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Abstract
Background: Osteosarcoma (OS) initially metastasing to bone only shows distinct biological features compared to
osteosarcoma that �rstly metastasizes to the lung, which suggests us underlying different genomic pathogenetic mechanism.
However related-study is lacking.

Methods: We analyzed whole-exome sequencing (WES) data for 38 metastatic OS patients with different relapse patterns.
Multiplex Immunohistochemistry was also applied to investigate the immune- microenvironment. We tried to rede�ne disease
subclassi�cations for OS based on genetic alterations to guide treatment strategies, and we correlated these genetic pro�les
with clinical treatment courses and prognosis to elucidate potential evolving cladograms.

Results: We investigated whole-exome sequencing of 12/38 patients with high-grade OS (31.6%) with initial bone metastasis
(group A) and 26/38 (68.4%) with initial pulmonary metastasis (group B), of whom 15/38 (39.5%) had paired samples of
primary lesions and metastatic lesions for these two cohorts with different relapse patterns. We found that osteosarcoma in
group A mainly carries single-nucleotide variations while those in group B mainly exhibits structural variants. Additionally,
osteosarcoma in group A displayed better immunogenicity, including a higher tumor mutation burden and neoantigen load and
more tertiary lymphoid structures in tumor microenvironment.

Conclusions: Osteosarcoma with different relapse patterns has distinct genomic landscapes. This study suggests that
osteosarcoma with mainly single-nucleotide variations other than structural variants might exhibit biological behavior
predisposing toward bone metastases; immunotherapy is a promising therapeutic option for this group of patients.

Trial registration

This trial was registered in the Medical Ethics Committee of Peking University People’s Hospital on June 25th, 2019
(Institutional Review Board, IRB, number of 2019PHB139-01). The trial was registered in Clinicaltrials.gov with identi�er no.
NCT03997747.

Background
High-grade osteosarcoma (OS) is a bone-forming tumor characterized by the presence of an extracellular osteoid matrix
produced by cancer cells [1]. Despite several decades of clinical trials, OS is still treated with pre- and postoperative
chemotherapy as well as surgical resection of the tumor as de�nitive local treatment [2, 3]. The overall survival and event-free
survival for patients with nonmetastatic disease at 5 years is approximately 71% and 54%, respectively [4, 5]. Cases of
relapse with lung or bone metastasis fare less well, with only approximately 10% to 40% of patients alive at 5 years [4-6].
Treatment of relapse consists of radiation or surgery alone, with or without additional individualized systemic treatment [7].
Cases of multiple relapses have a poorer prognosis due to frequent second or subsequent recurrence [8, 9].

According to the series of Cooperative Osteosarcoma Study Group (COSS) trials, metastasis most commonly develops in the
lungs (81.4%) and then in bones (7.8%) but rarely in lymph nodes, with a median time from diagnosis to relapse of 1.6 years
(range, 0.1 to 14.3 years) [6, 10]. There is a small subset of OS patients who �rst experience relapse with distal skeletal
metastasis alone, which has been assumed to be different with regard to clinical and biological features compared to
those who experience �rst relapse involving the lung [10-12]. It is noteworthy that this population is also different from those
who present with synchronous regional bone metastases (skip metastases) with an outlook extremely poor [13], as well as
those with local recurrences involving disputable suspicion of former surgical margins [14]. According to Aung et al. [15] and
Bacci et al. [10], the prognosis of patients who relapse with bone metastasis alone is worse than that of patients who relapse
with lung metastasis. However, those with single, resectable and late-relapsed skeletal metastasis (usually ≥ 2 years) have
almost the same or even better outcomes as patients with lung metastasis [10, 15]. Unfortunately, there is almost no basic
research on exploration of the genetic occurrence and development of this group of OS due to the rarity of the disease.
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Next-generation sequencing (NGS) has provided much insight into OS, which is characterized by signi�cant structural
variations (SVs), including copy number alteration (CNA), chromothripsis, kataegis and loss of heterozygosity (LOH), with few
point mutations [16, 17]. This genomic landscape suggests that copy number (CN)-ampli�ed genes may be critical drivers of
OS progression and maintenance [17]. To date, relatively few studies have systematically evaluated the evolution of OS using
matched samples [18] not to mention the population with initially only bone metastasis. This gap has motivated us to explore
tumor biological characteristics and predictive biomarkers for personalized therapy for this unique subset.

Therefore, in this study, we analyzed whole-exome sequencing (WES) data for 38 metastatic OS patients, of whom 12 initially
experienced relapse with skeletal metastasis (de�ned as group A). Eight of the 12 patients had paired samples (primary lesions
and bone metastatic lesions) with which we were able to identify and compare differences between this cohort and 26
contemporary patient samples with lung metastasis for the �rst time (de�ned as group B), 7 of whom also had paired samples
(primary lesions and pulmonary metastatic lesions). We also sought to rede�ne disease subclassi�cations for OS based on
genetic alterations to guide treatment strategies, and we correlated these genetic pro�les with clinical treatment courses and
prognosis to elucidate potential evolving cladograms.

Methods
Study design

This study was performed after approval from the institutional review board of Peking University People’s Hospital(PKUPH).
From May 1st to October 1st 2021, continuous patients who met the following criteria were included:1) histologically con�rmed
high-grade OS; 2) initial treatment in musculoskeletal tumor center of PKUPH; 3) operable metastatic lesions which later
received resection in our center with samples available for WES. We retrospectively collected some of the matched primary
samples in the pathology department of PKUPH for analysis. For samples collected after May 2021, fresh samples of
pulmonary or osseous metastatic lesions as well as some paired fresh primary samples were also collected separately, which
then performed both WES and RNA sequencing (RNA-seq). We excluded those patients without complete clinical information,
those with unquali�ed specimens, those initially metastatic to other sites other than bone or lung, as well as those lost to
follow-up. Finally, 38 OS patients with 58 samples were included in the analysis.

For bioinformatics analysis, we tried to (1) identify genomic aberrations between patients who �rstly relapsed in skeletal
metastasis (group A) and patients who relapsed with lung metastasis for the �rst time (group B), including all kinds of
genomic alterations, tumor mutation burden (TMB), microsatellite instability (MSI), the number of neoantigens, human
leukocyte antigen-I evolutionary divergence (HED) status and so on; (2) detect tumor heterogeneity between primary and their
matched metastatic lesions for OS, especially in the type of genomic mutations, TMB, MSI, the number of neoantigens; (3)
investigate the tumor evolution models and patients’ prognosis in different groups, including the overall survival and
progression-free survival; (4) comprehensively investigate the tumor microenvironments (TME) spatial heterogeneity in
selected cases, and additionally, to determine their relevance to tertiary lymphoid structures (TLS) using a multiplex
immunohistochemistry (m-IHC) panel consisting of designed surface and intracellular markers (CD68, CD163, CD206, IRF8,
CD3, CD8, PD-L1, CD20, CD56, B7-H3, CD47, CD4).

