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LETTER TO EDITOR

Identification of TMB, CD8 T-cell abundance, and
homologous repair pathway mutation frequency as
predictors of the benefit–toxicity ratio of anti-PD-1/PD-L1
therapy

To the Editor:
Inhibitors of programmed cell death 1 and its ligand (PD-
1/PD-L1) have impressive survival benefits in a variety
of tumours.1 However, these therapies have also caused
a new spectrum of autoimmune-inflammatory toxicities,
which occasionally lead to serious or even fatal events.2
Therefore, an urgent need exists to identify potentialmark-
ers of the benefit–toxicity ratio for PD-1/PD-L1 block-
ade treatment. In the current study, based on integrating
molecular omics data and real-world pharmaco-vigilance,
we found that the combination of tumour mutational
burden (TMB), CD8 T-cell abundance and homologous
repair pathway mutation frequency can accurately pre-
dict the benefit–toxicity ratio for PD-1/PD-L1 inhibitor
therapy.
Individual safety reports from 1 July 2014 to 30 Septem-

ber 2020 were retrieved from the Food and Drug Admin-
istration Adverse Event Reporting System (FAERS) (https:
//www.fda.gov/). Immune-related adverse events (irAEs)
were defined according to the adverse event (AE) terminol-
ogy in the peer-reviewed irAE management guidelines.3
The irAE reports of PD-1 blockers (cemiplimab, pem-
brolizumab and nivolumab) and PD-L1 blockers (dur-
valumab, atezolizumab and avelumab) were collected.
Patients receiving cytotoxic T-lymphocyte-associated pro-
tein 4 inhibitors (tremelimumab and ipilimumab) were
excluded. The reporting odds ratios (RORs) of irAEs were
calculated by comparing the odds of reporting irAEs for
PD-1/PD-L1 blockers with the odds of reporting irAEs for
all other drugs in the database.4 The objective response rate
(ORR) data were obtained from Yarchoan et al.5 In brief,
ORR data were pooled from the largest published clini-
cal studies for each anti-PD-1/PD-L1 drug used for each
tumour type. Only clinical studies of PD-1/PD-L1 blocker
monotherapy that recruited at least 10 patients who were
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not subjected to PD-L1 expression analysis of the cancer
were included. The benefit–toxicity ratio was defined as
the ratio of the ORR to the ROR. A total of 130 470 AEs
in 42 296 patients receiving PD-1/PD-L1 blocker therapy
for 19 cancer types were retrieved from the FAERS. The
comparator group comprised 26 317 605 AE reports from
8 605 705 patients. The benefit–toxicity ratios varied by can-
cer type, with the highest value observed for skin cuta-
neous melanoma (SKCM) and the lowest value observed
for pancreatic adenocarcinoma (PAAD) (Figure 1A).
We collected 32 factors related to tumour immuno-

genicity and the tumour immune microenvironment from
Thorsson et al.,6 who preprocessed the original data from
The Cancer Genome Atlas (TCGA). TMB was determined
as the number of nonsynonymous single-nucleotide vari-
ants for a given sample in TCGA dataset, which was
obtained from the University of California, Santa Cruz
(UCSC) (https://xenabrowser.net/).7 The genes of the
homologous repair pathway were extracted fromMazzotta
et al.8 The presence of amutation in at least one gene in the
pathway is defined as a pathway mutation in this sample.
Themicrosatellite instability (MSI) score of each sample in
the TCGAdatasetwas extracted fromBonneville et al.9 The
median value of each variable was calculated for each can-
cer type. Gene expression data for the high PD-1 expression
sample fraction (hPD-1) were also obtained from theUCSC
Xena browser, and the 80th percentile of PD-1 expression
across all samples was used as the threshold. The same
algorithmwas also used to calculate the high PD-L1 expres-
sion sample fraction (hPD-L1). The Spearman rank corre-
lation (R) was applied to evaluate the performance of the
prediction. The ‘caret’ R package was applied to perform
a standard regression analysis with leave-one-out cross-
validation to predict the benefit–toxicity ratio across can-
cer types. As a result, among 40 factors related to tumour
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immunogenicity and the tumour immune microenvi-
ronment, seven potential predictors—log10TMB, hPD-L1,
hPD-1, CD8T-cell abundance,M1macrophage abundance,
homologous repair pathway mutation frequency and PD-
1 expression—were significantly and positively associated
with the benefit–toxicity ratio (all R > .4, p < .05; Fig-
ure 1B). log10TMB was most positively associated with the
benefit–toxicity ratio, with a higher log10TMB related to a
higher benefit–toxicity ratio (R= .796, p< .001; Figure 1C).
Then, we combined seven variables and assessed the good-
ness of fit of bivariate models by the log-likelihood ratio
test and the performance by Spearman correlation to iden-
tify amore powerful predictivemodel. Comparedwith that
of the single factors, the goodness of fit of the four com-
binations was significantly improved (Figure 2A). In par-
ticular, the bivariate linear regression model of log10TMB
and CD8 T-cell abundance achieved the greatest predic-
tive efficacy (R = .844, p < .001; Figure 2A). Then, we
assessed the performance of other factors in combination
with the bivariatemodel of log10TMBandCD8T-cell abun-
dance. The trivariate model with log10TMB, CD8 T-cell
abundance and homologous repair pathway mutation fre-
quency achieved the greatest predictive efficacy (R = .937,
p < .001; Figure 2B,C). In total, 87.797% of the differ-
ence in the benefit–toxicity ratio for PD-1/PD-L1 inhibitor
treatment could be attributed to the trivariate model (Fig-
ure 2C). No four-variable combinations achieved greater
accuracy or correlation coefficients when one more factor
was added to the trivariate model (Figure 2D).
Collinearity between variables can reduce prediction

