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Abstract
Immune checkpoint inhibitors (ICIs) have transformed cancer treatment, providing significant benefit to patients 
across various tumour types, including melanoma. However, around 40% of melanoma patients do not benefit 
from ICI treatment, and accurately predicting ICI response remains challenging. We now describe a novel and 
simple approach that integrates immune-associated transcriptome signatures and tumour volume burden to 
better predict ICI response in melanoma patients. RNA sequencing was performed on pre-treatment (PRE) tumour 
specimens derived from 32 patients with advanced melanoma treated with combination PD1 and CTLA4 inhibitors. 
Of these 32 patients, 11 also had early during treatment (EDT, 5–15 days after treatment start) tumour samples. 
Tumour volume was assessed at PRE for all 32 patients, and at first computed tomography (CT) imaging for the 
11 patients with EDT samples. Analysis of the Hallmark IFNγ gene set revealed no association with ICI response 
at PRE (AUC ROC curve = 0.6404, p = 0.24, 63% sensitivity, 71% specificity). When IFNg activity was evaluated with 
tumour volume (ratio of gene set expression to tumour volume) using logistic regression to predict ICI response, 
we observed high discriminative power in separating ICI responders from non-responders (AUC = 0.7760, p = 0.02, 
88% sensitivity, 67% specificity); this approach was reproduced with other immune-associated transcriptomic 
gene sets. These findings were further replicated in an independent cohort of 23 melanoma patients treated with 
PD1 inhibitor. Hence, integrating tumour volume with immune-associated transcriptomic signatures improves 
the prediction of ICI response, and suggest that higher levels of immune activation relative to tumour burden are 
required for durable ICI response.

Keywords  Melanoma, Immune checkpoint blockade, Transcriptomic analysis, PD1, CTLA4

Size matters: integrating tumour volume 
and immune activation signatures predicts 
immunotherapy response
Su Yin Lim1,2*, Ines Pires da Silva2,3,4, Nurudeen A. Adegoke2,4,7, Serigne N. Lo2,4, Alexander M. Menzies2,5,  
Matteo S. Carlino2,6, Richard A. Scolyer2,4,7,8, Georgina V. Long2,4,5,7, Jenny H. Lee1,2,9† and Helen Rizos1,2†

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-024-02146-0&domain=pdf&date_stamp=2024-10-10


Page 2 of 6Lim et al. Molecular Cancer          (2024) 23:228 

To the editor
Immune checkpoint inhibitors (ICIs) have signifi-
cantly extended the survival of patients with advanced 
melanoma. However, approximately 40% of melanoma 
patients will have minimal benefit from ICIs and more 
than 50% will progress on therapy [1]. There is an urgent 
need to identify robust biomarkers predictive of ICI 
response to optimize outcomes for each patient. Mul-
tiple studies have considered clinicopathological cor-
relates, genomic features and transcriptomic signatures 
[2–4] but these often fail to predict ICI response in inde-
pendent cohorts. For instance, the IPRES transcriptome 
signature [3] was not predictive of ICI response in mul-
tiple melanoma cohorts [5, 6]. Tumour mutation burden 
and PD-L1 expression are commonly used ICI response 
biomarkers but show predictive value only in select can-
cer types such as non-small cell lung cancer and head 
and neck squamous cell carcinoma (reviewed in [7]). 
Attempts to integrate multiomic features can improve 
ICI predictive accuracy [6], but these approaches can be 
costly and are difficult to replicate and interpret.

Currently, immune-associated transcriptomic signa-
tures (e.g. IFNγ, IMPRES, TIDE) remain the most cited 
and utilized predictive biomarkers of ICI response [8–
10]. Interestingly, despite preclinical and clinical studies 
demonstrating that lower tumour volume is associated 
with better response to ICIs [11], tumour volume is not 
commonly considered when evaluating predictive signa-
tures of ICI response.

Integrating tumour volume into transcriptomic signatures 
improve predictive performance
In this study, we performed RNA sequencing on pre-
treatment (PRE, 1-1162 days before treatment start) 
melanoma specimens from 32 patients treated with 
combination PD1 and CTLA4 inhibitors to identify tran-
scriptomic features associated with ICI response. Eleven 
patients (11/32, 34%) also had early during treatment 
(EDT, 5–15 days after treatment start) tumour samples 
(Supplementary Table 1). Tumour volume was calcu-
lated by measuring the longest diameter of all measur-
able lesions and presented as either total tumour volume 
(sum of tumour diameters) or average tumour volume 
(total tumour volume divided by the number of metas-
tases). Tumour volume was determined at PRE for all 
32 patients, and at first progress computed tomography 
(CT) imaging for the 11 patients with EDT samples (Sup-
plementary Table 2). Of the 32 patients, 24 were catego-
rized as responders (irRECIST complete response (CR, 
n = 3), partial response (PR, n = 20), and stable disease > 6 
months (SD, n = 1)) and eight were considered non-
responders (irRECIST progressive disease (PD, n = 6) and 
PR with progression free survival (PFS) of < 6 months, 
n = 2).

