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ABSTRACT
Background The study summarizes the potential use of 
immunotherapy for BRAF- mutated papillary thyroid cancer 
(PTC) by analyzing the immune profile of City of Hope 
PTC patient samples and comparing them to the thyroid 
dataset available in the TCGA database.
Materials and methods PTC cases with available 
formalin- fixed paraffin- embedded archived tumor tissue 
were identified. RNA was extracted from the tumor tissue 
and analyzed by NanoString to evaluate their immune 
gene expression profile. Immunohistochemistry was 
used to determine the expression of immune suppressive 
genes and lymphocytic infiltration into the tumor tissue. 
Thyroid cancer cell lines (MDA- T32, MDA- T68, MDA- T85, 
and MDA- T120) were used to determine the correlation 
between the BRAF inhibition and CD274 expression.
Results The study found that PTC cases with BRAF 
mutations had higher expression of immune checkpoint 
markers CD274 and CTLA4, as well as higher tumor- 
infiltrating lymphocytes, particularly CD4+T cells. 
Additionally, the study identified immunosuppressive 
markers expressed by tumor cells like CD73, CD276, and 
CD200 that could be targeted for immunotherapy. Further 
experiments using PTC cell lines lead to the conclusion 
that CD274 expression correlates with BRAF activity 
and that inhibitors of BRAF could potentially be used in 
combination with immunotherapy to treat PTC.
Conclusions These findings suggest that PTC cases with 
BRAF mutations or high expression may be correlated 
with an immune hot signature and could benefit from 
immunotherapeutic strategies.

INTRODUCTION
Thyroid cancer, which accounts for the 
majority of endocrine cancer deaths, is one 
of the most common endocrine malignan-
cies.1–3 In recent years, the incidence of 
thyroid cancer has been on the rise due to 
increased risk factors such as obesity and 

improved detection techniques.4 The most 
common type of thyroid cancer is papillary 
thyroid cancer (PTC), which accounts for 
90% of all cases. Typically, patients with PTC 
respond well to surgery and radioactive iodine 
treatment (RAI), but a significant number of 
patients (about 5%) have distant metastases 
or become resistant to RAI which makes treat-
ment more challenging.3 The current stan-
dard of care in this setting includes tyrosine 
kinase inhibitors, namely lenvatinib.5 Further, 
various mutations have been identified in the 
PTC patients which could affect therapeutic 
response and increase the recurrence rate. 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Papillary thyroid cancer (PTC) is most often suc-
cessfully treated with surgery and radioactive io-
dine (RAI), but for the rare cases of metastatic or 
RAI refractory disease, treatment remains limited 
to targeted therapy with tyrosine kinase inhibitors 
given the current efficacy of immunotherapy in this 
tumor type.

WHAT THIS STUDY ADDS
 ⇒ Investigating the correlation between BRAF muta-
tions and the “immune hot signature,” which en-
hances sensitivity to immunotherapy, along with 
the intricate connection to cell cycle regulation and 
exploring the novel impact of CD274 expression on 
immune- mediated cell killing.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ From our experiments, we can better identify a sub-
population of PTC patients that may benefit from 
immunotherapy which can be further refined with 
future research. Additionally, this research has high-
lighted new targets in the immune regulatory path-
way that could enhance the efficacy of our current 
treatments.

https://jitc.bmj.com/
http://orcid.org/0000-0003-1464-3165
https://doi.org/10.1136/jitc-2023-008505
https://doi.org/10.1136/jitc-2023-008505
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2023-008505&domain=pdf&date_stamp=2024-07-29
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Among these, BRAF is the most frequently altered gene, 
which has been correlated with worse overall survival and 
lymph node metastasis.6 7

The successful development of immune checkpoint 
inhibitors (ICI) to treat several solid tumors such as 
melanoma and non- small cell lung cancer (NSCLC) has 
raised interest in exploring immunotherapy options in 
thyroid cancers.8 Programmed death- 1 ligand 1orPD- L1 
positivity is found to be higher in thyroid cancer than in 
other forms of cancer, ranging from 23% to 87.5%, likely 
due to the immune- active state of the thyroid.9–13 PD- L1 
expression has been shown to correlate with lymph node 
metastases and may potentially be used as a prognostic 
determinant for more aggressive disease.13–20

Although a high PD- 1 expression has been reported 
in thyroid cancer, there is limited understanding of the 
significance of this association in PTC and its correla-
tion with the BRAF V600E mutation. In patients with 
BRAF- mutated melanoma, PD- 1 expression increases 
after combined inhibition of BRAF and MEK signaling.21 
However, the effect of BRAF inhibitors on regulating 
checkpoint markers in PTC cases has yet to be studied. 
This study aims to investigate the correlation of PD- L1 
and other immune checkpoint markers in PTC tumor 
specimens and to analyze the effect of BRAF inhibition 
on the expression of these markers in vitro. This research 
will help to better understand the relationship between 
PD- L1 expression, BRAF V600E mutation, and PTC and 
potentially inform new treatment strategies for PTC 
patients.

RESULTS
Patient characteristics and treatment history
This pilot study includes a cohort of 19 PTC patients who 
underwent thyroidectomy or thyroid biopsies at City of 
Hope Cancer Hospital under the oversight of an Institu-
tional Review Board (IRB 17137). The patients were cate-
gorized based on histological features, age, mutational 
status, metastatic site, and specimen collection stage, 
as outlined in table 1. 14 patients had a BRAF mutation 
(13 BRAF V600E,1 BRAF V600R activating mutations), of 
which 5 also harbored a TERT mutation; 2 patients only 
harbored a TERT mutation, and 3 (16%) had neither of 
the mutations (table 1).

The staging was conducted as per the American Thyroid 
Association (ATA) and the American Joint Committee 
on Cancer staging guidelines, which consider age as a 
high- risk characteristic. Most of the patients (N=13) had 
lymph node involvement at the time of pathological 
analysis. Two patients had metastatic disease (one of the 
patients had bone, lung, and kidney metastasis, whereas 
the other patient had lung and brain metastasis) while 
four patients subsequently developed metastatic disease. 
After the initial surgery, six patients continued to receive 
targeted therapy (lenvatinib, dabrafenib, entrectinib), 
and two patients received immunotherapy treatment with 
pembrolizumab.

