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Abstract 

Background: Circulating tumour DNA (ctDNA)-based sequencing might provide a simple test for the stratified 
model of non-small cell lung cancer (NSCLC). Here, we aimed to assess the ctDNA sequencing-based tumour muta-
tion index (TMI) model for screening responders (from non-responders) among NSCLC patients who received mono-
therapy with docetaxel or atezolizumab.

Methods: We performed a retrospective analysis of the POPLAR (NCT01903993) and OAK (NCT02008227) trials. 
We identified three biomarkers, blood tumour mutation burden (bTMB), sensitive blood tumour mutation burden 
(sbTMB) and unfavourable mutation score (UMS), of the ctDNA profiles. After integrating the advantages and disad-
vantages of the three independent biomarkers, we developed the TMI model and identified NSCLC patients who may 
benefit from monotherapy with docetaxel or atezolizumab in terms of overall survival (OS).

Results: The TMI model as a stratified biomarker for docetaxel responders provided a median OS duration of 
5.55 months longer than non-responders in the OAK cohort, with a significantly decreased hazard ratio (HR). Moreo-
ver, atezolizumab responders had a 10.21-month OS advantage over atezolizumab non-responders in the OAK cohort 
via TMI stratification, and the HR was also decreased significantly. The TMI demonstrated effectiveness for stratifying 
responders in the POPLAR cohort. Importantly, we found that the TMI model could screen additional responders 
upon combining the cohorts from the POPLAR and OAK trials after adjustment.

Conclusion: In the present study, we provide a novel TMI model for screening responders (from non-responders) 
among NSCLC patients who received the 2nd-line monotherapy with docetaxel or atezolizumab. We believe that the 
biomarker TMI will potentially be effective for the clinical treatment of NSCLC in the future.
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Background
Clinical biomarkers for non-small cell lung cancer 
(NSCLC) can be used to address drug-related stratifica-
tion and have contributed greatly to improving overall 
survival (OS) benefits [1–6]. With the continuous dis-
covery of anti-cancer drugs for NSCLC, biomarkers that 
can be used for guiding clinical practice deserve further 
exploration [7, 8]. Chemotherapy plays an important 
role in the history of NSCLC treatment, and the view-
point that it is suitable for all NSCLC patients currently 
holds true [8–10]. However, the development of next-
generation sequencing (NGS) changed our viewpoint 
[11–14]. We previously found that patients harbouring 
a low blood tumour mutation burden (bTMB) received 
more OS benefits from docetaxel therapy than those 
harbouring a high bTMB [15]. In addition, for NSCLC 
patients who received immunotherapy and those with 
high levels of the biomarker-TMB harboured more 
neoantigens than those with low levels. Generally, high 
neoantigen levels contribute to inhibit the PD-L1/PD1 
signalling pathway via immune checkpoint inhibitors, 
activate T cells and kill cancer cells [16, 17]. Therefore, 
two biomarkers (TMB and PD-L1) have been proposed 
for immunotherapy stratification in the clinic [18–20]. 
However, according to later retrospective noncompre-
hensive screening studies of these two biomarkers [21], 
more optimized biomarkers should be developed for 
clinical practice.

The potential causes for the dissatisfaction for the 
present biomarkers might be attributed to various 
aspects of cancer patients. The biological characteris-
tics of NSCLC cells determine the complexity of their 
genetic variation and tumour-associated microenvi-
ronment (TAM) [17, 22]. This complexity has been 
demonstrated in clinical practice and helps explain 
why NSCLC patients with the same pathological type 
receive different OS benefits from the same therapeutic 
regimen. With the development of precision medicine, 
NSCLC patients harbouring driver gene mutations 
(such as EGFR/ROS1/ALK/KRAS) have received cor-
responding tyrosine kinase inhibitor (TKI) therapy 
[23, 24]. However, patients who do not harbour the 
above driver gene mutations receive other therapeutic 
regimens, such as chemotherapy, immunotherapy, and 
anti-angiogenic therapy [3, 6, 10, 25]. Therefore, the 
exploration of biomarkers for these therapeutic regi-
mens is an important means to promote precision ther-
apy for NSCLC in clinical practice.