Tumor specimen processing and genomic DNA sequencing

Formalin-�xed, para�n-embedded (FFPE) samples were used to produce 5-mm-thick slides. The pathologist evaluated
the hematoxylin and eosin (HE) slides of each specimen and ensured that the tumor content was more than 20%. DNA from
FFPE tumor tissues and matched blood was obtained by using QIAamp DNA FFPE Tissue Kit and QIAamp DNA Blood Midi Kit
(Qiagen, Hilden, Germany), respectively. Agarose gel electrophoresis was used to examine the quality and integrity of the DNA.

Genomic DNA was prepared for paired-end library construction using a QIAamp DNA FFPE Tissue Kit and QIAamp DNA Blood
Midi Kit (Qiagen, Hilden, Germany). The libraries were captured by using the NGS-based WES of OrigiMed (Shanghai, China).
Targeted genomic regions were sequenced with an Illumina NovaSeq 6000.
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Genomic alteration detection

Genomic alterations were identi�ed as follows. Single nucleotide variations (SNVs) were identi�ed by MuTect
(v1.7). Indels were identi�ed by using PINDEL (V0.2.5). The functional impact of genomic alterations was annotated by
SnpEff3.0. CNV regions were identi�ed by Control-FREEC (v9.7) with the following parameters: window = 50000 and step =
10000. Gene fusions were detected through an in-house-developed pipeline. Gene rearrangements were assessed by Integrative
Genomics Viewer (IGV).

The CNV region was further analyzed by the Genomic Identi�cation of Signi�cant Targets in Cancer (GISTIC2.0) algorithm [19].
GISTIC2.0 assigned a G-score to each aberration, which was de�ned based on the amplitude and frequency of its occurrence
across samples. Then, the q-value of aberrant regions was calculated, and the region with q-value < 0.25 was signi�cant. –
Log10 (q-value) ≥ 0.6 and ≤ –0.6 were assigned as the thresholds for ampli�cation and deletion [20].

Tumor mutation burden

The TMB, de�ned as the total number of somatic/acquired mutations per coding area of a tumor genome (Mut/Mb), has
emerged as a potential predictive biomarker of response to immune checkpoint inhibitors. It was calculated by counting the
coding somatic mutations, including SNVs and indels, per megabase of the sequence examined in each patient.

Microsatellite instability

MSI is related to the functional loss of DNA mismatch repair de�ciency (dMMR), manifesting as the length change of simple
repeat sequences (microsatellites) resulting from base insertion or deletion. Per-sample microsatellite length distributions and
MSI were called using MANTIS [21] with the recommended whole-exome settings and parameters (mrq = 25, mlq = 30, mlc =
30, mrr = 5).

Neoantigens

Neoantigens are tumor-speci�c antigens that arise due to somatic mutations in the DNA of tumor cells. We utilized
NetMHCpan v4.0 to estimate neoantigens, in which the binding a�nity of the mutant peptides was higher than that of the
corresponding wild-type peptide, with a predicted binding strength less than 500 nmol/L.

Phylogenetic tree and tumor phylogenetics analysis

All SNVs were applied to shape phylogenetic trees by the lineage inference for cancer heterogeneity and evolution (LICHeE)
method [22], which makes use of the somatic SNV patterns of samples and their variant allele frequencies (VAFs) as lineage
markers to build the tree. “Root mutation” was de�ned as a mutation located on the trunk of the phylogenetic tree for each
patient.

Mutational signature analysis

Somatic SNVs were divided into 96 trinucleotides (mutated base plus its sequence context) by 16 possible �anking nucleotide
contexts. With the 30 published COSMIC mutation signatures [23] as a reference, we used deconstrucSigs (version 1.8.0) to
obtain the signature probability matrix. The result was visualized in ggplot2 (version 3.3.2)

Subclonal evolution analysis

According to reference counts, variant counts, copy numbers, and VAF of each somatic mutation, we used PyClone to infer
putative clonal clusters and estimate their cellular prevalence [24]. The results were applied for evolution analysis of subclones
with CITUP (Conality Inference in Tumors Using Phylogeny) [25] and visualized by Timescpe (version 1.10).

Multiplex Immunohistochemistry 
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To investigate the immunologic landscape within GC, 6 full-face FFPE patient samples were randomly selected from group A (3
patients) and group B (3 patients) (Supplementary Table 1; see Methods section). H&E-stained tissue sections
were respectively reviewed by two senior pathologists (S.D.H. and S.K.K.) to identify the tumor core (C, major body of the tumor
mass), edge (E), margin (M), and nontumor normal (N), which we refer to regions of interest (ROIs). These represent
tumor positions relative to surrounding tissue (Fig. 1a; see Methods). The serially sectioned tissue was stained with the m-IHC
panel (Fig. 1b and c). A total of 1800 high-power �elds (C: 52%, E: 13%, M: 21%, N: 14%) were imaged across all patient ROIs. A
supervised image analysis system (QuPath) was used to obtain cell phenotyping data based on the pattern of marker
expression (Fig. 4a-d).

m-IHC was achieved with a PANO 7-plex IHC kit (cat 10004100100; Panovue, Beijing, China). FFPE sections of samples were
dewaxed and rehydrated. For the �rst and subsequent rounds, antigen retrieval was performed in EDTA (pH 9.0) buffer using a
microwave (100–150 mW, 10 min). The slides were cooled to room temperature (RT), washed with TBST/0.1% Tween (3 times,
5 min) and incubated with H2O2 (3%) for 10 min. The slides were washed and blocked with blocking buffer for 10 min. Three
panels were used to perform m-IHC. For panel 1, the primary antibody CD68 was incubated at RT for 30 min. The slides were
washed, and the secondary antibody polymer anti-mouse/rabbit IgG was incubated at RT for 10 min. TSA dye (1:100) was
applied for 10 min after washing. This was repeated three more times using antibodies against CD163, CD206 and interferon
regulatory factor 8 (IRF8). A similar technological process was carried out for panel 2, which was composed of CD3, CD8,
CD20, CD56 and PD-L1 (for observing TLSs), and for panel 3, which was composed of CD4, CD47 and B7-H3. Nuclei were
stained with DAPI, and slides were mounted with medium.

