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SUMMARY

In patients with high-grade serous ovarian cancer (HGSC), it is unclear which
genomic features are related to complete gross resection (R0), which is typically
associated with better clinical outcomes, or response to neoadjuvant chemo-
therapy (NACT). In this study, we evaluated T cell receptor (TCR) repertoire diver-
sity in primary andmetastatic tumor samples (n = 90) from clinicallywell-annotated
patients with HGSC who achieved R0 or received NACT with excellent or poor
response based on a laparoscopic triage algorithm. TCR sequencing followed by
an integrative analysis with comprehensive multi-omics data identified higher
TCR diversity (e.g., higher number of unique productive sequences and less clonal
relatedness) in the R0 than NACT groups. We found enrichment of specific TCRb
genes usage, distinct mutual exclusiveness and co-occurrence pattern of TCRb
genes among the groups. We also found significantly positive correlations be-
tween clonal relatedness and neoantigens, copy number variations, and mutation
load in the groups.

INTRODUCTION

High-grade serous ovarian cancer (HGSC) is the most common and aggressive type of epithelial ovarian

cancer, with a high rate of overall mortality and tumor heterogeneity and variable clinical outcomes (Jayson

et al., 2014). The Cancer GenomeAtlas and other analyses have identifiedmultiplemolecular abnormalities

including TP53 mutations, somatic or germline BRCA mutations, and CCNE1 amplifications, in HGSC tu-

mor samples from patients who have undergone upfront debulking surgery (Cancer Genome Atlas

Research Network, 2011; Patch et al., 2015; Walsh et al., 2011). However, samples from patients who

have been treated in a consistent manner needed to understand the molecular and cellular heterogeneity

and drug resistance of HGSC.

A previous study used a laparoscopic triage approach (Fleming et al., 2018; Nick et al., 2015) and found

much higher rates of complete gross resection (R0) in patients who were triaged to primary surgery; neo-

adjuvant chemotherapy (NACT) was offered as an alternative when primary debulking surgery was not

feasible. However, it is unknown whether the difference in clinical outcomes resulted from aggressive sur-

gical efforts or whether there are underlying biological differences between disease that is fully resectable

and disease that is not. In addition, the genomic features that best discriminated R0 versus NACT (re-

sponders and non-responders) remain unclear, and no practical methods exist for identifying such predic-

tive biomarkers in clinical settings.

Recently, we evaluated clinically well-annotated primary tumor and metastasis samples that had been ob-

tained prior to definitive surgery or chemotherapy and discovered significant distinct molecular abnormal-

ities (e.g., greater NF1 loss and less chromothripsis-like patterns) and cellular changes (e.g., increased

numbers of neoantigens and infiltrated T-cells) in patients who underwent R0 surgery compared with in

those who were triaged to NACT (Lee et al., 2020). However, further characterization and understanding

is needed with regard to T cell repertoires, including the diversity and clinical relevance of T cells.

In the current study, we characterized T cell repertoire by detecting a rearranged complementarity-deter-

mining region 3 (CDR3) of the T cell receptor b (TCRb) gene (Xu and Davis, 2000) on a high-throughput TCR
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Figure 1. Intrapatient and interpatient similarity by patient group

(A) Similarity matrix of TCR sequences between each of the two samples. The Bhattacharyya coefficient (0–1) was used to

calculate the weighted similarity score; samples from the same patients are shown next to each other. R0, no residual

disease; NACT-ER, excellent response to NACT; NACT-PR, poor response to NACT.

(B) Comparison of the similarity scores between different samples within the same patients across three groups.
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sequencing analysis of tissue samples from clinically well-defined groups of patients with HGSC. We then

performed integrative analyses, with immune assessments, high-depth whole-genome sequencing from

the matched samples among the groups to interrogate the association of T cell-based immune response

and clinical outcomes.

RESULTS

Patient group and sequencing data

The study design and patient cohort was reported previously (Lee et al., 2020). In brief, a total of 30 patients

in three groups was included: 10 patients who had no visible residual disease after primary surgery (R0), 10

who had an excellent response to NACT (NACT-ER), and 10 who had a poor response to NACT (NACT-PR).

For each patient, one primary and two metastatic tumor samples were included. High-throughput TCR

profiling via ImmunoSEQ was performed on the 90 samples (Table S1).

Similarities within and among patient groups by TCR sequencing

We performed a high-throughput TCR sequencing analysis with a mean total of 14,192 reads per sample; a

mean of 7,494 unique TCRb rearrangements from each sample was identified for the entire cohort. To

compare the T cell repertoires of all samples within patient groups, we used the Bhattacharyya coefficient

(Bhattacharyya, 1943) to assess the frequency-weighted similarities between each of the two samples. The

Bhattacharyya coefficient ranges from 0 to 1, where 0 indicates that there is no overlap at all and 1 indicates

that the TCR sequence frequencis are identical. As shown in Figure 1A, similarities of 0.11–0.79 were

observed between different tumor samples within the same patient. In contrast, almost no similarities

were observed among patients. The mean Bhattacharyya coefficient between different tumors from the

same patients was 0.43 in the R0 group, 0.52 in the NACT-ER group, and 0.47 in the NACT-PR group; no

significant differences were observed among the three groups (Figure 1B).

Diversity evaluation of T cell repertoires

The diversity of T cell repertoires was evaluated using several metrics, including richness, clonality, even-

ness, and relatedness. Richness was estimated using the number of unique productive sequences (UPSs) in

which the TCRb nucleotide sequences can be translated to amino acid sequences without an early stop

codon. The mean numbers of UPSs were 10,157 in the R0 group, 3,829 in the NACT-ER group, and 4,043

in the NACT-PR group. When comparing groups, we found no significant differences in the primary tumors

(Figures 2A and S1A). However, the metastatic tumors in the R0 group had a significantly higher number of
2 iScience 24, 102053, February 19, 2021



Figure 2. Diversity evaluation of T cell repertoires by patient group

(A and B) Comparison of T cell repertoire richness in primary tumors (A) and metastatic tumors (B) across three groups.

