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Association between pretreatment 
emotional distress and neoadjuvant immune 
checkpoint blockade response in melanoma

Itske Fraterman    1,17, Irene L. M. Reijers2,17, Petros Dimitriadis    3, 
Annegien Broeks4, M. Gonzalez5, A. M. M. Menzies5,6,7, Marta Lopez-Yurda    8, 
Ellen Kapiteijn9, Astrid A. M. van der Veldt10, Karijn P. M. Suijkerbuijk11, 
Geke A. P. Hospers    12, Georgina V. Long    5,6,7,13, Christian U. Blank    2,3,14 & 
Lonneke V. van de Poll-Franse    1,15,16 

Neoadjuvant immune checkpoint blockade (ICB) outperforms adjuvant 
ICB for treatment of stage IIIB–D melanoma, but potential biomarkers 
of response, such as interferon-gamma (IFNγ) signature and tumor 
mutational burden (TMB), are insufficient. Preclinical studies suggest 
that emotional distress (ED) can negatively affect antitumor immune 
responses via β-adrenergic or glucocorticoid signaling. We performed 
a post hoc analysis evaluating the association between pretreatment 
ED and clinical responses after neoadjuvant ICB treatment in patients 
with stage IIIB–D melanoma in the phase 2 PRADO trial (NCT02977052). 
The European Organisation for Research and Treatment of Cancer 
scale for emotional functioning was used to identify patients with ED 
(n = 28) versus those without (n = 60). Pretreatment ED was significantly 
associated with reduced major pathologic responses (46% versus 65%, 
adjusted odds ratio 0.20, P = 0.038) after adjusting for IFNγ signature 
and TMB, reduced 2-year relapse-free survival (74% versus 91%, adjusted 
hazard ratio 3.81, P = 0.034) and reduced 2-year distant metastasis-free 
survival (78% versus 95%, adjusted hazard ratio 4.33, P = 0.040) after 
adjusting for IFNγ signature. RNA sequencing analyses of baseline patient 
samples could not identify clear β-adrenergic- or glucocorticoid-driven 
mechanisms associated with these reduced outcomes. Pretreatment ED 
may be a marker associated with clinical responses after neoadjuvant 
ICB in melanoma and warrants further investigation. ClinicalTrials.gov 
registration: NCT02977052.

Adjuvant systemic treatment with immune checkpoint blocking anti-
bodies pembrolizumab or nivolumab (anti-PD-1 antibodies), or the 
BRAF/MEK-inhibitors dabrafenib plus trametinib, have become stand-
ard therapies for high-risk stage III melanoma. Although these therapies 

improved relapse-free survival (RFS), none has shown a statistically 
significant overall survival benefit so far, even after 5 years follow-up1–3. 
Neoadjuvant immune checkpoint blockade (ICB) has been shown to be 
superior to adjuvant therapy with regard to RFS and event-free survival 
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ED is associated with impaired MPR rates
Patients with ED were less likely to achieve an MPR after neoadjuvant 
ipilimumab plus nivolumab compared with patients without ED (46% 
versus 65%) (Fig. 1a). The overall pathologic response rate was similar 
between both groups (71% versus 72%, respectively) because patients 
with ED had a higher rate of partial pathologic responses (>10% to ≤50% 
viable tumor) compared with patients without ED (25% versus 7%). 
Baseline clinical and tumor characteristics did not significantly differ 
between the group with ED (n = 28) and the group without ED (n = 60) 
(Table 1). To evaluate the association between ED and MPR we used 
univariable and multivariable logistic regression analysis. MPR was 
observed in 52 of 88 patients. Univariable logistic regression analy-
sis showed that a high baseline IFNγ signature (odds ratio (OR) 5.77, 
95% confidence interval (CI) 2.03–16.38, P < 0.01) and high TMB (OR 
10.77 95% CI 3.06–37.93, P < 0.01) were significantly associated with 
MPR (Table 2). Furthermore, although not statistically significant, 
ED (OR 0.47, 95% CI 0.19–1.16, P = 0.10), age (OR per 10 years 1.35, 95% 
CI 0.99–1.83, P = 0.05), sex (OR 2.04, 95% CI 0.97–5.96, P = 0.06) and 
BRAF mutation status (OR 0.44, 95% CI 0.18–1.09, P = 0.08) showed 
an indication of an effect. Because of a substantial amount of missing 
data (45%) in the variables, we used multiple imputation (45 imputed 
datasets) to increase the power of the complete case analyses. Baseline 
and clinical characteristics of the complete cases (n = 48) were compa-
rable to the noncomplete cases (n = 88) (Extended Data Table 1), and 
results from univariable logistic regression analysis in the imputed 
dataset were similar (Extended Data Table 2). Based on the results of 
the univariable analysis in the nonimputed and imputed datasets, ED, 
age, sex, BRAF mutational status, IFNγ signature and TMB were selected 
as candidate predictors for multivariable logistic regression analysis. 
From this, the multivariable model including ED, IFNγ signature and 
TMB minimized the corrected Akaike information criterion (AICc) 
(Extended Data Table 3). Using these same steps for variable selec-
tion in each of the 45 imputed datasets, the model with predictors 
ED, IFNγ signature and TMB was selected in 44 of them. Multivariable 
analysis in the nonimputed dataset on complete cases (n = 64) showed 
a statistically significant association between ED and MPR (adjusted 
odds ratio (aOR) 0.20, 95% CI 0.04–0.92, P = 0.04), while adjusting for 
IFNγ signature (aOR 7.93, 95% CI 2.08–30.29, P < 0.01) and TMB (aOR 
16.39, 95% CI 3.28–81.92, P < 0.01) (Table 2). Multivariable analysis in the 
imputed dataset (n = 88) led to similar results (Extended Data Table 2).

When checking for associations between other clinically impaired 
European Organisation for Research and Treatment of Cancer (EORTC) 
QLQ-C30 metrics and MPR, an association between clinically impaired 
insomnia and MPR (OR 0.24, 95% CI 0.08–0.77, P = 0.02) was found. 
However, insomnia was significantly associated with more ED (χ2 12.30, 
P < 0.01) and is therefore not reported separately.

ED is associated with reduced RFS and DMFS
We have previously shown that pathologic response is a strong sur-
rogate marker for RFS and DMFS8,27. Therefore, we analyzed whether 
ED was also associated with long-term outcomes of the patients. After 
a median follow-up of 28.0 months (95% CI 25.2–31.0), 19 patients had 
progressed before surgery (n = 6) or relapsed after surgery (n = 13). 
Patients with ED at baseline had a 2-year EFS rate of 71% compared with 
83% for patients without ED (Fig. 1b). RFS and DMFS analyses were not 
possible for patients who had progressive disease before surgery (n = 6). 
These patients were excluded from RFS and DMFS analyses result-
ing in 82 patients in these cohorts. In EFS analyses these six patients  
were included.