Statistical analysis

Statistical analyses were performed using R software. The median and quartiles were used to describe demographic data and
clinical outcomes.. T test was used to evaluate differences in normally distributed data, while Mann–Whitney U (Wilcoxon) test
was used to assess differences in non-normally distributed data. The chi-square test was employed to evaluate differences in
enumeration data. Overall survival and progression-free survival were estimated by Kaplan–Meier analysis. Differences were
signi�cant at p < 0.05.

Results
Our cohort consisted of 12/38 patients with high-grade OS (31.6%) with initial bone metastasis (group A) and 26/38 (68.4%)
with initial pulmonary metastasis (group B), of whom 15/38 (39.5%) had paired samples of primary lesions and metastatic
lesions (Table 1 and Supplementary Table 1 and Fig. 1a-c). For our discovery set, WES was at a median depth of ∽591×
(range, 268∽1239) using paired constitutional DNA from peripheral blood (Supplementary Table 2). Five of 15 (33.3%) paired
tumor samples were derived from pretherapeutic biopsies. In other words, these samples presented the initial characteristics of
their tumor status. We �rst assessed genomic complexity within this cohort along with clinical progression in these cases.
These data were then partly integrated with transcriptome and immunostaining results to characterize the genomic landscape
of our OS cohort.

Table 1. Clinical demographics of the 38 metastatic osteosarcomas.
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Characteristic Group A Group B Statistical method p value

n (%) 12 (31.6) 26 (68.4)    

Age at diagnosis (in years)     T test 0.060

Range 6-61 6-57    

Median (Q1, Q3) 19.5 (13.25, 38.75) 14 (11, 17.5)    

Gender, n (%)     Chi-square 1.000

Male 9 (23.7) 20 (52.6)    

Female 3 (7.9) 6 (15.8)    

Paired primary osteosarcoma, n (%)     Chi-square 0.033

Yes 8 (21.1) 7 (18.4)    

No 4 (10.5) 19 (50.0)    

Primary sample site, n (%)     Chi-square 0.280

Femur 8 (21.1) 16 (42.1)    

Humerus 0 (0.0) 3 (7.9)    

Tibia 2 (5.3) 6 (15.8)    

Pelvis 1 (2.6) 1 (2.6)    

Spine 1 (2.6) 0 (0.0)    

Metastatic sample site, n (%)     Chi-square 0.000*

Femur 2 (5.3) 3 (7.9)    

Fibula 2 (5.3) 1 (2.6)    

Tibia 0 (0.0) 2 (5.3)    

Pelvis 4 (10.5) 0 (0.0)    

Rib 1 (2.6) 0 (0.0)    

Sacrum 1 (2.6) 0 (0.0)    

Spine 2 (5.3) 1 (2.6)    

Lung 0 (0.0) 19 (50.0)    

Genomic type, n (%)     Chi-square 0.0180a

SNV 10 (26.3) 11 (28.9)    

SV or mixed 2 (5.3) 15 (39.5)    

TMB     Wilcoxon 0.010*

Range 1.1-32.9 0-14.2    

Median (Q1, Q3) 4.85 (2.75, 11.98) 2.4 (1.38, 4.45)    

MSI status, n (%)     Chi-square 0.316

MSS 11 (29.0) 26 (68.4)    

MSI-H 1 (2.6) 0 (0.0)    
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Neoantigen     Wilcoxon 0.002*

Range 57-2084 0-1539    

Median (Q1, Q3) 743 (316.5, 1034.5) 128.5 (49, 200.5)    

HED status, n (%)     Chi-square 1.000

Low 10 (26.3) 22 (57.9)    

High 2 (5.3) 4 (10.5)    

Adjuvant therapy, n (%)        

First-line treatment 11 (29.0) 25 (65.8) Chi-square 0.538

Second-line treatment 9 (23.7) 22 (57.9) Chi-square 0.656

Third-line treatment 5 (13.2) 10 (26.3) Chi-square 1.000

Fourth-line treatment 2 (5.3) 5 (13.2) Chi-square 1.000

Vital status, n (%)     Chi-square 0.108

Alive 7 (18.4) 22 (57.9)    

Dead 5 (13.2) 4 (10.5)    

PFS (mo)     T test 0.596

Range 0-48.23 2.23-34.43    

Median (Q1, Q3) 12.4 (7.45, 21.22) 13.95 (8.00, 19.75)    

OS or follow-up time (mo)     T test 0.856

Range 7-59 9-54    

Median (Q1, Q3) 23.5 (15.25, 46.5) 27 (16.75, 38.25)    

Abbreviations: SNV, single nucleotide variation; Amp, ampli�cation; Fus, fusion; TMB, tumor mutation burden; MSI,
microsatellite instability; MSS, microsatellite stability; MSI-H, microsatellite instability-high; PFS, progression free survival; Mo,
month; OS, overall survival.

HED, human leukocyte antigen-I evolutionary divergence. HED score> 7.887, de�ned as HED high; HED score ≤ 7.887, de�ned
as HED low.

[Insert Table 1 here]

Clinicopathologic characteristics and genomic landscape

The clinical demographics of the 38 high-grade OS patients are summarized in Table 1. The clinical, pathologic, and
predominant genomic landscape characteristics of all OSs with DNA sequencing are shown in Fig. 1a. The median age at
diagnosis was 19.5 years for group A (Q1, Q3, 13.3, 38.8) and 14.0 years for group B (Q1, Q3, 11.0, 17.5). Males comprised the
majority of the studied population, with 75.0% and 77.0% in both groups, respectively. For most of our patients, the primary
lesions were located in the femur: 66.7% in group A and 61.5% in group B. For resected and metastatic samples, 4/12 (33.3%)
were located in the pelvis, 2/12 (16.7%) in the femur, �bula and spine separately and 1/12 (8.3%) in the rib and sacrum in
group A. When those patients developed pulmonary metastasis, it was usually multiple and scattered, such that the possibility
for metastasectomy was low. In group B, although 19/26 (73.1%) were pulmonary lesions, 3/26 (11.5%), 2/26 (7.7%), 1/26
(3.8%) were later-developed femoral, tibial, �bular and spinal lesions respectively. Regarding the last-collected samples, 91.6%
in group A showed progression upon �rst-line chemotherapy and 75.0% upon second-line systemic therapy; for group B, 96.2%
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progressed on �rst-line therapy and 84.6% on second-line therapy (detailed information in Table 1 and Supplementary Table 1).
Therefore, subsequent WES data analyses were performed on 58 OS samples from 38 patients. With a median follow-up time
of 26.0 months (Q1, Q3, 16.8, 39.0), 7/12 (58.3%) in group A were alive with disease while 22/26 (84.6%) in group B were alive.
We did not �nd any obvious signi�cant difference in progression-free survival (p=0.33) or overall survival (p=0.06)
(Supplementary Fig. 1).