Predictably, total PRE tumour volumes correlated with 
average PRE tumour volumes and the number of metas-
tases (Supplementary Fig. 1A). Total PRE tumour volume 
was also associated with LDH status but not ICI response 
(Supplementary Fig. 1B-C).

At PRE, analysis of the Hallmark Interferon Gamma 
(IFNγ) Response gene set (single sample Gene Set 
Enrichment Analysis (ssGSEA) score) revealed no signifi-
cant difference between responders and non-responders 
(AUC ROC curve = 0.6406, p = 0.2400, 63% sensitivity, 
71% specificity; Fig. 1A). However, when IFNγ signalling 
was considered along with baseline total tumour vol-
ume (ssGSEA score divided by the total tumour volume) 
as predictors in a logistic model with ICI response as 
dependent variable, the model demonstrated a clearer 
ability to discriminate responders from non-responders 
(AUC = 0.7760, p = 0.0211, 88% sensitivity, 67% specificity; 
Fig. 1A).

The improved predictive performance of tumour 
volume-normalised IFNγ response gene set score was 
reproduced for other immune-related transcriptome 
gene sets derived from the Molecular Signatures Data-
base [12], including PID IFNγ pathway, PID CD8 TCR 
pathway, Biocarta TCR pathway, Biocarta CTL path-
way,  and KEGG antigen processing and presentation 
(Fig. 1A). Importantly, we validated the superior predic-
tive performance of tumour volume-normalised IFNγ 
response gene set score (AUC = 0.7833, p = 0.0282, 88% 
sensitivity, 60% specificity) in a separate cohort of 23 
melanoma patients prior to treatment with PD1 inhibi-
tor [6] (Fig.  1B, Supplementary Table 3), confirming 
that this approach is generalizable to other melanoma 
cohorts, including those treated with anti-PD1 based 
monotherapy.

Furthermore, the model underwent internal validation 
within each cohort using bootstrapping techniques to 
assess the potential for overfitting and to measure opti-
mism in the estimated performance metrics [13]. The 
differences between the observed AUC for each cohort 
and the corresponding average AUCs from 500 bootstrap 
replications were calculated. The bootstrapping result 
(Supplementary Fig. 2) also supported the integration of 
tumour volume and immune-associated transcriptomic 
signatures as predictors for ICI response. The mean dif-
ferences between the observed AUC and the correspond-
ing average AUCs from bootstrap replications were 0.003 
(95% CI, -0.173 to 0.159) for the initial combination 
immunotherapy-treated cohort (n = 32) and 0.002 (95% 
CI, -0.184 to 0.163) for the PD1 inhibitor-treated cohort 
(n = 23).
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Early during treatment biopsies better inform response to 
ICIs
We also examined tumour volume and Hallmark Inter-
feron Gamma (IFNγ) Response gene set in the 11 
PRE-EDT matched tumour samples (six responders, 
irRECIST PR, n = 5 and SD of > 6 months, n = 1, and five 
non-responders, irRECIST PD, n = 3 and PR with PFS of 
< 6 months, n = 2). Tumour volumes in responding ver-
sus non-responding patients did not differ at PRE, but 
on first progress imaging, as expected, tumour volumes 

were significantly smaller in the responding patients 
(p = 0.0053, Kruskal-Wallis test with Dunn’s multiple 
comparison, Fig. 2A).

The expression of the Hallmark IFNγ gene set was 
upregulated, from PRE to EDT, in 8/11 patients (4/6, 73% 
responders and 4/5, 80% non-responders). This increase 
was not associated with ICI response or with change in 
tumour volume. For example, three responding patients 
with small PRE tumour volumes (< 50 mm in sum diame-
ter) showed minimal change in IFNγ signature expression 