Immune panel profiling by BRAF mutational status
A certified pathologist analyzed H&E- stained slides to 
differentiate between normal and tumor tissue. RNA 
extracted from tumor tissue was used to evaluate the 
expression of genes associated with the immune response 
using NanoString Technologies' nCounter Pancancer 
Immune Profiling Panel. The gene expression profile 
and Z- score values for 21 immune function- associated 
pathways were analyzed across 19 cases. The results were 
represented in a heatmap, which displayed the expres-
sion levels of these pathways from low to high (figure 1A, 
online supplemental figure 1 and table 1). To further 
refine the analysis, the raw counts were normalized to the 
housekeeping genes, and the differential gene expres-
sion of approximately 784 genes between BRAF- mutated 
and BRAF- WT PTC cases was evaluated and presented in 
a volcano plot (figure 1B, online supplemental excelsheet 
1). Our analysis revealed significant changes in the expres-
sion of several genes between the BRAF- mutated and WT 
cases. A majority of these genes function as modulators 
of immune response, including CD274 (PD- L1), colony- 
stimulating factor, B and T lymphocyte- associated protein 
(BTLA), CCL18, CXCL3, and IL8, (figure 1B). Further, 
using the ATA guidelines, gene expression comparison 
was also done between patients with age <55 years (low 
risk) and ≥55 years (high risk). Interestingly, differential 
gene expression varied from that of the analysis done 
between the WT versus mutant, and the lists included 
interleukins (ILs) and chemokines (figure 1C).

Analysis of immune cell types by BRAF mutational status
We used the standard cell type markers commonly used 
in The Cancer Genome Atlas (TCGA) dataset analysis 
to identify immune cell types within our dataset. Using 
NanoString’s nSolver software, we analyzed the expres-
sion of these markers and conducted quality control 
(QC) assessments across various cell types.

The QC for T cells, macrophages, and CD8- cytotoxic T 
cells in the dataset was found to be statistically significant 
(figure 1D, online supplemental figure 2). However, we 
recorded a broad variability in the distribution of these 
cell types across samples. Interestingly, we observed unsu-
pervised segregation of samples into groups of low abun-
dance (blue) and high abundance (orange) for various 
cell types, as depicted in the heatmap (figure 1E). The 
cell type enrichment scores across samples are presented 
in online supplemental table 2. Next, we tested the 
enrichment cell types with respect to BRAF mutational 
status and found higher tumor infiltrating lymphocytes 
(TILs) in BRAF- mutated samples compared with BRAF- 
WT. Treg and CD4 cell types were enriched in the BRAF- 
mutated cases, whereas CD8 and NK56Dim cells were less 
represented, indicating a potential contribution to an 
immunosuppressive microenvironment (figure 1F).

https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
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Figure 1 NanoString analysis of the PTC cases from City of Hope (COH). (A) Heat map representing the enrichment of 
pathways across BRAF- WT and mutated cases. This plot is a high- level overview of pathway scores and also depicts the 
clustering of samples exhibiting similar score profiles. Orange indicates a high score, and blue indicates low score. (B) Volcano 
plot representing the differential expression of genes between the BRAF- mutated and WT cases. Red dot represents the gene 
that showed statistically significant changes p<0.01. (C) Volcano plot representing the differential expression of genes between 
the BRAF cases with age <55 and ≥55. The red dot represents the gene that showed statistically significant changes p<0.0. (D) 
The bar plots represent the cell types that are predicted to be enriched in the PTC tumor tissues. (E) Heat map representing 
the enrichment of cell types across BRAF WT and Mutated cases. (F) CD4 and T- Reg infiltrating TILs are highly enriched in the 
BRAF- mutated PTC compared with BRAF- WT. PTC, papillary thyroid cancer; TLC, tumor- infiltrating lymphocyte; WT, wild- type.
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Immune signatures and BRAF mutations in TCGA thyroid 
cancer dataset
T cells, B cells, and NK cells are the core components 
of TILs, which contribute to immune activation by recog-
nizing and targeting tumor cells, thereby fostering an anti-
tumor immune response. We focused on analyzing the 
genes contributing to the T cell function in our cohort 
and represented them as a heatmap in figure 2. The list of 
T cell function genes used for the analysis is presented in 
online supplemental table 3. A set of 12 genes, including 
CXCL9, CXCL10, CXCL11, CXCR3, CD3, CD4, CD8a, 
CD8b, CD274, PDCD1, CXCR4, and CCL5, were used 
to segregate our data set into high (immune hot) and 
low (immune cold) clusters.21 However, due to the small 
sample size, it was not possible to correlate BRAF or TERT 
promoter mutations, age, or other risk factors with these 
groups. Next, we analyzed the expression of the known 
immunosuppressive markers in our cohort and identi-
fied a significant increase in CTLA- 4, ICOS, and CD274 
expression in the BRAF- mutated group compared with 
the BRAF- WT group, as determined by the Mann- Whitney 
U t- test (figure 2B). Finally, to validate the correlation 
between the BRAF mutational status and T cell signature, 
we explored the thyroid cancer TCGA dataset and iden-
tified the samples with available BRAF mutation status 
(n=450). The dataset was analyzed, and unsupervised 
clustering was used to segregate the samples based on the 
expression of T cell function genes. This analysis revealed 
three distinct clusters: one exhibiting an immune hot 
signature (C3), another displaying a cold signature (C1), 
and a third showing an intermediate signature (C2) 
(figure 2C). The sum of the T cell function associated 
gene expression was used to generate a sum score (R’s 
Heatmap package V.2.14.0) which was significantly higher 
for cluster 3 compared with cluster 1 and 2 (figure 2D). 
Next, we analyzed the distribution of BRAF- WT and 
mutant samples in these clusters. The analysis confirms 
a higher percentage of BRAF mutants contributing to 
the clusters exhibiting hot or intermediate signatures 
compared with the cold cluster(figure 2E). Thus, it can 
be inferred that patients with BRAF mutations are likely to 
exhibit elevated expression of genes associated with T cell 
function. This conclusion also suggests that using immu-
notherapy as a treatment strategy could be advantageous 
for such thyroid patients.

Evaluating CD274 and CD73 expression and lymphocytic 
infiltration in tumor tissue by immunohistochemistry
We performed immune staining on tumor tissue samples 
from nineteen patients to explore the expression of 
immunosuppressive and lineage markers genes (CD274, 
CTLA- 4, CD73, CD200, CD20, CD4, CD8, and TTF- 1) 
and determine their correlation with BRAF mutation 
status (online supplemental table 4)22. First, the tumor 
cellularity was measured across the samples, which varies 
between 50% and 90%, where the majority of the cases 
had 80% tumor cellularity (table 2).

The Tumor Proportion Score for CD274 across the 
sample was also quantified and found to be 90% for 
majority of the cases, irrespective of the BRAF mutation 
status (table 2). We also noticed the higher intensity of 
the CD274 staining (Grade 2+) in the majority of BRAF 
mutant cases (figure 3A). CD73 expression by immuno-
histochemistry (IHC) was found to be positive in 14 out of 
19 cases and its protein expression correlated with mRNA 
expression data analyzed through NanoString (online 
supplemental table 2, figure 3B). We again noticed 
more robust expression of CD73 in the BRAF mutant 
cases compared with the BRAF WT cases. Overall, our 
data suggested that CD274 and CD73 immunosuppres-
sive proteins were expressed more in the BRAF mutant 
patients compared with the WT patients, recapitulating 
the NanoString data.