We de�ned driver mutations in established cancer genes, which mainly include SNVs and SVs, to describe the genomic
landscape for the whole population. It is interesting that our cohorts seemed to show diverse biological behaviors based on the
main genomic manifestations. Our population contained more point mutations other than historical high-risk OS genetic
sequencings published [17, 18, 26, 27]. Consequently, we adopted a novel strategy to re-subclassify our tumors, restricting our
focus to high-con�dence variants (see Methods). A large portion of the group A were of the SNV type. Group B showed similar
manifestation as reported for high-risk OS, involving genomic ampli�cations as well as fusions or mixed type (which we called
the SV type), with few recurrent point mutations (Fig. 1d).

Somatic alterations detected by our methods in the 38 metastatic patients are shown in Fig. 1a and listed in Supplementary
Table 2. Among genes commonly mutated, TP53 and MYC were identi�ed in 22/58 and 14/58 patients respectively (57.9% and
36.8%; Fig. 1a; Supplementary Table 2). However, for this cohort of OS patients, we did not speci�cally design our panel
to identify TP53 intron 1 rearrangements, as has recently been reported in OS [17], and more TP53 mutation might be missing
due to the WES approach. We also identi�ed alterations in MUC16 (17 mutations in 11 patients, 25.9%), NCOR1 (2 mutations in
9 patients, 23.7%), RAD21 (2 mutations in 9 patients, 23.7%), PTK2 (1 mutations in 8 patients, 21.1%), CDK4 (1 mutations in 7
patients, 18.4%), GLI1(2 mutations in 7 patients, 18.4%) and IGF1R (1 mutations in 7 patients, 18.4%) (Supplementary Table 2).
Rb1 loss was only observed in 13.8% (8/58) of samples. Nevertheless, we noticed that for WES, only 14% (4399/31364) of the
genomic alterations are reported mutations, whereas 86% (26965/31364) are not reported in the literatures (Fig. 1b); it is
unclear whether these alterations in�uence the occurrence and evolution of OS.

Approximately 89.7% (52/58) of samples had CNAs and structural rearrangements. With respect to the former (Fig. 1a and
Supplementary Table 2), ampli�cations at NCOR1 (n=13/58 samples; 22.4%), RAD21 (n=12/58 samples; 20.7%), CDK4
(n=10/58 samples; 17.2%) and MYC (n=19/58 samples; 32.8%) were the most frequent CNAs. Furthermore, PIK3CG mutation
was mutually exclusive of RB1 alteration; overall, this pathway was altered in approximately 67.2% (39/58) of OS samples.
Other less common regions of recurrent ampli�cation are provided in Fig. 1a and Supplementary Table 2. We did not observe
MDM2 ampli�cation, as expected [26].

The burden of coding indels and substitutions across the 58 tumor samples varied from 2 to 1482 mutations per tumor
(median 84; Supplementary Table 2). The highest coding mutation burden (32.9 mut/Mb) was observed in patient WJY, who
initially presented with bone metastasis with a time interval from diagnosis to metastasis longer than 24 months and whose
tumor exhibited MSI.

Diverse genomic characterization between osteosarcoma initially metastatic to bones and to lungs

We showed the mutation pro�les between group A and group B in Fig. 2a. Surprisingly, group A mainly exhibited gene
substitutions and short indels (green mark); group B mainly presented with gene ampli�cations, deletions and rearrangements
(red mark). To describe this phenomenon more precisely, we reclassi�ed our population into two genomic
types: SNVs, accounting for more than 40% of all genomic alterations, which included gene substitutions and short indels; SVs,
accounting for more than 40% of all genomic alterations, which included ampli�cations, homozygous deletions and
breakpoints that disrupt genes or generate gene fusions. For those with both SNVs and SVs of more than 40%, we classi�ed
them as the mixed type. In fact, a large portion of our population had the mixed type (17/38, 44.7%) (Fig. 1c). Thus, to highlight
patients with distinct genomic manifestations from group A, we further integrated the mixed type into the SV type. We
compared all these patients’ genomic changes (see Table 2). Based on chi-square analysis, we observed obverse statistical
disequilibrium for the differences between two groups (p=0.018), which suggests that the biological behavior from the
perspective of genomic manifestations was distinct for these two groups of population. It should be noted that we further
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compared the TMB, neoantigen, MSI and HED status between the two groups. However, due to small sample sizes, we only
observed diverse differences in TMB (p=0.01) and neoantigen status (p=0.0028) respectively (Fig. 2c and d).

Table 2. The difference of osteosarcoma patients’ genomic alterations between group A and group B.

 
 

Group A Group B Statistical method p value

n (%) 12 (31.6) 26 (68.4)  
 

 
 

Genomic type, n (%)  
 

 
 

Chi-square 0.0180a

SNV 10 (26.3) 11 (28.9)  
 

 
 

SV or mixed 2 (5.3) 15 (39.5)  
 

 
 

TMB  
 

 
 

Wilcoxon 0.0100a

Range 1.1-32.9 0-14.2  
 

 
 

Median (Q1, Q3) 4.85 (2.75, 11.98) 2.4 (1.38, 4.45)  
 

 
 

Neoantigen  
 

 
 

Wilcoxon 0.0028a

Range 57-2084 0-1539  
 

 
 

Median (Q1, Q3) 743 (316.5, 1034.5) 128.5 (49, 200.5)  
 

 
 

MSI, n (%)  
 

 
 

Chi-square 0.3160

MSS 11 (29.0) 26 (68.4)  
 

 
 

MSI-H 1 (2.6) 0 (0.0)  
 

 
 

HED-status, n (%)  
 

 
 

Chi-square 1.0000

Low 10 (26.3) 22 (57.9)  
 

 
 

High 2 (5.3) 4 (10.5)  
 

 
 

Abbreviations: SNV, single nucleotide variation; SV, structural variants; Amp, ampli�cation; Fus, fusion; TMB, tumor mutation
burden; MSI, microsatellite instability; MSS, microsatellite stability; MSI-H, microsatellite instability-high.