accuracy and model performance. To avoid this, two sta-
tistical indicators (the variance inflation factor (VIF) and
tolerance coefficient (TC)) were used to evaluate the
collinearity between variables. Values of the TC ≤ 0.1 and
VIF ≥ 10 suggested collinearity among the variables. We
assessed the multicollinearity of the log10TMB and CD8
T-cell abundance based on the TC and VIF and did not
observe multicollinearity among the log10TMB, CD8 T-
cell abundance and homologous repair pathway mutation

frequency, indicating the independent prediction of the
benefit–toxicity ratio (Figure 2E).
In summary, our findings indicated that TMB, CD8 T-

cell abundance and homologous repair pathway mutation
frequency can explain most of the variation in the benefit–
toxicity ratio across cancers. A possible explanation is that
an increased TMB and homologous repair pathway muta-
tion frequency leads to an increase in tumour-specific
neoantigens, resulting in more efficient stimulation of
neoantigen-specific antitumour immunity.8,10 Then, acti-
vated CD8 T cells more accurately attack tumour cells.
The specific response to tumours is increased, while the
adverse immune effects on other organs may be reduced.
However, this study is a retrospective pan-cancer study.
Therefore, our model needs to be validated in a large
prospective cohort including each cancer type in the
future. Additionally, the underlying mechanism should
be explored. In conclusion, our findings indicated that
TMB, CD8 T-cell abundance and homologous repair path-
way mutation frequency are significantly related to the
responses and side effects. This information may be help-
ful for selection of patients for PD-1/PD-L1 inhibitor treat-
ment. Specifically, patients with a high TMB, CD8 T-cell
abundance and homologous repair pathway mutation fre-
quency may be more responsive to immunotherapy and
experience fewer immune side effects.
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F IGURE 1 Assessment of the association between the benefit–toxicity ratio and factors related to tumour immunogenicity and the
tumour immune microenvironment. (A) Distribution of the ORRs, RORs and benefit–toxicity ratios for therapy targeting PD-1/PD-L1 across
19 cancer types. The ORRs, RORs and benefit–toxicity ratios of 19 cancer types are shown on the three axes. (B) Associations between the
benefit–toxicity ratio and 40 factors. (C) Associations between the benefit–toxicity ratio and log10TMB, hPD-L1, hPD-1, CD8 T-cell abundance,
M1 macrophage abundance, homologous repair pathway mutation frequency and PD-1 expression. TMB, tumour mutational burden;
PD-1/PD-L1, programmed cell death 1 and its ligand; ORR, objective response rate; ROR, reporting odds ratio; BCR, B-cell receptor; TCR,
T-cell receptor; MSI, microsatellite instability; CTA, cancer testis antigen; UVM, uveal melanoma; UCEC, uterine corpus endometrial
carcinoma; HNSC, head and neck squamous cell carcinoma; GBM, glioblastoma multiforme; ESCA, oesophageal carcinoma; SKCM, skin
cutaneous melanoma; SARC, sarcoma; PRAD, prostate adenocarcinoma; CESC, cervical squamous cell carcinoma and endocervical
adenocarcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; LUSC, lung squamous cell carcinoma; LUAD, lung
adenocarcinoma; ACC, adrenocortical carcinoma; PAAD, pancreatic adenocarcinoma; BRCA, breast invasive carcinoma; BLCA, bladder
urothelial carcinoma; KIRC, kidney renal clear cell carcinoma; LIHC, liver hepatocellular carcinoma
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F IGURE 2 Assessment of the performance of different models for predicting the benefit–toxicity ratio. (A) Comparison of the
performance of different bivariate combinations for predicting the benefit–toxicity ratio. (B) Comparison of the performance of different
trivariate models for predicting the benefit–toxicity ratio. (C) Association between the benefit–toxicity ratio and the trivariate model of the
log10tumour mutational burden (TMB), CD8 T-cell abundance and homologous repair pathway mutation frequency. (D) Comparison of the
performance of different four-variable combinations for predicting the benefit–toxicity ratio. (E) Tolerance coefficient (TC) and variance
inflation factor (VIF) values of seven significant factors associated with the benefit–toxicity ratio
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