Circulating tumour DNA (ctDNA)-based sequenc-
ing provides a potential platform for these therapeu-
tic regimens, and its validity has been demonstrated 
in the past 5 years [3, 11, 13, 14, 26, 27]. Nonethe-
less, the biomarker derived from ctDNA profiling for 
tumour treatment is also closely related to tumour 
heterogeneity and temporal tumour evolution [14]. 
Therefore, the ideal biomarker not only embodies the 
factors of genetic variation, the TAM, heterogeneity 
and temporal tumour evolution but also includes the 
patient’s clinical characteristics, such as sex, smoking 
history, driver gene status, pathological type, and num-
ber of metastases. Based on this hypothesis, we inte-
grated clinical characteristics and genomic profiles, 
developed a predictive model of the tumour mutation 
index (TMI), and described effective clinical stratifica-
tion in patients with advanced NSCLC who received 
anti-angiogenic therapy [3]. However, whether the 
biomarker TMI (or optimized TMI) could be used to 
guide chemotherapy and immunotherapy remained 
unclear. Therefore, in the present study, we mainly 
explored the underlying stratification validity of the 
TMI for guiding chemotherapy and immunotherapy in 
NSCLC patients.

Methods
Patients
In this study, all the sequencing data and clinical data 
were obtained from the POPLAR (NCT01903993) and 
OAK (NCT02008227) trials [10, 26, 28]. The PD-L1 sta-
tus was not analysed in the initial study of all enrolled 
NSCLC patients from the OAK trial or POPLAR trial 
(n =  1137). However, the PD-L1 status was analysed 
in the retrospective study, but only in patients from 
the OAK trial. In the POPLAR cohort, 143 patients 
received docetaxel therapy, and 144 received atezoli-
zumab therapy. In the OAK cohort (850 patients), half 
of the patients received docetaxel therapy, and the other 
half received atezolizumab therapy. According to the 
sequencing data, we first filtered the patients who did 
not pass quality control (QC), and the biomarker-eval-
uable population (BEP) did not achieve a minimum of 
800× sequence coverage. Finally, 211 NSCLC patients 
from the POPLAR trial (106 who received docetaxel 
and 105 who received atezolizumab) and 642 NSCLC 
patients from the OAK trial (318 who received doc-
etaxel and 324 who received atezolizumab) remained 
for the subsequent analysis.

Keywords: Precision therapy, Circulating tumour DNA, Tumour mutation index, Non-small cell lung cancer, Liquid 
biopsy
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Calculation of blood tumour mutation burden (bTMB) 
and sensitive blood tumour mutation burden (sbTMB)
The mutation information on circulating tumour DNA 
(ctDNA) for all blood samples was obtained in accord-
ance with a previous study [26]. The effects of individual 
somatic mutations were defined as missense, synony-
mous, splice and nonsense. Here, we counted the number 
of mutations that were classified as missense, synony-
mous, splice and nonsense for each patient, which was 
defined as bTMB. Moreover, we calculated the mutations 
that were classified as missense and splice, and defined as 
sbTMB.

Calculation of the unfavourable mutation score (UMS)
In addition to bTMB and sbTMB, we also introduced 
the UMS as another biomarker, which was calculated 
as follows. We first performed survival analysis for each 
mutated gene and found that 44 genes were associated 
with OS benefits (P-value: 0–0.3) in the patients in the 
OAK cohort who received docetaxel. According to the 
different correlations, we divided these 44 genes into 5 
levels and assigned the scores according to the P-value 
as follows: a P-value between 0 and 0.05 was scored as 5; 
a P-value between 0.05 and 0.1 was scored as 4; a P-value 
between 0.1 and 0.15 was scored as 3; a P-value between 
0.15 and 0.2 was scored as 2; and a P-value between 0.2 
and 0.3 was scored as 1. All of these genes were defined 
as unfavourable mutated genes. If one patient harboured 
multiple unfavourable mutated genes, the UMS was cal-
culated according to their P-value. Finally, survival anal-
ysis was performed using the UMS in patients from the 
OAK cohort. Similarly, we performed survival analysis 
for each mutation and found that 40 genes were associ-
ated with OS benefits in the patients in the OAK cohort 
who received atezolizumab (P-value: 0–0.3). The UMS of 
each patient who received atezolizumab was calculated 
as described above.