HED human leukocyte antigen-I evolutionary divergence. HED score> 7.887, de�ned as HED high; HED score ≤ 7.887, de�ned
as HED low.

The copy number variation region was further analyzed, and we found that CNV ampli�cations and deletions were more
frequent in group B than in group A (Fig. 2b). The most common ampli�ed regions involved 17p11.2, 5p15.2, 9q22.32, 1q21.2,
2q11.1, 8q24.21, 19q12, 9p24.1, 2q11.2, and 15q26.3, including the common driver genes MYC, CCNE1, JAK2, and IGF1R. In
addition, 16p13.3, 22q13.33, 17p13.1, 17q25.3, 10q26.3, 19p13.11, 16q24.3, 8p21.3, 9q33.3, and 11p15.5 were the most
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common regions with copy number loss. The regions with increased copy number only included the driver genes of PTK2,
JAK2, and CDK4 in group A.

The mutation burden of OS was similar reported as pancancer analysis [28]. However, the median TMB was 4.85 (Q1, Q3, 2.75,
11.98) and 2.4 (Q1, Q3, 1.38, 4.45) for group A and group B, respectively (Fig. 2c). Tumor neoantigen status can re�ect
immunogenicity, though the emergence of neoantigens was less than that in melanoma, and the median amount of
neoantigen in group A was almost six times more than that in group B, at 743 (316.5, 1034.5) versus 128.5 (49, 200.5)
(p=0.0028) (Fig. 2d). We compared all mutations in cell signaling pathway between the two groups and found differences, with
most of the genes participating in the DDR pathway (p=0.03), and Notch pathway (p=0.03), with no difference in the cell cycle,
TP53, IGF-beta, MYC, HIPPO, RTK or RAS pathways (Fig. 2e).

We analyzed the gene signature pro�les of all 38 patients based on the literature for renal cell carcinoma or non-small cell lung
cancer. However, mutation spectra revealed signi�cant differences for signature 1 between the groups, mainly referring to age
(Supplementary Fig. 2). Thus, we further compared the age distribution between these groups of patients with the Mann–
Whitney U test but did not observe any signi�cant difference, with a p value of 0.06 (Supplementary Fig. 3).

For SNVs, 65.8% (25/38) were nonsynonymous mutations, which might partly correlate with the higher expression of
neoantigens in group A (Fig. 1b). In four of these SNV-type cases, the paired metastatic lesions were of the SV type. The
number of SNVs called with high con�dence ranged from 7 to 1482 (median, 150) per exome. Of these, a median of 30 SNV
changes (range 4–272) within protein-coding regions potentially result in a functional product. For SV, 44.7% (17/38) were
mixed mutations, including ampli�cations, fusions and long indels; only 1 sample carried a TP53 gene rearrangement, and 14
other rearrangements involved TP53, RB1, NTRK3, LRP1B and other genes in 9 samples. Regarding somatic CNAs, 248
ampli�cation events in 22 samples with a median copy number of 7 (range 3~77) were detected. There were 20 events in 10
samples of gene deletion, including 15 gene deletions and 5 partial deletions in a genomic region of 7236~196391 bp.

High conservation of reported genetic sequencing over time in most osteosarcomas

For the 15 patients with paired primary and metastatic samples, we performed tumor phylogenetics to identify the basis of
metastasis. Of the 15 patients, 8/15 (53.3%) were in group A and 7/15 (46.7%) in group B; their genomic manifestations of
non-silent mutations are depicted in Fig. 1c. Other than prominent mutation landscape diversity between group A and group B
(Fig. 3a), we did not observe any difference between primary and metastatic specimens for genomic landscapes (Fig. 1c), TMB
(Supplementary Fig. 6a), neoantigens (Supplementary Fig. 6b) or pro�ling pathways (Supplementary Fig. 6c). We observed
high conservation of reported genetic sequencing over time in both group A and group B. However, it was di�cult to precisely
de�ne whether these cases involved linear or parallel progression models [29] (Supplementary Figs. 4 and 5). Most of our
cases, regardless of group A or group B, were more similar to tumor self-seeding model, in which the primary tumor continually
emits cells to a metastasis that was in fact seeded at early stages of tumorigenesis, masking evidence of parallel progression
[29]. Phylogenetic trees inferred from genomic data may represent the evolutionary life history of individual tumors, as
discussed in the literature [29]. In the present study, the phylogenetic relationship between the regional biopsies of a given
sample was inferred from mutation data using LICHeE (Lineage Inference for Cancer Heterogeneity and Evolution) [30],
PyClone [24] and CITUP (Conality Inference in Tumors Using Phylogeny) [25]. We employed two methods to describe these
phylogenetics to identify the origin of metastasis (Supplementary Figs. 4 and 5), which exhibited multi-sample lineage trees
based on the VAF of somatic SNVs and the subclonal evolution model (mutation- and copy number-based) respectively.
Overall, 3/8 (37.5%) patients in group A had a more linear evolutionary pattern, whereas 7/7 (100%) patients in group B had a
more parallel evolutionary pattern (Supplementary Figs. 4 and 5). We utilized the root/branch ratio (dN/dS ratio) for calculation
[31] and found that groups A and B were not statistical different (p=0.46). 

Treatment-induced ampli�cations

In this subset of the population, 3 patients (WS, HXD and WJY) in group A had treatment-naive primary and paired metastatic
samples. For these three patients, two of their metastatic samples (WS and HXD) were resected after �rst-line chemotherapy
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according to our protocols [32]. The other patient, who was also the only patient (WJY) with a high TMB >30 mut/Mb, did not
receive any systemic treatment other than resection during the whole disease process. In addition, the primary samples of two
patients in group B (LZZ and SQZP) were treatment naive and derived from open incision biopsy before
chemotherapy. However, these two cases both progressed so rapidly during treatment that the metastatic lesions had both
progressed on �rst-line chemotherapy at the time of resection. Based on their genomic landscapes (Fig. 1c and Supplementary
Figs. 4 and 5), we noticed that more genomic ampli�cations appeared after systemic treatment. For WS, bone metastatic
lesions newly presented with 4 gene ampli�cations (ADGRA2, FGFR1, NSD3, POLB); for HXD, samples after treatment newly
presented with PTK2 ampli�cation, which did not occur in WJY, who did receive any systemic treatment for she was older than
40 years with relatively indolent disease process. For LZZ and SQZP, genomic ampli�cations were the major genomic
alterations. Samples after systemic treatment showed a tendency toward a decline in SNVs. For the other paired samples, the
primary lesions were resected after neoadjuvant chemotherapy; thus, we could not determine the in�uence of chemotherapy. It
is suspected that systemic treatment, especially chemotherapy for OS, might contribute to genomic ampli�cations, which
further might be the epitome of chromothripsis during tumor evolution.

