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ABSTRACT
Background  The response of solid tumors such as 
papillary thyroid cancer (PTC) to immune checkpoint 
inhibitors (ICIs) is highly variable. The biological basis of 
this variability remains unknown.
Methods  To test the hypothesis that preconditioning 
of the immune system modulates the therapeutic effect 
of ICIs, we used a murine model where PTC and iodine 
exacerbated thyroiditis (IET) can be induced in a temporally 
predictable fashion. A total of 122 mice were divided into 3 
experimental groups. In the first one, named concomitant 
IET and PTC (No.=40), IET, and PTC were induced at the 
same time; in the second one, named pre-existing IET 
(No.=44), IET was induced prior to the induction of PTC; 
in the third one, named no IET (No.=38), only PTC was 
induced. Following disease induction, mice of each group 
were treated with anti-PD-1 antibody, anti-lymphocyte 
activation gene 3 antibody (anti-Lag3), anti-T-cell 
immunoglobulin and mucin domain 3 antibody (anti-Tim3), 
or IgG control. Ten weeks after the initial ICI injection, mice 
were sacrificed to collect the thyroid gland for histological 
analysis, to quantify the incidence and burden of PTC, and 
to perform high-throughput single-cell RNA sequencing of 
infiltrating CD45+ cells.
Results  In the concomitant IET and PTC group, ICI 
treatment reduced PTC incidence (p=0.002 comparing 
treatment with any ICI vs control), while it had no effect 
in the pre-existing IET and no IET groups. Single-cell 
sequencing of thyroidal CD45+ cells showed that the 
different ICIs tested had both specific and shared 
effects on all the components of the thyroidal immune 
cell infiltrate. The shared effect of the tested ICIs was 
dependent on the presence of pre-existing versus 
concomitant IET. In the context of concomitant IET, 
ICI treatment resulted in the modulation of a greater 
number of pathways related to both innate and adaptive 
immunity.
Conclusions  Response to ICIs depends on the status of 
the immune system of the treated individual. Modulation 
of the immune system should be explored as a tool to 
improve response to ICIs in patients with PTC or other 
forms of cancer.

BACKGROUND
Immune checkpoint inhibitors (ICIs) have 
revolutionized the treatment of oncologic 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The tumor-controlling effect of immune checkpoint 
inhibitors (ICIs) is highly variable across patients. The 
etiological basis of this variability is unknown. Body 
composition, prior antibiotic treatment, gut microbiota 
composition, genetic susceptibility to autoimmunity, 
tumor irradiation, and development of thyroiditis after 
exposure to ICIs have all been associated with changes 
in the clinical response to ICI treatment.

WHAT THIS STUDY ADDS
	⇒ Using a murine model that allows us to induce in 
a temporally predictable fashion papillary thyroid 
cancer (PTC) and iodine exacerbated thyroiditis 
(IET), we found that the presence of recent IET, as 
opposed to pre-existing IET, was associated with a 
stronger effect of ICIs on both adaptive and innate 
immunity, and a stronger ‘tumor controlling’ effect. 
These findings suggest that the immune status of 
the treated individual at the time of administration 
of ICIs modulates the response to ICIs.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings suggest that modulation of the inflammato-
ry milieu and thus the immune system might be used as 
a tool to increase the clinical response to ICIs. Since we 
used a murine model of PTC and IET, our findings point 
to the need to perform human studies to understand 
whether induction of thyroiditis with the administration 
of iodine might be a useful adjuvant treatment to im-
prove response to ICIs in patients with PTC. However, 
the biological paradigm we propose is likely relevant 
also to other types of cancer. Therefore, our work calls 
for additional pre-clinical and clinical studies aimed at 
understanding whether activation of the immune sys-
tem, via induction of thyroiditis or other means, could 
be a useful strategy to improve response to ICIs in on-
cological patients.
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patients.1 2 However, patients’ response to ICI treatment is 
highly variable. Some patients experience dramatic clin-
ical responses while others have minimal or no response. 
The etiological basis of this marked variability in clinical 
response across individuals remains mostly unknown. 
Body composition,3 prior antibiotic treatment,4 gut 
microbiota composition,5 genetic susceptibility to autoim-
munity,6 tumor irradiation,7 and development of thyroid-
itis after exposure to ICIs8–10 have all been associated with 
changes in the clinical response to ICI treatment, but a 
comprehensive hypothesis to explain these observations 
is lacking.

All the factors referenced above modulate the host 
immune system at the peritumoral and/or systemic level. 
Therefore, in our opinion, these observations raise the 
intriguing possibility that modulation or pre-conditioning 
of the immune milieu might be an important determi-
nant of response to ICI.