TCR richness was evaluated by the number of unique productive sequences, which were defined as sequences that are in

frame and do not have an early stop codon.

(C and D) Comparison of clonality across three groups in primary tumors (C) andmetastatic tumors (D). The clonality score

is derived from the Shannon entropy, which range from 0 to 1, where 0 indicates that all sequences have the same

frequency and 1 indicates that the repertoire is dominated by a single sequence.
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Figure 2. Continued

(E and F) Comparison of clonal evenness across three groups in primary tumors (E) and metastatic tumors (F). The clonal

evenness was evaluated by the Gini coefficient, which range from 0 to 1, where 0 indicates that all clones have identical

frequencies, and 1 indicates that they are completely unequal.

(G and H), Comparison of clonal relatedness among three groups in primary tumors (G) and metastatic tumors (H). Clonal

relatedness was defined as the proportion of sequences that are related to the most frequent sequence by a defined

distance threshold. The value ranges from 0 to 1, where 0 indicates that no sequences are related and 1 indicates that all

sequences are related.

ll
OPEN ACCESS

iScience
Article
UPSs than did those in both the NACT-ER (p = 0.0043) and NACT-PR (p = 0.011) groups (Figures 2B and

S2A). Interestingly, when we compared the primary and metastatic tumors within each group, the richness

of the T cell repertoires was significantly higher in metastatic tumors than in primary tumors (p = 0.0083) in

the R0 group, while no differences were found in the NACT group (Figure S3A). We also calculated the fre-

quencies of the most abundant productive TCR sequences in primary tumors (Figures S1B and S1C) and

metastatic (Figures S2B and S2C) tumors among the groups. The mean frequencies of the top productive

sequences (TPSs) were 4.98% in the R0 group, 5.70% in the NACT-ER group, and 5.56% in the NACT-PR

group. In addition, no significant differences were found between any of the two groups or between pri-

mary and metastatic tumors within groups (Figure S3B).

Next, we evaluated the clonality score, which reflects the uncertainty of clonal selection in the clonal expan-

sion process, namely whether a subset of clones is preferred in the clonal expansion. This was derived from

the Shannon entropy and measured on a scale from 0 to 1, where 0 indicates that all TCR sequences have

the same frequency and 1 indicates that the repertoire is dominated by a single clone. The clonality scores

in the R0 group ranged from 0.02 to 0.25 (mean, 0.09) (Figures 2C and 2D). In the NACT group, the mean

clonality score was 0.11 in the NACT-ER group (range, 0.04 to 0.21) and 0.11 in the NACT-PR group (range,

0.01 to 0.33). No significant differences were found between any of the groups (Figures S1D and S2D). We

also observed no differences between primary and metastatic tumors (Figure S3C).

We used the Gini coefficient to measure the evenness metric, a measure of the distribution of the relative

abundances of each unique TCR amino acid sequences, which captured the inequality in clonotype size

across the population. Similar to the clonality score, the Gini coefficient ranges from 0 to 1, where 0 indi-

cates that all clones have identical frequencies, and 1 indicates that they are completely unequal (i.e. sam-

ple oligoclonality). The Gini coefficient in the R0 group ranged from 0.13 to 0.65, and the average score was

0.41 (Figures 2E and 2F). The mean clonality score was 0.44 in the NACT-ER group (range, 0.22 to 0.65) and

0.43 in the NACT-PR group (range, 0.14 to 0.73). No statistically significant differences were found between

the groups (Figures S1E and S2E). In addition, no differences were identified when comparing the primary

and metastatic tumor samples in all three groups (Figure S3D).

Because of the limitations of the clonality and evenness scores (i.e., they do not account for sequence sim-

ilarity), we further evaluated clonal relatedness by considering the nucleotide similarity between TCR se-

quences within each sample; clonal relatedness is defined as the fraction of unique nucleotide sequences

that are related to the most frequent sequence by an edit distance threshold (Lombardo et al., 2017). The

value ranges from 0 to 1 where 0 indicates that no sequences are related, and 1 indicates that all sequences

are related to the most frequent sequence. Interestingly, although we did not observe any significant dif-

ferences in the relatedness scores in the primary tumors between the groups (Figures 2G and S1F), the R0

group had significantly lower relatedness score in metastatic tumors than did the NACT group (p = 0.0025)

(Figure S2F). As shown in Figure 2H, the mean relatedness score in metastatic tumors was 0.002 in the R0

group, 0.004 in the NACT-ER group (p = 0.0067), and 0.003 in the NACT-PR group (p = 0.013). We

compared the primary and metastatic tumors within each group and found that the metastatic tumors in

the R0 group showed a non-statistically significant trend toward a lower relatedness score than did the pri-

mary tumors. We found no difference between primary and metastatic tumors in the NACT groups

(Figure S3E).

To further cross-validate our findings, we filtered out all the TCRs with <2 reads and repeated the analysis.

The results after filtering are consistent with what we have presented. As shown in Figure S4, in the meta-

static tumors, the number of UPSs is significantly higher in the R0 group compared to the NACT-ER (p =

0.0043) and NACT-PR (p = 0.0032) groups (Figure S4B), but no significant differences were found in the pri-

mary tumors (Figure S4A). Furthermore, in the metastatic tumors, the TCR clones are significantly less
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Figure 3. CDR3 Length (nt) distribution and normality by patient group

(A) Distribution of CDR3 length in the R0, NACT-ER, and NACT-PR groups. The mean CDR3 length was 43.43nt (14.48aa)

in the R0 group, 43.38nt (14.46aa) in the NACT-ER group and 43.69nt (14.56aa) in the NACT-PR group.

