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Introduction: There is debate on which are the best surrogate endpoint and

metric to capture treatment effect on overall survival (OS) in RCTs testing

immune-checkpoint inhibitors (ICIs).

Methods: We systematically searched for RCTs testing ICIs in patients with

advanced solid tumors. Inclusion criteria were: RCTs i) assessing PD-(L)1 and

CTLA-4 inhibitors either as monotherapy or in combination with another ICI,

and/or targeted therapy, and/or chemotherapy, in patients with advanced solid

tumors; ii) randomizing at least 100 patients. We performed a meta-analysis of

RCTs to compare the surrogacy value of PFS and modified-PFS (mPFS) for OS in

RCTs testing ICIs, when the treatment effect is measured by the hazard ratio (HR)

for OS, and by the HR and the ratio of restricted mean survival time (rRMST) for

PFS and mPFS.

Results: 61 RCTs (67 treatment comparisons and 36,034 patients) were included

in the analysis. In comparisons testing ICI plus chemotherapy, HRPFS and HRmPFS

both had a strong surrogacy value (R2 = 0.74 and R2 = 0.81, respectively). In

comparisons testing ICI as monotherapy, HRPFS was the best surrogate, although

having a moderate correlation (R2 = 0.58). In comparisons testing ICI plus other

treatment(s), the associations were very weak for all the surrogate endpoints and

treatment effect measures, with R2 ranging from 0.01 to 0.22.
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Conclusion: In RCTs testing ICIs, the value of potential surrogates for HROS

was strongly affected by the type of treatment(s) tested. The evidence available

supports HRPFS as the best surrogate, and disproves the use of alternative

endpoints, such as the mPFS, or treatment effect measures, such as the RMST.
KEYWORDS

immunotherapy, surrogate, randomized clinical trial, immune check inhibitor
(ICI), methodology
Introduction

Overall survival (OS) is the gold-standard endpoint used to

demonstrate the clinical efficacy of new cancer drugs in randomized

clinical trials (RCTs). The primary effect measure of interest is the

ratio of the hazards of death, namely the OS hazard ratio (HROS),

assessed over the entire follow-up period (FUP) and estimated using

the proportional hazards (PH) Cox model.

However, a reliable estimation of HROS requires large RCTs

with long FUP, resulting in increase in costs and time required

before a new cancer drug is available to patients. To expedite drug

approvals, the evaluation of new treatments in RCTs often relies on

the assessment of their effects on surrogate endpoints, under the

assumption that these effects accurately predict those on OS at the

final analysis (1).

Progression-free survival (PFS) has been long used as a surrogate

endpoint for OS in RCTs testing chemotherapy and targeted therapy

in patients with advanced solid tumors. Also, the HR estimated from

a Cox PH model for PFS (HRPFS) is routinely used as a measure to

empirically compare experimental versus control arms.

The weak correlation (R2<0.40) between HRPFS and HROS

resulting in RCTs testing immune checkpoint inhibitors (ICIs) (2,

3) may challenge the belief that HRPFS is a potential surrogate

endpoint for OS. However, the poor correlation between HRPFS and

HROS may be attributed to ICIs’ novel mechanisms for activating or

rehabilitating self-immunity against tumors, which could result in

delayed clinical effects and long-term responders, as well as in

disease progression followed by tumor shrinkage (pseudo-

progression). In these instances, the PFS curves may take some

time to separate, and the immunotherapy agent curve may have a

long tail, leading to the violation of the PH assumption on which the

calculation of HRPFS is based (4).
io; ICI, immune
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The restricted mean survival time (RMST), namely the mean

survival time to some prespecified time point t*, was proposed as an
alternative treatment effect measure to address both delayed

response and long-term responders issues, accounting for

deviation from PH assumption (5). The treatment effect on PFS

can be measured as the ratio of RMST (rRMST), which is the ratio

of the area under the Kaplan-Meier (KM) PFS curve for the control

group vs experimental group, from time 0 to a chosen time t*.
Early overlapping PFS curves may also depend on pseudo-

progression events, a documented type of response to ICIs that

occur when an initial apparent RECIST-defined progression is

observed prior to eventual disease improvement. To consider

pseudo-progressions, Wang et al. (6) recently proposed a novel

endpoint, the modified PFS (mPFS), which omits the events of

disease progression (but not deaths) within n months (e.g., 3

months) after randomization, showing that HRmPFS outperformed

HRPFS as surrogate for HROS in ICI trials.