We also compared their phylogenetic trees as well as clonal prevalence before and after chemotherapy (Supplementary Figs. 4
and 5) and did not �nd any relationship between evolutionary patterns and prognosis. 

A distinctive immune ecosystem in osteosarcoma with initially bone metastasis based on multiplex immunohistochemistry

TLSs (tertiary lymphoid structures) are an important biomarker for identifying selected soft tissue sarcomas that might show a
response to ICIs. On the basis of our patients’ genomic pro�les, we next assessed tumor samples histologically to gain insight
into the density and distribution of B cells as well as their relationship to other checkpoint molecules. Surprisingly, according to
m-IHC of 3 randomly selected patient samples from group A, one (HXD) showed TLSs at the edges and margins of the tumor
(shown in Fig. 3a2); 3 from group B lacked TLSs or CD3+CD8+ T cells (Fig. 3b2). It is also interesting that all patients in the
vacant district of PD-L1 (programmed cell death ligand 1) expression usually showed high intensity and strongly positive
expression of B7-H3 (Fig. 3a3, b3 and c1, p=0.0043). However, the patient (HXD) with multiple TLS districts of an immunogenic
state exhibited poor staining of B7-H3 (Fig. 3a3), the mechanism of which should be further investigated. Notably, architectural
analysis showed that CD20+ B cells were localized in TLSs and colocalized with CD4+, CD8+ and CD56+ T cells. Findings
between gene expression pro�lings and immunohistochemistry analysis were complementary and showed modest correlation,
which suggested that group A patients seemed to be in a more immunogenic state than group B. We later tried a single anti-
PD-1 antibody (camrelizumab, Jiangsu HengRui Medicine Co., 200 mg ivgtt. Q2W) for another patient in our clinical practice in
a multiple bone metastatic state but without any pulmonary metastasis after 4 lines of systemic treatment. Surprisingly, after
just 4 infusions, a PET/CT scan showed an obvious a partial metabolic response (PMR) by PET Response Criteria in Solid
Tumors (PERCIST) [33] (detailed case report in Supplementary Data 6 and Supplementary Fig. 7). Longer follow-up is needed
to con�rm the duration of the response and overall survival.

Tumor-associated macrophages (TAMs), one of the most abundant immune components in OS, are di�cult to characterize
due to their heterogeneity. Although multiple approaches have been used, the spatial distribution of TAMs in situ remains
unclear. Thus, to examine the TAM distribution within the microenvironment, we analyzed the spatial density of the
populations characterized above within different ROIs. The individual TAMs for all patients were then plotted based on the
intensity of CD68, CD163, and CD206 (Fig. 4d and e), providing evidence of a spectrum of macrophage populations. The
average intensity of each marker was determined on a per-patient basis, con�rming that these populations are represented
within each individual patient sample and ROI. An increase in overall macrophage density was observed within tumor regions
(edge and margin, but not core, detailed in Supplementary Table 3) compared with adjacent normal tissue (Supplementary Fig.
8a, p=0.056). 

Discussion
The �rst site of metastasis in OS patients is usually the lung. Skeletal metastasis has rarely been described as having distinct
biological and clinical behaviors and with diverse outcomes [10, 12, 15]. We conducted a comprehensive genomic and immune
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characterization of primary and paired-metastatic OS specimens to determine the molecular bases for OS �rst metastasizing
to bone alone. Furthermore, to compare differences, we conducted WES for 26
contemporary patient samples �rstly metastasizing to the lung in the same institution, of which 7 patients had
paired samples of primary lesions as well as metastatic lesions. To our knowledge, this might be the largest sample with
paired specimens to demonstrate the genomic landscape and potential evolving cladograms over time for this special
group (referred to as group A in our study, Table 3). We observed diverse differences in genomic manifestations for these two
groups of population. First and most importantly, enrichment of SNVs in bone metastatic patients and focal clustered SVs
obviously occurred in those with pulmonary metastasis, suggesting that oncogenesis may be more driven by catastrophic
chromothripsis events in OS patients with lung metastasis. Second, our set of 15 primary and metastatic matched OS samples
showed high conservation of reported genetic sequencing pro�lings; thus, although OS shows signi�cant genomic complexity
with SVs and genomic instability, many of the genomic events are early events that remain stable over time. Third, high-
intensity chemotherapy might induce a small subset of OSs to evolve toward CNAs, whereas fewer recurrent SNVs are found,
resulting in di�culty for targeted therapy. Fourth, OS �rstly metastasizing to bone might initially bene�t from
immunotherapy because it tends to have more non-reported point mutations and its TME manifests as a more in�amed
immune state. We then tried ICIs alone bravely in one of these patients and obtained an immunological response within 12
weeks (Supplementary Fig. 7).

Table 3. List of recent progress made in next-generation sequencing (NGS) of osteosarcoma.
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Year First
author

Organization Patient
number
(N)

Sequencing
methodsa

Main results

2013 Sharon
A.
Savage

National
Cancer
Institute of
USA

941 multi-stage
genome-
wide
association
study
(GWAS)

Two susceptibility loci warrant further exploration to
uncover the biological mechanisms underlying
susceptibility to osteosarcoma.

2014 Daniela
Egas-
Bejar 

MD Anderson
Cancer Center

20 182-gene
next-
generation
exome
sequencing
(Foundation
Medicine,
Boston,
MA)

The biology of aggressive and the metastatic
phenotype osteosarcoma at the molecular level is
similar to human �ngerprints, in that no two tumors are
identical.

2014 Xiang
Chen

St. Jude
Children’s
Research
Hospital

20 WGS Recurrent Somatic Structural Variations Contribute to
Tumorigenesis in Pediatric Osteosarcoma.

2014 Chaoyin
Jiang

Shanghai
Jiao Tong
University
A�liated
Sixth People’s
Hospital

168 GWAS GRM4 gene polymorphism is associated with
susceptibility and prognosis of osteosarcoma in a
Chinese Han population.

