and thyroid cell line cultures, we show that: 1) while PD-1+ T cells are moderately
expanded in PBMCs from GD vs HC, approximately half of T cells in the infiltrate are PD-1 + including some PD-
1M 2) PD-L1, but not PD-L2, is expressed by 81% of GD glands and in 25% of non-autoimmune glands; 3) PD-L1,
was expressed by TFCs in areas that also contain abundant PD-1 positive T cells but; 4) co-localization in TFCs
indicated only partial overlap between the smaller areas of the PD-L1+ and the larger areas of HLA class II
+ expression; 5) IFNy is capable of inducing PD-L1 in > 90% of TFCs in primary cultures and cell lines.
Collectively these results indicate that the PD-1/PD-L1 axis is operative in AITD glands and may restrain the
autoimmune response. Yet the discrepancy between easy induction in vitro and the limited expression in vivo
(compared to HLA) suggests that PD-L1 expression in vivo is partially inhibited in GD and HT glands. In con-
clusions 1) the PD-1/PD-L1 pathway is activated in AITD glands but probably not to the extent to inhibit disease
progression and 2) Thyroid autoimmunity arising after PD-1/PD-L1 blocking therapies in cancer patients may
result from interfering PD-1/PD-L1 tolerance mechanism in thyroid with minimal (focal) thyroiditis. Finally
acting on the PD-1/PD-L1 pathway could be a new approach to treat AITD and other organ-specific auto-
immunity in the future.

1. Introduction

autoimmune organ-specific autoimmune diseases is attributed to a
number of well-established genetic factors and to more controversial

Autoimmune thyroid diseases (AITDs) are the most prevalent organ- and less well-defined environmental factors, and their pathogenesis is
specific autoimmune diseases, with incidences that can reach 50/ still incompletely understood [2-4]. According to the multiple check-
100.000 per year in the female population [1,2]. The etiology of point hypothesis of autoimmunity [5,6], immunological events in the
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target organ can trigger and/or maintain autoimmune responses. In the
case of the two most common AITDs, i.e., Hashimoto thyroiditis (HT)
and Graves' disease (GD), the thyroid glands are infiltrated by lym-
phocytes that, in the long term, develop lymphoid follicles with func-
tional germinal centers [7]. The thyroid follicular cells (TFCs) exhibit
extensive areas of HLA class I overexpression and de novo expression of
HLA class II [8,9], as well as the increased expression of adhesion
molecules [10]. A transcriptomic analysis of Graves' disease glands
revealed a marked interferon signature that was confirmed by the de-
monstration of IFN-gamma transcripts by qPCR [11]. Another inter-
esting feature of this transcriptome was the increase in the expression of
inhibitory molecules and of M2 macrophages markers [11]. The acti-
vation of inhibitory circuits in spite of the predominant autoimmune
response could explain the very slow progression of autoimmune
thyroiditis and the chronic course of Graves’ disease [12].

In the last fifteen years, it has become evident that the regulation of
the immune response is much more complex than was originally en-
visaged, i.e., the initial activation of T cells requires several signals in
addition to the recognition of HLA-peptide by the TCR complex.
Moreover, there are multiple systems of modulatory receptors and li-
gands acting at different time points of the immune response that de-
termine its expansion or contraction [13]. Interestingly, there is good
evidence, mainly from experimental models, that the PD-1/PDL-1 axis
(CD279 and CD274, respectively) may be important in modulating
autoimmunity [14-16], even if attention has lately been more focused
in its role in the evasion of the immune response by tumor cells [17]. In
animal models of autoimmunity, e.g., in type 1 diabetes in the NOD
mice, the transgenic expression of PD-L1 by islet beta cells protects
against the development of diabetes, and its blockade accelerates it
[18,19]. PD-L1 expression has been demonstrated in the islets of dia-
betic patients and is postulated to be modulated by interferons [20,21].
PD-1 and PD-L1 SNPs are also associated with GD and other auto-
immune diseases [22,23].

Since immunotherapy with immune-checkpoint receptors was in-
troduced for the treatment of cancer, there have been numerous reports
on how the treatment of melanoma and other tumors with PD-1/PD-L1
axis checkpoint inhibitors nivolumab, pembrolizumab (anti-PD-1) and
atezolizumab (anti-PD-L1) is often followed by inflammatory and au-
toimmune effects, collectively designated as Immune Related Adverse
Effects (IRAEs). Among them, thyroid autoimmunity is the most
common after ulcerative colitis-like symptoms. Other endocrine auto-
immune diseases triggered by these treatments include hypophysitis,
type 1 diabetes and autoimmune Addison disease [24,25].

Despite the above side effects of PD-1 therapy and the evidence of
IFN-gamma expression in AITD glands, the PD-1/PD-L1 axis has not
been systematically investigated in thyroid autoimmunity. Here, we
report that PD-1+ CD4 T lymphocytes are moderately increased in
PBMCs but remarkably expanded among intrathyroidal lymphocytes
(ITLs) of GD patients. More importantly, PD-L1, but not PD-L2, is ex-
pressed in clusters of epithelial thyroid follicular cells (TFC) in the
thyroid tissue. The modulation of PD-L1 expression in TFCs by IFN-
gamma is readily demonstrated. This ectopic expression of PD-L1 in
thyroid parenchyma, but not in lymphoid or myeloid cells, may criti-
cally slow the progression of AITD, explain the remarkable chronic
course of AITD and suggest new therapeutic approaches for this group
of diseases.