Cut‑off analysis
Following our previous study [3], we determined the opti-
mal cut-off for each biomarker (bTMB, sbTMB and UMS) 
using Log-rank analysis. Briefly, for each biomarker, we 
performed survival analysis with different cut-offs, and 
the optimal cut-off was regarded as the cut-off that led 
to the lowest P-value. This strategy was applied to deter-
mine both progression-free survival (PFS) and OS.

bTMB, sbTMB, and UMS for clinical stratification
The procedures used for cut-off determination were per-
formed as described above. Kaplan-Meier curves were 
generated to evaluate the correlation between mutational 
burden and response to docetaxel. The lowest P-value 

was selected as the cut-off P-value. Determination of the 
ongoing response and survival status was described as 
“clinical efficacy analysis”. The significance of the P-value 
was calculated by comparing the median PFS or median 
OS durations between those with high levels of biomark-
ers (bTMB, sbTMB, and UMS) and those with low lev-
els of biomarkers. The receiver operating characteristic 
(ROC) curves for predicting PFS and OS were gener-
ated by the cut-off P-values of these biomarkers using 
GraphPad Prism. The area under the curve (AUC) (95% 
CI) and null hypothesis test P-value were determined by 
ROC curve analysis. For the atezolizumab cohort, two 
cut-off values were selected for the biomarker bTMB and 
the biomarker sbTMB. Kaplan-Meier curves were gener-
ated to evaluate the correlation between mutational bur-
den and response to atezolizumab, and then the lowest 
P-value was set as the first cut-off P-value. Serial curves 
were generated to analyse the correlation between the 
cut-off value and PFS/OS, and the value after intersection 
was set as the second cut-off P-value. The other analyses 
of clinical stratification were performed similarly to those 
in the docetaxel cohort.

TMI generation
We first divided the patients in the discovery cohort (OAK 
cohort) into two groups (high risk and low risk) accord-
ing to the different biomarkers (bTMB, sbTMB and UMS) 
along with their clinical characteristics, including sex 
(male or female), smoking history (smokers or non-smok-
ers), pathological subtype (lung squamous cell carcinoma 
[LUSC] or non-LUSC), driver gene mutation (positive or 
negative) and number of metastases (≥3 or none). For 
each clinical characteristic, we calculated the optimal 
thresholds along with the hazard ratio (HR) for bTMB, 
sbTMB, and UMS, respectively. For each patient, we calcu-
lated the score of HR for each clinical characteristic (male 
or female, smokers or non-smokers, LUSC or non-LUSC, 
driver gene positive or negative, number of metastases ≥3 
or none, respectively) under different individual biomarker 
of bTMB, sbTMB, and UMS, and then the sum of the score 
of HRs was defined as the TMI. The median TMI in the 
discovery cohort was used as the final threshold to divide 
the patients into low TMI and high TMI groups.

Response analysis and HRs in subgroups using 
the biomarkers bTMB, sbTMB, and UMS
In the discovery cohort (OAK cohort), we performed 
the analyses of response to docetaxel and atezolizumab 
on different subgroups (male, female, non-smoker, 
smoker, non-LUSC, LUSC, driver gene (+), driver gene 
(−), < 3 metastases, and ≥ 3 metastases) using the bio-
markers bTMB, sbTMB, and UMS. Then, we performed 
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Kaplan-Meier curve analysis of PFS/OS, calculated the 
log-rank P-value and HR for each biomarker, performed 
ROC curve analysis, and calculated the AUC and null 
hypothesis test P-values.

Discovery and validation analyses of the TMI
According to the criteria described above, a TMI score 
was obtained for each patient based on their sequenc-
ing data and clinical characteristics. Then, the stratifica-
tion value (the cut-off was set as the median value) and 
the HR were calculated based on the patient’s TMI score. 
Finally, we compared the differences in TMI stratification 
between different subgroups and analysed its potential 
stratified value and defects.

Statistical analysis
The log-rank test was used to compare Kaplan-Meier 
curves during TMI generation and in the validation 
cohort and subsequently in the stratification analysis. 
The HRs and exact 95% CIs are reported. An unpaired t 
test was used to compare the mutational burden between 
“responders” and “non-responders”. The ROC curve was 
determined by plotting the rate of responders at various 
cut-off settings of predictors. That is, the proportion of 
all responders with a mutational burden above any given 
cut-off point (sensitivity) was plotted against the propor-
tion of non-responders who would also exceed the same 
cut-off point (1 – specificity). The AUCs and exact 95% 
CIs are reported. To examine the credibility of the strati-
fication, a null hypothesis test was performed to analyse 
the ROC curve. Statistical analyses were performed using 
GraphPad Prism 5. Differences were considered signifi-
cant at *P < 0.05, **P < 0.01, and ***P < 0.001.