(B) Distribution of CDR3 length in the R0 group and its deviation from a normal distribution (p < 0.001).

(C) Distribution of CDR3 length in the NACT-ER group and its deviation from a normal distribution (p < 0.001).

(D) Distribution of CDR3 length in the NACT-PR group and its deviation from a normal distribution (p < 0.001).
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related in the R0 group than NACT-ER (p = 0.013) and NACT-PR (p = 0.013) groups (Figure S4D), but no

differences were found in the primary tumors (Figure S4C). The conclusions after filtering remained the

same for the other metrics including clonality and Gini coefficient, in which we found no differences.
Evaluation of TCR convergence

TCR convergence, which reflects TCRs that are different at the nucleotide level but identical at the amino

acid level, was calculated as the aggregate frequency of clones (unique TCRb nucleotide sequences) that

share a variable gene and CDR3 amino acid with at least one other identified clone. The convergence

scores ranged from 0 to 0.22 in the R0 group, with a median value of 0.12; 0.04 to 0.27 in the NACT-ER

group, with a median value of 0.10; and 0.03 to 0.45 in the NACT-PR group, with a median value of 0.10.

As shown in Figures S5A and S5B, no statistically significant differences were found among the R0,

NACT-ER, and NACT-PR groups (Figures S5C and S5D). In addition, no differences were found when

comparing primary and metastatic samples in all three groups (Figure S5E).
CDR3 length distribution

The variable CDR3 lengths of healthy individuals were conformed to normal Gaussian distributions (Kou

et al., 2000; Lai et al., 2019); the degree to which the frequency distribution of CDR3 lengths deviated

from normality was reported as an indication of clonal expansion and thus of reduced diversity (Long

et al., 2006; Matsumoto et al., 2006). Therefore, we evaluated the distribution of CDR3 length in all three

groups. The mean CDR3 length was 43.43nt (14.48aa) in the R0 group, 43.38nt (14.46aa) in the NACT-ER

group, and 43.69nt (14.56aa) in the NACT-PR group (Figure 3). All of the three groups demonstrated sig-

nificant deviation from a normal distribution for CDR3 length. We used the Shapiro-Wilk test and found that
iScience 24, 102053, February 19, 2021 5
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the W value was 0.961 in the R0 group, 0.966 in the NACT-ER group, and 0.958 in the NACT-PR group, sug-

gesting that CDR3 length in the NACT-PR group deviated more from the normal distribution.

We also performed a multidimensional analysis. First, we evaluated the distribution and correlation across

different metrics, including the UPSs, clonality, Gini coefficient, frequency of TPS, clonal relatedness,

average CDR3 length, and TCR convergence, as shown in Figure S6. Positive correlations were found be-

tween TCR clonality, Gini coefficient, TPS and TCR convergence. We further performed linear discriminant

analysis (LDA) is to find the linear combination of all the metrics that would give the greatest separation

between the groups (R0, NACT-ER, and NACT-PR groups). The results of LDA are shown in Figure S7.

Based on the group-wise comparison, the LD1 values in all the three groups are significantly different, while

the LD2 can separate NACT-PR from both R0 and NACT-ER groups.

TCR sequences dynamics

We further investigated the TCR amino acid sequences shared by multiple samples and a total number of

58,985 TCR amino acid sequences were found to be recurrent in at least two samples. The vast majority of

the TCRs were shared by less than three samples (92.3%) and the most frequently found TCR sequences are

shared by 27 of 90 samples. To show the TCR dynamics, we further generated a heatmap showing the TCR

sequences that appear in more than 15% of the samples (Figure S8A). We also tracked the frequencies of six

most common clones which were present in more than 20 samples in Figure S8B. For some of the clones, we

observed high frequency in primary and metastatic tumor samples in the same patients, suggesting the

TCRs are shared by both primary andmetastatic sites. While for some TCR clones (e.g. CASSLQGNTEAFF),

we observed less variation across samples. Overall, no patterns were observed to be associated with pa-

tient groups.

Comparison of usage of variable (V), diversity (D), and joining (J) region gene segments

To further measure the properties of TCR diversity in the group, we calculated the V, D and J gene usage

patterns of each sample. The heatmap of the frequencies revealed that no specific patterns were observed.

The usage of three V gene families, TCRBV14 (p = 0.0073), TCRBV19 (p = 0.02), and TCRBV21 (p = 0.036)

(Figure S9 and Table S2), was significantly higher in the R0 group than in the NACT groups (Figure 4A).

When comparing the NACT-ER and NACT-PR groups (Figure 4B), we found that the usage of two gene

families was significantly higher in the NACT-ER group, including TCRBV06 (p = 0.037) and TCRBV29

(p = 0.022). In contrast, the usage of three V gene families was significantly higher in NACT-PR, including

TCRBV01 (p = 0.048), TCRBV09 (p = 0.017), and TCRBV12 (p = 0.0048). In the D gene usage comparison

(Figure S10 and Table S2), the NACT group showed significantly higher usage of TCRBD01-01 than did

the R0 group (p = 0.036); no significant difference was found between the NACT-ER and NACT-PR groups.

The usage of two J genes was significantly higher in the R0 group, including TCRBJ02-01 (p = 0.013) and

TCRBJ02-02 (p = 0.011), than in the NACT groups (Figures 4C, 4D, and S11 and Table S2). The usage of

TCRBJ01-01 was significantly higher in the NACT-ER group (p = 0.0115), and the usage of TCRBJ02-05

was significantly higher in NACT-PR group (p = 0.004).