The 2-year RFS was lower in the group of patients with ED com-
pared with those without ED (74% versus 91%) (Fig. 1c). Likewise, 
patients with ED also had a significantly reduced DMFS (2-year DMFS 
78% versus 95%) (Fig. 1d). To evaluate the association between ED and 
RFS/DMFS, univariable and multivariable Cox regression analyses 
were performed. Univariable Cox regression analysis on RFS showed a 

(EFS) in a phase 1 and a randomized phase 2 trial4,5. Several neoadjuvant 
trials testing neoadjuvant pembrolizumab monotherapy, and especially 
the combination of neoadjuvant ipilimumab (anti-CTLA-4 antibody) 
plus nivolumab, have shown high pathologic response rates, RFS, EFS 
and overall survival (OS) in this high-risk melanoma population6,7.

The PRADO trial (NCT02977052) is currently the largest com-
pleted trial testing neoadjuvant ipilimumab plus nivolumab and the 
only neoadjuvant immunotherapy trial in melanoma that collected 
extensive quality-of-life data7. This trial confirmed the high patho-
logic response rates of its predecessor OpACIN-neo trial, achieved 
by neoadjuvant ipilimumab 1 mg kg−1 plus nivolumab 3 mg kg−1. In 
total, 71 of 99 (72%) patients achieved a pathologic response (≤50% 
viable tumor) in their index lymph node, including 60 (61%) patients 
with a major pathologic response (MPR; ≤10% viable tumor), allow-
ing for de-escalation of surgery and adjuvant therapy in the latter 
patient group. This response-directed treatment personalization was 
associated with superior quality-of-life outcomes. Two-year RFS and 
distant metastasis-free survival (DMFS) rates remained high for the 
MPR patients (93% and 98%, respectively)7.

Molecular biomarkers like tumor mutational burden (TMB) or 
interferon-gamma (IFNγ) signature have previously been associ-
ated with favorable outcomes following neoadjuvant treatment with 
ipilimumab plus nivolumab, also confirmed in PRADO8,9. However, 
biomarker analyses based on tumor genomics (for example, TMB), 
transcriptomics (for example, IFNγ signature and other RNA signa-
tures) or tumor immunohistochemistry (for example, PD-L1 expres-
sion) do not fully explain ICB efficacy. Recently, more comprehensive 
views on optimizing ICB therapies have raised the importance of 
exploring the complexity of ICB responses in relation to environ-
mental, behavioral and psychological factors such as dietary habits, 
physical activity and psychological distress10. In particular, the role 
of emotional distressED; a negative reaction to stressful factors) is 
receiving increasing attention, because it affects a large proportion 
of cancer patients including those with melanoma11,12. Emerging evi-
dence from preclinical studies suggests that ED negatively affects 
tumor progression and antitumor immune responses, mediated by 
β-adrenergic or glucocorticoid signaling resulting from the sympa-
thetic nervous system or hypothalamic–pituitary–adrenal axis acti-
vation13–17. With regard to antitumor immune responses, preclinical 
data have shown that stress can decrease the number and/or effector 
function of several immune-supportive cells, including CD8+ T cells, 
its effector cytokines and CD4+ T cells18–22, and increase the amount 
of immunosuppressive cells, for example, regulatory T cells23,24. ICB 
efficacy is dependent on these immune-supportive cells, and deple-
tion or neutralization of for example CD8+ and CD4+ cells diminishes 
this efficacy25. As a result, several preclinical models have shown that 
stress impairs ICB therapy19–21,26.

We sought to investigate the association between baseline (pre-
treatment) ED and pathological response and RFS in this post hoc 
analysis of the PRADO trial, and to explore the role of stress path-
ways by investigating levels of stress hormones, adrenergic- and 
glucocorticoid-associated gene pathways, and immune cell popula-
tions in the potential association between ED and outcomes.

Results
Patients and baseline characteristics
In the PRADO trial, 99 patients were included, 88 of whom (89%) com-
pleted the baseline health-related quality-of-life (HRQoL) question-
naire. All these patients were included in the current analysis and were 
defined as having ED at baseline before therapy (n = 28) or having no ED 
at baseline (n = 60) (Extended Data Fig. 1). There were no significant dif-
ferences in baseline tumor and clinical patient characteristics between 
the two cohorts (Table 1). At data cutoff (7 February 2022), the median 
follow-up from date of registration was 28.1 months (interquartile 
range (IQR) 25.0–33.8).
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significantly increased hazard of relapse/death for patients with ED ver-
sus those without ED (hazard ratio (HR) 3.78, 95% CI 1.23–11.56, P = 0.02) 
(Table 3). Other variables of interest showed no significant association 
with RFS, although IFNγ signature showed an indication of an effect (HR 
0.35, 95% CI 0.09–1.34, P = 0.13). Univariable Cox regression analysis on 

DMFS also showed a significantly increased hazard of distant relapse/
death for patients with ED versus those without ED (HR 5.20, 95% CI 
1.34–20.13, P = 0.02) (Table 4). In line with RFS analyses, other vari-
ables of interest also showed no significant association with DMFS, 
whereas IFNγ signature showed an indication of an effect (HR 0.27, 95% 
CI 0.06–1.29, P = 0.10). Based on the a priori assumption that IFNγ is a 
predictor of response and survival in this patient group, we included 
ED and IFNγ in multivariable analyses. Multivariable analysis in the non-
imputed dataset on complete cases (n = 64) showed a statistically sig-
nificant association between ED and RFS (adjusted hazard ratio (aHR) 
3.81, 95% CI 1.11–13.16, P = 0.04), while adjusting for IFNγ signature  
(aHR 0.35, 95% CI 0.09–1.33, P = 0.12) (Table 3). Furthermore, a sta-
tistically significant association was found between ED and DMFS  
(aHR 4.38, 95% CI 1.09–17.55, P = 0.04), while adjusting for IFNγ sig-
nature (aHR 0.26, 95% CI 0.05–1.25, P = 0.09) (Table 4). Similar to the 
MPR analyses, there were 45% missing values in the possible candidate 
predictors for survival analyses. Multiple imputation (45 imputations) 
was done and Cox regression analyses were repeated in the imputed 
dataset. Results after multiple imputation were similar for both RFS 
(Extended Data Table 4) and DMFS (Extended Data Table 5).