Results
The POPLAR trial and OAK trial provided excellent 
ctDNA sequencing data and clinical data. First, we 
performed a correlation analysis of PFS and bTMB in 
patients from the POPLAR cohort who received doc-
etaxel, and the results indicated that patients with bTMB 
≤5 received more PFS benefit than patients with bTMB 
> 5 (median PFS: 6.11 months vs 2.83 months, P = 0.0041) 
(Supplementary Fig.  1). Furthermore, we performed OS 
analysis and obtained a similar result but with a higher 
predictive value (AUC: 0.71 vs 0.65) (Supplementary 
Fig.  2). While we performed a similar analysis on doc-
etaxel-treated patients from the OAK cohort, the opti-
mal cut-off value of bTMB was different. Patients with 
bTMB ≤10 received a greater benefit than patients with 
bTMB > 10 (median PFS: 4.40 months vs 2.79 months, 
P < 0.0001; median OS: 11.56 months vs 6.57 months, 
P =  0.0001) (Fig.  1, top left; Supplementary Fig.  3). The 
subgroup analysis based on the clinical characteristics 

suggested that the biomarker bTMB could not be used to 
stratify the docetaxel responders in some subgroups (PFS 
analysis: female and driver gene (+); OS analysis: non-
smoker, driver gene (+), and ≥ 3 metastases) (Supple-
mentary Table 1). These results suggest that bTMB could 
be used as a biomarker to screen docetaxel responders, 
but its efficacy for subgroup stratification should be fur-
ther improved.

To explore alternative biomarkers, we removed syn-
onymous and nonsense mutations and calculated the 
missense and splice mutation burdens (i.e., sbTMB). OS 
analysis in the POPLAR cohort suggested that patients 
with sbTMB ≤4 received a greater benefit (median OS: 
14.39 months vs 7.75 months, P < 0.0001), while in the 
OAK cohort, patients with sbTMB ≤9 received a greater 
benefit (median OS: 11.53 months vs 6.44 months, 
P < 0.0001) (Fig.  1, middle left; Supplementary Fig.  4). 
Furthermore, our results showed that sbTMB can be 
used to screen docetaxel responders effectively in sub-
groups from the OAK cohort during PFS and OS analy-
ses (Supplementary Table 1). These results indicate that 
sbTMB could be used as a biomarker to stratify docetaxel 
responders from non-responders. Nevertheless, based on 
the results presented above, it is interesting that the opti-
mal cut-off value of not only the biomarker bTMB but 
also of the biomarker sbTMB, was different between the 
POPLAR cohort and the OAK cohort (Supplementary 
Figs.  1–4). These results indicate that more optimized 
biomarkers should be screened to stratify responders in 
both the POPLAR cohort and the OAK cohort.

Each patient in the OAK cohort harboured at least 
1 somatic mutation. Do these mutations result in dif-
ferent benefits from docetaxel therapy? To answer this 
question, we performed a correlation analysis between 
each mutated gene and OS and found that 44 genes were 
associated with the benefit of docetaxel therapy (correla-
tion P-value: 0.0–0.3) (Supplementary Fig.  5A). By cal-
culating the UMS and performing OS analysis for each 
patient, we found that patients with a low UMS based 
on ctDNA sequencing results received a greater ben-
efit from docetaxel monotherapy than those with a high 
UMS (Supplementary Fig.  5B-E). Here, we selected the 
“optimal cut-off value = 9” and performed OS analysis 
on the OAK cohort. The results suggested that patients 
with a UMS ≤ 9 received a greater benefit from doc-
etaxel therapy than patients with a UMS > 9 (median OS: 
11.60 months vs 5.72 months, P < 0.0001) (Fig. 1, bottom 
left). PFS and OS analyses of responders suggested that 
the UMS could be used to screen docetaxel responders 
effectively for nearly all subgroups except for the non-
smoker subgroup (Supplementary Table 1). These results 
suggest that the UMS potentially be used as a biomarker 
for docetaxel stratification. Overall, the above three 
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biomarkers (bTMB, sbTMB, and UMS) showed different 
advantages in different subgroups, suggesting that their 
advantages could be integrated into one model for pre-
dicting docetaxel responders.