2. Materials and methods
2.1. Patients and samples

Thyroid tissue samples were collected from patients undergoing
partial or total thyroidectomy at Hospital Universitari Vall d’Hebron
and Hospital Universitari Germans Trias i Pujol. Samples from patients
with solitary thyroid nodules or multinodular goiter (MNG) were col-
lected as non-autoimmune controls. Serum TSH, T3 and T4 thyroid

Journal of Autoimmunity 103 (2019) 102285

hormones and antibodies to thyroid peroxidase (TPO) and to thyr-
oglobulin (TG) were measured by ADVIA Centaur® immunoassay
(Siemens Healthcare GmbH, Erlangen, Germany), and antibodies to
TSH-R were measured by TRAK human KRYPTOR competitive assay
(B-R-A‘H'M'S GmbH, Henningsdorf, Germany).

Tissues obtained from thyroidectomies were preserved in Hanks’
Balanced Salt Solution (HBSS, Sigma-Aldrich, St Louis, MO, USA) at
4 °C for a maximum of 4 h before further processing. Small tissue blocks
were snap frozen in isopenthane cooled in an acetone-dry ice bath and
kept at —70 °C until used. The rest of the tissue was digested for in vitro
experiments (see 2.2). Peripheral blood and infiltrating thyroid lym-
phocytes (ITLs) matched samples was collected from 10 GD patients
and 10 age/sex matched healthy donors. Peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifugation
(Lymphoprep®, Alere Technologies AS, Oslo, Norway).

For cell culture experiments, human thyroid cell lines HT93, TPC-1
and HTH-83 were also used. HT93 is a thyroid follicular cell line
transformed by transfection with SV-40 large T antigen [26], while
TPC-1 and HTH-83 are thyroid cancer cell lines derived from papillary
and anaplastic thyroid carcinomas, respectively [27,28].

This study was approved by the local ethical committee, and all
patients included gave their written consent before tissue donation
(Protocol PR(AG)77/2018).

2.2. Tissue processing

Thyroid tissue samples were weighted, minced, and digested as
previously described [10]. Briefly, minced tissue was washed several
times in HBSS and digested at 37 °C with mechanical stirring in 20-min
steps using 0.8 mg/mL collagenase type IV (Life Technologies, CA, USA)
until near total digestion. Dispersed cells were washed, and samples
with > 90% viability, as assessed by trypan blue exclusion staining,
were used for subsequent experimental procedures. As infiltrating
thyroid lymphocytes (ITLs) are shed into the washing solution during
tissue mincing and washing, they were recovered by centrifugation.
Lymphocytes were then isolated by density gradient centrifugation, and
samples with > 90%, viability were directly used or cryopreserved for
subsequent experiments. In a few experiments, Liberase® was used in-
stead of Collagenase to assess the possible effect of the digestion en-
zymes or LPS contamination on the PD-L1 and PD-L2 expression levels.

2.3. Immunofluorescence staining

Thyroid frozen tissue blocks were cut into 5 pm cryosections, PD-1,
PD-L1 and PD-L2 expression was investigated by indirect immuno-
fluorescence (IFL). Demographic features of all patients along with
experiments performed for each one are summarized in Supplementary
Table 1. To assess the cell distribution of PD-L1 and PD-L2 staining,
double and triple staining protocols were applied. To avoid cross-re-
action, Ig isotype or species-specific secondary labeled antisera were
used. In each protocol, controls to assess background included sections
incubated with the conjugated secondary anti-sera without the corre-
sponding primary antibody and sections in which each of the primary
antibodies in the protocol was omitted in turn to detect possible cross-
reactions. Antibodies used are detailed in Supplementary Table 2. For
quantitative assessment, each section was examined by two in-
dependent observers. Sections were first examined under a UV photo-
microscope equipped with the adequate filters, and selected slides were
examined under a confocal microscope (FV1000, Olympus Corporation,
Tokyo, Japan). To identify and quantify the cells that expressed PD-1,
ImageJ analysis software [29] with the Cell Counter plugin was used on
sections stained for PD-1 and CD4 or CD8.

2.4. Cell culture

Thyroid dispersed cell preparations were cultured in 25 cm? flasks
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with 5 mL RPMI culture medium containing 2 mM t-glutamine (Gibco,
Waltha, Massachusetts, USA), 600 U/mL penicillin, 0,5 mg/mL strep-
tomycin, 10 mM HEPES (Lonza, Basel, Switzerland) and 10% FBS (Hy-
Clone, Chicago, Illinois, USA) in a 37 °C humidified 5% CO2 incubator.
Thyrocytes were allowed to attach to the plastic for 24 h; then, the
monolayers were washed to remove intrathyroidal lymphocytes and
other non-adherent cells, and medium was replaced. Thyroid cell
monolayers were stimulated with 0, 25, 50, or 100 Ul/mL IFNy (Roche,
Basel, Switzerland) for 24 and 48 h. For flow cytometry analysis and
gqPCR experiments, monolayers were trypsinized and cells were used for
the subsequent experiments after washing by centrifugation. HT93,
HTH-83 and TPC-1 cell cultures were harvested during logarithmical
growing phase. Once viability was confirmed to be > 90%, cells were
seeded in 25 cm? flasks at a concentration of 300,000 cells/flask. When
60-70% confluence was reached, cultures were stimulated and re-
covered for flow cytometry and qPCR analysis as for primary thyroid
cultures.

2.5. Flow cytometry

PD-1 expression was assessed in CD4 and CD8 T lymphocyte
memory subsets in PBMCs from HC and GD patients, and paired ITL
samples from the GD glands. The results are shown as mean = SD.
Clinical and laboratory data of these patients are summarized in
Table 1.

Cells from primary thyrocyte, HT93, HTH-83 and TPC-1 cell line
cultures were recovered after stimulation with IFNy, washed with PBS
and stained for HLA class I, HLA-DR, PD-L1 and PD-L2 at different time
points. Flow cytometry analysis was carried out in a FacsCanto II flow
cytometer (BD Biosciences, CA, USA), and data were analyzed with
FlowJo software (FlowJo LLC, Ashland, Oregon). Antibodies used are
detailed in Supplementary Table 1. T cell subsets were defined as ori-
ginally proposed by Sallusto et al. [30] following the protocols re-
commended in Holden et al. [31]. Results are expressed as the
means + SD of percentage or MFL Routinely, >5 x 10* PBMCs
and > 10* ITLs were acquired for the analysis.