Next, we employed a multiplex IHC staining technique 
for detecting CD4+ve T cells, CD8+ve T cells, CD20+ve 
B cells, and TTF- 1+ve tumor cells in tumor tissue. The 
percentage of lymphocytic infiltration in the tumor was 
calculated across the samples, and further, the contribu-
tion of CD4 and CD8 cells in this infiltration was quanti-
fied by the pathologists. The TTF- 1 staining was positive 
for 18 out of 19 cases and was used as a positive control to 
determine the malignant cells. The lymphocytic infiltra-
tion percentage for the mutant samples was significantly 
higher than the WT samples (figure 3C,D). Further, we 
analyzed and quantified the staining pattern of tumor- 
infiltrating CD4+and CD8+ cells. The CD4+cells were 
significantly higher than the CD8+cells in the mutant 
tissues, whereas, for the WT, there was no major differ-
ence in the cell types (figure 3D). In addition, we also 
observed CD4 staining positive histocytes in some of the 
PTC tissues, which may have contributed to the macro-
phage cell type signature (online supplemental figure 3). 
Overall, the data were indicative that CD4 cells instead 
of the CD8 cells were the major contributor to the TIL, 
confirming the cell type signature obtained from Nanos-
tring analysis.

CD274 and CD73 expression in PTC cell line models
We used PTC cell lines (T32, T68, T85, and T120) to 
investigate the relationship between the BRAF mutation 
and its expression on immunosuppressive markers. The 
T68 cell line had HRAS and TERT promoter mutations 
on a BRAF- WT background; the T32 cell line had BRAF 
V600E and TERT promoter mutations; the T85 cell line 
had TERT promoter, HRAS Q61K, and BRAF V600E muta-
tions; the T120 cell line possessed a TERT promoter muta-
tion, TP53 R280T, and BRAF V600E mutations. High BRAF 
mRNA expression was observed in the T85 and T120 cell 
lines, and consistent with the BRAF expression pattern, 
CD274 and CD73 mRNA expressions were also higher 
in these two mutated cell lines. Likewise, consistent with 
the BRAF low expression, the T68 and T32 cell lines also 
had low expression for CD274 and CD73 (figure 4A). The 
mRNA expression pattern for other immune suppressive 
genes like CD276, ENTPD1, and CD200 did not correlate 

https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
https://dx.doi.org/10.1136/jitc-2023-008505
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Figure 2 BRAF mutation correlates with immune hot signature. (A) The heatmap represents the expression of all the T cell 
markers detected in the NanoString data and clustering pattern using BRAF- mutated and WT cases. (B) The graph represents 
differences in the expression of immunosuppressive markers between the BRAF- mutated and WT cases. (C) The heatmap 
represents the expression of all the T cell markers detected in the NanoString data across the TCGA thyroid cohort. (D) The 
box plot represents the sum of scores for the cold (C1), intermediate (C2), and hot clusters (C3). (E) The stacked bar graph 
represents the distribution of BRAF- mutated cases across all the three clusters. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
ANOVA test). ANOVA, analysis of variance; WT, wild- type.
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with BRAF expression (figure 4A). Next, we analyzed the 
protein expression of these immunosuppressive genes 
across cell lines. The CD274 and CD73 proteins were 
highly expressed in the T85 cells, consistent with the 
mRNA expression. However, for the T32 and T120 cell 
lines, the protein expression did not mirror the mRNA 
expression patterns (figure 4B). The combined results 
of mRNA and protein expression data suggest that BRAF 
mutant samples express CD274, CD73, and CD276, but 
the degree of the expression varies across samples and 
appears to be independent of BRAF mutation.

BRAF knockdown induces CD274 expression in BRAF-mutated 
PTC cell lines
BRAF is a major component of the MAP kinase signaling 
pathway (MAPK) and this signaling correlates with CD274 
gene expression in lung cancer.23 24 Likewise, the CD73 
(adenosine- mediated) signaling activates PI3K/AKT 
signaling and also induces CD274 expression.25 26 There-
fore, to test the relationship between BRAF signaling and 
CD274 or CD73 expression, we transfected the cell lines 
with BRAF- specific siRNA. BRAF knockdown reduced 
mRNA expression of CD274 in two out of three BRAF- 
mutated cell lines (T85 and T120) but caused a 17- fold 
increase in the T32 cell line. Likewise a twofold increase 
in expression was observed for the BRAF- WT cell line. 
Unlike CD274, the CD73 mRNA expression consistently 
decreased across all four cell lines on knocking down 
BRAF (figure 4C). However, the effect of BRAF knock-
down on CD274 protein expression was the opposite, 

resulting in increased expression in T68, T32, and T85 
cell lines, but not in T120 cells (figure 4D). Thus, BRAF 
activity has a variable effect on the expression of CD274 
at both the transcriptional and translational levels. The 
overall expression data suggests that BRAF signaling 
could play a significant role in regulating the expression 
of CD274 in PTC, which is in line with similar observa-
tions made in melanoma.27 28

Dabrafenib is superior compared with vemurafenib in 
regulating PTC cell line growth and inducing cell cycle arrest
We investigated the effect of BRAF inhibitors vemurafenib 
and dabrafenib on the growth of PTC cell lines through 
live cell imaging (T68 and T85). In the BRAF- mutated 
cell line (T85), the IC50 value for dabrafenib was 0.77 µM, 
whereas for vemurafenib, it was calculated to be 17.3 µM, 
suggesting a higher potency of dabrafenib compared with 
vemurafenib (figure 5A,B). Surprisingly, in the BRAF- WT 
(T68) cell line, we found both dabrafenib and vemu-
rafenib inhibited cell growth (IC50 of 2.077 µM, 6.6 µM, 
respectively) (figure 5C,D). Thus, these results suggest 
that both drugs can inhibit the growth of BRAF- WT PTC 
cell line, highlighting the need for further investigation 
into their specificity and alternative targets.