Next, we assessed themutual exclusivity and co-occurrence of the usage of the V, D, and J gene families. As

shown in Figure 4, specific patterns were found in corresponding groups. For example, in the R0 group (Fig-

ure 4E), significant positive correlations (p < 0.01) were found between TCRBV02 and TCRBD01, TCRBD02

and TCRBJ02, and TCRBV05 and TCRBJ01. In the NACT-ER group (Figure 4F), significant positive correla-

tions were found between TCRBV23/25/27 and TCRBD02, TCRBV06/07/18 and TCRBJ01, and TCRBV04/09

and TCRBJ02. In the NACT-PR group (Figure 4G), significant positive correlations were found between

TCRBV04/07 and TCRBD01, TCRBV21 and TCRBJ01, and TCRBV03/25/28 and TCRBJ02. Of interest,

TCRBJ01 and TCRBJ02 were negatively correlated in all three groups, suggesting mutual exclusivity.

The principal component analysis of V gene usage and V, D, and J gene usage revealed that all three

groups largely overlapped (Figure S12).

Integrative analyses

In our previous study of the same cohort of patients, a higher level of strong-binding neoantigens was

found in the R0 group than in the NACT group (Lee et al., 2020). In addition, positive correlations were

found between the level of strong-binding neoantigens and mutation load and copy number variation

load. Therefore, we determined the correlation between TCR clonal diversity and the neoantigen level.

As shown in Figure S13, no correlations were observed between the clonality (Shannon entropy) and the
6 iScience 24, 102053, February 19, 2021



Figure 4. Comparison of the usage of V, D, and J genes among groups

(A and B) Comparison of V-gene family usage between the R0 and NACT groups (A), and between the NACT-ER and

NACT-PR group (B).

(C and D) Comparison of J gene usage between the R0 and the NACT groups (C) and the NACT-ER and the NACT-PR

groups (D).

(E–F)(E and G) Mutual exclusivity and co-occurrence of the usage of V, D, and J gene families in the R0 group (E), NACT-ER

group (F), and NACT-PR group (G). Correlations between any of the two gene families were calculated; the significant

results are shown in the figure (p < 0.01).
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number of strong-binding neoantigens in any of the three groups. Similarly, no correlation was found be-

tween clonal evenness (Gini coefficient) and the neoantigen level. However, positive correlation was found

between the TCR clonal relatedness and the neoantigen level (R = 0.31, p = 0.007) (Figure 5A). TCR clonal

relatedness also showed a trend toward a positive correlation with CNV load (R = 0.43, p < 0.001) and mu-

tation load (R = 0.27, p = 0.019) (Figures 5B and 5C).
iScience 24, 102053, February 19, 2021 7



Figure 5. Integrative analyses of TCR sequencing, WGS and immune profiling

(A–C) (A and C) Correlation between TCR clonal relatedness and neoantigen level (A), mutation load (B) and CNV load (C),

as identified on whole-genome sequencing (N = 75).

(D–F) (D and F) Correlation between TCR clonal relatedness and percentage of CD8+ cells (D), CD4+ cells (E), and CD20 +

cells (F) in all areas on the basis of immune profiling data (N = 53).
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We also explored the correlation between TCR diversity and BRCA status, including BRCA germline muta-

tions, BRCA somatic mutations, and any BRCA mutations (either germline or somatic). As shown in Fig-

ure S14, TCR richness estimated by the number of UPSs had no differences in BRCA status. TCR clonality

was significantly higher in BRCA mutant groups for both germline (p = 0.045) and somatic (p = 0.003) mu-

tations. TCR evenness quantified by the Gini coefficient was significantly higher in the BRCA germline

mutant group than BRCA wild-type tumors (p = 0.035), and the trend is the same for BRCA somatic mutant

group, but without statistical significance (p = 0.06). Lastly, TCR clonal relatedness was significantly higher

in the BRCA somatic mutant group compared with the wild-type group (p = 0.025).

We further evaluated the correlation between TCR clonal diversity and the percentage of different immune

cells estimated from immune profiling in our previous study (Lee et al., 2020). For the T cells in all areas,

including tumor and non-tumor areas, we observed significant negative correlations between TCR clonal

relatedness (Figures 5D–5F, S15A, and S15B) and the percentage of CD8+ cells (R = �0.57, p < 0.001),

CD4+ cells (R = �0.5, p < 0.001), and CD20 + cells (R = �0.52, p < 0.001), whereas we observed no signif-

icant correlations between the percentages of immune cells and TCR clonality in all areas (Figure S16). For

T cells from the tumor area only (Figures S17 and S18), negative correlations were found between TCR

clonal relatedness and the percentages of CD8+ cells (R = �0.46, p < 0.001) and CD20 + cells (R =

�0.42, p = 0.002). No significant correlations were found between TCR clonal relatedness and the other

two immune cell types in the tumor area, FOXP3+-positive cells and macrophages. In addition, no signif-

icant correlations were found between TCR clonality and the percentages of any of the immune cells in tu-

mor area.

DISCUSSION

To our knowledge, this is the first report of the characteristics of TCR repertoires of highly clinically defined

HGSC samples from primary and metastatic sites by high-throughput TCR deep sequencing; we also per-

formed an integrated analysis of multi-omics data. Our findings provide a comprehensive understanding of

TCR repertoire diversity in patients with HGSC. Importantly, we identified higher TCR b-chain CDR3
8 iScience 24, 102053, February 19, 2021
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diversity (i.e., a higher number of UPSs, less clonal relatedness, and higher TCR convergence) in the R0

groups than in the NACT groups. We also found enrichment of specific V, D, and J genes usage in each

group and significant unique mutual exclusivity and co-occurrence of V, D, and J genes in all three groups.

In addition, we also found significant positive correlations between clonal relatedness and neoantigens,

copy number variations, and mutation load by integrative analyses.