We recently described a murine model that allows us 
to induce, in a temporally predictable fashion, papil-
lary thyroid cancer (PTC) and thyroiditis. This model, 
called NOD.H2h4 TPO-CRE-ER BRAFv600E, develops PTC 
on exposure to tamoxifen and develops iodine exacer-
bated thyroiditis (IET) on iodine administration.11 Here, 
we take advantage of this model to test the hypothesis 
that immune preconditioning via induction of IET can 
modulate response to ICIs. Since we were interested in 
investigating a ‘class effect’ more than the response to 
a specific therapeutic agent, we did a parallel study of 
the response to three different ICIs, blocking antibodies 
targeting programmed death-1 (PD-1),12 blocking anti-
bodies targeting lymphocyte activation gene 3 (LAG-3)13 
and blocking antibodies targeting T-cell immunoglobulin 
and mucin domain 3 (TIM-3).14

To increase the sensitivity of our analysis, we compared 
responses to ICIs in three different conditions: animals 
with PTC but without IET; animals who developed IET 
before developing PTC (‘pre-existing IET’); and animals 
who developed PTC at the same time in which they devel-
oped IET (‘concomitant IET’). Our findings indicate 
that the response to ICI is markedly modulated by host 
immune preconditioning.

METHODS
Experimental study groups
A total of 122 double-mutant NOD.H2h4 TPO-CRE-ER 
BRAFv600E were developed by breeding and injected with 
tamoxifen to induce PTC, as previously described.11 Mice 
were separated into three groups according to the admin-
istration of sodium iodide in the drinking water and its 
timing. In the first group labeled as ‘concomitant IET’ 
(No.=40), sodium iodide administration was begun at 8 
weeks of age concurrently with the tamoxifen injections 
and continued for 12 weeks. In the second group, ‘pre-
existing IET’ (No.=44), sodium iodide was given first 
from weeks 8 to 20 of age, and then tamoxifen injections 
were started at 20 weeks of age. In the third group, ‘no 

IET’ (No.=38), no sodium iodide was administered, and 
tamoxifen injections began at 8 weeks of age.

In each group, mice were treated with one of three ICIs 
or with isotype control. In particular, 19 animals received 
anti-TIM-3 antibodies, 6 in the concomitant IET arm, 7 in 
the pre-existing IET arm, and 6 in no IET arm. 22 animals 
were treated with anti-PD-1 antibodies, 8 in the concom-
itant IET arm, 7 in the pre-existing IET arm, and 7 in 
the no IET arm. Twenty-three animals were treated with 
anti-LAG-3 antibodies, 8 in the concomitant IET arm, 9 in 
the pre-existing IET arm, and 6 in the no IET. Fifty-eight 
animals were included in the control group, 18 in the 
concomitant IET arm, 21 in the pre-existing IET arm, and 
19 in the no IET arm. Most of the animals in the control 
group received injections of isotype control antibodies. 
A subgroup of control animals did not receive isotype 
control antibodies and overlapped with the control 
cohort published in our previous report.11 The experi-
mental design of all 122 mice is summarized in figure 1. 
All mice were sacrificed 10 weeks after the first antibody 
injection.

Treatment with ICIs
ICI antibodies were administered via intraperitoneal 
injection between 24 and 36 weeks of age. All animals 
received ICIs about 4 weeks after completion of tamox-
ifen treatment and about 10 weeks prior to sacrifice. Anti-
bodies (online supplemental table 1) were diluted in a 
specific dilution buffer (InVivo PureTM BioXCell pH. 7.0 
IP0070) to a final concentration of 250 μg/200 µL and 
stored at 4°C. Each mouse was injected intraperitoneally 
with 200 µl of this solution three times, once every 2 days.

Thyroid histopathology
At sacrifice, thyroid glands were resected and prepared 
for histopathology (hematoxylin and eosin [H&E] stain) 
and/or flow cytometry. For H&E histopathology, the 
thyroid glands or lobes were fixed for 24 hours in Beck-
stead solution15 and embedded in paraffin. In 74 mice, the 
entire gland was used for this purpose. In the remaining 
48, the right lobe was used for histopathology and the left 
lobe for flow cytometry and single-cell proteogenomic 
analysis. Thyroid blocks were cut into 5 µm sections, 
stained with H&E, and imaged using a digital micro-
scope (Olympus BX43) equipped with the Cell Sens 
Standard software. The images were then scored for PTC 
and thyroiditis by an experienced pathologist blinded to 
experimental group assignments. For immunohistochem-
istry, thyroid sections were deparaffinized and rehydrated 
as described,11 then stained using rabbit anti-mouse B220 
antibody clone RA3.