On the other hand, to understand the underlying strati-
fied value of the above biomarkers (bTMB, sbTMB, and 
UMS) in immunotherapy, we performed a similar analysis 
on patients in the POPLAR cohort and the OAK cohort 
who received atezolizumab monotherapy. Different 
from docetaxel monotherapy, patients in the POPLAR 
cohort with bTMB > 18 received a greater PFS ben-
efit from atezolizumab therapy (PFS: low = 2.14 months 
vs high = 4.98 months, P =  0.0103), but patients with 
bTMB ≤3 received a greater OS benefit from atezoli-
zumab therapy (median OS: low = 21.52 months vs 
high = 10.09 months, P =  0.0190) (Supplementary Fig.  6 
and 7). The curve of low bTMB and the curve of high 

bTMB intersect with each other in either the PFS anal-
ysis or the OS analysis for cut-off determination. This 
phenomenon indicated that the patients harbouring a 
lower mutational burden or a higher mutational burden 
received a greater benefit from atezolizumab therapy 
than the patients harbouring a middle mutational burden 
(Supplementary Fig. 6A and 7A).

Furthermore, we performed a similar analysis on the 
OAK cohort and found that patients with bTMB ≤7 
or > 20 received a greater benefit from atezolizumab 
therapy than patients with 7 > bTMB ≤20 (median PFS: 
3.91 months vs 1.54 months, P < 0.0001; median OS: 
16.10 months vs 7.79 months, P < 0.0001) (Fig. 1, top right; 
Supplementary Fig.  8). Kaplan-Meier curve analysis of 
PFS indicated that this biomarker could not achieve sig-
nificant stratification on the following subgroups: female, 
non-smoker, and driver gene (+). For the OS analysis, 

Fig. 1 TMB and UMS were used as biomarkers for docetaxel and atezolizumab stratification in the discovery cohort. Left Kaplan-Meier plots of OS 
in NSCLC patients receiving docetaxel when using the biomarkers bTMB, sbTMB and UMS. The optimal cut-off values of the three biomarkers were 
determined for stratification. OS curves of responders and non-responders are shown on the top left (bTMB, responders: n = 165; non-responders: 
n = 153), middle left (sbTMB, responders: n = 181; non-responders: n = 137), and bottom left (UMS, responders: n = 207; non-responders: n = 111). 
Right Kaplan-Meier plots of OS in NSCLC patients receiving atezolizumab when using the biomarkers bTMB, sbTMB and UMS. The cut-off values 
of the three biomarkers were set as follows: bTMB: ≤ 7 or > 20; sbTMB: ≤ 4 or > 17; and UMS ≤ 3. OS curves of responders and non-responders are 
shown on the top right (bTMB, responders: n = 129; non-responders: n = 195), middle right (sbTMB, responders: n = 147; non-responders: n = 177), 
and bottom right (UMS, responders: n = 102; non-responders: n = 222)
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these results changed to the following subgroups: non-
smoker, LUSC, and driver gene (+) (Supplementary 
Table  2). These results suggest that more complexity 
exists in blood ctDNA sequencing-guided atezolizumab 
stratification than in guided docetaxel stratification.

To understand the potential predictive value of the 
biomarker sbTMB in patients who received atezoli-
zumab therapy, we also performed Kaplan-Meier curve 
analysis on patients in the POPLAR cohort and the OAK 
cohort. The results suggested that patients in the POP-
LAR cohort with bTMB ≤4 or > 12 received a greater OS 
benefit, while patients in the OAK cohort with bTMB 
≤4 or > 17 received a greater OS benefit (median OS: 
16.99 months vs 8.41 months, P < 0.0001) (Fig.  1, mid-
dle right; Supplementary Fig.  9). Subgroup analysis in 
the OAK cohort showed that except for the three sub-
groups females, driver gene (+) and ≥ 3 metastases, the 
other subgroups could be stratified effectively via sbTMB 
for PFS. However, these subgroups (non-smoker, LUSC, 
and driver gene (+)) could not be stratified effectively via 
the biomarker sbTMB during OS analysis. These results 
suggest that sbTMB can also be used as a potential bio-
marker for screening atezolizumab responders.