Dabrafenib-induced cell cycle arrest efficient compared with 
vemurafenib
We investigated the effect of these inhibitors on cell cycle 
using Incucyte Cell Cycle assay. The cell lines were treated 
with vemurafenib or dabrafenib for 72 hours and the 

Table 2 The table presents the quantification of tumor cellularity, PD- L1 or CD274 TPS (Tumor Proportion Score), intensity, LI 
(lymphocyte infiltration) percentage, and contributions of CD4 and CD8 lymphocytes in LI

Sample
Tumor cellularity
percentage

TPS- PDL1
percentage

PDL1
intensity LI percentage

CD4 percentage 
of LI

CD8 percentage 
of LI

54 (Wt) 80 90 2+ <5 60 40

61 (Wt) 90 <5 1+ <10 40 60

66 (Wt) 80 90 3+ <1 Not quantifiable Not quantifiable

75 (Wt) 80 90 1+ <5 60 40

79 (Wt) 90 90 2+ <1 50 50

55 (Mu) 80 90 2+ 15 80 20

57 (Mu) 50 5 1+ 40 80 20

58 (Mu) 90 90 2+ <10 <50% <50%

59 (Mu) 75 90 3+ 25 70 30

60 (Mu) 80 90 2+ 15 60 40

63 (Mu) 90 – <5 40 60

64 (Mu) 90 90 2+ <5 20 80

65 (Mu) 80 90 3+ <5 70 30

67 (Mu) 75 90 2+ 20 80 20

69 (Mu) 90 90 2+ <10 60 40

74 (Mu) 80 90 2+ <5 90 10

76 (Mu) 80 60 1+ <10 90 10

78 (Mu) 80 90 3+ <5 50 50
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Figure 3 Expression of immunosuppressive markers correlates to BRAF mutation. (A) The tumor tissues of 19 PTC cases were 
stained with CD274 antibody, and the expression intensity was scored by a COH pathologist. Grade 1 represents the lowest 
expression, and grade 3+ represents the highest. (B) The tumor tissue was processed to detect CD73, and the expression 
intensity was scored where grade 1 represents the lowest expression and grade 3+ represents the highest. (C) The images 
represent the cells positive for cancer cells (TTF- brown), T cells CD8 (blue) and CD4 (pink) in the two representative tumor tissue 
of BRAF- mutated and WT samples. (D) The plot illustrates the percentage of lymphocyte infiltration within the tumor area, as 
assessed by the pathologist. The lymphocytic infiltration ratio is notably higher for mutant patients (red dots) compared with 
wild- type patients (blue). Additionally, the percentages of CD4 and CD8 lymphocytes were analyzed. The findings suggest a 
higher contribution of CD4 lymphocytes compared with CD8, reinforcing the cell type infiltration data. PTC, papillary thyroid 
cancer; WT, wild- type. * indicates a p value of <0.05
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Figure 4 BRAF knockdown induced CD274 expression. (A) The RNA extracted from four PTC cell lines was used to determine 
the expression of BRAF, CD274, CD73, CD200, CD276, ENTPD1, and CD200. The expression in the mutant was compared with 
the WT cell type. (B) The immunoblot represents the expression of proteins in the BRAF- mutated and WT cell lines. (C) The bar 
graph represents the changes in the mRNA expression of CD274 and other immunosuppressive markers on knocking down 
BRAF. (D) Immunoblot represents the knockdown of BRAF and upregulation of CD274 in the BRAF- mutated cell lines T32 and 
T85 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA test). ANOVA, analysis of variance; PTC, papillary thyroid cancer; WT, 
wild- type.
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Figure 5 Cell cycle arrest correlates with CD274 expression. (A, B) The T85 cell line was treated with increasing concentration 
of BRAF inhibitors, and changes in the proliferation were measured using the live cell imaging system. (C, D) Data representing 
the proliferation changes in the T68 cell lines with respect to BRAF inhibitor treatment. (E) FACS data representing the changes 
in the cell cycle stages of T68 with respect to BRAF inhibitors where dabrafenib induced stronger cell cycle arrest. (F) The qPCR 
data represents the changes in the expression of BRAF, CD274 and CD73 in the T68 and T85 cells with respect to the BRAF 
inhibitor treatment. (G) The immunoblot represents the changes in the CD274 and CD73 expression on combining dabrafenib 
with either binimetinib, temsirolimus, or abemaciclib (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA test). ANOVA, 
analysis of variance.
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cell cycle changes were analyzed using the Attune NxT 
Cytometer as mentioned in the ‘Materials and methods’ 
section. The cells in G1 phase expressed red fluorescent 
protein (RFP), G2- M phase expressed green fluores-
cent protein (GFP), G1 to S transitioning cells exhibited 
yellow fluorescence, M to G1 transitioning cells had no 
fluorescence. Interestingly, the G1 phase can be further 
divided into two subgroups, one with high RFP (20% 
in untreated cells) and the other with low RFP (50% 
in untreated cells). This percentage of high RFP cells 
increased from 22% to 75% with increasing concentra-
tion of vemurafenib (10 µM), whereas an 88% increase 
was observed with 2 µM of dabrafenib (figure 5E). These 
high RFP represent cells arrested at G1 or cycling slowly, 
which again suggested dabrafenib to be more effective 
compared with vemurafenib. Additionally, these data 
indicate that may be both inhibitors could induce cell 
cycle arrest through alternative targets.

Dabrafenib-induced expression of immunosuppressive 
markers CD73 and CD274
We evaluated the impact of BRAF inhibitors on the mRNA 
and protein expression of BRAF, CD274, and CD73 in 
T68 and T85 cell lines. The cells were treated with vemu-
rafenib or dabrafenib for 72 hours, and the RNA was 
extracted for quantitative real- time PCR (qPCR) analysis. 
Dabrafenib inhibited BRAF mRNA expression in both 
cell lines partially (figure 5F, first graph), whereas vemu-
rafenib had no inhibitory effect (figure 5F, first graph). In 
BRAF- mutated T85 cells, a significant change in the CD274 
mRNA expression was induced by dabrafenib, whereas 
for the WT cells, there was no induction (figure 5F, 
third graph). Consistently, an increase in CD274 protein 
expression was observed in T85, which correlated with a 
total increase in RAS protein expression (figure 5G). This 
suggests that cells induce RAS expression to compensate 
for BRAF inhibition, and this activation could eventually 
contribute to increased CD274 expression by activating 
MAPK signaling.

Dabrafenib also induced CD73 expression in both 
cell types, whereas vemurafenib downregulated the 
mRNA expression (figure 5F, second graph). In contrast, 
dabrafenib and vemurafenib treatment induced CD73 
protein expression in both the T68 and T85 cell lines 
(figure 5G). These results suggest that both BRAF inhib-
itors cause a significant alteration in the mRNA levels 
of CD274 and CD73. Moreover, both inhibitors consis-
tently elevate the protein expression of these genes. 
Additionally, it suggests that either BRAF knockdown 
or drug- mediated inhibition effectively restrains down-
stream signaling pathways, consequently halting cell cycle 
progression and leading to an increase in CD274 and 
CD73 protein expression.