Flow-cytometry and singlecell proteogenomic analysis
Animals with pre-existing or concomitant IET were 
analyzed on different days. On each day, one lobe of 
the thyroid gland of two mice per each experimental 
condition (isotype treatment vs PD-1 treatment vs LAG-3 
treatment vs TIM-3 treatment) was digested to prepare 
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a single-cell suspension, as previously described.11 The 
tissue was minced and digested for 2 hours at 4°C and then 
for 30 min at 37°C in a solution of RPMI 1640. During 
digestion, 2 drops of Vibrant Dye Cycle Violet Ready 
Flow Reagent (DCV-Invitrogen) were added to each half 
thyroid to stain metabolically active cells. At the end of 
the digestion, cells were washed, filtered through a 40 µm 
strainer, resuspended in approximately 250 µl of FACS 
buffer, and treated with Fc block (BioLegend, 1:100) for 
15 min on ice, and then stained with CITE-Seq antibodies 
(Mission Bio). To this end, first, each sample was stained 
with BioLegend 160X Universal Immune Cell Mix. One 
pouch of lyophilized reagents was resuspended in 50 µL 
of a dedicated buffer according to the manufacturer’s 
instructions and 12 µL of antibody suspension was used 
to stain cells from each condition. Directly after adding 
the 160X-plex antibody mix, cells from each treatment 
condition were stained with 5 µL of a 1:10 dilution of 
BioLegend Hashtag-C antibodies. For the four different 
experimental conditions, Hashtags 1, 2, 4, and 5 were 
used, respectively. At this point, a PE-labeled antibody 
against CD45 (BioLegend, clone 30-F11) was added to 
each sample at 1:200 dilution. After 30 min of incubation 
on ice, samples were washed and strained. Immediately 

prior to sorting Propidium Iodide was added to each 
sample and CD45+, DCV+, and PI- cells were sorted in 
DMEM with 1% FCS using a MoFlo cell sorter. After 
sorting, cells from the four experimental conditions were 
pooled together in a 1 : 1 : 1 : 1 ratio. They were spun down, 
counted using trypan blue, and partitioned into droplets 
using the 10X Genomics Chromium Controller using 
40,000 cells (superloading) per pooled sample. Single 
cell libraries for 5’ Digital Gene Expression, and feature 
barcodes including sample hashtags, were produced 
using 10X Genomics Chromium Next GEM Single Cell 5' 
Library and Gel Bead Kit v1.1 according to manufacturer 
instructions. The feature barcode library was sequenced 
at a depth of 15,000 reads per cell. The gene expression 
library was sequenced at a depth of 50,000 reads per cell. 
Next-generation sequencing was performed through the 
Johns Hopkins Sidney Kimmel Comprehensive Cancer 
Center’s Experimental and Computational Genomics 
Core using the NovaSeq 6000 platform.

Statistical analysis of histology data
Data were analyzed using GraphPad Prism V.9.3.1. The 
presence or absence of PTC across experimental groups 
was compared using the χ2 test.

Figure 1  Experimental design. NOD.H2h4 TPO-CRE-ER BRAFv600E mice were divided into three experimental arms. In the 
first arm, tamoxifen was administered starting at 8 weeks of age to induce papillary thyroid cancer (PTC). At the same time, 
water was supplemented with sodium iodide to trigger iodine exacerbated thyroiditis (IET). In the second arm, sodium iodide 
was administered starting at 8 weeks of age, but tamoxifen was administered starting at 20 weeks of age, after completion 
of 12 weeks of sodium iodide treatment. In the third arm, tamoxifen treatment was started at 8 weeks of age and no sodium 
iodide was administered. About 2 weeks after completion of treatment with tamoxifen, ICIs were administered. X: All mice were 
sacrificed approximately10 weeks after the initial antibody injection. ICI, immune checkpoint inhibitor.
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Analysis of singlecell sequencing data
Analysis of singlecell sequencing was performed in Partek 
Flow software (V.10.0). Raw sequencing reads were first 
processed using the Cell Ranger package from 10X 
Genomics, excluding introns, and reads were aligned to 
the mm10 reference mouse genome. Filtering was carried 
out to remove cells with low read counts and doublets, and 
demultiplexing was accomplished using hashtag oligos, 
resulting in a count of 30,001 cells between 2 samples. 
Next, the pooled data from the 2 samples were normal-
ized for read depth by counts per million and CITE-seq 
weighted-nearest-neighbor was used to integrate the gene 
expression and protein datasets. Then, principal compo-
nent analysis was performed, and the scree plot was used 
to estimate the minimum number of PCs with which to 
move forward. Dimensionality reduction and visualiza-
tion was carried out using uniform manifold approxi-
mation and projection (UMAP). We used graph-based 
clustering (Louvain clustering algorithm; Resolution of 
0.5; Euclidean distance metric) considering only gene 
expression data to identify cell clusters with significant 
differences in gene expression profiles.