Overall, multivariable survival analyses were hampered by the 
small number of events. Proportional hazard assumptions were not 
violated in both RFS and DMFS models.

Effects of ED on tumor microenvironment
We next sought to identify the underlying mechanisms by which ED is 
associated with impaired outcomes after ICB. Stress causes the release 
of stress hormones like glucocorticoids, adrenaline and noradrena-
line13,14, with an implied association with inflammation, immune eva-
sion and reduced immunotherapy efficacy in animal models14,15,18–21,26. 
Therefore, we assessed the baseline cortisol levels, hormone signaling 
pathway gene expressions and their potential effects in baseline blood 
samples and tumor biopsies of our patients.

Data on baseline cortisol levels in peripheral blood samples were 
available for 26 patients with ED and 53 patients without ED. Because 
cortisol blood levels follow a strong circadian rhythm, and patients 
had their baseline blood samples drawn at different times of the day, 
we analyzed the association between ED status and cortisol levels 
while adjusting for time of blood withdrawal using a linear regression 
model. Although numerically higher baseline cortisol levels were 
observed between patients with ED versus those without ED when 
adjusting for time of blood withdrawal (mean difference 39.9 nmol l−1, 
P = 0.079), this difference was only marginal and seemed mainly driven 
by a few patients with ED having high cortisol levels early in the morn-
ing (Extended Data Fig. 2a,b). We next assessed whether there were 
differences in the baseline peripheral blood composition between both 
patient cohorts. When analyzing absolute counts of several immune 
cell subsets (for example, lymphocytes, neutrophils, monocytes), 
immune cell ratios (for example, neutrophil-to-lymphocyte ratio, 
monocyte-to-lymphocyte ratio), the systemic immune–inflamma-
tion index and C-reactive protein, no differences were found between 
patients with and without ED (Extended Data Table 6), and no associa-
tion with MPR (Extended Data Table 7).

Because most animal models studying the association between 
stress and antitumor immune responses focused on changes in the 
tumor, we finally analyzed the tumor microenvironment. Bulk RNA 
sequencing data of baseline tumor samples were available for 70 
patients (n = 23 patients with ED, n = 47 patients without ED). Gene set 
enrichment analysis (GSEA) using gene sets based on the Gene Ontol-
ogy database and focusing on adrenergic and glucocorticoid signaling 
pathways showed no significantly upregulated pathways in patients 
with versus without ED or vice versa (Extended Data Fig. 2c). Compari-
son of genes associated with inflammation showed no differences in 
gene expression of cyclooxygenase-2 (prostaglandin endoperoxide 
synthase 2), prostaglandin E2 and interleukin-6 in the tumor (Extended 

Table 1 | Baseline clinical and tumor characteristics of 
patients with and without ED (n = 88)

ED (n = 28) No ED (n = 60) P

Country, n (%) 0.30a

 The Netherlands 20 (71) 36 (60)

 Australia 8 (29) 24 (40)

Sex, n (%) 0.18b

 Male 16 (57) 43 (72)

 Female 12 (43) 17 (28)

Age, median (IQR) 55 (46–70) 61 (52–72) 0.40c

Primary tumor stage, n (%) 0.49a

 T1a/b 7 (25) 9 (15)

 T2a/b 9 (32) 15 (25)

 T3a/b 3 (11) 15 (25)

 T4a/b 5 (18) 10 (17)

 Unknown Tx 1 (4) 1 (2)

 Unknown primary (MUP) 3 (11) 10 (17)

Ulceration of primary tumor, n (%) 0.78a

 Yes 7 (25) 13 (22)

 No 16 (57) 35 (58)

 Unknown 10 (18) 12 (20)

Location of affected LN, n (%) 0.62b

 Neck 6 (21) 15 (25)

 Axilla 10 (36) 26 (43)

 Groin 12 (43) 19 (32)

Number of positive LN on PET–CT, 
n (%)

0.58b

 1 15 (54) 37 (62)

 >1–3 11 (39) 17 (28)

 >3 2 (7) 6 (10)

 Sum of diameter target lesions, 
mm (median, IQR)

26 (19–36) 24 (18–33) 0.50d

BRAF V600E/K mutation, n (%) 0.85b

 Positive 11 (39) 26 (43)

 Negative 13 (47) 28 (47)

 Unknown 4 (14) 6 (10)

IFNγ signature, n (%) 0.80b

 High 11 (39) 21 (35)

 Low 12 (43) 26 (43)

 Unknown 5 (18) 13 (22)

TMB, n (%)b 0.31b

 High 10 (36) 14 (23)

 Low 12 (43) 29 (48)

 Unknown 6 (21) 17 (28)
aFisher’s exact test. bChi-square test. cIndependent samples t-test. dWilcoxon rank-sum 
test. Missing/unknown values were not taken into account when calculating P values 
and proportions. LN, lymph node; MUP, melanoma of unknown primary; PET–CT, positron 
emission tomography–computed tomography.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | December 2023 | 3090–3099 3093

Article https://doi.org/10.1038/s41591-023-02631-x

Data Fig. 3a–c). Furthermore, using the Microenvironment Cell Popu-
lations (MCP) counter method, we found no statistically significant 
differences in abundance of the eight immune cell and two stromal 
cell populations in the tumor between the two ED cohorts (Fig. 2a).  
In particular, no significant difference in CD8+ T cell (P = 0.3522) and 
cytotoxic lymphocyte (P = 0.6000) abundance was found.

Considering that preclinical evidence has shown that β2-adrenergic 
signaling reduced mainly the effector CD8+ tumor-infiltrating lympho-
cyte frequency rather than the total CD8+ T cell population21, we next 
assessed factors associated with CD8+ T cell activity. We showed that 
the baseline IFNγ signature was not significantly different between 
patients with and without ED (Table 1 and Fig. 2b). Investigation in 
T cell activity markers yielded conflicting results, with certain activa-
tion markers showing a significant or numerical reduction in patients 
with ED (for example, CD69, P = 0.0257; HLA-DR, P = 0.0625; CD25, 
P = 0.1084), whereas other markers were unaffected (for example, 
PD1, P = 0.54; CD44, P = 0.53) (Fig. 2c–e and Extended Data Fig. 3d–j). 
In conclusion, no clear β-adrenergic- or glucocorticoid-driven mecha-
nisms associated with reduced outcomes after ICB in patients with ED 
could be identified.

Discussion
In our homogeneous PRADO patient cohort of stage III melanoma 
patients treated with neoadjuvant ICB, we found that patients with ED 
before treatment had a reduced MPR (46% versus 65%) and significantly 
impaired 2-year RFS (74% versus 91%) and 2-year DMFS (78% versus 
95%) compared with patients without ED and after adjusting for the 
previously identified baseline biomarkers (IFNγ signature and TMB).