In a recent comprehensive multi-omics analysis, we identified distinct molecular differences and immune

cell repertoire variations including tumor-associated neoantigens and infiltrated T cells (Lee et al., 2020)

among patients with HGSC who received care under a consistently applied surgical algorithm (Fleming

et al., 2018; Lee et al., 2020; Nick et al., 2015). Tumor-associated antigens have been considered for

immunotherapeutic strategies, and tumor mutations and immunotherapy-targeting neoantigens were

highly correlated in various solid tumors (Schumacher and Schreiber, 2015; Snyder et al., 2014). In this

study, we used bulk TCR sequencing to extend our characterization of deep TCR repertoires of highly

annotated HGSC groups; this technique has the advantage of having high sensitivity for identifying

T cell diversity.

The characteristics of T cells in the antigenic peptide-major histocompatibility complex are primarily deter-

mined by the CDR3 region of the TCR b-chain; interrogation of the sequences of the CDR3 regionmeasures

the diversity of TCR CDR3 repertoires (Davis, 1990; Davis and Bjorkman, 1988). Interestingly, the increase in

TCR diversity was associated with better clinical outcomes and immune response in patients with cancer

(Cha et al., 2014; Hopkins et al., 2018; Hsu et al., 2016; Postow et al., 2015; Robert et al., 2014) and provided

a measurement of tumor immunogenicity (Drake et al., 2014). Consistently, we also observed that the TCR

repertoire of the R0 group is more diverse than is that of the NACT group by the measurement of multiple

metrics; specifically, a higher number of UPSs and lower clonal similarity, clonal relatedness, clonality, and

evenness in the R0 group than in the NACT group. In addition to TCR repertoire diversity and clonality,

while we observed a trend toward a higher level of TCR convergence with no statistical significance in

the R0 than in the NACT groups, TCR convergence has been estimated to be a predictive biomarker for

response to checkpoint inhibitors in patients with cancer (Looney et al., 2019).

TCR junctional diversity arises from random combinatorial joins of the V, J, and D gene segments, which

generate large numbers of each completed chain that defines antigen-binding specificity (Nikolich-Zugich

et al., 2004). The diversity of direct measurements of TCR diversity, such as V, D, and J region genes, have

been considered potential prognostic biomarkers and predictors of chemoimmunotherapy response in

patients with cancer (Farah et al., 2020; Han et al., 2015; Powles et al., 2018; Reuben et al., 2020; Vardi

et al., 2016). Notably, we identified significantly higher usage of the TCRBV, TCRBD, and TCRBJ genes

among the groups; none of these genes have been studied in the context of predicting surgical outcome

and chemotherapy response in HGSC. Further, we found significant positive co-occurrence and mutual

exclusiveness of three unique gene pairs among TCRB gene segments in the R0 group, indicating impor-

tant characteristic spectra of TCRB gene variation patterns between the groups.

We previously found that the R0 group had significantly higher levels of neoantigens than did the NACT

groups, which are associated with tumor immune cell infiltration (Lee et al., 2020). Thus, similar to our pre-

vious observations, we found no differences in TCR CDR3 diversity between primary andmetastatic disease

sites in the groups, indicating that the biological processes likely arise at an early stage (Jimenez-Sanchez

et al., 2017; Reiter et al., 2018). However, with integrated analysis, we identified a significant positive cor-

relation between TCR clonal relatedness and neoantigens, CNV, and mutation load, as determined by

WGS analysis (Lee et al., 2020). However, we were not able to determine the correlation between TCR

clonal relatedness and immune cell populations, which may be due to the sample size.

In this study, we focused on CDR3 for TCR repertoire analyses because of the diverse V, D, and J genes and

the TCR peptide interaction. Alternatively, detection of CDR1 and CDR2 could help elucidate the entire

TCR structure and varieties that result from their important function in coordinating with major histocom-

patibility complex molecules and their influences on the sensitivity and affinity of TCR binding (Birnbaum

et al., 2014; Garcia and Adams, 2005). Furthermore, the tumor heterogeneity of HGSC at the molecular and

cellular levels is still not fully understood (Bast et al., 2009). Moreover, the tumor-bulk sequencing approach

with no spatial information for the TCR repertoire, has limitations when addressing questions of tumor

complexity and diversity in HGSC. Therefore, extended approaches such as spatial heterogeneity of the
iScience 24, 102053, February 19, 2021 9
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TCR repertoire and single cell analyses (Chen et al., 2016; De Simone et al., 2018; Emerson et al., 2013; Ger-

linger et al., 2013; Reuben et al., 2017) could be a new avenue for understanding the deeper intra-tumor

heterogeneity of TCR landscape in HGSC.

Overall, our findings in this study demonstrated distinct TCR CDR3 repertoires among three HGSC sub-

groups. By combing the multi-omics data from DNA, RNA, and protein in the same patients with HGSC

we previously reported, the findings in this study could provide a deeper understanding of tumor hetero-

geneity and identify actionable molecular and cellular mechanisms for therapeutic strategies.

Limitations of the study

The tumor-bulk TCR sequencing approach without spatial information for the TCR repertoires may not

allow for full understanding of tumor complexity and diversity of HGSC.
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Figure S1. Comparison of T cell repertoire diversity in primary tumors across patient 
groups, Related to Figure 2. (A) Comparison of T cell repertoire richness in primary tumors 
between the R0 and NACT groups. TCR richness was quantified by the number of unique 
productive sequences. (B) Comparison of the frequency of the top productive sequences in 
primary tumors between the R0 group and NACT groups. (C) Comparison of the frequency 
of the top productive sequences in primary tumors between the NACT-ER and NACT-PR 
groups. (D) Comparison of the clonality score derived from the Shannon entropy in primary 
tumors between the R0 and NACT groups. (E) Comparison of clonal evenness derived from 
the Gini coefficient in primary tumors between the R0 and NACT groups. (F) Comparison of 
clonal relatedness in primary tumors between the R0 and NACT groups. 