2.6. Relative gene expression analysis

RNA was extracted from frozen samples of the same tissues analyzed
for PD-L1 and PD-L2 expression by IFL using the RNeasy Mini Kit
(QIAGEN, Valencia, CA, USA) following the manufacturer's instruc-
tions. Relative gene expression for GAPDH, IFNA1, [FNA4, IFNB1, IFNG
and SOCS1 was measured using TagMan® Gene Expression Assays
(Applied Biosystems — Thermo Fisher Scientific, New York, NY, USA)
and TagMan® Gene Expression Master Mix following the manufacturer's
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instructions. Plates with triplicate reactions were run on a LightCycler®
(Roche, Basel, Switzerland), and average Ct values were used for fur-
ther statistical analysis.

Cells from HT93, HTH-83, TPC-1, and primary thyrocyte cultures
were collected after stimulation with IFNy and washed twice by cen-
trifugation in PBS. RNA was extracted as above. Relative expression
levels for GAPDH, CD274, PDCD1LG2 and HLA-DRA genes were mea-
sured by qPCR as above. Plates with triplicate reactions were run on a
7900HT Sequence Detection System (Applied Biosystems), and average
Ct values were used for further statistical analysis. The standard de-
viation was always below 10% of the mean value. The relative abun-
dance of each molecule was calculated by the 2DCT algorithm and
expressed as arbitrary units ((-AACtx1000) using GAPDH expression for
normalization.

2.7. Statistical analysis

Pearson's correlation coefficient, together with parametric
(Student's t-test) and nonparametric (Mann-Whitney) tests, were ap-
plied to normal and non-normal distributed data, respectively, using
GraphPad Prism software (GraphPad Software, La Jolla, CA). A level of
significance of 5% was applied in all the statistical evaluations.

3. Results

3.1. PD1+ T lymphocytes are expanded in ITLs and PBMCs from GD
patients, and is associated with thyroid infiltration by effector and memory
CD4 and CD8 cells

Analyses were carried out in PBMCs from 10 HCs and 10 GD pa-
tients, and in the case of GD, were also carried out in the paired ITLs
obtained at the time of surgery.

In our GD series, the proportion of CD4 naive T cells in PBMCs
showed a trend to be lower than in HCs, and conversely, the effector
subpopulations were higher (p = 0.054 and p = 0.112, respectively). T
lymphocytes constituted 55.0 + 11.2% of ITLs in this series of GD
thyroid glands, and they were composed of similar proportions of CD4 ™
(48.1 = 18.1) and CD8" (42.8 + 14.8) cells, both predominantly ef-
fector and memory. Naive and memory T cell subpopulations were
defined by the expression of CD45RA and CCR7 [30].

The differences in the distribution of T cell subpopulations between
ITLs and PBMCs in the same GD patient were obvious and significant,
i.e., CD4™" effectors: 49.18 + 15.47 in ITLs vs. 29.94 + 8.43 in PBMCs
(p < 0.001); CD8™ effectors: 53.82 = 4.59 in ITLs vs. 30.14 + 8.75
in PBMCs (p < 0.0001). Conversely, CD4 and CD8 naive cells were
significantly reduced in ITLs from GD patients compared with their

Table 1

Clinical data at the moment of diagnosis of GD patients included for PD-1 expression analysis on PBMC and ITL paired samples.
Sample Sex Age Time course’ TSH Free T3 Free T4 Anti-TG Anti-TPO Anti-TSH-R

(months) (mU/L) (pg/mL) (ng/dL) (UI/mL) (UI/mL) (UI/L)

THV-33 F 25 24 NA NA NA NA NA NA
THV-34 F 26 18 < 0,008 | >20" 7.63 1 240 1 187 ¢ 831
THV-35 F 26 48 < 0,008 | 7.01 1 221 NA NA 521
THV-36 F 37 12 < 0,008 | 14.15 1 351 <15 > 1300 1 11.2 ¢
THV-37 M 61 24 < 0,008 | 7.17 1 2.22 1 24.5 237.4 1 58 1
THV-38 M 43 60 < 0,008 | NA 3.58 1 255 1 91 1 55.4 1
THV-40 M 47 24 0.012 | >201" 4.74 1 1130 ¢ < 6500 1 1451
THV-41 F 51 > 240 < 0,008 | 5.431 1.76 1 73.6 1 > 6500 1 2351
THV-49 F 52 18 < 0,008 | >201" 5.53 1 32 > 6500 1 9.31
THV-51 F 48 44 < 0,008 | NA 6.92 1 <20 22.2 7.21

M: male, F: female, NA: not available, 1: above reference levels, |: below reference levels.
IClinical course, time elapsed between clinical diagnosis and therapeutic thyroidectomy was performed.
Reference values: TSH 0.55-4.78 mU/L, free T3 2.3-4.2 pg/mL, free T4 0.8-1.76 ng/dL, anti-TPO antibodies 0-60 Ul/mL, anti-TG antibodies 0-60 Ul/mL, anti-TSH-R

antibodies 0-1.8 UI/L.
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Fig. 1. PD1+ positive cell distribution in PBMCs and ITLs from GD and HC. (A) Distribution of the main T lymphocyte memory subsets for both CD4* and CD8*
cells in PBMCs from HCs, and GD patients compared to intrathyroidal lymphocytes. (B) PD-1 + cells among the T lymphocyte memory subsets in PBMCs; there is a
moderate increase in PD-1+ total CD4 and TEMRA T cells in GD compared to HC. *p < 0.05.