Our findings are supported by two other more heterogeneous 
patient cohorts that tested ICB in patients with advanced nonsmall cell 
lung cancer28,29. Both Bi et al.29 and Wu et al.28 found that the objective 
response rate (ORR) was significantly lower in the group of patients 
with psychological distress compared with those without psychological 
distress (ORR 6.0% versus 18.5%, P < 0.05 and ORR 35.9% versus 63.6%, 
P = 0.033, respectively). Moreover, both studies demonstrated a sig-
nificantly reduced progression-free survival (PFS) in patients with psy-
chological distress (HR for nondistressed group 0.34, 95% CI 0.19–0.59, 
P < 0.001 (ref. 29) and HR for distressed group: 2.71, 95% CI: 1.06–6.90, 
P = 0.037 (ref. 28)), and according to Wu et al.28 psychological distress 
remained the only independent predictor for PFS in multivariable Cox 
regression analyses28,29.

Next to these small clinical trials, emerging evidence from animal 
studies suggests that stress can assist tumor growth and metastasis 
of numerous cancer types via adrenergic or glucocorticoid signaling 
and their corresponding receptors on tumor and immune cells14–17, and 
that stress may influence the efficacy of anticancer therapies. More 
specifically, studies have shown that stress affects the tumor and its 
microenvironment by promoting tumor cell initiation30,31, proliferation 
and metastasis32,33, angiogenesis34,35, inflammation13,36 and immune 
evasion18–23,37–42.

Besides the direct effects of stress on tumor progression, one may 
argue that stress could also be a consequence of poor tumor charac-
teristics that impair prognosis (for example, large tumor burden, para-
neoplastic syndromes, inflammation). However, in our patients with 
ED versus those without ED, tumor characteristics were not different at 
baseline. Therefore, the association of impaired outcome upon ICB in 
patients with ED led us to hypothesize that the effects of stress on the 
immune cell compartment (rather than tumor cell-associated effects) 
primarily drove these differences in response and survival.

Indeed, previous work has shown that β-adrenergic and gluco-
corticoid receptors are expressed on immune cells and regulate anti-
tumor immune responses15,17,43,44. In murine models, stress induced 
suppressed natural killer (NK) cell cytotoxicity against tumor cells45, 
which was mainly driven by β-adrenergic signaling37, whereas endog-
enous or exogenous corticosterone suppressed NK cell cytotoxicity 
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Fig. 1 | Pathologic response and survival of PRADO according to ED status. 
a, Pathologic response of the patients in the PRADO trial with ED (n = 28) and 
without ED (n = 60) based on International Neoadjuvant Melanoma Consortium 
criteria. b, EFS for all patients in this analysis (n = 88) by ED status. c, RFS for 
all patients without event before surgery (n = 82) by ED status. d, DMFS for 
all patients without event before surgery (n = 82) by ED status. a–d, Patients 
were emotionally distressed (purple) or not emotionally distressed (orange) 
at baseline. b–d, P values were calculated using a two-tailed log-rank test. pPR, 
partial pathologic response.
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mostly secondarily to the NK-suppressing impact of epinephrine and/
or prostaglandins38. Moreover, psychological stress and exposure to 
glucocorticoids were shown to inhibit the maturation of immature 
dendritic cells (DCs) in vivo and in vitro, subsequently affecting the 
priming of T helper 1 (TH1) cells and CD8+ T cells and reducing IFNγ 
production in the tumor microenvironment18,39. Yang et al. demon-
strated that stress-induced elevated endogenous glucocorticoid sign-
aling or exogenous glucocorticoids repressed type I IFN responses in 
DCs and IFNγ+ T cell activation via upregulation of the expression of 

glucocorticoid-inducible factor TSC22d3 (ref. 19). CD8+ T cell cyto-
toxicity was shown to be impaired by glucocorticoid signaling or adr-
energic signaling, demonstrating an increase of terminally exhausted 
T cells expressing checkpoints PD-1, TIM-3 and LAG-3, an increase of 
pro-inflammatory cytokines (IL-10), and decrease of effector cytokines 
(IFNγ, IL-2, tumor necrosis factor)20–22. Of note, Bucsek et al. showed 
that β2-adrenergic signaling reduced the frequency of effector CD8+ 
tumor-infiltrating lymphocytes, but had no effect on the total CD8+ 
tumor-infiltrating lymphocyte population21.

Table 2 | Univariable and multivariable logistic regression 
analysis of MPR in total patient population including 
missing values

Univariable Multivariablea

NMPR/Ntotal OR (95% CI) P aOR (95% CI) P

Emotional distress

 No ED 13/28 Reference Reference

 ED 39/60 0.47 
(0.19–1.16)

0.10 0.20 
(0.04–0.92)

0.04

Country

 Australia 20/32 Reference

 The Netherlands 32/56 0.80 
(0.34–1.95)

0.62

Age (per 10 years) 52/88 1.35 
(0.99–1.83)

0.05

Sex

 Female 13/29 Reference

 Male 39/59 2.40 
(0.97–5.96)

0.06

T stage

 T1/2 23/40 Reference

 T3/4 19/33 1.00 
(0.39–2.55)

1.00

 MUP 10/13 2.46 
(0.59–10.34)

0.22

Ulceration

 No 29/51 Reference

 Yes 11/20 0.93 
(0.33–2.63)

0.89

Number of 
positive LN

 1 29/52 Reference

 >1 23/36 1.40 
(0.59–3.36)

0.45

BRAF V600E/K

 Negative 26/41 Reference

 Positive 16/37 0.44 
(0.18–1.09)

0.08

IFNγ signature

 Low 13/38 Reference Reference

 High 24/32 5.77 
(2.03–16.38)

<0.01 7.93 
(2.08–30.29)

<0.01

TMB

 Low 13/41 Reference Reference

 High 20/24 10.77 
(3.06–37.93)

<0.01 16.39 
(3.28–81.92)

<0.01

NMPR, number of patients with MPR; Ntotal, number of patients in subgroup. aFinal multivariable 
model included only patients without missing data (n = 64).