 

 

 

Figure S2. Comparison of T cell repertoire diversity in metastatic tumors across patient 
groups, Related to Figure 2. (A) Comparison of T cell repertoire richness in metastatic 
tumors between the R0 and NACT groups. TCR richness was quantified by the number of 
unique productive sequences. (B) Comparison of the frequency of the top productive 
sequence in metastatic tumors between the R0 and NACT groups. (C) Comparison of the 
frequency of the top productive sequence in metastatic tumors between the NACT-ER and 
NACT-PR groups. (D) Comparison of the clonality score derived from Shannon entropy in 
metastatic tumors between the R0 and NACT groups. (E) Comparison of clonal evenness 
derived from the Gini coefficient in metastatic tumors between the R0 and NACT groups. (F) 
Comparison of clonal relatedness in metastatic tumors between the R0 and NACT groups. 



 

 

 

Figure S3. Comparison of T cell repertoires diversity between primary and metastatic 
tumors, Related to Figure 2. (A) Comparison of T cell repertoire richness, quantified by the 
number of unique productive sequences between primary and metastatic tumors. (B) 
Comparison of the frequency of the top productive sequence between primary and metastatic 
tumors. (C) Comparison of TCR clonality between primary and metastatic tumors. (D) 
Comparison of clonal evenness that was derived from the Gini coefficient between primary 
and metastatic tumors. (E) Comparison of clonal relatedness between primary and 
metastatic tumors. 



 

 

 

Figure S4. Diversity evaluation of T cell repertoires by the patient group after 
excluding TCRs with low reads count, Related to Figure 2. (A and B) Comparison of 
T cell repertoire richness in primary tumors (A) and metastatic tumors (B) across three 
groups. TCR richness was evaluated by the number of unique productive sequences, 
which were defined as sequences that are in frame and do not have an early stop codon. 
(C and D) Comparison of clonal relatedness among three groups in primary tumors (C) 
and metastatic tumors (D). Clonal relatedness was defined as the proportion of sequences 
that are related to the most frequent sequence by a defined distance threshold.  



 

 

 

Figure S5. Comparison of TCR convergence between patient groups, Related to 
Figure 2. TCR convergence was calculated as the aggregate frequency of clones (unique 
TCRB nucleotide sequences) that share a variable gene and CDR3 amino acid sequence 
with at least one other identified clone. (A, B) TCR convergence was compared between 
primary tumors (A) and metastatic tumors (B) across all three groups. (C, D) A similar 
comparison was performed between the R0 and NACT groups for primary (C) and 
metastatic tumors (D). (E) TCR convergence was also compared between primary and 
metastatic tumors in each group. 



 

 

 

Figure S6. The matrix scatterplot of the seven metrics included in the 
multidimensional analysis, Related to Figure 3. The metrics include the unique 
productive sequences (UPS), clonality, Gini coefficient, frequency of top productive 
sequence (TPS), clonal relatedness, average CDR3 length, and TCR convergence. The 
diagonal cells show histograms of each of the variables, and each of the off-diagonal cells 
is a scatterplot of two metrics. 



 

 

 

Figure S7. The results of linear discriminant analysis (LDA) , Related to Figure 
3. Seven metrics were included in the analysis including unique productive 
sequences, clonality, Gini coefficient, frequency of top productive sequence, clonal 
relatedness, average CDR3 length, and TCR convergence. A-B show the 
histograms of LD1 and LD2 in three different groups and C-D are the boxplot of 
LD1 and LD2 values in three groups. Comparison between groups was performed 
using the Wilcoxon test. 



 

 

 

Figure S8. The dynamics of common TCRs shared by multiple samples, Related to 
Figure 3. (A) Heatmap shows the frequency of TCRs shared by at least 15% of the samples. 
(B) The trace of the most common TCRs shared by >=20 samples. 



 

 

 

Figure S9. V gene usage in patient groups, Related to Figure 4. (A) Heatmap of V gene usage 
in all samples. (B) Comparison of V gene usage in primary tumors between the R0 and NACT 
groups. (C) Comparison of V gene usage in metastatic tumors between the R0 and NACT groups. 
(D) Comparison of V gene usage in primary tumors between the NACT-ER and NACT-PR groups. 
(E) Comparison of V gene usage in metastatic tumors between the NACT-ER and NACT-PR groups. 



 

 

 

Figure S10. D gene usage in patient groups, Related to Figure 4. (A) Heatmap of D 
gene usage in all samples. (B) Comparison of D gene usage in primary, metastatic, and 
all tumors combined between the R0 and NACT groups. (C) Comparison of D gene usage 
in primary, metastatic, and all tumors combined between the NACT-ER and NACT-PR 
groups.  



 

 

 

Figure S11. J gene usage in patient groups, Related to Figure 4. (A) Heatmap of J gene 
usage in all samples. (B) Comparison of J gene usage in primary tumors between the R0 and 
NACT groups. (C) Comparison of J gene usage in metastatic tumors between the R0 and NACT 
groups. (D) Comparison of J gene usage in primary tumors between the NACT-ER and NACT-
PR groups. (E) Comparison of J gene usage in metastatic tumors between the NACT-ER and 
NACT-PR groups. 



 

 

 

Figure S12. Principal component analysis of V gene usage 
(A) and V, D, and J gene usage (B) in the R0, NACT-ER, and 
NACT-PR groups, Related to Figure 4. 



 

 

 

Figure S13. Correlation between TCR clonal diversity and level of strong-binding 
neoantigens, Related to Figure 5. (A) Correlations between TCR clonality and neoantigen 
level. (B) Correlation between TCR clonal evenness (Gini coefficient) and neoantigen level. 
The level of neoantigens was based on previous whole genome sequencing data; the total 
number of samples in this analysis was 75. 