Fig. 1  Tumour volume-normalised immune gene sets predict ICI response. A) Receiver operator characteristic (ROC) curves measuring the ICI predictive 
performance of each indicated immune-associated transcriptome gene sets with and without tumour volume normalisation (ssGSEA scores divided 
by total tumour volume) in melanoma tumours prior to treatment with combination ICIs (n = 32). B) ROC curves of Hallmark Interferon Gamma (IFNγ) 
Response gene set with and without tumour volume normalisation in melanoma tumours prior to treatment with PD-1 ICI (n = 23).
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from PRE to EDT (mean fold change of 1.04, range 
0.93–1.18, compared to an overall mean fold change of 
2.02, range 0.93–7.33, Fig.  2B), and these tumours also 
showed high baseline IFNγ activity. Comparison of the 
IFNγ signature at EDT did not separate responders from 

non-responders, and the two groups were only strati-
fied when IFNγ signature at EDT was normalised to 
tumour volume on first progress imaging (p = 0.0124, 
Kruskal-Wallis test with Dunn’s multiple comparison, 
Fig.  2B). Notably, all non-responding patients including 

Fig. 2  Comparison of tumour volume and transcriptomic signatures in 11 matched PRE-EDT tumour biopsies. A) Change in total tumour volume from 
baseline and first progress CT imaging in responders and non-responders. Black coloured circles indicate tumours with < 50 mm in sum diameter at 
baseline, red coloured circles indicate the two non-responders with initial PR but PFS < 6 months, Kruskal-Wallis test with Dunn’s multiple comparisons, 
p = 0.0053. B) Change in expression of the Hallmark IFNγ response gene set (left) and the tumour-normalised Hallmark IFNγ response gene set (right) 
in matched PRE-EDT samples (n = 11, n = 6 responders, n = 5 non-responders). Black coloured circles indicate tumours with < 50 mm in sum diameter at 
baseline, red coloured circles indicate the two non-responders with initial PR but PFS < 6 months, Kruskal-Wallis test with Dunn’s multiple comparisons, 
p = 0.0124. C) ROC curve analysis of IFNγ-related and immune-associated transcriptomic signatures with and without tumour volume normalisation (ssG-
SEA scores divided by total tumour volume) in melanoma tumours early during treatment (EDT) with combination ICIs (n = 16)
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the two patients who had initial PR but PFS < 6 months, 
had significantly lower expression of the IFNγ signature 
normalised to tumour volume compared to respond-
ers at EDT (Fig.  2B). We included five additional EDT 
samples that had no patient-matched PRE tumour, and 
ROC curve analysis of the 16 EDT samples with tumour 
volume data at first progress imaging confirmed superior 
predictive performance when tumour volume was inte-
grated with immune-associated transcriptomic signa-
tures at EDT (n = 16, Fig. 2C).

Conclusion
Baseline tumour volume is negatively correlated with ICI 
efficacy and this may reflect an immunosuppressive local 
and systemic immune landscape that is associated with 
larger tumours (reviewed in [11]). Indeed, an increased 
ratio of activated CD8 T cells (PD1+ Ki67+) to tumour 
burden post ICI treatment is associated with better clini-
cal outcomes [14]. While markers of immune activation 
enable the selection of patients who are likely to benefit 
from ICI therapy, 20% of stage III melanoma patients with 
IFNγ-high tumours did not achieve a major pathological 
response to neoadjuvant combination ICIs [15]. We now 
present a straightforward approach that integrates these 
two opposing ICI biomarkers to enhance predictive accu-
racy. This explorative study was conducted on a small 
melanoma cohort (n = 32) and these findings need to be 
further confirmed in a larger cohort with proper model 
validation and subgroup analysis to explore sample het-
erogeneity. However, the replication of the results in an 
independent cohort of melanoma patients (n = 23) sup-
ports the predictive power of integrating tumour volume 
with immune-associated transcriptomic signatures for 
ICI response. Importantly, as tumour volume assessment 
is standardised and routinely performed for clinical tri-
als, our predictive ratio is technically practical and easy 
to implement.

Importantly, tumour-normalised immune activity is 
predictive prior to combination and monotherapy ICI 
treatment and provides definitive predictive value early 
during treatment (i.e. within two weeks of treatment ini-
tiation). This is anticipated, as treatment response will 
amplify the difference between the numerator (immune 
activity) and denominator (tumour volume) of this pre-
dictive calculation. Accurate prediction early during 
treatment is particularly valuable in the neoadjuvant ICI 
setting, where definitive response prediction can guide 
surgical decisions and determine the need for adjuvant 
treatment versus surveillance. These findings underscore 
the value of re-examining new and existing biomarkers 
to refine predictive accuracy and emphasize the need for 
additional research to evaluate this approach in other 
cancers treated with ICI therapy, and especially in early-
stage cancers in the neoadjuvant setting.
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