At this stage, we applied biological knowledge to iden-
tify the cell types present in each visual cluster. We first 
compared the genes highly expressed in each cluster with 
the immune cell gene expression data in the IMMGEN 
database (www.immgen.org). We integrated this analysis 
with the expression of surface markers as detected by 
CTIE-Seq antibodies. More specifically, we used: positive 
staining with CD19 antibody to confirm the identity of 
the B cell cluster; positive staining with CD3, CD4, or CD8 
antibody to confirm the identity of the T cell cluster; posi-
tive staining with Ly6G and CD11b antibodies to confirm 
the identity of the neutrophil cluster; positive staining 
with CD11b, CD11c, and F4-80 antibodies to confirm the 
identity of macrophages; and positive staining with CD11c 
and negative staining with F4-80 antibodies to confirm 
the identity of dendritic cells. Annotation of cell types was 
‘published’ to the whole analysis pipeline. Analysis of vari-
ance was used to compare gene expression across specific 
cell clusters or experimental conditions. KEGG pathway 
analysis of differentially expressed genes was performed 
using DAVID bioinformatics resources.16

RESULTS
In the presence of concomitant iodine-induced thyroiditis, PTC 
responds better to ICIs
The incidence of PTC at the time of thyroid harvesting/
terminal sacrifice in mice receiving the isotype control 
was similar to what we observed in our initial report11 
(figure 2), being highest in the concomitant IET group 
(18 of 18, 100%), intermediate in the no IET group (16 
of 19, 84%), and reduced in the pre-existing thyroiditis 
group (11 if 21, 52%, figure  2, gray bars). Administra-
tion of any of the three ICIs significantly reduced PTC 
incidence as compared with the isotype control in the 
concomitant IET group, where only 4 of 6 (67%) TIM-3 

blocked mice, 4 of 8 (50%) PD-1 blocked mice, and 5 of 
8 (63%) LAG-3 blocked mice were found to have PTC at 
sacrifice (figure 2A, p=0.017 by χ2 test). ICI administra-
tion, instead, had no beneficial effect in mice of the pre-
existing thyroiditis or no thyroiditis groups (p=0.725 and 
0.761, respectively, figure 2A). Combining the three types 

Figure 2  Therapeutic response to ICI is dependent 
on immune preconditioning. After sacrifice, thyroids 
were isolated from all animals and histological sections 
were stained with H&E. The presence or absence of PTC 
was assessed by a pathologist blinded to study group 
assignment. The number of animals with PTC present or 
absent is reported for each study arm .A) Within each study 
arm, results are broken down by treatment group (anti-
TIM-3 Ab, anti-PD-1 Ab, anti-LAG-3 Ab, or control). Analysis 
via the chi-square test showed that the frequency of PTC 
was different across experimental groups in the context 
of concomitant IET (p=0.018) but not in the context of no 
IET (p=0.761) or pre-existing IET (p=0.725). B) All animals 
treated with ICI are combined within the same group. Also 
in this analysis the frequency of PTC was lower in presence 
of concomitant IET (p=0.002) but not in the presence of pre-
existing IET (p=0.387) or in the absence of IET (p=0.426). 
ICI, immune checkpoint inhibitor; IET, iodine exacerbated 
thyroiditis; LAG-3, lymphocyte activation gene 3; PTC, 
papillary thyroid cancer; TIM-3, T-cell immunoglobulin and 
mucin domain 3.

www.immgen.org
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of ICIs into one at the time of analysis yielded similar 
results: as compared with the isotype control, at the time 
of organ harvesting PTC was less common in the concom-
itant IET group treated with ICIs (p=0.002, figure  2B), 
whereas its incidence was similar to the isotype control 
in the pre-existing IET (p=0.387) or no IET (p=0.426) 
groups treated with ICIs (figure 2B).

The severity of PTC, as judged by the number of 
neoplastic foci present in the thyroid gland, mimicked 
the incidence results reported above. In mice receiving 
the isotype control, two or more foci of PTC were highest 
in concomitant IET (13 of 18, 72%), lower in no IET (12 
of 19, 63%), and lowest in pre-existing IET (2 of 21, 9%, 
table 1). Administration of any of the three ICIs reduced 
PTC severity in mice with concomitant IET (p=0.107, 
table  1), but had no effect in the no IET (p=0.974) or 
pre-existing IET (p=0.242) groups. The stronger clinical 
effect of ICI in the context of concomitant IET was clearer 
when animals treated with any ICI were pooled within 
the same group. Comparing control-treated animals to 
animals treated with any ICI, treatment was associated 
with a clear reduction in the frequency of multifocal 
PTC in the context of concomitant IET (p=0.008) but 
not in the context of no IET (p=0.71) or pre-existing IET 
(p=0.07).