PBMCs; CD4* naive: 8.49 + 4.89 in ITLs vs. 27.10 * 12.84 in PBMCs
(p < 0.001); CD8™ naive: 10.66 * 4.05 in ITLs vs. 33.02 + 14.71 in
PBMCs (p < 0.0001). The changes in Tgyra and Tcy populations were
minor and no significant (Fig. 1A).

The proportion of PD-1 + cells in PBMCs tended to be higher in GD
than in HCs in the CD4 " T cells (16.9 + 5.4vs. 9.8 = 5.4,p < 0.05),
but not in the CD8 T cells (Fig. 1B). Among CD4 " T cells, the propor-
tion of PD-1+ cells tended to be increased in the Tgyga (6.3 = 7.7 vs.
1.9 £ 15 p < 0.05), effector (29.8 = 4.3 vs. 23.1 = 9.2
p = 0.054) and central memory subsets (21.1 * 4.8 vs. 15.4 * 6.6,
p = 0.054); there is therefore a tendency for PD-1 expression to be
higher in the three subsets of CD4 memory cells (Fig. 1B).

Next, we evaluated in detail PD-1 expression in ITLs with respect to
the paired PBMC samples. Circulating T cells, when positive for PD-1,
showed a relatively low and continuous distribution of MFI, while PD-1
in ITLs showed a widespread expression intensity. Based on this ex-
pression, we defined three PD-1 + T cell categories: PD-1 negative, PD-
1+ intermediate (PD-1'"%), and PD-1 high (PD-1%) (Fig. 2A). ITLs
showed a higher frequency of PD-1+ cells than PBMCs among both
CD4" (48.6 = 14.9 vs. 169 = 5.4, p < 0.001) and CD8 T cells
(44.5 = 16 vs. 15.9 = 10.1, p < 0.001) (Fig. 2B). The frequency of
PD-1" PD-1"™ and total PD-1+ (PD-1M + PD-1™) cells was

significantly increased in the main CD4 and CD8 subsets in ITLs with
respect to PBMCs (Fig. 2C-E and Table 2). Interestingly, PD-1" cells
were only detected in ITLs in the memory and effector subsets of both
CD4 and CD8 T lymphocytes.

Expression of PD-1 by infiltrating T cells was further evaluated by
IFL on cryostat sections from selected glands with lymphocytic in-
filtration (GD n = 9, HT n = 5, and MNG n = 1). A high proportion of
infiltrating CD4 and CD8 T lymphocytes expressed PD-1 (Table 3). In
AITD glands, lymphocytes can be found in small and large infiltrates
that are organized as lymphoid follicles and may contain functional
germinal centers [32]; in them, the distribution of lymphocytes is re-
miniscent of secondary lymphoid organs with a predominance of CD4™
T and B cells, while CD8"% T cells tended to be found dispersed
throughout the parenchyma and in the small and large nonorganized
infiltrates (Fig. 3A-B). Overall, in GD, only a small proportion of the
parenchyma was replaced by the infiltrates, while in Hashimoto thyr-
oiditis, there is a progressive loss of the thyroid follicular epithelial
architecture [32]. There were no differences on PD-1 expression be-
tween GD and HT samples regarding proportion of positive T cells or
the intensity of the staining. PD-1+ staining was confined to cells with
the morphology of lymphocytes that were both in dense infiltrates and
in the smaller groups of cells in the interstitium among thyroid follicles.
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Fig. 2. PD-1 expression in PBMCs and ITL paired samples from GD patients. (A) Representative flow cytometry analysis showing the different patterns of PD-1
expression in peripheral and infiltrating T cells in GD; gates are set to separate the subpopulations defined by PD-1 MFI: negative (PD-1neg), low (PD-1int), and high
expression (PD-1hi). PD-1 is expressed in peripheral T cells with low to intermediate intensity, while in ITLs there is a proportion of PD-1hi cells. (B) Comparison of
the degree of PD-1 expression between PBMCs and ITLs in CD4* and CD8* T lymphocytes from GD patient paired samples. (C-E) Distribution of CD4 and CD8
memory subpopulations in PBMCs and paired ITLs samples from GD patients among PD-1 expression groups previously defined by MFI: (C) low expression (PD-1int),
(D) high expression (PD-1hi), and (E) total PD-1 expression (PD-lint + PD-1hi) *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2
Statistical analysis of previously defined PD-1 expression groups on CD4 and CD8 memory subpopulations between PBMC and ITL paired samples from GD patients
shown in Fig. 2C.

PD-1i pD-1M PD-1+ (PD-1" + PD-1M)

PBMCs ITLs PBMCs ITLs PBMCs ITLs

(Mean * SD) (Mean =+ SD) p-value (Mean =+ SD) (Mean * SD) p-value (Mean * SD) (Mean * SD) p-value
CD4 16.66 = 5.36 33.83 + 10.08 < 0.01 0.28 = 0.18 14.73 = 11.45 < 0.01 16.94 = 5.44 48.56 + 14.86 < 0.01
CD4 Naive 1.61 = 1.14 5.60 = 4.31 < 0.05 0.01 = 0.01 091 =+ 1.27 0.11 1.62 = 1.14 6.50 = 5.23 < 0.05
CD4 Temra 6.31 *+ 7.67 12.18 = 7.02 < 0.05 0.03 *+ 0.05 1.35 = 1.88 < 0.05 6.33 £ 7.71 13.53 = 8.21 < 0.05
CD4 Effector 29.24 * 4.26 40.15 * 9.66 < 0.01 0.59 *= 0.36 18.46 = 13.22 < 0.01 29.83 + 4.32 58.61 + 13.86 < 0.01
CD4 CM 20.78 + 4.63 34.82 + 9.984 < 0.01 0.33 = 0.27 14.36 = 11.59 < 0.01 21.11 = 4.77 49.18 + 15.47 < 0.01
CD8 15.76 = 9.98 2991 * 12.62 < 0.01 0.18 = 0.20 14.63 = 15.54 < 0.01 15.94 = 10.06 44.54 * 16.07 < 0.01
CD8 Naive 3.79 = 2.84 6.62 = 4.01 < 0.01 0.00 = 0.01 0.03 = 0.09 1 3.79 = 2.84 6.64 = 4.03 < 0.01
CD8 Temra 12.01 = 8.13 11.60 = 7.11 0.85 0.06 = 0.09 0.25 *= 0.54 0.13 12.06 = 8.18 11.85 = 7.39 0.92
CD8 Effector 27.52 + 16.06 36.29 + 14.98 < 0.05 0.40 = 0.53 19.48 = 19.02 < 0.01 27.93 + 16.28 55.76 + 18.11 < 0.01
CD8 CM 21.12 * 12.73 33.85 £ 15.42 < 0.01 0.35 = 0.40 16.27 = 17.09 < 0.01 21.47 * 12.97 50.12 * 18.31 < 0.01