Table 3 | Univariable and multivariable Cox regression 
analysis of RFS in patients in total patient population 
including missing values

Univariable Multivariablea

Nrelapse/Ntotal HR (95% CI) P aHR (95% CI) P

Emotional distress

 No ED 8/27 Reference Reference

 ED 5/55 3.78 
(1.23–11.56)

0.02 3.86 
(1.13–13.21)

0.03

Country

 Australia 5/30 Reference

 The Netherlands 8/52 0.87 
(0.28–2.71)

0.82

Age (per 10 years) 13/82 1.15 
(0.78–1.71)

0.47

Sex

 Female 5/27 Reference

 Male 8/55 0.75 
(0.25–2.31)

0.63

T stage

 T1/2 5/37 Reference

 T3/4 6/30 1.59 
(0.49–5.22)

0.44

 MUP 2/13 1.18 
(0.36–6.10)

0.84

Ulceration

 No 8/48 Reference

 Yes 3/17 1.07 
(0.55–2.07)

0.85

Number of 
positive LN

 1 7/48 Reference

 >1 6/34 1.20 
(0.40–3.59)

0.74

BRAF V600E/K

 Negative 6/41 Reference

 Positive 7/31 1.62 
(0.54–4.82)

0.39

IFNγ signature

 Low 8/32 Reference Reference

 High 3/32 0.35 
(0.09–1.34)

0.13 0.35 
(0.09–1.33)

0.12

TMB

 Low 7/36 Reference

 High 4/23 0.96 
(0.28–3.29)

0.95

Nrelapse, number of patients with relapse event. aFinal multivariable model included 64 patients 
for complete case analysis.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | December 2023 | 3090–3099 3095

Article https://doi.org/10.1038/s41591-023-02631-x

Next to a decreased number or functions of immune-supportive 
cells, increased amounts of immunosuppressive cells or functions have 
also been reported. Psychological stress or a depressed and anxious 
mood caused a shift from TH1 to TH2 cytokine production within the 
tumor microenvironment of a colon cancer mouse model and ovar-
ian patients, respectively40,46. Similar results were observed following 
β2-adrenergic receptor activation via (nor)epinephrine or pharmaco-
logical agonists47,48 and glucocorticoid signaling49. In addition, chronic 
psychological stress and β2-adrenergic signaling caused an increase in 

regulatory T cells and myeloid-derived suppressor cells and enhanced 
their suppressive activity23,24,42.

Finally, these stress-induced effects on immune cell populations 
and their effector function have shown to influence immunotherapies, 
with impaired efficacy of (prophylactic) cancer vaccines18,50, IL-2 immu-
notherapy51 or ICB treatment19–21,26 in preclinical models.

In our work, the exact mechanism of action driving the differences 
in ICB outcomes in our melanoma patients remains elusive, because no 
clear β-adrenergic- or glucocorticoid-driven pathways were identified. 
β-Adrenergic- or glucocorticoid-associated pathways as measured in 
the tumor by GSEA were not significantly associated with ED. Yet, we 
acknowledge that single-cell RNA sequencing rather than bulk RNA 
sequencing would have been more appropriate for deciphering the 
effects of stress on the tumor-infiltrating immune cell compartment, 
because tumor-specific immune cells comprise only a small proportion 
of the total cell population in a biopsy and (minor) immune modula-
tory effects might therefore have been missed52,53. We also did not 
identify changes in immune cell abundance using the MCP counter 
method. This is in line with preclinical data suggesting no changes 
in the frequency of CD8+ tumor-infiltrating lymphocytes between 
propranolol-treated mice and controls, although the relative number 
of effector CD8+ tumor-infiltrating lymphocytes was significantly 
elevated21. Indeed, we also found some activation markers to be higher 
in patients without ED. Planned additional analyses encompassing 
single-cell spatial imaging may provide additional insights in the future.

Although the importance of screening and psychosocial care for 
cancer patients has long been recognized54, our findings suggest yet 
another reason: if it is confirmed in an independent cohort that ED 
before treatment negatively affects the effectiveness of ICB, this would 
be an additional reason to systematically screen for ED in patients and 
evaluate (non)pharmacological interventions that could potentially 
improve patient outcomes after neoadjuvant ICB.

Pharmacologic blockade of adrenergic signaling by the nonspe-
cific β-blocker propranolol has been shown to significantly and syn-
ergistically improve tumor control by anti-PD1 checkpoint blockade 
in two mice models exposed to mild cold stress21. Of note, CD8 T cell 
depletion reversed this positive synergistic effect. Similar results 
were observed in another melanoma-bearing mouse model treated 
with anti-PD1 with or without IL-2 in combination with propranolol55. 
Blockade of β-adrenergic receptors by propranolol also improved 
the efficacy of HPV16-derived E7 peptide vaccination in an HPV16 
E6/E7-driven mouse tumor model50. In line with these animal data, a 
retrospective analysis of the phase 3 trial investigating the adjuvant 
anti-PD1 inhibitor pembrolizumab versus placebo in high-risk stage 
III melanoma indicated that patients receiving β-blockers had a larger 
RFS improvement with adjuvant pembrolizumab compared with those 
without β-blockers, although the differential prognostic importance 
did not reach statistical significance56. Importantly, propranolol in 
combination with pembrolizumab has been prospectively tested in 
a phase 1 dose-finding study in patients with irresectable stage IIIC/
IV melanoma (NCT03384836). First results showed that the combina-
tion is safe, and preliminary data suggested a synergistic antitumor 
activity with an objective response observed in seven of nine (78%) 
patients and median PFS and OS not reached after a median follow-up 
of 15.6 months57. Such a combination could also be tested in the neo-
adjuvant setting with pathologic response as fast efficacy readout, 
randomizing patients with ED to either immunotherapy alone or immu-
notherapy plus propranolol.

The combination of, for example, propranolol with short- and 
long-term nonpharmacological psychological interventions (both 
before and after surgery) might also be appropriate, although cur-
rent available data do not provide insight into potential synergistic 
effects. Such nonpharmacological supportive care interventions could 
include mindfulness training, psychoeducation, cognitive behavioral 
therapy and/or exercise therapy58–60. A recent systematic review of 

Table 4 | Univariable and multivariable Cox regression 
analysis of DMFS in patients in total patient population 
including missing values

Univariable Multivariablea

Ndm/Ntotal HR (95% CI) P aHR (95% CI) P

Emotional distress

 No ED 7/27 Reference Reference

 ED 3/55 5.20 
(1.34–20.13)

0.02 4.38 
(1.09–17.55)

0.04

Country

 Australia 5/30 Reference

 The Netherlands 5/52 0.49 
(0.14–1.73)

0.27

  Age (per 10 years) 10/82 1.10 
(0.71–1.69)

0.67

Sex

 Female 4/27 Reference

 Male 6/55 0.74 
(0.21–2.62)

0.64

T stage

 T1/2 4/37 Reference

 T3/4 5/30 1.58 
(0.42–5.87)