Dabrafenib-induced promoter activity upstream of the CD274 
transcription start site
In our previous experiments, we observed variability in 
the expression of CD274 mRNA across the BRAF mutant 

cell lines and also observed differential effect of BRAF 
inhibitors on mRNA expression. To further understand 
the mechanism of this differential expression, we seek to 
measure the promoter activity via a luciferase reporter 
assay using promoter sequences located 1 Kb, 2 Kb, or 
3 Kb upstream of the CD274 transcription start site.29 Like-
wise, we also used the luciferase reporter assay to deter-
mine the mRNA stability assays as shown in (figure 6A, 
cartoon).29 The results suggested that the 2 Kb promoter 
construct of CD274, which contained cis- regulatory 
elements (a transcription factor binding site), had the 
highest promoter activity compared with the 1 Kb and 
3 Kb constructs (figure 6B). Further, the mRNA stability 
assay suggests that CD274 mRNA with WT- UTR had faster 
turnover compared with the mutant UTR in the BRAF- 
mutated T32 cells, which also indicate that changes in 
the mRNA expression may not be due to stability but due 
to changes in the promoter activity (figure 6B). Next, we 
knocked down KRAS or BRAF in these cells and deter-
mined changes in promoter activity. Interestingly, BRAF 
knockdown increased promoter activity more compared 
with KRAS knockdown (figure 6C). Further, we deter-
mined the effect of dabrafenib on CD274 promoter 
activity using the BRAF- mutated T85 and T32 cell lines. 
In the absence of any treatment, T85 cells showed signif-
icant upregulation of promoter activity compared with 
T32 cells, which correlated with higher CD274 mRNA 
expression (figure 6D). However, dabrafenib treatment 
increased the promoter activity in both the cell lines 
(figure 6E,F). Thus, the results suggest that BRAF inhibi-
tors induce promoter activity upstream of CD274 through 
epigenetic mechanisms.

The drug combination effect on CD274 expression
We tested the inhibitory effect of binimetinib (MEK 
inhibitor), temsirolimus (mTOR inhibitor), and abemac-
iclib (CDK4/6 inhibitor) on BRAF- WT T68 and BRAF- mut 
T85 cell lines and the effect on CD274 and CD73 expres-
sion. Binimetinib, temsirolimus, and abemaciclib signifi-
cantly inhibited the growth of T68 and T85 cell lines 
with 0.16 µM 0.31 µM and 0.16 µM concentrations of 
drugs, respectively (figure 7A,B bar graphs). The lowest 
concentration of these drugs could increase the protein 
level of CD274 and CD73 in the BRAF- mutated cells, 
similar to dabrafenib, as shown in the immunoblot-
ting data (figure 7A,B). However, this induction in the 
CD274 expression was not observed in the BRAF- WT cell 
line. Furthermore, we assessed the combined impact of 
binimetinib (0.16 µM), abemaciclib (0.080 µM), or temsi-
rolimus (0.32 µM) with dabrafenib (1 µM) on T85 cells. 
Following 3 days of drug treatment, the cell viability was 
quantified using the CCK8 assay. A significant reduc-
tion in cell viability was observed with the drug combi-
nation of compared with individual drugs, indicating 
an additive effect (figure 7C–E). Next, we measured 
the CD274 protein expression through immunoblotting 
and observed higher expression of CD274 and CD73 in 
cells treated with the drug combination compared with 
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individual drugs (figure 7F–H). These findings suggest 
that combining BRAF inhibitors with MEK, CDK, or 
mTOR inhibitors could serve as a promising therapeutic 
strategy for PTC, potentially suppressing proliferation 
while enhancing the expression of immunosuppressive 
genes for the utilization of checkpoint inhibitors.

BRAF-mutated CD274 expressing PTC are prone to CD8-
mediated killing
Finally, we explored the significance of CD274 expres-
sion on immune cell- mediated cell killing using live 
imaging assays. The PBMCs were activated using IL- 2 and 
CD3, C28, CD2 activator reagent, and CD8 positive cells 
were isolated. The T85 and T32 GFP positive cells were 
co- cultured with the CD8 cells in a ratio of 1/10 or 1/20 
and monitored over time. Results indicated a significant 
reduction in cancer cell growth, even at a low cell- to- 
immune ratio of 1/10 (figure 8A,B). The endpoint data 

analysis suggests that the T85 cells that have high CD274 
expression were more prone to immune killing compared 
with T32 cells with lower CD274 expression (figure 8A,B, 
bar graph).

We analyzed the effectiveness of combining dabrafenib 
and atezolizumab (atezo) in suppressing the growth of 
T85 cells. The results showed that co- culturing the T85 
cells with CD8, IL- 2, and atezo significantly reduced 
cell growth (figure 8C,D). Furthermore, the addition of 
dabrafenib to IL- 2 and atezo combination significantly 
enhanced immune cell killing (figure 8C–E). Co- cul-
turing the cell line- derived spheroids with the CD8 cells 
in the presence of atezo+IL- 2 also significantly inhibited 
the spheroid viability as measured by the reduction in 
the GFP intensity (figure 8F,G). The immune cell killing 
became even more effective on adding dabrafenib to the 
combination of atezo+IL- 2 + CD8 (figure 8H).

Figure 6 BRAF inhibitor- induced transcriptional changes upstream of CD274. (A) Cartoon showing the design of CD274- 
promoter- luciferase constructs used for determining the changes in transcriptional activity postdrug treatment. (B) The box 
plot representing the luciferase activity determined in the cells post 48 hours of transfection, where 2 Kb promoter sequence 
correlated with maximum activity. (C) Luciferase activity measured in the cells post 48 hours of BRAF or KRAS knockdown. 
(D) The bar graph represents the difference in the promoter activity between the T85 and T32 cell lines. (E, F) Luciferase 
(Promoter) activity correlated with increased BRAF inhibitor concentration in the T68 and T85 cells. (****p<0.0001, ANOVA test). 
ANOVA, analysis of variance.
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Figure 7 The drug combination effect on CD274 expression. (A, B) The bar graph represents the percentage change in the 
growth of T68 or T85 cells on binimetinib, abemaciclib or temsirolimus exposure. The immunoblot shows the change in the 
expression of CD274 and CD73 on drug treatment. (C) The bar graph represents the effect of drug combinations on the cell 
viability of T85 cells as measured by CCK8 assay. (D–F) The immunoblot represents the increase in the expression of CD274 
and CD73 expression on combining dabrafenib with either binimetinib or temsirolimus, or abemaciclib (*****p<0.0001, ANOVA 
test). ANOVA, analysis of variance.
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Figure 8 The synergistic effect of BRAF and checkpoint inhibitors in immune cell- mediated killing. (A) The line graph 
represents the growth kinetics of T85 cells when cultured in combination with activated CD8 cells. The bar graph represents 
the comparison in growth between monoculture and cocultured T85 cells at 0 and 72 hours time points. (B) The growth kinetics 
of T32 cells when cultured in combination with activated CD8 cells. (C) The images represent the effect of dabrafenib, CD8, 
atezolizumab, and IL- 2 on the T85 (GFP) cell growth. (D) The growth kinetics of T85 cells when cultured in combination with 
activated CD8 cells, IL- 2, and atezolizumab. (E) The growth kinetics of T85 cells, when cultured in combination with dabrafenib, 
activated CD8 cells, IL- 2 and atezolizumab. (F) The images represent the effect of CD8, atezolizumab, and IL- 2 on the T85 (GFP) 
derived spheroids. Loss of GFP represents a loss of spheroid viability. (G) The bar graph represents the changes in the spheroid 
viability when cocultured with CD8, IL- 2, and atezolizumab. (H) The changes in the spheroid viability when cocultured with 
dabrafenib, CD8, IL- 2, and atezolizumab. (I) The immunoblot represents the changes in the CD274 expression in T85 cells on 
exposure to IL- 2 and dabrafenib n monoculture or coculture. **** indicates P value < 0.001.
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Given the potent stimulatory action of IL- 2, we explored 
its effect on the CD274 expression by coculturing the T85 
cells with CD8 in the presence or absence of IL- 2 and 
dabrafenib. The addition of IL- 2 was found to increase 
CD274 expression in the T85 cells, which was further 
induced by the addition of dabrafenib. The CD274 
expression was also highly induced by T85 cells when 
co- cultured with CD8 or with CD8 and IL- 2 (figure 8I). 
These findings suggest that dabrafenib treatment will 
inhibit cell growth, whereas IL- 2 addition will induce 
CD274 expression, priming the cells for CD8- mediated 
immune cell killing.