Wilcoxon signed-rank test for matched samples was used to compare groups.

In view of the flow cytometry data, it was not surprising to find by
microscopy that in AITD glands, 61.4 * 6.9 of CD4™ T lymphocytes
expressed PD-1, a high proportion of which were PD-1™. This

population of cells was not detected in PBMCs from HCs or from AITD
patients.
The proportion of PD-1+ cells was moderately higher in sections
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Summary of PD-1+ cells in thyroid autoimmune glands as assessed by direct microscopy examination.

OF 'CD4 + CD4+PD-1+ (%) OF cD8 + CD8+PD-1+ (%) CD4/CD8 index

GD SAMPLES

TB-446 6 312 55.8 6 155 69 2.0
TB-450 3 178 57.3 5 185 49.2 1.0
THV-68 6 263 57.4 7 271 66.8 1.0
TB-403 5 1721 54.7 8 683 58.3 2.5
TB-443 3 40 65 4 58 65.5 0.7
TB-442 6 73 72.6 5 86 66.3 0.8
TB-430 3 27 63 4 49 65.3 0.6
TB-421 4 559 67.6 5 556 62.1 1.0
TB-464 4 21 76.2 4 20 75 1.1
Mean 4.4 354.9 63.3 5.3 229.2 64.2 1.2
SD 1.3 541.7 7.7 1.4 236.6 7.2 0.6
HT SAMPLES

TB-441 6 1123 60.3 8 586 56.5 1.9
TB-444 5 1368 59.6 6 682 49.3 2.0
TB-447 6 760 59.3 7 819 51.4 0.9
THV-63 5 451 58.8 5 809 74.4 0.6
TB-290 3 501 51.5 4 767 53.7 0.7
Mean 5 840.6 57.9 6 732.6 57.06 1.2
SD 1.2 397.3 3.6 1.6 98.2 10.1 0.7
GD+HT SAMPLES

Mean 4.6 528.4 61.4 5.6 409.0 61.6 1.2
SD 1.3 536.1 6.9 1.5 316.3 8.7 0.6

OF: optical fields; GD: Graves' disease; HT: Hashimoto thyroiditis.
1 Total number of CD4 or CD8 cells on all OF examined.

than in tissue analyzed by flow cytometry, but strong adhesion of ac-
tivated T cells to TFCs during the processing and dispersion of the
thyroid tissue may explain this result. The finding of remarkably high
PD-1 expression in the infiltrating T cells in AITD glands prompted us to
look for the expression of its ligands, PD-L1 and PD-L2, in both par-
enchymal and infiltrating cells, see 3.2.

3.2. PD-L1, but not PD-L2, is expressed by TFCs in GD and HT thyroid
glands

Pilot flow cytometry experiments on freshly dispersed cell suspen-
sions from two GD and two MNG glands showed PD-L1 expression in
12.7% and 2.7% of TFCs, respectively (Fig. 4A). In the same cell

preparations, TFCs from GD glands showed a strong HLA class I ex-
pression, and moderate to high HLA class II expression compared to
MNG (32.2 vs. 1.5%); these are well-known features of TFCs in auto-
immune thyroid glands [8,33]. PD-L2 expression was not detected on
TFCs from either GD or MNG samples (data not shown). The use of
Liberase® instead of collagenase to digest the tissue samples did not
modify the level of fluorescence (Data not shown).

To further characterize PD-L1 and PD-L2 expression, cryostat sec-
tions were stained for PD-L1 and PD-L2 by IFL. PD-L2 was negative in
all samples studied, independent of the diagnosis, confirming the flow
cytometry data. PD-L1 expression was observed in numerous thyroid
follicles in most tissues from AITD patients (19/22), but only in a few
cells in a low proportion of MNG samples (4/16). PD-L1 + cells were

PD-1 CK

Fig. 3. PD-1 expression in infiltrating T lymphocytes in a
GD thyroid gland. Representative IFL images of PD-1 ex-
pression in (A) CD4 and (B) CD8 lymphocytes on frozen
sections from GD samples. White arrows mark CD4 or CD8
infiltrating lymphocytes expressing PD-1. Note the different
distributions of CD4 and CD8 cells in the tissue and the high
level of PD-1 expression in a high proportion of T cells. All
scale bars correspond to 50 um. CK: cytokeratin.
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Fig. 4. PD-L1 expression in TFCs from GD and HT. (A) PD-L1 expression demonstrated by flow cytometry on freshly isolated TFCs from a GD gland compared to TFCs
from an MNG gland. HLA class I overexpression and HLA-DR de novo expression in TFCs is also shown for comparison. (B) Expression of PD-L1 in cryostat thyroid
sections stained by IFL. PD-L1 + TFCs double stained for TPO and PD-L1 (violet) are only seen in GD and HT. Dashed white lines mark the main areas of TPO +PD-

L1+ TFCs. All scale bars correspond to 50 pm.