Presence of pre-existing versus concomitant IET is associated 
with marked changes in the composition of the PTC-
associated immune cell infiltrate in the thyroid, treatment 
with ICIs is not
To gain insight into this finding, we decided to use single-
cell proteogenomic analysis to investigate the thyroid 
immune infiltrate in our different experimental groups. 
We focused on animals with pre-existing or concomitant 
IET to avoid bias induced by induction of thyroiditis.

Figure  3 shows three-dimensional UMAP plots of the 
immune infiltrate in animals with concomitant or pre-
existing IET treated with isotype control antibody or each 
of the three tested ICIs. The presence of concomitant 
versus pre-existing IET resulted in a marked variation in 
the composition of the thyroidal immune infiltrate. As 
compared with concomitant IET, pre-existing thyroiditis 
was in fact associated with a clear expansion of B cells 
and T cells, and with a marked shift in the gene expres-
sion profile of Ly6G+ neutrophils (figure 3A and 3E). In 
the context of concomitant IET, treatment with any of the 
tested ICIs did not result in obvious changes in the rela-
tive representation of the identified cell types (figure 3A 
and 3B and 3C and 3D). This was also true in the context 
of pre-existing IET (figure  3E and 3F and 3G and 3F). 
To corroborate this observation with performed immuno-
histochemistry (IHC) for the B cell marker B220. Online 
supplemental figure S2 shows that IHC confirmed that 
pre-existing IET was characterized by a significant prev-
alence of B cells while concomitant IET had very scarce 
B cells, and this finding was consistent across treatment 
groups.

Gene expression alterations induced by treatment with 
different ICIs have both common and specific features
In our experimental design, within each experimental 
condition (pre-existing vs concomitant IET) we have 
three different ICI treatments. This allowed us to compare 
the response to different ICIs and, through this, identify 
molecular signatures that are common to all tested ICIs 
and therefore are likely critical for the observed thera-
peutic effect.

With this in mind, we first compared the gene expression 
changes induced by treatment with anti-PD-1 antibody 

Table 1  Focality of papillary thyroid cancer in NOD.
H2h4 TPO-CRE-ER BRAFv600E mice treated with immune 
checkpoint inhibitors (ICIs), according to the status of 
iodine-exacerbated thyroiditis (IET)

No of 
mice

Papillary thyroid 
cancer foci

P valueNone One ≥2

Concomitant IET: 0.107

 � Control 18 0 5 13

 � LAG-3 Ab 8 3 2 3

 � PD-1 Ab 8 4 1 3

 � TIM-3 Ab 6 2 1 3

No IET: 0.974

 � Control 19 3 4 12

 � LAG-3 Ab 6 1 1 4

 � PD-1 Ab 7 2 1 4

 � TIM-3 Ab 6 2 1 3

Pre-existing IET: 0.242

 � Control 21 10 9 2

 � LAG-3 Ab 9 4 3 2

 � PD-1 Ab 7 2 1 4

 � TIM-3 Ab 7 2 2 3

    �   
    �   

No of 
mice

Papillary thyroid 
cancer Foci

P valueNone One ≥2

Concomitant IET: 0.008

 � Control 18 0 5 13

 � ICI 22 9 4 9

 � No IET: 0.70

 � Control 19 3 4 12

 � ICI 19 5 3 11

Pre-existing IET: 0.07

 � Control 21 10 9 2

 � ICI 23 8 6 9

The data are reported both separating by specific ICIs (top) and 
condensing all ICI-treated animals within the same group (bottom). 
The P column reports the p value for the χ2 test.
LAG-3, lymphocyte activation gene 3; PD-1, programmed death-1; 
TIM-3, T-cell immunoglobulin and mucin domain 3 .

https://dx.doi.org/10.1136/jitc-2022-005538
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to the gene expression changes induced by other treat-
ments using hierarchical clustering/heatmap analysis. 
Figure 4A,C depict heatmap representations of the genes 
differentially expressed in PD-1-treated animals versus 
control animals (FDR<0.05, fold change >1.5 or <1.5). 
The heatmaps show that the effect of treatment with anti-
PD-1 antibody was for the most part specific to PD-1. In 
fact, only a fraction of the genes modulated by PD1 were 
modulated similarly by the two other ICIs tested. This was 
true both in the context of concomitant IET (figure 4A) 
and in the context of pre-existing IET (figure 4C). As a 
sensitivity analysis, we looked at differential gene expres-
sion across the four treatment groups within specific cell 
populations. Online supplemental figure S1 shows that 
both in animals with pre-existing IET and in animals with 
concomitant IET, treatment with different ICIs resulted 
in treatment-specific gene expression changes in B cells, 
neutrophils, macrophages, and T cells.