0.50

 MUP 1/13 0.72 
(0.08–6.43)

0.77

Ulceration

 No 6/48 Reference

 Yes 3/17 1.22 
(0.61–2.43)

0.58

Number of positive 
LN

 1 7/48 Reference

 >1 3/34 0.54 
(0.14–2.09)

0.37

BRAF V600E/K

 Negative 5/41 Reference

 Positive 5/31 1.30 
(0.38–4.50)

0.68

IFNγ signature

 Low 7/32 Reference Reference

 High 2/32 0.27 
(0.06–1.29)

0.10 0.26 
(0.05–1.25)

0.09

TMB

 Low 6/36 Reference

 High 3/23 0.81 
(0.20–3.26)

0.77

dm, distant metastasis; Ndm, number of patients with distant metastasis event. aFinal 
multivariable model included 64 patients for complete case analysis.
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nonpharmacological interventions and their effect on stress reduc-
tion reported that mindfulness interventions, among others, appear 
to be effective and appropriate for patients with cancer or survivors, 
also because they can be taught quickly, self-administered and imple-
mented easily outside medical settings61.

To our knowledge, our work is the first showing a potential nega-
tive association between ED and outcome upon neoadjuvant ICB in 
early-stage melanoma. It is limited by its relatively small sample size 
and the absence of an independent confirmation cohort, because the 

PRADO trial was our first neoadjuvant trial to include quality-of-life 
assessments. Furthermore, assessment of the ED status before therapy 
could be improved by the addition of an extra assessment time point 
or questions inquiring about ED over a longer period. Our finding that 
insomnia is associated with MPR can be explained by the strong asso-
ciation between insomnia and ED. From the literature it is well known 
that emotional functioning and insomnia cluster and are interrelated62. 
Furthermore, insomnia is measured as sleeping disturbances with a sole 
question in the EORTC QLQ-C30. The EORTC QLQ-C30’s single-item 
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Fig. 2 | Effects of ED on immune cell populations in the tumor 
microenvironment. a, Differences in immune cell populations between patients 
with and without ED assessed by the MCP counter method. b, IFNγ signature at 
baseline based on RNA sequencing. c–e, Activation markers CD69 (c), HLA-DR 

(d) and CD25 (e) as measured by RNA sequencing. a–e, Patients with available 
RNA sequencing data (n = 23 patients with ED, n = 47 patients without ED) were 
included. P values were calculated using two-tailed unpaired Student’s t-test. 
Bars represent mean ± s.d.
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sleep scale is less reliable than more comprehensive sleep scales, but 
large sample sizes can compensate for this63,64. In this study, we do not 
have this large sample size. We therefore decided not to report this 
separately, but it adds to the value of stress-reducing interventions 
before start of therapy. Data from the ongoing phase 3 NADINA trial 
(NCT04949113) comparing neoadjuvant ipilimumab plus nivolumab 
versus adjuvant nivolumab address some of these limitations, and may 
be used to confirm our results in the future. In this trial, 420 patients 
with stage III melanoma and broadly comparable inclusion criteria 
to those of PRADO will be included, and quality-of-life assessments 
(additionally including the Cancer Worry Scale and Hospital Anxiety 
and Depression Scale) are performed at baseline, during treatment 
and follow-up.

Thus, this study can only be seen as hypothesis-generating because 
of the abovementioned limitations and also because no exact mecha-
nism of action could be identified. Nevertheless, our observation is in 
line with animal experiments indicating a role for adrenergic signaling 
in regulating the antitumor immune response, a retrospective analysis 
in a similar early-stage melanoma cohort treated with adjuvant ICB and 
a phase 1 prospective trial evaluating propranolol with ICB. Therefore, 
if confirmed in another large cohort like the NADINA trial, these data 
could be the rationale for testing adrenergic receptor blockade and/
or psychological interventions in stage III melanoma patients with ED 
treated with neoadjuvant ICB, for example, in a randomized phase 2 
trial treating patients with ICB alone, ICB plus propranolol or ICB plus 
nonpharmacological interventions.
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Methods
Study design and study population
The PRADO trial (NCT02977052) enrolled 99 patients with nodal stage 
IIIB–D melanoma between November 2018 and January 2020. Inclusion 
and exclusion criteria have previously been described7.

Patients were enrolled by local investigators in Australia at the 
Melanoma Institute Australia (Sydney) and in the Netherlands at the 
Netherlands Cancer Institute (Amsterdam), Leiden University Medi-
cal Center, Erasmus Medical Center (Rotterdam), University Medical 
Center Utrecht and University Medical Center Groningen. Patients 
were registered using ALEA software. The medical ethics review com-
mittee of the Netherlands Cancer Institute and ethical committees 
at the Melanoma Institute Australia approved the trial. The trial was 
conducted in accordance with the protocol and Good Clinical Practice 
Guidelines as defined by the International Conference on Harmoniza-
tion and the Declaration of Helsinki. All participating patients provided 
written informed consent before enrollment.

Patients received two cycles of ipilimumab 1 mg kg−1 plus 
nivolumab 3 mg kg−1 followed by resection of the index lymph 
node at week 6, and were subsequently treated with a pathologic 
response-directed approach; in patients who achieved an MPR (0 to 
≤10% viable tumor) the therapeutic lymph node dissection (TLND) 
was omitted, patients with pPR (>10% to ≤50% viable tumor) under-
went TLND and patients with pathologic non-response (pNR) (>50% 
viable tumor) underwent a TLND plus adjuvant systemic treatment 
(nivolumab or dabrafenib + trametinib) for 52 weeks with or without 
local radiotherapy.

Endpoints
Primary endpoints of the PRADO trial were the pathologic response 
rate and 2-year RFS in patients achieving MPR and pNR. Secondary 
endpoints were systemic treatment-related toxicity and surgical tox-
icity, radiologic response rate, DMFS, EFS, OS, HRQoL and biomarker 
analyses. The current analysis focusing on ED in particular was not 
described in the protocol and is a post hoc analysis.

Pathologic response was assessed according to International 
Neoadjuvant Melanoma Consortium guidelines65. RFS and DMFS were 
defined as the time between date of index lymph node resection and 
date of local (only RFS) or distant melanoma recurrence, or death due 
to any cause, whichever occurred first. EFS was defined as the time 
between date of registration and date of melanoma progression (to 
irresectable stage III or stage IV disease), local or distant melanoma 
recurrence or death due to any cause, whichever occurred first.