mainly TFCs and only rarely infiltrating cells or cells lining the basal
pole of the thyroid follicles, presumably endothelial cells [34]; three-
color IFL staining confirmed these results. The distribution of PD-L1 +
TFC was patchy, and there were small areas where most TFCs were
positive for PD-L1, surrounded by wide areas in which the thyroid
follicles were completely negative (Fig. 4B). To analyze the relationship
between PD-L1 and HLA class II expression in TFCs, and its possible
association with the presence of PD-1+ lymphocytes in the sur-
rounding infiltrates, thyroid sections were stained by three-color IFL for
PD-L1, HLA-DR and TPO or PD-1, PD-L1 and TPO. The areas in which
TFCs expressed HLA-DR were on the order of three-to five-fold larger
than those in which they expressed PD-L1, though a systematic mor-
phometric analysis was not performed. Interestingly, the distribution of
high HLA-DR expression only partially overlapped with that of PD-L1,
even if both PD-L1 and HLA class II positive TFCs were found in the
same sectors of the section (Fig. 5A). PD-1+ T lymphocytes were
conspicuously present in the infiltrates, but their presence did not ap-
pear to determine the expression of PDL-1 by the TFCs of the follicles in
the vicinity. However, examples of PD-1+ T cells in apparent direct
contact with PD-L1 + TFCs were documented (Fig. 5B).

To better assess PD-L1 expression in these glands, tissue samples
from 16 GD, 5 HT and 16 MNG thyroid glands were scored blindly for
PD-L1 expression by two independent observers. Based on the number
of positive follicles and the intensity of PD-L1 expression, a semi-
quantitative score was applied. Criteria were as follows: score 0

(negative), absence of PD-L1 + TFC in any thyroid follicle in the entire
section (average 3 X 4 mm); score 1, at least one thyroid follicle in
which at least 25% of the TFCs were PD-L1 +; score 2: more than one
thyroid follicle, but fewer than 50% of the follicles contained at least
25% PDL-1 + TFCs; and score 3: more than 50% of the thyroid follicles
in the section contained at least 25% of TFCs positive for PDL-1.
Pictures in Fig. 4B correspond to glands with a PD-L1 score of 0 (MNG),
1.5 (GD), and 3 (HT), respectively. PD-L1 was detected on TFCs of 13/
16 (81%) samples from GD patients and all 5 HT samples. By contrast,
12/16 non-autoimmune thyroids (75%) were negative for PD-L1, and
none of them had a PD-L score > 1 (Fig. 5C).

Infiltration by PD-1+ T lymphocytes and expression of PD-L1 by
TFCs occurred in the same gland but there was not a direct or inverse
correlation among these two parameters (Supplementary Figs. 1A-B).

3.3. PD-1 expression in PBMCs and thyroid autoantibody levels

As PD-1+ T cells contain the Tfh subset that is involved in antibody
production, we investigated the possible association of the proportion
of PD-1 T cells in PBCMs and ITLs with the levels of thyroid antibodies.
Anti-TG correlated positively with PD-1+ CD8 cells in PBMCs
(r = 0.81, p < 0.05), and with PD-1™ CD8™ cells in ITLs (r = 0.74,
p < 0.05). Anti-TPO levels correlated positively with the percentage of
PD-11" CD4 T cells in ITLs (r = 0-73, p < 0.05).
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Fig. 5. PD-L1 and HLA-DR expression in TFCs from GD and HT glands. (A) Different expression patterns of de novo HLA-DR and PD-L1 in AITD tissue; cropped area
shows TPO + TFCs co-expressing PD-L1 and HLA-DR. (B) White arrows point to TPO +PD-L1 + TFCs in close proximity to CD45+PD-1 + infiltrating leukocytes. All
scale bars correspond to 50 um. (C) Distribution of the PD-L1 staining intensity scores in the glands by diagnosis, with 0 indicating negative PD-L1 expression on

TFCs, and 3 indicating expression of PD-L1 on more than 50% of thyroid follicles.

3.4. Expression of type I and type II IFNs and SOCS1 expression in
autoimmune and non-autoimmune thyroid tissue

IFN-y can induce PD-L1 expression in different cell types [35], and
previous work by us and others showed a clear interferon signature in
AITD [11,36]. HLA overexpression by TFC has been attributed to IFNs,
and we inferred that IFNs might also be the mediators inducing PD-L1
in TFCs. Relative gene expression of IFN genes IFNA1, IFNA4, IFNB1,
and IFNG and of the downstream IFN-inducible gene SOCSI was mea-
sured by qPCR in RNA extracted from the same glands (but not sam-
ples) previously analyzed for PD-L1 and PD-L2 expression by IFL.

A relative increase in IFNG expression was detected on HT thyroid
tissue when compared to GD (5.6 + 3.6vs.1.2 + 2.1,p < 0.05) or to
MNG (5.6 *+ 3.6 vs. 0.8 £ 1.7, p < 0.05), possibly due to higher in-
filtration and active inflammation present in HT tissue. Although ex-
pression of IFNG was higher in GD tissues compared to MNG, it was not
significant. No differences in the relative expression of type I IFNs were
detected between GD, HT and MNG thyroid glands (Fig. 6A). There was
a positive correlation between the relative expression of IFNG and PD-
L1 expression IFL score (r = 0.44, p < 0.01), which was independent
of patient diagnosis, but no relationship was found between this score
and the expression of type I IFNs (Fig. 6B). This led to the conclusion
that IFNy is probably the cytokine driving PD-L1 expression in TFCs, as
it is postulated to do for HLA expression.

3.5. IFNy induces PD-L1 and PD-L2 expression in thyroid cell lines and
TFCs from autoimmune and non-autoimmune thyroid glands

Three thyroid-derived cell lines (HT93, HTH-83 and TPC-1) and
thyrocytes from MNG (n = 3) and GD (n = 4) were used as substrates.