To gain insight into this observation we performed a 
Venn diagram-based analysis of all the genes differen-
tially expressed between isotype control-treated, anti-
TIM-3 treated, anti-PD-1 treated, and anti-LAG-3 treated 
animals in the two experimental conditions (FDR<0.05). 
Figure  4B shows that anti-TIM-3 treatment was associ-
ated with a change in the expression of 3265 genes as 
compared with isotype control-treated animals. Treat-
ment with anti-LAG-3 antibody was associated with a 
change in the expression of 3658 genes as compared with 
isotype control-treated animals. Treatment with anti-PD-1 
antibody was associated with a change in the expression 

of 9962 genes as compared with isotype control-treated 
animals. Notably, as compared with isotype control-
treated animals only 1193 genes were affected by all the 
three different ICIs studied. Figure 4D reports a similar 
analysis performed within the thyroidal immune infiltrate 
of animals with pre-existing IET. In this case, anti-TIM-3 
treatment was associated with a significant change in 
the expression of 9167 genes as compared with isotype 
control-treated animals. Treatment with anti- LAG-3 
antibody was associated with a change in the expression 
of 3738 genes as compared with isotype control-treated 
animals. Treatment with anti-PD-1 antibody was associ-
ated with a change in the expression of 6384 genes as 
compared with isotype control-treated animals. Only 2835 
genes were affected by all the three different ICIs studied.

The ‘shared’ set of genes modulated by all ICIs changes in 
response to immune preconditioning
All tested ICIs had a ‘therapeutic’ effect in mice with 
concomitant IET but not in mice with pre-existing IET. 
To gain insight into the interaction between immune 
preconditioning and ICI treatment, we performed a 
Venn diagram-based comparison of the genes modu-
lated by all tested ICIs in animals with pre-existing IET 
and in animals with concomitant IET. Figure 5 shows that 
there was little overlap between the two groups of genes. 
59.6% (711 of 1193) of genes modulated by all ICIs in 
the context of concomitant IET were not modulated by 
ICIs in the context of pre-existing IET. 83% (2353 of 
2835) of genes modulated by all ICIs in the context of 

Figure 3  Immune preconditioning modulates the composition of the thyroidal immune cell infiltrate, treatment with 
ICIs does not. UMAP plot representing the gene expression profile of CD45+ cells isolated from the thyroids of animals with 
concomitant IET (A–D) or pre-existing IET (E–H). The thyroids from two animals for each experimental condition were digested 
and CD45+ cells were sorted by flow cytometry. Cells from each experimental condition were labeled with hashtag antibodies 
and pooled into a single reaction/sequencing library per experimental arm. Immune cell types were identified by unsupervised 
graph-based clustering integrated with biological knowledge. Six different immune cell types were identified: B cells, dendritic 
cells, macrophages, neutrophils, stromal cells, and T cells. A small fraction of CD45+ cells did not fall into any of these six 
categories and was labeled as unassigned or N/A. The relative representation and the global gene expression profile of the 6 
different immune cell types identified appeared to be markedly different in “Control concomitant IET” and “Control pre-existing 
IET” (A vs E). However, within each experimental arm, treatment with the different tested ICIs did not appear to induce marked 
changes in the relative representation or in the global gene expression profile of any of the identified immune cell types (i.e., 
plot A is similar to plots B–D while plot E is similar to plots F–H). ICI, iodine exacerbated thyroiditis; IET, iodine exacerbated 
thyroiditis; N/A, not available; UMAP, uniform manifold approximation and projection.PD-1, programmed death-1; LAG-3, 
lymphocyte activation gene 3; TIM-3, T-cell immunoglobulin and mucin domain 3.
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pre-existing IET were not modulated in the context of 
concomitant IET. Only 482 genes were modulated by all 
ICIs both in the context of pre-existing and concomitant 
IET. Pathway enrichment analysis showed that in the 
context of concomitant IET, ICIs modulated several crit-
ical pathways related to the immune system that were not 
modulated in the context of pre-existing IET (figure 5B 
and 5A and 5C).

DISCUSSION
We used a murine model that allows induction of PTC 
and IET in a temporally controlled fashion to investigate 
the effect of immune preconditioning on the response to 
ICIs (figure 1). We found that immune preconditioning 
modulates the tumor-controlling effect of ICIs (figure 2, 
table 1). This is likely the most important and clinically 
relevant finding of our study. Expanding on this obser-
vation, we found evidence suggesting that ICIs modu-
late the gene expression profile of immune cells more 
than they modulate the composition of the tumorous 
and peritumoral immune infiltrate (figures  3 and 4) 
and this effect encompasses all immune cells (online 

supplemental figure 1). Furthermore, we found that 
different ICIs have both shared and distinct effects on 
immune cells (figure  4, online supplemental figure 1), 
and that these effects are dependent on immune precon-
ditioning (figure 5). In fact, treatment with ICIs in the 
context of concomitant IET resulted in a more extensive 
regulation of pathways associated with both innate and 
adaptive immune responses (figure 5).