Here, we performed a systematic review and meta-analysis of

RCTs testing ICIs in patients with advanced solid tumors to

compare the surrogacy value for HROS of both PFS and mPFS as

endpoints and HR and rRMST as treatment effect measures, in

strata of type of treatment administered in the experimental arm

[i.e., ICI alone, ICI plus chemotherapy, ICI plus ICI or other

treatment(s)].
Methods

The value of PFS and mPFS as surrogate endpoint for OS in

RCTs testing ICIs was assessed using a meta-analytical approach

based on pseudo individual patient-level data (IPD) (see details

below). The treatment effect was measured by the HR for OS, and

by the HR and the rRMST for the two surrogate endpoints.
Search strategy, selection criteria and
data extraction

We followed recommendations of the Preferred Reporting Items

for Systematic reviews and Meta-Analyses (PRISMA) (7) and the

Reporting of Surrogate Endpoint Evaluation using Meta-analyses
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(ReSEEM) (8) guidelines to perform this systematic review and meta-

analysis. We searched PubMed, Embase, and Scopus for phase II or

III RCTs testing ICIs, published from the inception of each database

to December 31, 2021. We also reviewed abstracts and presentations

from all major conference proceedings, including the American

Society of Clinical Oncology and the European Society for Medical

Oncology, from January 2010 to December 2021.

Two investigators (LP and FC) independently searched the

databases. The search terms were “CTLA-4”, “cytotoxic T-

lymphocyte-associated protein 4”, “PD-1”, “programmed death

receptor 1” , “PD-L1” , “immune checkpoint inhibitor” ,

“ipilimumab”, “tremelimumab”, “nivolumab”, “pembrolizumab”,

“durvalumab”, “atezolizumab”, “cemiplimab”, “spartalizumab”,

“avelumab”, “toripalimab”, “dostarlimab” , “balstilimab” ,

“penpulimab”, “retifanlimab”, “sintilimab”.

We included RCTs: i) assessing PD-1, PD-L1 and CTLA-4

inhibitors either as monotherapy or in combination with another

ICI, and/or targeted therapy, and/or anti-angiogenesis drugs, and/

or chemotherapy, in patients with advanced solid tumors; ii)

randomizing at least 100 patients; iii) displaying the KM survival

curves for OS and PFS.

We excluded single-arm phase I and II trials (i.e., non-

randomized trials), RCTs conducted in (neo)adjuvant setting or

in hematologic malignancies, and RCTs considering ICIs as control

arm (either monotherapy or combined with other therapies).

Titles, abstracts, and full-text articles were reviewed

independently by four authors (FC, LP, EP, IS). Inconsistencies

were discussed by all authors to reach consensus. Reference lists of

articles included in the final selection were reviewed to identify

additional relevant papers. When duplicate publications were

identified, only the most recent and complete were included.

Based on a predefined form, we extracted data on the following

variables: study name, first author and year of publication, study

design and blinding, trial phase, primary endpoint(s), underlying

malignancy, number of patients, median FUP time, line of therapy,

type of experimental and control treatment.
Quality assessment of trials

To ascertain risk of bias, we assessed the methodological quality

of each trial using the Cochrane Risk of bias tool (version 5.2.0) (9).