2014 Jennifer
A. Perry

Dana–
Farber/Boston
Children’s
Cancer

59 WES, WGS
and RNA-
seq

Complementary genomic approaches highlight the
PI3K/mTOR pathway as a common vulnerability in
osteosarcoma.

2015 Lisa
Mirabello

National
Cancer
Institute of
USA

935 GWAS Variants in NFIB associated with metastasis in patients
with osteosarcoma.

2015 Michal
Kovac

University
Hospital
Basel,
Switzerland

31 WES Multiple oncogenic pathways drive chromosomal
instability during osteosarcoma evolution and result in
the acquisition of BRCA-like traits, which could be
therapeutically exploited.

2016 M.
Bousquet

Cancer
Research
Center of
Toulouse,
France

7 WES Bone oncogenesis driven by TP53 or RB1 mutations
occurs on a background of relative genetic stability and
that the dedifferentiated OS subtype represents a
clinico-pathological entity with distinct oncogenic
mechanisms and thus requires different therapeutic
management.

2017 Roelof
Koster

National
Cancer
Institute of
USA

632 GWAS Genome-wide association study identi�es the
GLDC/IL33 locus associated with survival of
osteosarcoma patients.

2017 Sam
Behjati

Cancer
Genome
Project, UK

112 WGS, WES,
RNA-seq

Recurrent mutation of IGF signalling genes and distinct
patterns of genomic rearrangement in osteosarcoma. It
may represent an age-independent mutational
mechanism that contributes to the development of
osteosarcoma in children and adults alike.

2018 Leanne
C. Sayles

University of
California

23 WGS Using patient-derived tumor xenografts, we found a
high degree of response for “genome-matched”
therapies, demonstrating the utility of a targeted
genome-informed approach.
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2018 Huaiyuan
Xu

the First
A�liated
Hospital of
Sun Yat-Sen
University

13 WES Loss of TP53 or RB1 is among the early events during
OS tumorigenesis, while loss of PTEN is involved at the
later stages associated with lung metastases. Finally,
KEAP1 was identi�ed as a novel biomarker for
increased metastatic risk.

2019 Yoshiyuki
Suehara

Memorial
Sloan
Kettering
Cancer Center

66 MSK-
IMPACT
(Integrated
Mutation
Pro�ling of
Actionable
Cancer
Targets)
panel assay

Potentially clinically actionable alterations were found
in approximately 21% of patients with osteosarcoma.
At least 40% of patients have tumors
harboring PDGFRA or VEGFA ampli�cation. A new
genomically based algorithm was proposed for
directing patients with osteosarcoma to clinical trial
options.

2020 Yan Zhou Shanghai
Jiao Tong
University
A�liated
Sixth People’s
Hospital

11 scRNA-seq Proin�ammatory FABP4+ macrophages in�ltration is
noticed in lung metastatic osteosarcoma lesions.
Lower osteoclasts in�ltration is observed in
chondroblastic, recurrent and lung metastatic
osteosarcoma lesions compared to primary
osteoblastic osteosarcoma lesions. Importantly, TIGIT
blockade enhances the cytotoxicity effects of the
primary CD3+ T cells with high proportion of TIGIT+
cells against osteosarcoma.

2020 Chia-Chin
Wu

MD Anderson
Cancer Center

48 WGS, RNA-
seq and T-
cell receptor
sequencing

Neoantigen expression in OS was lacking and
signi�cantly associated with high levels of nonsense-
mediated decay (NMD). Samples with low immune
in�ltrate had higher number of deleted genes while
those with high immune in�ltrate expressed higher
levels of adaptive resistance pathways. PARP2
expression levels were signi�cantly negatively
associated with the immune in�ltrate.

2021 Lu Xie
and
Zhenyu
Cai
(present
study)

Peking
University
People’s
Hospital

38 (15
patients
with
paired
samples)

WES Osteosarcoma initially metastasizing to bone mainly
showed non-synonymous single-nucleotide variants,
while those �rstly relapsed with pulmonary metastasis
mainly had structural variants.

aIncluding whole-genome sequencing (WGS), whole-exome sequencing (WES), panel-based sequencing, total
RNA/transcriptomic sequencing (RNA-seq), single cell RNA-seq (scRNA-seq), and proteomic sequencing

[Insert Table 3 here]

For the 12 patients in group A, only one female 61-year-old patient (WJY) had a time interval from diagnosis to bone
metastasis longer than 24 months; according to the description of Bacci et al. [10] and Aung et al. [15], this patient should
have a similar or even better prognosis than those with �rst metastasis to the lung. Interestingly, only this patient had TMB >30
mut/Mb with MSI-H (Supplementary Table 2), suggesting that immunotherapy might be effective. Nevertheless, this patient did
not show high expression of PD-L1 or TLSs but only a high level of B7-H3; at the last follow-up, she was disease free after
resection of the metastatic lesion. Thus, we have not been implemented any systemic therapy yet.

OS is characterized by complex genome instability and a high level of genetic heterogeneity [16]. OS is also characterized by
speci�c alterations in tumor suppressors and oncogenes, including p53, Rb, CDK4, MDM2, and MYC [34, 35]. The majority of
the resulting genetic alterations are associated with copy number changes and genome rearrangement [16, 17, 36, 37] (Table
3). Whether the observed SVs are truly targetable vulnerabilities remains to be fully explored [17], and clinically, it is almost
certain that combination approaches need to be developed, as single agents are unlikely to lead to signi�cant tumor
regression. For many decades, treatment for OS has strongly focused on the development of cytotoxic and cytostatic drugs,
frequently leading to disappointing results due to inter- or intratumoral heterogeneity [38]. The development of immunotherapy
has revolutionized the status quo for inducing durable responses and improving OS [38]. However, in recent trials of immune
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checkpoint inhibitors (ICIs), only a limited number of OS patients have derived meaningful clinical bene�ts, without a statistical
advantage for the whole population [39-43]. Selecting patients who may bene�t from immunotherapies has become an urgent
question that needs to be addressed. According to our study, those OS with initial bone metastasis alone might bene�t from
immunotherapy.