In the OAK cohort, similar to the docetaxel cohort, we 
found that 40 gene mutations were associated with OS 
outcomes (correlation P-value: 0.0–0.3) in the atezoli-
zumab cohort (Supplementary Fig.  10A). Our analysis 
suggested that patients with a low UMS received more 
OS benefits than those with a high UMS. After opti-
mizing the cut-off settings, we found that patients with 
a low UMS (UMS ≤ 3) received a significant OS ben-
efit (median OS: undefined vs 8.41 months, P < 0.0001) 
(Fig. 1, bottom right; Supplementary Fig. 10B-E). For the 
OS subgroup analysis, nearly all subgroups except for 
the driver gene (+) could be stratified via the biomarker 
UMS. However, only four subgroups (smoker, LUSC, 
driver gene (−) and < 3 metastases) could be stratified 
by the use of the UMS in the PFS analysis (Supplemen-
tary Table 2). Therefore, we hypothesize that a predictive 
model can be constructed for the clinical stratification of 
docetaxel or atezolizumab responders through integrat-
ing both the advantages and disadvantages of the above 
biomarkers (bTMB, sbTMB, and UMS).

To validate this hypothesis, we developed a TMI 
model that integrates the advantages and disadvan-
tages of the above three biomarkers (Supplementary 
Fig.  11). After calculation, each patient was assigned 
a TMI score. When the cut-off was set at the median 
value, docetaxel monotherapy-treated patients in 
the OAK cohort with a low TMI received a greater 
OS benefit than those with a high TMI (median OS: 
11.86 months vs 6.31 months, P < 0.0001). After strati-
fication, we found that the HR of patients with a 

low TMI decreased significantly (HR = 0.51, 95% CI 
0.39–0.66) compared to that of patients with a high 
TMI. This phenomenon was demonstrated in both all 
patients and in the patient subgroups (Fig. 2, top). For 
patients who received atezolizumab therapy, when the 
cut-off was set at the median value, those with a low 
TMI received a greater OS benefit than those with a 
high TMI (median OS: 18.10 months vs 7.89 months, 
P < 0.0001). Similar to the docetaxel cohort, the HR 
of patients with a low TMI was markedly decreased 
compared with that of patients with a high TMI 
(HR = 0.49, 95% CI 0.37–0.64). These results suggest 
that the TMI may be an ideal biomarker for predicting 
both docetaxel and atezolizumab responders among 
NSCLC patients.

To test whether the biomarker TMI can be used 
to screen responders in an independent cohort, we 
assigned the POPLAR cohort as the validation cohort. 
The validated results revealed that patients with a low 
TMI received more OS benefit either from docetaxel 
monotherapy or atezolizumab monotherapy (doc-
etaxel, median OS: low TMI = 11.89 months vs high 
TMI = 6.70 months, P =  0.0009; atezolizumab, median 
OS: low TMI = 15.77 months vs high TMI = 7.38 months, 
P =  0.0024). This results also indicated that TMI has 
comprehensive advantages during predicting respond-
ers (from non-responders) who received monotherapy 
with docetaxel or atezolizumab, especially with compre-
hensive advantage in predicting atezolizumab-respond-
ers while compared with those individual biomarkers 
(bTMB, sbTMB, UMS) (Fig. 3A, Supplementary Fig. 12, 
Supplementary Table  3 and 4). This phenomenon was 
also validated when HR distribution was examined. 
(Fig.  3A, Supplementary Fig.  13 and 14). Patients with 
a low TMI received more efficacy evaluations of par-
tial response (PR) rate, stable disease (SD), and survival 
time (Fig. 3B). These results suggested TMI model could 
be used to stratify responders to both the docetaxel 
therapeutic regimen and the atezolizumab therapeutic 
regimen.

The above results were further validated in all 
enrolled NSCLC patients (POPLAR cohort plus OAK 
cohort) (Fig.  4A, Supplementary Fig.  18). TMI-based 
stratification worked well in both the PD cohort and 
the SD cohort as well as in the TC0/1/2 and IC0/1/2 or 
TC3 and IC3 cohorts (Supplementary Fig.  15). Muta-
tion patterns between the docetaxel cohort and the 
atezolizumab cohort were similar (including the top 
10 or 20 mutated genes, mutated types, single nucleo-
tide variant [SNV] class, etc.) (Fig.  4B, Supplementary 
Fig. 16). Furthermore, in the low TMI cohort, we found 
many patients with an OS duration < 6 months, while 
in the high TMI cohort, we found many patients with 
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an OS duration > 18 months. By comparing genomic 
information, we found that specific mutations were 
associated with the above phenomenon under the TMI-
stratified system (Supplementary Fig. 17). More impor-
tantly, either the NSCLC patients received docetaxel 
or received atezolizumab, the patients harbouring low 
TMI obtained the most OS benefit from atezolizumab 
therapy (Fig. 4, Supplementary Fig. 18).