PTC is the most prevalent human endocrine cancer 
and treatment with ICIs is being actively explored for the 
management of patients with advanced, life-threatening 
disease.7 8 Our findings suggest that the presence of IET at 
the time of treatment with ICIs increases the therapeutic 
response to ICIs. In our study, we used a basic assessment 
of therapeutic response: PTC present versus PTC absent. 
Our study was not sufficiently powered to account for a 
more detailed classification of tumor burden or aggres-
siveness. However, the analysis of PTC focality reported 
in table 1 corroborates the findings from the analysis of 
PTC presence, and our findings are in line with clinical 
observations showing that the effect of ICIs on PTC17–23 
and other forms of cancer8–10 24 is stronger in patients 

Figure 4  Different immune checkpoint inhibitors (ICIs) have both distinct and shared effects on the gene expression 
profile of thyroidal CD45+ cells. Differential gene expression analysis from CD45+ cells isolated from the thyroid of 
experimental animals. (A, B) Data collected from the analysis of animals in the concomitant IET experimental arm. (C, D) Data 
collected from the analysis of animals in the pre-existing IET experimental arm. (A, C) Hierarchical clustering/heatmap of 
genes differentially expressed with FDR <0.05 and fold change >1.5 between animals treated with anti-PD-1 and controls. The 
heatmaps show that the effect of the 3 different ICIs on this set of genes is different for each ICI, both in the concomitant IET 
experimental arm and in the pre-existing IET experimental arm. Red indicates upregulation and blue indicates downregulation. 
(B, D) Venn diagram analysis of genes differentially expressed with FDR<0.05 between anti-TIM-3 (TIM-3) treated cells and 
isotype control (Iso), anti-PD-1 (PD-1) treated cells and isotype control, and anti-LAG-3 treated cells (LAG-3) and isotype 
control. The Venn diagram shows that only a fraction of the genes modulated by each ICI is modulated by all ICIs. This 
observation was consistent across the two experimental arms. IET, iodine exacerbated thyroiditis; PD-1, programmed death-1; 
LAG-3, lymphocyte activation gene 3; TIM-3, T-cell immunoglobulin and mucin domain 3.
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with thyroiditis. In this respect, it should be noted that, 
as reported in our prior study with the NOD.H2h4 TPO-
CRE-ER BRAFv600E model,11 animals with pre-existing 
IET developed PTC with lower frequency than animals 
without IET or with concomitant IET (figure 2) and they 
developed mostly unifocal PTC (table  1). This ‘lower 
tumor burden’ at baseline might have reduced our ability 
to detect a response to ICI in the presence of pre-existing 
IET.

To gain insight into the effect of immune pre-
conditioning on the immunomodulatory effect of ICIs, 
we performed single-cell sequencing of thyroidal CD45+ 
cells. Since treatment with ICI can induce thyroiditis,9 25–29 
and thyroiditis significantly increases the number of 
thyroidal CD45+ cells, we decided to focus the single-cell 
sequencing analysis on two of our study arms: concomi-
tant IET and pre-existing IET. We optimized our experi-
mental design to eliminate ‘batch effects’ and maximize 
our ability to detect both differences between specific 
ICIs and a ‘class effect’ common to all three ICIs studied. 
Single-cell sequencing is not an accurate method to assess 
the prevalence of various cell populations. However, 
visualization of the immune infiltrates from the various 
experimental groups provided high-level information 
about the composition of the thyroidal immune infiltrates 
in the studied conditions. The fact that in the single-
cell analysis pre-existing thyroiditis was associated with 
an expansion of B cells and T cells (figure 3E and 3A) 

is in line with our previous flow cytometry-based analysis 
in mice with PTC and pre-existing IET versus concomi-
tant IET.11 The observation that treatment with ICIs does 
not induce dramatic changes in the composition of the 
tumorous/peritumoral immune infiltrate is also in line 
with prior literature.7 30 31 Confirmation of these prior 
findings validates our experimental process and gives us 
confidence in the validity of the additional novel findings 
of our single-cell analysis, namely the observation that 
anti-TIM-3, anti-LAG-3, and anti-PD-1 have both specific 
and shared effects on all the components of the immune 
infiltrate. This is a novel and important finding (figure 4 
and online supplemental figure 1). In fact, to the best of 
our knowledge, this is the first study that compares the 
effect of anti-PD-1, anti-TIM-3, and anti-LAG-3 within the 
same single-cell sequencing library and the first to show 
that all these treatments modulate gene expression of 
T cells, neutrophils, macrophages, and B cells (online 
supplemental figure 1). When zooming in on specific cell 
types, we lost statistical power. The differences observed 
across ICI, therefore, appear less impressive in some of 
the smaller cell populations, such as B cells and T cells in 
the concomitant IET arm. However, an ICI-specific signa-
ture was clearly visible in all the studied cell types, in both 
experimental arms (online supplemental figure 1).