Further, we used the T85 cells expressing the cell cycle 
markers to determine the effect of CD8 on the cell cycle. 
The cells were treated with dabrafenib and cultured 
with and without CD8. The images taken after 24 hours 
of treatment were presented in figure 9A. The analysis 
suggests that cells treated with dabrafenib and CD8 have 
the highest number of red cells, which represents the G1 
phase of the cell cycle (figure 9A). Co- culturing with acti-
vated CD8 increased the percentage of G1 cells by 39% 
within 24 hours, whereas dabrafenib increased it by 53%, 
and the combination dabrafenib and CD8 increased it by 
104% (figure 9A, bar graph). Thus, the result suggests 
that BRAF inhibitors in combination with activated CD8 
could have a significant inhibitory effect on cell growth by 
inducing stronger G1 arrest.

DISCUSSION
In recent years, ICIs have emerged as an efficacious 
therapy for advanced cancers but the significance of 
immunotherapy in the PTC remains controversial. Even 
though CD274 is expressed in thyroid cancers, ongoing 
trials with CD274 inhibitors have demonstrated modest 
results, such as Keynote- 158 in which ORR was 3.8% 
(3/78) in patients with PTC/FTC.30 The clinical trial 
results suggested that in association with CD274, other 
genes or signaling pathways may also contribute to poor 
response to immunotherapy. Interestingly, this discrep-
ancy is further compounded by the fact that many PTCs 
have BRAF mutations and also express CD274.31 32 There-
fore, we sought to investigate the significance of BRAF 
mutation and its downstream signaling on the expression 
of immune suppressive markers in PTC tissues. Further, 
we explore the efficacy of BRAF inhibitors in combination 
with immunotherapy.

The expression analysis of our patient cohort and 
TCGA data suggested that BRAF- mutated PTC cases also 
higher expressions of other immunosuppressive genes 
like CD200, CD73, CTLA4, and ICOS. Further, they also 
exhibited higher infiltration of immune cells (CD4) in 
the tumor milieu. Altogether, these factors contributed to 
an ‘immune hot signature’ that could be used to stratify 
patients in different risk groups as shown in figure 9B.33 34 
The immune hot group confers sensitivity to immuno-
therapy and indicates potential benefit from the treat-
ment, as observed in a melanoma case study where a 

patient in the early 50s, with BRAF V600E mutation 
achieved complete response by adaptive cellular therapy 
with TILs.35 In addition to immune hot signatures, tumor 
mutational burden (TMB) can also be used as a stratifica-
tion strategy for immune responders as seen in subgroup 
analysis of Keynote- 058, where ORR was 100% (2/2) in 
the PTC group with TMB- High.36 Biomarkers like TMB 
and their correlation with immune hot signatures were 
also tested in the thyroid cancer dataset of TCGA, and 
the significance was low compared with BRAF mutation 
status. Further analysis is needed in the hopes that this 
information can be used to guide treatment in the future.

The BRAF- mutated cases in our study were shown 
to have higher expression of both CD274 and CD73 
compared with the BRAF- WT. Previous research estab-
lished the role of CD73 in activating CD274.37 Further, 
there is a correlation between CD73 and the progression 
of PTC, encouraging further investigation into CD73 as 
a therapeutic target.38 A bispecific agent targeting both 
CD73 and PD- L1 was shown to have promising preclin-
ical data against the Burkitt lymphoma cell line with the 
potential to move forward as an immunotherapy agent 
in clinical trials.39 Our data in combination with previous 
research suggest immunotherapeutic options against 
CD73 and CD274 are worth exploring in PTC and should 
be a subject of upcoming preclinical and clinical trials.

Investigation into the BRAF inhibitors dabrafenib and 
vemurafenib and their effects on cell cycle inhibition 
demonstrated that both inhibitors were able to induce 
cell cycle arrest. Dabrafenib had more effective inhi-
bition, which is thought to be related to the fact that 
dabrafenib is more selective in inhibiting the BRAF V600E 
as compared with vemurafenib, which can also interact 
with CRAF.40 The exact mechanism of their inhibitory 
effect on BRAF- WT is not known, but suggests that by 
inhibiting NEK9 and CDK16 expression, these inhibi-
tors could potentially slow down the growth of BRAF- WT 
melanoma cells.41 From our data, we observed inhibiting 
BRAF- induced KRAS expression, activating both RAS- 
RAF and PI3K- AKT mediated signaling, which has been 
known to induce CD274 expression in NSCLC.26 42–44 
Targeting the alternative cell growth pathways has been 
evaluated previously in BRAF- mutated cancers, and the 
combination of MEK and BRAF inhibitors was successful 
in melanoma, lung cancer, and anaplastic thyroid.45–47 
The inhibition or stimulation of additional agents in the 
cell growth pathways is a potential avenue for clinically 
relevant future research.