Several studies have shown that the nonsynonymous point mutation burden is one of the most reliable predictive biomarkers
associated with responsiveness to ICIs in both melanoma and lung cancer [44-46]. Recently, Turajlic et al. [47] investigated
whether the frameshift nature of indel mutations can create novel open reading frames and a large quantity of neoantigens,
which might contribute to the immunogenic response. To further investigate the immune landscape and immunogenomic
interplay for this group of populations, we used a m-IHC panel consisting of surface and intracellular designed markers, which
indicated greater immunogenicity in our patient with bone metastasis. Thus, we hypothesize that for OS with initial skeletal
metastasis, immunotherapy such as ICIs or combination therapy with ICIs might be a good option. We then further used anti-
PD-1 therapy for one heavily treated advanced case with bone metastasis alone, and this patient achieved a partial response
within 12 weeks, which needs to be con�rmed with longer follow-up.

However, our methods involved WES for only selected cases including fresh specimens directly after surgical resection, as
detected by RNA-seq. Wu et al. [27] found that unexpressed mutations tend to occur in genes that have low expression or with
low VAFs. In addition, a highly mutated and rearranged OS genome may not generate su�cient neoantigens to elicit an
immune response [27]. Thus, our WES only analysis might miss abundant genetic information for these patients. Biomarkers
as well as appropriate immunotherapeutic strategies should be further veri�ed in well-designed clinical trials.

OS �rst metastasizing to bone tended to show genetic pro�ling with nonsynonymous SNVs with higher TMB and
more TLS expression, with obvious differences compared to OS �rst metastasizing to the lung. Although we sought to validate
our assumption by larger sample sizes, the clinical information was not as meticulous and complete in The Cancer Genome
Atlas (TCGA) and the Therapeutically Applicable Research To Generate Effective Treatments (TARGET) database with only
scarce cases without statistical comparison (Supplementary Tables 4 and 5). Nevertheless, between our two groups of
patients, we noticed that gene signature 1 had distinct expression, with a p value of 0.004, which indicated that the age
distribution might confound the outcome. We further listed all these patients’ ages and compared their distribution
between the two groups in an independent-sample t test and did not �nd a signi�cant difference (p=0.06) (Supplementary Fig.
3). Several other studies [16, 48, 49] have revealed distinct molecular characteristics for pediatric and adult OSs with small
sample sizes, however in actual fact this speculation has not been veri�ed by direct evidence.

Several limitations in the current study should be acknowledged. First, most specimens were collected retrospectively from
formalin-�xed para�n-embedded slices; thus, we performed only WES without RNA-seq to investigate the process of tumor
immune microenvironment evolution and to verify the WES results. Second, for primary lesions, only 33.3% (5/15) of the
specimens were treatment-naïve; all the other specimens underwent combined chemotherapy before surgery following the
PKUPH-02 protocol [50]. Thus, the in�uence of neoadjuvant chemotherapy on the gene expression could not be determined.
However, these results might re�ect the real status of OS encountered in clinical practice, and from our study, high conservation
of reported genetic pro�ling was observed over time. This in�uence might not be as dominatingly controversial regarding
outcome. Third, the sample size was relatively small; we attempted to test our hypothesis using data in public databases, but
only scarce cases with clinical courses could be found. We could not collect a larger sample size with genetic materials.
Therefore, we could not con�rm the interpretation of our results. Fourth, we detected signi�cant heterogeneity between the
patients, and an independent comparison with more samples may help to further validate the results and to eliminate any
possible bias due to heterogeneity. Finally, a set of markers was identi�ed in this study, implying that immunotherapy might be
effective for this special group, though we have not yet veri�ed it in more patients in the form of clinical trials, which further
need to be intelligently designed to con�rm our hypothesis.

Conclusions
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OS initially metastasizing to bone mainly showed more SNVs, whereas those �rst metastasizing to the lung mainly had SVs. In
addition, OS initially metastasizing to bone showed better immunogenicity, including a higher TMB and higher neoantigen
load, compared to those �rst metastasizing to the lung. This study suggests that OS patients with initial genetic landscapes of
mainly SNVs should be paid more attention on monitoring bone metastases; immunotherapy might be a promising therapeutic
option for this group of patients.
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Figures

Figure 1

The result of Whole Exome Sequencing (WES) in 38 metastatic osteosarcoma (OS) patients. (a) The clinical, pathologic, and
predominant genomic landscape characteristics of all OSs with DNA sequencing. (b) The report mutation and vus mutation of
38 patients with osteosarcoma. Only 14% (4399/31364) of the genomic alterations were reported mutations while 86%
(26965/31364) were not reported in any literatures. (c) Mutation landscape of paired primary and metastatic osteosarcoma.
(d) The diagram showed the tumor immune microenvironment of osteosarcoma metastasis. The karyotype of tumor cell
included single-nucleotide variation (SNV) type, structural variant (SV) type, and mixed type. A large portion of the group A were
of SNV type, while group B were mainly SV type and mixed type. Tertiary lymphoid structures (TLSs) were found at the edges
and margins of the tumor in group A, while strongly positive expression of B7-H3 was found in group B. Most of the genes
participated in the DDR pathway and Notch pathway in group A.
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Figure 2

The differences between group A and group B. (a) Mutation pro�les of group A and group B. (b) Copy-number pro�le of group
A and group B. Copy number variation (CNV) ampli�cations and deletions were more frequent in group B. (c) The barplot and
boxplot of tumor mutation burden (TMB) of group A and group B. The median TMB was 4.85 (Q1, Q3, 2.75, 11.98) for group A
while for group B, the median TMB was only 2.4 (Q1, Q3, 1.38, 4.45). (d) The barplot and boxplot of neoantigens of group A
and group B. the median amounts of neoantigen in group A was almost six times more than group B with 743 (316.5, 1034.5)
versus 128.5 (49, 200.5). (e) The pro�ling pathway of group A and group B. Diverse difference with most of the genes focused
on DDR pathway(p=0.03), Notch pathway(p=0.03), while no diverse difference were found in cell-cycle, TP53, IGF-beta,
MYCHRR, NOTCH and so on.

Figure 3

The results of multiplex immunohistochemistry (IHC). (a) Exhibiting the multiplex IHC staining of tertiary lymphoid structures
(TLS) in one of the group A patients. (b) Exhibiting the multiplex IHC staining of non-TLS tissue in one of the group B patients.
(c) The box �gure is comparing the density of B7H3 and programmed cell death ligand 1 (PDL1) positive cell in tumor tissue
between these two patients. The data of box �gure is from different regions of interest (ROI) in each patient. (d) One panel of
multiplex IHC staining and HE staining result. (e) The individual Tumor-associated macrophages (TAMs) intensity for all
patients (left) and the average intensity of each marker determined on per patient basis (right) plots.
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