The three thyroid-derived cell lines analyzed expressed basal con-
stitutive levels of PD-L1 and, to a lesser extent, of PD-L2. Treatment
with IFNy for 24 h induced PD-L1 expression in the three lines in a dose-
dependent manner. PD-L2 was also upregulated, especially in TPC-1
and HT93 cell lines. The kinetics and the maximum expression levels
were different for each cell line, while HT93 cells showed maximal PD-
L1 expression at 48 h, HTH-83 and TPC-1 reached the maximal MFI at
24 h, with a small decline at 48 h (Fig. 7A-B).

In dispersed cell preparations from freshly digested GD and MNG
glands, TFCs were positive for PD-L1 in 14.0% and 3.1% of the cells,
respectively, while PD-L2 was negative. Interestingly, after overnight
culture, more than half of TFCs from all types of glands exhibited
spontaneously increased PD-L1 expression (Fig. 8A). When stimulated
with IFNy, PD-L1 expression was further induced. At the lowest con-
centration used (25 U/mL), approximately 80-90% of TFCs became PD-
L1 positive after 24 h. PD-L1 expression remained stable, and only a
slight increase was observed at 48 h. Regarding PD-L2, 15-25% of TFCs
became positive at 48 h after stimulation, but with much lower MFIs
than PD-L1. As expected, IFNy induced HLA-DR expression at 48 h of
TFC primary culture, with greater induction in GD than in MNG cul-
tures, as described for HLA [37] (Fig. 8B).

To confirm the flow cytometry results, mRNA from the same sam-
ples was extracted, and qPCR was used to measure CD274 (PD-L1),
PDCD1LG2 (PD-L2) and HLA-DRA gene expression relative to GAPDH.
For thyroid-derived cell lines, the kinetics observed for mRNA after
IFNy stimulation reflected those observed by flow cytometry; only
HT93 showed a discrepancy for PD-L2, for which mRNA levels in-
creased in a dose-dependent manner up to 48 h, while surface protein
declined after 24 h (Fig. 9A-B). TFCs showed a dose-dependent increase
of PD-L1 mRNA transcription, peaking after 24 h of stimulation with
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and SOCS1 genes in thyroid tissue from MNG, GD and HT patients. (B) Correlation between IFN relative gene expression and PD-L1 score for each tissue independent

of initial diagnosis.

IFNy, and remaining stable or decreasing after 48 h (Fig. 10A). In pri-
mary TFC cultures, there was more variability of mRNA induction
among glands than for surface fluorescence, and this appeared un-
related to diagnosis (Supplementary Fig. 2). PDCDILG2 response to
IFNy showed similar kinetics, but relative gene expression levels were
very low compared to CD274, but detectable (Fig. 10B).

3.6. CMTM4/6

CMTM4 and CMTM6 are membrane proteins of the chemokine-like
superfamily that have been recently described as required for stable PD-
L1 membrane expression [38]. To investigate whether these molecules
were involved in PD-L1 expression in TFCs in AITD, we analyzed
CMTM4 and CMTM6 expression by IFL in MNG and GD samples.
CMTM4 and CMTM6 were highly expressed in TFCs from all samples

A

regardless of the diagnosis (data not shown). This level of expression
was in agreement with data in the GTEx transcriptomic database
(https://m.gtexportal.org), in which the levels of CMTM4 and CMTM6
in thyroid tissue, as detected by RNAseq, are among the highest of all
tested tissues. It is therefore unlikely that these molecules play a lim-
iting role in the induction of PD-L1 in the TFCs of AITD glands, as
shown in some melanoma cells and other malignant cell lines [39].

4. Discussion

The role of the PD-1/PD-L1 pathway in immunological tolerance
and in autoimmunity has been investigated for over 15 years [40], yet
its complexity has precluded reaching definitive conclusions, especially
in human autoimmune diseases. It is clear that PD-1 is expressed not
only by primed and “exhausted” T lymphocytes but also by Tregs, Tth
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+

lines and the shaded areas represent means

and other cell types, i.e., B lymphocytes, NK cells, NKT cells, macro-
phages and some dendritic cells, during immune acute and chronic
activation, multiplying the numbers and signs of possible interactions
[41,42]. The PD-1 ligand, PD-L1, can be expressed by most myeloid and
non-myeloid cells under different stimuli. PD-L2 is expressed mainly by
dendritic cells and macrophages and by some nonhematopoietic cells in
the lung [42]. PD-L1 interaction with PD-1+ cells is not only in-
hibitory, it can also qualitatively modify the immune response, e.g., the
type of memory cell generated depends on the lineage of the PD-L1 +
cell interacting with the T cells [43]. To better understand the role of
the PD-1/PD-L1 pathway in human organ specific autoimmune disease,
one initial approach is to examine the levels of expression of PD-1 and
its ligands not only in PBMCs, but also in the tissue target of the disease
and analyze the possible interactions. For this reason, we have under-
taken the analysis of the expression of PD-1, PD-L1 and PD-L2 in PBMCs
and in both the infiltrating cells and the parenchymal TFCs of the two
paradigmatic diseases, GD and HT, using MNG as a non-autoimmune
control tissue. By combining flow cytometry of freshly dispersed cells,
tissue section IFLs and induction experiments on freshly isolated TFC
and thyroid cell line cultures, we showed that the PD-1/PD-L1 pathway
is probably very relevant in these diseases. The consistency between the
data obtained from different substrates, techniques and blindly scoring
sections support the validity of the results and conclusions. We have
also ruled out that CMTM4/6 may be limiting PD-L1 expression as in
some tumors [39].

The work reported here constitutes the first report of the PD-1/PD-

10

SD of MFI for each marker on freshly isolated TFCs prior to culture.

L1 pathway in AITD and should be seen in the context of two recent
reports on PD-L1 expression by islet beta cells in human type 1 diabetes,
also a paradigmatic organ specific autoimmune disease [44,45]. In
these two articles, the authors report results similar to ours regarding
PD-L1 expression by the target cells of the immune response, but they
did not analyze the phenotype of the lymphocytic infiltrate.