The significance of CD274 expression in immune cell- 
mediated killing has yet to be fully explored, and as it is 
an essential aspect of immunotherapy, this warrants inves-
tigation. From our investigation, BRAF- mutated PTC 
cells with high CD274 expression were more prone to 
immune mediated cell killing and the immune- mediated 
cell killing was enhanced on the addition of dabrafenib 
to immunotherapy. It appears BRAF inhibition sensitizes 
tumor cells to checkpoint inhibitors, thereby augmenting 
tumor- killing effects. Combination treatment with BRAF 
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Figure 9 (A) The images represent the distribution of cell cycle G1 (red), S (yellow), and G2 (green) in the untreated cell or cells 
treated with dabrafenib and cocultured with CD8. The bar graph represents the cell cycle phase distribution in untreated and 
treated T85 cells. (****p<0.0001, ANOVA test). (B) The cartoon illustrates the diverse patient population and how patients can 
be stratified and treated to improve the likelihood of favorable outcomes in those with BRAF mutations exhibiting immune hot 
signatures. The cartoon schematic presented in the manuscript was created using BioRender. ANOVA, analysis of variance; WT, 
wild- type.
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inhibition and immune check point inhibitors has shown 
some benefit, especially in large volume of disease or 
rapid disease progression as seen in previous melanoma 
studies including the IMspire150 and COMBI- i trials.48–50 
Resistance to this treatment strategy remains a concern 
and likely contributed to the limited response to immu-
notherapy after previous BRAK/MEK inhibition in the 
early Keynote trials and the more recent DREAMseq.51–53 
However, immediate sequential treatment could largely 
mitigate the opportunity for resistance development, as 
seen by the success of sequential therapy regimens in 
the SECOMBIT trial.54 Therefore, BRAF- mutated papil-
lary thyroid tumor may benefit from similar approaches 
either with combination therapy or close sequential 
therapy.

Overall, our data suggest immunotherapy may be a valid 
therapeutic option in a specific subset of PTC patients, 
notably patients with tumor characteristics which confer 
immune sensitivity, but further research is necessary to 
stratify patients accurately.

MATERIALS AND METHODS
Tissue collection and NanoString analysis
This is a retrospective, single- institution cohort study 
where the inclusion criteria for our study included 
patients who were seen at City of Hope from 2016 to 
2023 diagnosed with thyroid carcinoma with initial papil-
lary histology and pathologic slides available for review. 
Patients were identified who were diagnosed with papil-
lary thyroid carcinoma, received surgical or systemic 
treatment at our tertiary care center and had under-
gone molecular testing on either primary site or meta-
static tissue. Additional patients were identified that had 
tissue at metastatic sites on whom mutational analysis and 
staining could be performed.

High- risk and low- risk PTC cases (N=19) from 2013 to 
2018 with available formalin- fixed paraffin- embedded 
(FFPE) archived tumor tissue were identified. Several 
different molecular tests were used on the patient spec-
imen. Most common were iterations of City of Hope’s 
Clinical Molecular Diagnostic Laboratory next- generation 
sequencing as well as Foundation One, which tests tumor 
mutations, fusions, and microsatellite instability.

RNA was extracted from the tumor tissue using RNeasy 
FFPE kit (Qiagen, Hilden, Germany). RNA concentration 
was determined by the Nanodrop spectrophotometer 
ND- 1000 and Qubit 3.0 Fluorometer (Thermo Scientific, 
California, USA). It was then analyzed by NanoString 
to evaluate their immune gene expression profile. The 
nCounter Systems from NanoString (NanoString Tech-
nologies, Washington, USA) was used to quantify gene 
expression. The Pancancer Human Immune Profiling 
panel contains 770 genes covering both the innate and 
adaptive immune system, 40 of which are housekeeping 
genes. In the Immune Profiling Codeset, there were six 
positive controls and eight negative controls.

Cell lines and reagents
Thyroid cancer cell lines (MDA- T32, MDA- T68, MDA- 
T85, and MDA- T120) were obtained from American Type 
Culture Collection (Manassas, Virginia, USA). All cell 
lines were cultured in RPMI 1640 medium (Corning) 
supplemented with fetal bovine serum (FBS) (10%), 
L- glutamine (2 mM), penicillin/streptomycin (50 U/
mL), sodium pyruvate (1 mM), and sodium bicarbonate 
(0.075%) at 37°C, 5% CO2.

Antibodies
Antibodies against BRAF (cat #: 14814), CD274 (cat #: 
60475), CD276 (cat #:58798), CD73 (cat # 13160), RAS 
(cat #: 91054), CMTM6 (cat #: 19130), phospho- Rb 
(S807/811) (cat#:8516), KRAS (cat #: 33197), p- ERK (cat 
#: 4370) were purchased from Cell Signaling Technology 
(Danvers, Massachusetts, USA). Cyclin D1 antibody was 
purchased from Invitrogen (cat #: MA5- 14512) (Waltham, 
Massachusetts, USA). GAPDH (cat #: SC- 365062) anti-
body was purchased from Santacruz Biotechnology, 
Dallas, Texas, USA.

Western blotting
Cell were lysed using 1X RIPA buffer, quantified, and 
denatured in 1X sample buffer at 95°C for 5 min. Protein 
samples (10 µg) were run on 4%–15% TGX gels (Bio- Rad, 
Hercules, California, USA) and transferred onto nitrocel-
lulose membranes. Blots were blocked with 5% skim milk 
in TBS- T and probed with primary antibody diluted in 
2.5% BSA in TBS- T overnight at 4°C. After three washes 
with TBS- T, blots were incubated with HRP- conjugated 
secondary antibodies for 2 hours at room temperature. 
After three more washes, bands of interest were visualized 
via chemiluminescence using WesternBright ECL HRP 
substrate (Advansta, Menlo Park, California, USA) and 
imaged with the ChemiDoc MP imager (Bio- Rad,USA).

Quantitative real-time PCR and RNAseq
qPCR reactions were performed using TaqMan 
Universal PCR Master Mix (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) and analyzed by the 
Quant Studio7 Real- time PCR system (Life Technolo-
gies, Grand Island, New York, USA). Total RNA isolation 
from cells were performed basing on the manufacturer’s 
protocol RNeasy Plus Mini Kit (Qiagen Cat #: 74134). 
A 1 µg of RNA was used for cDNA synthesis using 
the manufacturing protocol from Quanta Bio (Cat#: 
1 01 414–106). TaqMan probes for HS03003631- 18s, 
HS00159686- NT5E, HS00204257- CD274, HS00269944- 
BRAF, HS0133302- CD200, HS00969556- ENTPD1, and 
HS00987207- CD276 were purchased from Thermo Fisher 
Scientific, Waltham, Massachusetts, USA. The mRNA 
expression was analyzed using multiplex PCR for the gene 
of interest and 18s as reference using two independent 
detection dyes FAM probes and VIC probes, respectively. 
Relative mRNA expression was normalized to 18s signals 
and calculated using the delta delta Ct method.
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Bioinformatic analysis of Thyroid Database TCGA
A total of 490 TCGA THCA primary tumor samples RNA- 
seq data were downloaded from IPA’s OmicSoft land 
Explorer (QIAGEN, https://digitalinsights.qiagen.com/ 
IPA) 37) TCGA_B38 database. Out of 490, 298 samples 
are BRAF- mutated samples, and the rest are BRAF wild- 
type samples. The gene expression is measured as FPKM. 
RNA- seq data are standardized and normalized using 
z- score normalization. Based on the 70 T cell- related 
genes, THCA samples were clustered into three distinct 
clusters using Euclidean distance method from R’s 
Heatmap Pacakge V.2.14.0.55 Tumor mutation burden 
(TMB) data were generated from R’s UCSCXenaShiny 
Package V.2.0.0.56 The boxplot for T cell marker genes 
score distribution and TMB distribution and the barplot 
for the Mutation cases distribution are generated using 
R’s ggplot2 package V.3.4.0.57