 

 

 

Figure S14. BRCA status and TCR diversity, Related to Figure 5. (A-C) Comparison 
of TCR richness between BRCA WT and BRCA mutant tumors including BRCA germline 
mutant (A), BRCA somatic mutant (B), and any BRCA mutant (germline or somatic) (C). 
(D-F) Comparison of clonality between BRCA WT and BRCA mutant tumors including 
BRCA germline mutant (D), BRCA somatic mutant (E), and any BRCA mutant (germline 
or somatic) (F). (G-I) Comparison of TCR evenness between BRCA WT and BRCA 
mutant tumors including BRCA germline mutant (G), BRCA somatic mutant (H), and any 
BRCA mutant (germline or somatic) (I). (J-L) Comparison of clonal relatedness between 
BRCA WT and BRCA mutant tumors including BRCA germline mutant (J), BRCA somatic 
mutant (K), and any BRCA mutant (germline or somatic) (L). 
  



 

 

 

Figure S15. Correlation between immune cell percentage in all areas and TCR clonal 
relatedness, Related to Figure 5. (A) Correlation between the percentage of FOXP3+ 
cells and TCR clonal relatedness. (B) Correlation between the percentage of macrophage 
cells and TCR clonal relatedness. The percentage of certain immune cells was based on 
previous immune profiling data and included both the tumor and non-tumor areas. The 
total number of samples in this analysis was 53. 



 

 

 

Figure S16. Correlation between immune cell percentages in all areas and TCR 
clonality, Related to Figure 5. (A) Correlation between the percentage of CD8+ cells 
and TCR clonality. (B) Correlation between the percentage of CD4+ cells and TCR 
clonality. (C) Correlation between the percentage of FOXP3+ cells and TCR clonality. 
(D) Correlation between the percentage of macrophages and TCR clonality. (E) 
Correlation between the percentage of CD20+ cells and TCR clonality. The percentage 
of certain immune cells was based on previous immune profiling data and included both 
tumor and non-tumor areas. The total number of samples in this analysis was 53. 



 

 

 

Figure S17. Correlation between immune cell percentages in tumor areas and 
TCR clonal relatedness, Related to Figure 5. (A) Correlation between the percentage 
of CD8+ cells and TCR clonal relatedness. (B) Correlation between the percentage of 
CD4+ cells and TCR clonal relatedness. (C) Correlation between the percentage of 
FOXP3+ cells and TCR clonal relatedness. (D) Correlation between the percentage of 
macrophages and TCR clonal relatedness. (E) Correlation between the percentage of 
CD20+ cells and TCR clonal relatedness. The percentage of certain immune cells was 
based on previous immune profiling data and only included tumor areas. The total 
number of samples in this analysis was 53. 



 

 

 

 

 

 

 

 

 

 

Figure S18. Correlation between immune cell percentages in tumor areas and 
TCR clonality, Related to Figure 5. (A) Correlation between the percentage of CD8+ 
cells and TCR clonality. (B) Correlation between the percentage of CD4+ cells and TCR 
clonality. (C) Correlation between the percentage of FOXP3+ cells and TCR clonality. 
(D) Correlation between the percentage of macrophages and TCR clonality. (E) 
Correlation between the percentage of CD20+ cells and TCR clonality. The percentage 
of certain immune cells was based on previous immune profiling data and only included 
tumor areas. The total number of samples in this analysis was 53. 



 

 

TRANSPARENT METHODS 

Patients sample collection 

Tissue samples were collected from 30 patients at The University of Texas MD Anderson 

Cancer Center (Houston, TX) Gynecologic Tumor Bank after obtaining written informed 

consent under an approved protocol by the Institutional Review Board, as we previously 

described (Lee et al., 2020). In brief, fresh-frozen tumor biopsy samples were collected 

from patients with HGSC managed under a systematic surgical algorithm (Fleming et al., 

2018): complete gross resection after primary surgery (R0, n=10); poor tumor response 

to NACT with carboplatin and paclitaxel (NACT-PR, n=10); excellent tumor response to 

NACT (NACT-ER, n=10) (Table S1). According to the Response Evaluation Criteria in 

Solid Tumors (RECIST 1.1), response to NACT was considered poor if patients had 

stable or progressive disease after 3-4 cycles upon radiology evaluation and/or 

suboptimal interval cytoreduction after NACT. Besides, we considered excellent response 

if there was a complete response or only microscopic disease left at the time of interval 

surgery and/or pathology from interval surgery, as we previously described (Lee et al., 

2020). One primary and two metastatic tumor samples were obtained from each patient 

before treatment and subjected to TCR sequencing. 

Genomic DNA preparation 

Genomic DNA samples from the 90 frozen tumor tissue samples were prepared by the 

Biospecimen Extraction Resource at MD Anderson, as we previously described (Lee et 

al., 2020). In brief, genomic DNA was extracted using the QIAamp DNA Mini Kit 

(QIAGEN), following the manufacturer’s instructions. Extracted genomic DNA was 



 

 

accurately quantified using Quant-iT PicoGreen dsDNA reagent and kit with a Qubit 3.0 

Fluorometer (Invitrogen). 

Human TCRβ sequencing 

TCRβ sequencing was performed on genomic DNA that had been purified from tumor 

tissues using the Adaptive Biotechnologies immunoSEQ human TCRβ kit, following the 

manufacturer’s instructions. Libraries were prepared using multiplex PCR primers that 

target the CDR3 of the human TCRβ gene after rearrangement of the V, D, and J gene 

segments. In brief, genomic DNA was accurately re-quantified using the Quant-

iT PicoGreen dsDNA assay kit (Thermofisher) with a Qubit 3.0 Fluorometer (Invitrogen); 

quality was assessed using a 2200 TapeStation system (Agilent) following the 

manufacturer’s instructions.  