Discussion
Biomarkers have played an important role in the clini-
cal treatment of NSCLC [1]. The discovery of biomarkers 
from venous blood is considered a simple and effective 
means to guide the use of anti-cancer agents [3, 11, 13, 
14, 24, 26]. The blood-based TMI model that we devel-
oped previously demonstrated its efficacy in screening 
responders to the anti-angiogenic agent anlotinib [3], 
but whether the stratified model could be used to screen 

Fig. 2 The TMI was used for docetaxel and atezolizumab stratification in the discovery cohort (OAK cohort). Top Kaplan-Meier plots of OS in NSCLC 
patients receiving docetaxel when the TMI cut-off was set at the median value. For responders, the median OS duration was 11.86 months (n = 159); 
for non-responders, the median OS duration was 6.31 months (n = 159). The HRs of all patients and the corresponding subgroups are shown on 
the top right. Bottom Kaplan-Meier plots of OS in NSCLC patients receiving atezolizumab when the TMI cut-off was set at the median value. For 
responders, the median OS duration was 18.10 months (n = 150); for non-responders, the median OS duration was 7.89 months (n = 174). The HRs 
of all patients and the corresponding subgroups are shown on the lower right

(See figure on next page.)
Fig. 3 Validation of the effectiveness of the TMI in the validation cohort (POPLAR cohort). A Top Kaplan-Meier plots of OS in NSCLC patients 
receiving docetaxel after TMI stratification. For responders, the median OS duration was 11.89 months (n = 54); for non-responders, the median 
OS duration was 6.70 months (n = 52). The HRs of all patients and the corresponding subgroups are shown on the top right. Bottom Kaplan-Meier 
plots of OS in NSCLC patients receiving atezolizumab after TMI stratification. For responders, the median OS duration was 15.77 months (n = 63); 
for non-responders, the median OS duration was 7.38 months (n = 42). The HRs of all patients and the corresponding subgroups are shown on 
the lower right. B Left Evaluation of clinical efficacy in patients defined as having a low TMI and a high TMI after receiving docetaxel monotherapy. 
Right Evaluation of clinical efficacy in patients defined as having a low TMI and a high TMI after receiving atezolizumab monotherapy. The blue pillar 
represents the survival time for each patient; the red circle represents those still alive at the end of the follow-up
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responders among NSCLC patients who received doc-
etaxel or atezolizumab was unclear. Therefore, we sought 
to perform clinical stratification via the TMI in these 

patients, and our results suggested that the biomarker 
TMI is an effective stratification model to screen doc-
etaxel responders and atezolizumab responders. This 

Fig. 3 (See legend on previous page.)
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is the first demonstration that the TMI can be accu-
rately and reproducibly calculated after plasma ctDNA 
sequencing and that the TMI is associated with the OS 
benefit of monotherapy with docetaxel or atezolizumab.

TMB calculated from tumour tissue sequencing or 
blood ctDNA sequencing is correlated with OS benefits 
in patients who receive chemotherapy or immunotherapy 
[15, 26]. However, further improvement is needed to cal-
culate the mutational burden from tissue DNA or blood 
ctDNA for guiding chemotherapy or immunotherapy. 
The phenomenon of heterogeneity exists in nearly all 
types of tumours, and clones and subclones with somatic 
mutations differ according to their location in the tumour 
[22]. Heterogeneity may be associated with the response 
rate of anti-cancer agents [14, 22]. In addition, other clini-
cal characteristics (including sex, smoking history, patho-
logical type, driver gene status and number of metastases) 
may also be associated with the response rate to anti-can-
cer agents. Here, we hypothesized that a computational 
model that integrated the factors of sequencing data and 
clinical characteristics could be used to screen respond-
ers. In our previous study, we developed a TMI model 
and showed excellent stratification of advanced NSCLC 
patients who received anlotinib therapy [3]. However, 
as a multi-target TKI, anlotinib shows significant differ-
ences in its molecular anti-cancer mechanism compared 
to other anti-cancer agents, including the chemotherapy 
agent docetaxel and the immune checkpoint inhibitor 
atezolizumab. To understand whether the TMI model 
could also work well for these two agents, we performed 
similar analyses on the two famous clinical trials (POP-
LAR and OAK) in which the blood-based sequencing 
data and clinical data have been made public. In the pre-
sent study, we first evaluated the stratification character-
istics of three individual biomarkers, bTMB, sbTMB, and 
UMS, in patients who received docetaxel. Our results 
suggested that the above three biomarkers could be used 
to screen responders (including PFS and OS) from non-
responders, either from the POPLAR cohort or the OAK 
cohort. Although the optimal cut-off value was different 
between the two cohorts, the overall stratification char-
acteristics showed that the lower levels of bTMB, sbTMB 
and UMS were, the greater the OS benefit the patient 
received from docetaxel therapy. Subgroup analysis indi-
cated that each biomarker has dissatisfaction and is dif-
ferent from other biomarkers. How to compensate for 
these deficiencies and highlight the advantages of these 