SiRNA transfection and knockdown experiments
Small interfering RNA against BRAF was purchased from 
OriGene Technologies (Rockville, Maryland, USA) (Cat 
#: SR319499). JetPRIME transfection reagent (Polyplus 
Transfection, Illkirch, France) was used to transfect the 
10 nM siRNAs according to the manufacturer’s protocol 
58. The siRNA sequence use for the transfection is as 
follows: SR319499B: rGrArGrArUrGrArUrCrArArAr-
CrUrUrArUrArUrAeGrArUrArUTG.

Immunohistochemistry
Multiplex IHC staining for TTF, CD4, CD8 and CD20 
was performed on Ventana Discovery Ultra (Ventana 
Medical Systems, Roche Diagnostics, Indianapolis, USA) 
automated IHC stainer. Tissue samples were sectioned at 
a thickness of 5 µm and mounted on positively charged 
glass slides. The tissues were deparaffinized, rehy-
drated, peroxidase activity inhibited and processed for 
antigen retrieval. Then, the antibodies TTF1: clone#: 
8G7G3/1, CD4: clone#: SP35, CD8: clone#: SP57, CD20: 
clone#: L26 were sequentially added, and heat inacti-
vated to prevent antibody cross- reactivity between the 
same species. Following each primary antibody incuba-
tion, DISCOVERY anti- mouse HQ or DISCOVERY anti- 
Rabbit NP and DISCOVERY anti- HQ- HRP or anti- NP- AP 
secondary antibodies were incubated. The stains were 
then visualized with DISCOVERY ChromoMap, Red, Teal 
and Purple Kits, respectively, counterstained with hema-
toxylin (Ventana), and cover slipped. The slides were 
scanned using the Motic Easy Scanner, and images were 
used for western.

Cell proliferation and CCK8 assay
Cell proliferation assays were performed using cell lines 
T85 and T68. These cells were stably transfected with 
NucLight Green Lentivirus (# 4624, Essen Bioscience) to 
accurately visualize and count the nucleus of a single cell. 
Cells were seeded on a 96- well plate. After 24 hours, vemu-
rafenib or dabrafenib was added at indicated concen-
trations, and cell growth was monitored every 4 hours. 

Fold change in cell count was calculated for 72 hours, 
and IC50 concentration was calculated. For CCK8 cells 
were seeded at a density of 5000 cells per well in 96 well 
plates (Cyto One, Cat #: CC7682- 7596, Ocala, Florida, 
USA). Following overnight incubation, the drugs were 
added to get the desired concentration as mentioned in 
the results and then incubated for 72 hours. Cell viability 
was measured using CCK- 8 assay, which is based on the 
principle of bioreduction of WST- 8 to soluble formazan 
dye by live cells (Dojindo, Cat #: CK04, Rockville, Mary-
land, USA). Absorbance was recorded at 450 nm using 
a spectrophotometer (Tecan SPARK 10M, Hombrech-
tikon, Switzerland). The percentage change in viability 
was determined compared with the untreated cells, and 
ordinary one- way analysis of variance was used for getting 
the statistical significance.

Cell cycle analysis
We used IncuCyte Cell Cycle Green/Red Lentivirus to 
infect T68 and T85 cells to generate a stable cell line 
following the manufacturer’s protocol (IncuCyte Cell 
Cycle Red/Green Lentivirus #4779). The stable cell line 
expressed various fluorescent markers based on their cell 
cycle phase. The stable cell line expressing red fluores-
cence represents G1, green fluorescence in S/G2/M and 
yellow cells are in transition from G1 to S while nonflu-
orescent cells are moving from M to G1. The stable cell 
lines were treated with BRAF inhibitors, and the cell cycle 
state was determined after 72 hours.57 Cells were tryp-
sinized and resuspended (5 million) in PBS with 2% FBS. 
Cells were stained with Propidium Iodide Ready Flow 
Reagent (1 drop/1 million cells) (Invitrogen) for 5 min 
at 4°C. FACS analysis was performed to determine shifts 
in cell population using the Attune NxT Flow Cytometer 
(Invitrogen) and FloJo software V.10.

Luciferase assay
The pGL3 plasmids harboring the 1 kb, 2 kb or 3 kb region 
of the CD274 promoter were purchased from Addgene 
(# 107002, #107 003 and #107004). Likewise, the pGL3 
plasmid harboring the WT or mutant UTR region of the 
CD274 gene were purchased from Addgene (#107009, 
#107010). The first assay was to determine the promoter 
activity using a luciferase reporter assay with promoter 
sequences of 1 Kb, 2 Kb, or 3 Kb upstream of the CD274 
transcription start site. The second experiment was to 
investigate the mRNA stability of CD274 mRNA by using 
a reporter assay with 3’-Wt or mutant UTR of CD274 . The 
principle behind this assay is that mRNA half- life is shorter 
for the Wt because of the faster turnover compared with 
the mutant.28 Each of these plasmids were transfected to 
the cell lines, and changes in the luciferase activity were 
determined using the Twinlite Firefly and Renili Lucif-
erase Assay (#6066706, PerkinElmer California, USA).

Immune cell killing
The healthy human PBMCs were purchased from STEM-
CELL Technologies, Cambridge, USA (Cat#70025.1). 

https://digitalinsights.qiagen.com/IPA
https://digitalinsights.qiagen.com/IPA
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The immunoCult- XF T cell expansion media (# 10981), 
CD3/CD28/CD2 T Cell Activator (#10970) and Human 
Recombinant IL- 2 (# 78036) were purchased from STEM-
CELL Technologie, Cambridge, USA. The PMCS were 
thawed and cultured according to the manufacturers 
protocol. The culture was supplemented with fresh media 
on days 3, 5, 7 and finally the live cells were harvested on 
day 10. These live cells were used for the immune cell 
killing assay. The T85 cells that have been used for the cell 
proliferation assay was used for the immune cell killing 
assays. The minimum cancer cell to immune cell ratio was 
optimized, and then the experiment was performed in 
combination with BRAF and checkpoint inhibitors.
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