We have first demonstrated that PD-1+ T cells are moderately but
significantly expanded in PBLs from GD patients. When comparing PD-1
expression in peripheral and intrathyroidal T lymphocytes (ITLs), we
report two interesting findings: the clear expansion of PD-1+ cells in
ITLs, to the point that they account for almost half of the total T cells,
and the presence of a distinct population of PD-1 bright T cells. These
results are reminiscent of those on the infiltrating cells in rheumatoid
arthritis (RA) [46] but have not been previously reported in human
autoimmune organ specific autoimmune tissue. The question that arises
is that of the cell lineage or sublineages to which these PD-1 + CD4 and
CD8 T cells belong. Even if a proportion could be Tregs and Tth, both
populations together would not be expected to account for nearly 50%
of the infiltrating T cells. Therefore, is likely that most are chronically
activated T cells and that the PD-'™ population that constitutes ap-
proximately 15% of both CD4 and CD8 T cells corresponds to “ex-
hausted” T cells, similar to those described in chronic viral infections
[47]. Another PD+1" T cell sublineage is that of peripheral helper
(Tph), also described in RA and breast cancer infiltrates [48]. Further
work with higher resolution tools is required to answer these questions.

As mentioned, the results presented here resemble those reported
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for Type 1 diabetes; in that, 1) there is clear expression of PD-L1 ex-
pression in the parenchymatous endocrine cells and 2) induction ex-
periments indicate that PD-L1 expression may be attributed to IFN.
We have also demonstrated that both PD-1+ T cells and PD-L1 +
TFCs are present in AITD glands, implying that the PD-1/PD-L1
pathway is probably operational. Whether PD-L1 + TFCs may limit Tfh
and redirect it to Tfr differentiation, as demonstrated for PD-L1 den-
dritic cells, is an interesting question posed by our findings [15].

11

PD-L1 expression regulation is only partially understood; in neo-
plasic cells it is linked to the activation of MAPK and PI3Kinase path-
ways [49], and in untransformed cells it is induced by cytokines such as
type I and II IFNs, TNF-alpha, IL-10, IL-27 and some y-chain cytokines
[41,42,50]. In inflammatory situations, IFNs and the STAT-1 IRF1
pathway appear to be the dominant mechanism of induction. Our prior
transcriptomic profiling of GD glands [11] and the analysis of IFNs by
qPCR in the present study pointed to IFNy, so we tested the induction of
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PD-L1 by IFNy in HT93, HTH-83 and TPC-1 thyroid cell lines and TFC
primary cultures from GD and MNG thyroid glands. The five type of
cultures responded with a strong induction at 24 h, with only minor
differences regarding the timing of maximal induction. This was par-
allel to the induction of HLA class II expression, although the latter
reached a higher level both in percentage of cells and intensity (MFI) in
the case of GD TFCs. It is therefore probable that in vivo, IFNy plays an
important role in inducing both PD-L1 and HLA-DR in autoimmune
thyroid glands. Very interesting was the observation by flow cytometry
of the spontaneous induction of PD-L1 in cultures from MNG glands
that showed a practically nil basal expression, suggesting that there is
either a tonic inhibition of PD-L1 expression in vivo or that the release
from the close contact with other TFCs in the gland triggers PD-L1
expression. In fact, TFCs in culture without TSH supplementation be-
come undifferentiated in a couple of weeks in an epithelial to me-
senchymal like-transition known to induce PD-L1 expression [51,52].
This induction is reminiscent of the transient spontaneous induction of
ABH antigens by TFC once in monolayer culture [51]. A similar process
may also explain the inducibility of PD-L2 by IFN-gamma in vitro.

From the above mentioned points, it can be deduced that PD-L1 may
be a mechanism of peripheral tolerance maintenance that is induced to
avoid recognition by autoreactive T cells activated in the context of
inflammatory processes, as already proposed [53]. This role of PD-L1 in
maintaining tolerance to thyroid cells could explain clinical thyroid
autoimmunity triggered by anti-PD-1 and anti-PD-L1 MoAbs used in
cancer immunotherapy which is more common in patients positive for
anti-TPO or anti-TG autoantibodies [54,55].

Overall, the results reported here contribute to explaining the slow
progression of thyroid autoimmune disease, which is probably re-
strained by the PD-1/PD-L1 pathway, in which the expression of PD-L1
by TFCs seems to play a central role. These results, which need to be
further expanded, point to new mechanisms to control thyroid auto-
immunity; to that end, it will be very important to establish whether
PD-L1 expression by the target cells is the critical event in controlling
an incipient autoimmune response triggered by environmental or mi-
crobiota-linked factors. It should be considered that the target cells, in
the case of AITD, express elevated levels of HLA class I and express de
novo HLA class IT and can therefore interact with both CD4* and CD8 ™
T cells. These findings also lead to reinterpret the ectopic HLA Class II
expression hypothesis of autoimmunity postulated back in 1983 [8,56].
The concurrent expression of HLA Class I and II, PD-L1 and adhesion
molecules in TFCs would in fact deliver a mix of signals to infiltrating T
cells that in GD and HT would not arrest autoimmunity but restrain it;
in focal thyroiditis, they would effectively arrest the process unless the
interaction is disturbed, as when anti-PD-lor anti- PD-L1
munotherapy is applied.

It can be envisioned that by increasing inhibitory checkpoint re-
ceptor expression by the target cells, they can be protected from au-
toimmunity in a similar manner in which viruses such as HCV evade the
immune response. In this scenario, exhausting the autoreactive T cells
would be desirable, as originally proposed by McKinney et al. [57].
Therefore, these results, similar to those on PD-L1 expression by human
islet beta cells [44,45], open new therapeutic avenues for the treatment
of autoimmunity.
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