biomarkers are important issues. Therefore, we devel-
oped a TMI model that integrated the advantages of the 
three biomarkers to screen responders much more effec-
tively. The results indicated that responders could be 
screened effectively by use of the biomarker-TMI in both 
the discovery cohort (OAK) and the validation cohort 
(POPLAR), and the HRs of responders were decreased 
significantly in both all patients and patient subgroups.

For patients who received the immune checkpoint 
inhibitor atezolizumab, the phenomenon was slightly dif-
ferent from that of patients who received monotherapy 
with docetaxel or anlotinib [3]. It is interesting that the in 
the POPLAR cohort, patients with bTMB > 18 obtained 
a greater PFS benefit while patients with bTMB ≤3 
obtained a greater OS benefit after atezolizumab therapy. 
However, in the OAK cohort, we found that patients with 
a low and high bTMB (≤ 7 or > 20) obtained a greater 
benefit (including PFS and OS) from atezolizumab ther-
apy. The characteristics of the biomarker-sbTMB are 
similar to those of the biomarker-bTMB. For UMS, the 
characteristics were similar to those of the docetaxel 
cohort. This phenomenon resulted in difficulty establish-
ing a TMI model for predicting atezolizumab responders. 
Therefore, we developed an autoscreening programme 
according to the characteristics of atezolizumab and 
established a TMI model in the discovery cohort (OAK). 
Using the TMI as a stratification biomarker, responders 
could be screened effectively in both the discovery cohort 
(OAK) and the validation cohort (POPLAR), and the HRs 
of responders were decreased significantly in both all 
patients and patient subgroups.

To date, the TMI model or optimized TMI model has 
demonstrated its effectiveness for stratifying NSCLC 
patients who respond to the anti-angiogenic agent 
anlotinib, the chemotherapy agent docetaxel, and the 
immune checkpoint inhibitor atezolizumab. The simple 
computational model described herein potentially guide 
clinical practice in the future. Nevertheless, this is just 
the beginning. The advantages of TMI might be included 
as follows: 1. Multiple levels of genomic variations were 
considered for developing the TMI model. 2. Different 
clinical characteristics (sex, smoking history, driver gene 
status, pathological type, and number of metastases) 
were included in the TMI model establishment. 3. More 
patients can be screened out to suggest receiving chemo-
therapy or immunotherapy via the biomarker-TMI as 
compared to bTMB [15, 26]. However, this model should 

Fig. 4 Adjusted TMI for screening responders in the combined POPLAR and OAK cohorts. A TMI-based stratification of docetaxel-treated or 
atezolizumab-treated NSCLC patients from the POPLAR cohort plus the OAK cohort. B Mutation patterns and clinical characteristics of NSCLC 
patients who received docetaxel and atezolizumab. C Kaplan-Meier curves of the adjusted TMI-based stratification of NSCLC patients who received 
monotherapy with docetaxel or atezolizumab

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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be enriched and validated on many more clinical samples 
and features, more flexible procedures, and more types of 
cancer. Therefore, we summarized that the shortcomings 
of TMI model are potentially included as follows: 1. An 
independent validation should be performed on an outer 
cohort to test the predictive value. 2. as p-value only 
reveals the statistical significance, whether mean that the 
lower it is, the stronger the association is should be fur-
ther validated. 3. Whether the Cox proportional hazard 
model is more suitable for ROC analysis need to be fur-
ther tested. Nevertheless, as NGS continues to be used to 
guide clinical practice, a better TMI model will be devel-
oped to screen responders to chemotherapy, immuno-
therapy or multi-target TKI therapy.

In summary, we developed a TMI model that could be 
used as a stratified biomarker for guiding docetaxel and 
atezolizumab therapy in NSCLC patients. Whether the 
TMI model can be used as a biomarker for guiding anti-
cancer agents in other types of cancer deserves further 
testing and attention.
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