Emotional distress
HRQoL was measured by the EORTC QLQ-C30 questionnaire at base-
line, week 6, week 12, week 24, week 36, week 48, week 60 and week 
104 (ref. 66). One of the domains in the EORTC QLQ-C30 is emotional 
functioning, which is measured with four items: “Did you feel tense?”, 
“Did you worry?”, “Did you feel irritable?” and “Did you feel depressed?”. 
After transformation, scores ranged from 0 to 100, with higher scores 
indicating better emotional functioning67. Subgroups of patients with 
good (emotional functioning score >71) or deteriorated (emotional 
functioning score ≤71) functioning were defined according to estab-
lished clinically relevant thresholds and referred to as no ED and ED 
groups, respectively68,69. The emotional functioning subscale of the 
EORTC QLQ-C30 covers both anxiety and depression and it has pre-
viously been shown that it is robust to assess psychological distress 
in different types of cancer patients70–73. Furthermore, the EORTC 
QLQ-C30 emotional functioning subscale is an appropriate screening 
measure when compared with more in-depth questionnaires such 
as the Hospital Anxiety and Depression Scale70. In 2016, the EORTC 
has established ‘clinical importance’ thresholds for the EORTC-C30 
to identify symptoms and functional health problems that require a 
healthcare professional’s attention, to increase the interpretability 

of the questionnaire results and foster its use in daily clinical practice 
and clinical research. Based on these thresholds (with good sensitiv-
ity and specificity68,69), the definition of ED has been defined. Patients 
were excluded from analyses when the baseline questionnaire was not 
completed. For completeness, other threshold-based functioning and 
symptom scales, as measured by the EORTC QLQ-C30 at baseline, were 
checked for their association with pathological response.

Collection of blood and tumor samples
Blood samples for toxicity evaluation were collected at baseline and 
at each subsequent study visit. Blood samples for isolation of plasma 
and peripheral blood mononuclear cells were collected at baseline, 
week 6, week 12 and relapse. Pretreatment tumor biopsies were taken 
from a lymph node metastasis and were immediately snap frozen or 
formalin fixed and paraffin embedded.

Peripheral blood analyses
Hematologic measurements were performed locally at each insti-
tute and included the absolute measurement of immune cells such 
as lymphocytes and granulocytes, platelets and C-reactive protein in 
109 per liter. Based on previous studies, systemic inflammation sta-
tus was assessed by calculating the neutrophil-to-lymphocyte ratio, 
platelet-to-lymphocyte ratio, monocyte-to-lymphocyte ratio and sys-
temic immune–inflammation index74. Measurement of baseline cortisol 
levels was also performed at local institutes in μmol l−1 or nmol l−1, and 
collected with corresponding times of blood withdrawal.

RNA and DNA sequencing and analyses
RNA and DNA were isolated from patients with sufficient tumor 
material based on the pathologist’s scoring (≥30% tumor cells on an 
H&E-stained cryostat frozen section of the tumor sample). RNA and 
DNA were simultaneously isolated from fresh frozen pretreatment 
tumor sections (10 µm) with the AllPrep DNA/RNA/miRNA Universal 
isolation kit (Qiagen, catalog no. 80224) using the QIAcube, accord-
ing to the manufacturer’s protocol. Germline DNA was isolated from 
peripheral blood mononuclear cells using the AllPrep DNA/RNA/
miRNA Universal isolation kit (Qiagen, catalog no. 80224) to be able 
to filter out single nucleotide polymorphisms when determining TMB. 
In total, data of n = 70 and n = 65 patients with known baseline ED status 
were available for RNA and DNA sequencing analyses, respectively.

Messenger RNA sequencing was performed by CeGaT. Initial sam-
ple quality control was performed with Qubit RNA (Thermo Fisher) and 
Bioanalyzer RNA (Agilent). Strand-specific libraries were generated 
using the TruSeq Stranded mRNA sample preparation kit (Illumina) 
according to the manufacturer’s instructions, and sequenced with 2× 
100 base pair (bp) reads on the NovaSeq 6000 system. Demultiplex-
ing of the sequencing reads was performed with Illumina bcl2fastq 
(v.2.20). Adapters were trimmed with Skewer (v.0.2.2)75. The quality 
of FastQ files was analyzed with FastQC (v.0.11.5-cegat)76. FastQ files 
were mapped to the human reference genome (GRCh38.v82) using 
STAR (v.2.7.3a) with default settings77. Count data generated with 
HTseq-count (v.0.12.4)78 were analyzed with DESeq2 (v.1.38.2)79. For 
downstream analysis the data were analyzed using R (v.4.2.2). Cen-
tering of the normalized gene expression data for each dataset was 
performed by subtracting the row means and scaling by dividing the 
columns by the standard deviation. Next, the previously defined IFNγ 
signature80, MCP counter (using MCPcounter v.1.1.0)81 and activation 
markers were analyzed. GSEA (using fgsea v.1.24.0) was performed 
to identify gene sets from the Gene Ontology database (v.2023.1, 
accessed on 17 March 2023) (https://doi.org/10.5281/zenodo.2529950) 
that were significantly enriched in patients with ED compared with 
patients without ED. The ranking of the genes was computed with 
apeglm (v.3.16)82. The normalized enrichment scores and other sta-
tistics were computed by fgsea with minimum gene set size of 6 and 
1,000 permutations.
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Whole-exome sequencing was also performed by CeGaT. Exome 
libraries were generated using the Twist Human Core Exome Plus 
(Twist Biosciences), according to the manufacturer’s instructions. 
The libraries were sequenced with 100-bp reads on a NovaSeq 6000 
system according to the manufacturer’s protocols, with a sequence 
quality Q30 value of >90%. Data were analyzed in CeGaT exome analysis 
pipeline. Briefly, demultiplexing of the sequencing reads was per-
formed with Illumina bcl2fastq (v.2.20). Adapters were trimmed with 
Skewer (v.0.2.2). The quality of FastQ files was analyzed with FastQC 
(v.0.11.5-cegat). Subsequent FastQ files were aligned to the human 
reference genome (GRCh38) using Burrows–Wheeler aligner (v.0.7.12), 
followed by marking of duplicate reads by the MarkDuplicates tool in 
Picard (v.1.140). Subsequently, base quality scores were recalibrated 
using BaseRecalibrator in GATK (v.4.0.6.0) and single-nucleotide vari-
ants were called using MuTect2 in GATK39. The TMB was calculated by 
summarizing the total number of nonsynonymous, somatic mutations 
per sample with minimal variant allele frequency of 0.05 (5%).