Our experiment was not powered to detect minor vari-
ations in the ability of the three tested ICIs to reduce 
PTC prevalence, therefore, we cannot comment on the 

Figure 5  Concomitant IET is associated with modulation of a specific set of genes enriched in specific innate and 
adaptive immune pathways. Venn diagram analysis of the 1193 genes modulated by all the tested ICIs in the context of 
concomitant IET (FDR <0.05) and of the 2835 genes modulated by all tested ICIs in the context of pre-existing IET (FDR <0.05) 
showed that 2353 genes were modulated only in the context of pre-existing IET, 482 genes were modulated in both conditions 
and 711 genes were modulated only in the context of concomitant IET. KEGG pathway enrichment analysis of the three sets 
of genes is reported, respectively in A–C. KEGG pathways in the immune system are reported. A total of 711 genes modulated 
only in the context of concomitant IET were enriched in several pathways related to innate immunity, adaptive immunity, and 
immune diseases that were not highlighted in the enrichment analysis of the other two groups of genes. The pathways exclusive 
to concomitant IET are reported in italics. IET, iodine exacerbated thyroiditis.
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biological meaning of the genes and pathways uniquely 
modulated by specific ICIs. However, our histological 
analysis indicates that all the tested ICIs overall had an 
‘antitumor’ effect in the context of concomitant-IET. This 
justifies our decision to focus on the genes and pathways 
modulated by all the 3 ICIs in each experimental arm to 
investigate the tumor-controlling ‘class effect’ of ICIs. 
Analysis of the genes modulated by all ICIs only in the 
presence of concomitant IET and only in the presence of 
pre-existing IET showed many genes uniquely regulated 
in the presence of pre-existing IET, and a small number of 
genes uniquely dysregulated in the presence of concomi-
tant IET (figure 5). Remarkably the smaller pool of genes 
(associated with concomitant IET) was highly enriched 
in several pathways associated with innate and adaptive 
immune functions, while the larger pool of genes was not 
(figure 5). Since the number of single cells analyzed in 
each library was similar, this is unlikely to be an artifact 
of statistics and it likely indicates that immune precon-
ditioning (in this case presence of concomitant vs pre-
existing IET) strongly modulates the biological effect of 
ICIs on the immune system.

Our study has additional limitations that should be 
considered. First of all, we studied a single specific model 
of PTC, and therefore, the generalization of our findings 
to other models remains unclear. Second, animals in the 
pre-existing thyroiditis and concomitant thyroiditis group 
received ICIs at different ages, with animals in the pre-
existing IET group receiving ICIs at an older age than 
animals in the concomitant IET and no IET groups. This 
was mandated by our experimental design, but we cannot 
exclude any potential bias introduced by this age differ-
ence. Third, we did not conduct mechanistic studies, 
which remain to be determined in detail. Finally, we 
present no human data and therefore the translational 
relevance of our findings warrants further investigation.

CONCLUSIONS
ICIs have become a pillar of modern oncology. However, 
their use remains plagued by significant variability in 
patient response. The etiological basis of this heteroge-
neous response remains unknown. Using a murine model 
that allows temporally controlled induction of PTC and 
IET we showed that the antitumor effect of ICIs is greater 
in the presence of concurrent IET. At a molecular level, 
we showed that the presence of concomitant IET was asso-
ciated with a stronger ICI-mediated induction of path-
ways associated with both adaptive and innate immunity. 
These findings suggest that the biological effect of ICIs is 
dependent on the immune status or immune precondi-
tioning of the treated individual. These findings support 
a conceptual framework in which response to ICIs is the 
result of a balance between the specific drug adminis-
tered and the immune milieu of the treated patient. Since 
PTC is the most prevalent endocrine cancer, ICIs are used 
for the treatment of PTC, and iodine supplementation 
can induce thyroiditis in humans,32–35 our findings have 

immediate clinical implications. They suggest that induc-
tion of iodine-induced thyroiditis might improve response 
to ICIs in patients with PTC. The fact that the presence of 
active thyroiditis in the context of treatment with ICIs is 
also associated with improved prognosis in patients with 
extrathyroidal tumors10 36–38 suggests that our findings 
might be relevant also to other types of cancer. Further 
studies in other models will be needed to confirm our 
observations, to understand their mechanistic basis, and 
to understand the breadth of their clinical relevance.
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