We split 400 ng of genomic DNA from each sample into two replicates for the first PCR 

set-up. We used the QIAGEN Multiplex PCR Kit (Qiagen); 31 cycles of the first PCR was 

used to amplify the highly variable CD3 region using V and J gene specific primers.  

Universal adapters at the end of V and J gene-specific primers served as targets for the 

addition of unique DNA barcodes in the second PCR. The amplicons were then purified 

using a bead based-system to remove residual primers and unamplified targets and were 

run on an agarose gel to confirm that the correct products were amplified. For the second 

PCR, the barcodes that were selected in the sample manifest and Illumina adapters were 

added to each PCR replicate during the 8 cycle second PCR. The libraries were then 

purified using a bead-based system that is similar to that used in first PCR to remove 

residual primers and unamplified targets. Another agarose gel check was performed to 

confirm whether the barcodes and Illumina adapters were added during the second PCR. 



 

 

Equal volume of sequencing ready libraries were then pooled and run on an Agilent 

D1000 ScreenTape system (Agilent) to determine the size and size-adjusted 

concentration.  

Using the Applied Biosystems QuantStudio 6 (Thermofisher) and KAPA Library 

Quantification kit (Roche), we quantified the libraries prior to sequencing. On the basis of 

the qPCR results, we loaded approximately 15 pM of the pooled libraries onto the MiSeq 

Sequencing System (Illumina) for a single end read, which included a 156-cycle Read 1 

and a 15-cycle Index 1 read run. Raw sequences from the MiSeq were transferred to 

Adaptive’s immunoSEQ Data Assistant, where the data were processed to determine the 

normalized and annotated TCRB repertoire profile of each sample.  The data were then 

posted to the immunoSEQ Analyzer account to evaluate the immunosequencing data.  

TCR sequencing analyses 

The Bhattacharyya coefficient was used to determine the closeness of each of the two 

samples. It ranges from 0 to 1, where 0 means that there is no overlap at all and 1 means 

the TCR sequences and their frequencies are identical. 

Clonality is derived from the Shannon entropy. The normalized Shannon entropy is 

calculated as Pielou’s evenness (Kirsch et al., 2015), and the clonality score is defined 

as 1- (normalized entropy), as shown in Equation 1: 

1 +
∑ 𝑃𝑖𝑙𝑜𝑔2(𝑃𝑖)
𝑁
𝑖

𝑙𝑜𝑔2(𝑁)
   (Equation 1) 

where pi is the frequency of the TCR productive sequence i and N is the total number of 

unique productive sequences. The evenness was calculated by the Gini coefficient, which 

captures the inequality; it is defined as the area between the line of perfect equality (45-



 

 

degree line) and the observed Lorenz curve to the area between the line of perfect 

equality and the line of perfect inequality. Both the clonality and evenness score are 

measured on a scale from 0 to 1, where 0 indicates that all productive sequences have 

the same frequencies and 1 indicates that the repertoire is dominated by one single 

sequence. 

Clonal relatedness is the fraction of unique nucleotide sequences that are related to the 

most frequent sequence by a defined edit distance threshold. The edit distance quantifies 

the similarity of two sequences by counting the minimum number of operations that are 

required to transform one sequence into the other; the edit distance threshold was set to 

be 10 in the analysis. Clonal relatedness considers both unproductive and productive 

sequences; the value ranges from 0 to 1, where 0 indicates that no sequences are related 

and 1 indicates that all sequences are related to the most frequent one. 

TCR convergence refers to TCRs that are different on the nucleotide level but identical 

on the amino acid level. The TCR convergence score is calculated as the aggregate 

frequency of unique TCR nucleotide sequences that share the same variable gene and 

CDR3 amino acid sequence with at least one other clone in the sample. 

The V, D and J genes and the overall CDR3 region were identified for each TCR 

sequence. The CDR3 length distribution was calculated and compared with the normal 

distribution. The Shapiro-Wilk test was used to test the normality of the observed CDR3 

length distribution in each group. The V, D and J gene counts and frequencies were 

evaluated in each sample and compared across groups. Correlation among the V, D and 

J gene frequencies was calculated to determine the possibility of co-occurrence and 



 

 

mutual exclusivity. The significance cut-off was p< 0.01. A principal component analysis 

was used to assess the overall variation of V, D, and J gene usage in different groups. 

Integrative analyses 

In the integrative analyses, the neoantigen level in each sample was determined from the 

whole genome sequencing data, as described in our previous work (Lee et al., 2020). The 

number of samples with both TCR sequencing and neoantigen results was 75. The 

percentages of various immune cells in the tumor area and all other areas were based on 

our previous immune profiling data (Lee et al., 2020); the number of samples with both 

TCR sequencing and immune profiling data was 53. Spearman correlation test was used 

to quantify the correlation between TCR clonal diversity and neoantigen levels, as well as 

the percentage of various immune cells.  

Statistical analysis 

All of the statistical analyses and plots were generated using R 4.0. As not all TCR 

variables met the normality assumption, the Wilcoxon signed-rank test (two-sided) was 

used to assess differences among groups; a p value <0.05 was used as the cut-off for 

significance. A Pearson correlation test was used to quantify the correlation among V, D, 

and J gene usage among patients in each group; a cut-off of p value <0.01 was used to 

assess significance. In the integrative analysis, the Spearman’s rank correlation test was 

used to quantify the correlation between TCR clonal diversity and neoantigen levels, as 

well as the percentage of various immune cells. The significant positive or negative 

correlation was determined with a cut-off of Spearman Coefficient R≤-0.3 or R ≥0.3 and 

a p-value <0.01.  
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