Statistical analysis
Differences between variables of interest in patients with or without 
ED were checked using Pearson’s chi-squared test (Fisher’s exact test 
in case of sparse data) for categorical variables, and the independent 
samples t-test or Wilcoxon rank-sum test, depending on distributional 
assumptions, for continuous variables. The cutoffs for IFNγ signature 
and TMB high and low status have been previously assessed on the 
total PRADO cohort using a receiver operating characteristic curve. 
The cutoff for IFNγ signature (mean score of the ten genes) was 0.054 
and for TMB was 424 nonsynonymous mutations.

We applied univariable and multivariable logistic regression mod-
els that investigated the association between all baseline and clinical 
baseline variables and MPR. Multivariable logistic regression analysis 
included ED and the known baseline biomarkers predictive for response 
and survival, IFNγ and TMB. Additional clinical and baseline variables 
with P < 0.10 in the univariable regression analysis were also considered 
for inclusion in the multivariable model. AICc was used to compare all 
possible models combining the aforementioned predictors and select 
the one with the lowest AICc. Similarly, associations between ED and 
survival outcomes (EFS, RFS, DMFS) were examined using univariable 
and multivariable Cox proportional hazard regression models. For RFS 
and DMFS analyses, patients who had an event before surgery were also 
excluded, resulting in n = 82 patients. Multivariable Cox regression 
analyses were done including ED and IFNγ as predetermined predictor. 
For TMB, no association with survival has been found in the existing 
literature9, and given the limitations in the number of events available 
for the survival analyses in our study, it was excluded from the multi-
variable regression analysis. The Kaplan–Meier method was used to 
generate EFS, RFS and DMFS curves, and Cox regression analyses for 
overall comparisons across ED status were done, displaying estimated 
HRs and their corresponding 95% CIs.

The reverse Kaplan–Meier method was used for computing 
median follow-up time. Schoenfeld residuals were inspected to verify 
model assumptions. The association between ED status and baseline 
cortisol levels was examined while adjusting for time of blood with-
drawal, using a linear regression model with cortisol as outcome vari-
able and ED status and draw time as independent variables.

Information on all candidate predictors was not always available in 
our dataset. As part of sensitivity analyses, Markov Chain Monte Carlo 
multiple imputation was done, assuming data were missing at ran-
dom. This assumption was considered plausible because missing data 
were often related to the availability of suitable tumor biopsy material 
for genetic analysis rather than to the missing values themselves or 
to unobserved characteristics. Because there were approximately 
45% incomplete cases in the data, we generated 45 imputed datasets. 
Descriptive and Cox/logistic regression analyses were performed 
using Stata v.15.1 software (StataCorp) or IBM SPSS Statistics v.27. 

Kaplan–Meier plots and RNA sequencing analyses were performed in 
GraphPad Prism (v.9.3.0), R (v.4.2.2) and R Studio (v.1.2.1335) using the 
packages lubridate (v.1.9.1), dplyr (v.1.0.10), ggplot2 (v.3.4.0), survival 
(v.3.4.0), survminer (v.0.4.9), DESeq2 (v.1.38.2), tidyverse (v.1.3.2), 
biomaRt (v.2.54), Biobase (v.2.58.0), RColorBrewer (v.1.1-3), heatmap.3 
(github/lwaldron/LeviRmisc/), fgsea (v.1.24.0), mMCPcounter (v.1.1.0) 
and immunedeconv (v.2.1.0). Dot plots and bar plots were generated 
in GraphPad Prism (v.7.03).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
RNA sequencing data generated during the study will be depos-
ited in the European Genome-phenome Archive (EGA) under the 
accession code EGAS00001007601. To minimize the risk of patient 
re-identification, de-identified individual patient-level clinical data are 
available under restricted access. Upon scientifically sound request, 
data access can be obtained via the Netherlands Cancer Institute’s 
(NKI) scientific repository at repository@nki.nl, which will contact 
the corresponding author (L.V.v.d.P.-F.). Data requests will then be 
reviewed by the institutional review board of the NKI and will require 
the requesting researcher to sign a data access agreement with the NKI.
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Extended Data Fig. 1 | Flowchart for the Emotional Distress analyses of the PRADO trial. Patients were defined as having emotional distress (emotional functioning 
score≤71) or no emotional distress (emotional functioning score >71) according to established clinically relevant thresholds using the EORTC QLQ-C30 questionnaire. 
HRQoL = health-related quality of life.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Baseline cortisol levels in patients with and without 
ED. a, Cortisol levels in nmol/L as measured in the peripheral blood at baseline of 
patients with emotional distress (n = 26, purple) and without emotional distress 
(n = 53, orange). Patients with unknown baseline cortisol levels or unknown time 
of blood withdrawal were excluded. b, Two-tailed linear regression analysis  
(n = 79 patients) showing the association between cortisol levels and emotional 
distress status or time of blood withdrawal. c, Gene set enrichment analysis  

(n = 70 patients) using gene sets based on the Gene Ontology database showing 
the normalized enrichment score (NES) and corresponding unadjusted two-
sided p-value of adrenergic and glucocorticoid-associated pathways. Orange 
bars indicate enrichment of pathways in patients without ED (n = 47), and purple 
bars indicate enrichment of pathways in patients with ED (n = 23). No corrections 
for multiple testing were performed.
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Extended Data Fig. 3 | Inflammation and T cell activation markers in patients 
with and without ED. a-c, Comparison of genes associated with inflammation: 
COX2 (PTGS2), prostaglandin E2 (PGE2) and IL6 in the tumor. d-j, Comparison 
of T cell activation markers as measured by RNA sequencing. a-j, Patients with 

available RNA sequencing data (n = 23 patients with ED, n = 47 patients without 
ED) were included. P-values were calculated using two-tailed unpaired Student’s 
t-test. Bars represent mean +/− S.D.
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Extended Data Table 1 | Baseline clinical and tumor characteristics of patients without missing data in any of the  
variables (n = 48)
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Extended Data Table 2 | Univariable and multivariable logistic regression analysis of MPR in total patient population with 
imputed data (n = 88)
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Extended Data Table 3 | Comparison of multiple models with ED/MPR and preselected (stronger) predictors in terms of 
corrected AIC
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Extended Data Table 4 | Univariable and multivariable Cox regression analysis of RFS in total patient population with 
imputed data (n = 82)
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Extended Data Table 5 | Univariable and multivariable Cox regression analysis of DMFS in total patient population with 
imputed data (n = 82)
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Extended Data Table 6 | Baseline median blood cell ratios and inflammation markers in ED vs No ED cohorts (n = 88)
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Extended Data Table 7 | Logistic regression analysis of inflammation markers and association with MPR in total patient 
group (n = 88)
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