Responses in each domain (random sequence generation, allocation

concealment, blinding of participants and personnel, blinding of

outcome assessment, incomplete outcome data and selective

outcome reporting) were assessed as having a ‘low’, ‘unclear’ or

‘high’ risk of bias.
Individual patient-level data reconstruction

Pseudo IPD for PFS and OS were reconstructed from the

published KM curves. We used a web based validated tool

[WebPlotDigitizer (10)] to extract data coordinates from

published KM curves. Then, pseudo IPD were reconstructed

using the validated algorithm proposed by Guyot et al. (11).
Frontiers in Immunology 03
To derive mPFS, disjointed PFS and OS pseudo IPD were

matched using a simulation-based algorithm, as described in

Wang et al. (6). Briefly, the algorithm matches PFS-OS pseudo

IPD under the following conditions: i) for a given patient, the PFS

duration should not exceed the OS duration; ii) patients with events

in the OS pseudo IPD dataset should be a subgroup of patients with

events in the PFS pseudo IPD dataset. Given that these

requirements are insufficient to accurately capture the original

matched PFS-OS IPD, we simulated 1000 qualified datasets of

matched PFS-OS pseudo IPD for each included treatment arm.
Statistical analysis

The data extracted from the included three-arm trials were

treated as two separate comparisons, with the control arm being

duplicated in both comparisons. For this reason, our unit of analysis

was the comparison between pairs of treatment arms, and not the

trial. Each pairwise comparison was categorized according to the

type of treatment administered in the experimental arm: ICI alone,

ICI plus chemotherapy, or ICI plus ICI or other treatment(s).

For each comparison, we used the reconstructed pseudo IPD to

estimate HROS, HRPFS, HRmPFS, rRMSTPFS, rRMSTmPFS with their

95% confidence intervals (95% CI). rRMST was obtained as the

ratio of the RMST in the control group to the RMST in the

experimental group. Both an rRMST and an HR less than one

favored the experimental treatment.

Within each treatment comparison, we compared differences in

treatment effect measures by using the ratio of the surrogate effect

measure (s; i.e., HRPFS, HRmPFS, rRMSTPFS, or rRMSTmPFS) to the

final effect measure (f; i.e., HROS). A ratio s
f < 1 indicated that the

treatment effect size on the surrogate measure overestimates the

treatment effect size on the final measure.

The pairwise agreement between the statistical significance of

HROS and each surrogate measure was assessed. In our analysis a p-

value below 0.05 was considered statistically significant, which

would in turn indicate the potential for drug approval. Cohen’s

kappa coefficient was used to measure the agreement between HROS

and each surrogate. Additionally, McNemar’s statistic was used to

test the null hypothesis that both measures provided a similar

proportion of statistically significant findings.

Meta-analyses of the treatment effect measures were conducted

using random effects models. A weighted linear regression (WLS)

model was used to quantify the association between the treatment

effect on the final endpoint (HROS) and each surrogate measure

(HRPFS, HRmPFS, rRMSTPFS, and rRMSTmPFS). The coefficient of

determination (R2) was used to quantify the surrogacy value at trial-

level of each potential surrogate endpoint. The 95% CI for R2 was

estimated by bootstrap analysis with 1000 samples. According to

ReSEEM guidelines (8), R2 values equal to or higher than 0.7

represent strong correlations (and was therefore suggestive of

surrogacy), values between 0.69 and 0.5 represent moderate

correlations, and values lower than 0.5 represent weak

correlations. The slope of the regression line was also reported as

an alternative measure of surrogacy. For the treatment effects to be

associated, we required that the slope significantly differed from
frontiersin.org
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zero. Finally, we calculated the surrogate threshold effect (STE),

defined as the minimum treatment effect on the surrogate endpoint

necessary to predict a significant OS benefit in a future trial.

A comprehensive description of statistical analysis was included

in the Supplementary Material.

Analyses were performed with SAS software v9.4 (SAS Institute,

Cary, North Carolina, USA) and R software v3.6.0.
Patient and public involvement

Members of the study group have regular meetings with patient

representatives about ongoing scientific projects and activities.

During these meetings the project and its objectives are discussed,

and we accepted the patients’ suggestions, which were mainly

focused on the need to make the final version of the paper as

clear and less technical as possible, to widely disseminate the results

given the relevant implications for research and clinical practice.
Results

Overall, 61 RCTs comprising a total of 36,034 patients were included

in the analysis (Supplementary Figure S2, Supplementary Table S1).

Table 1 shows the main features of included trials (12–78). Six

phase I/II or II or II/III trials (10%) and 55 phase III trials (90%)

were included. The publication years spanned from 2011 to 2021,

with 29 (48%) published in 2021. Forty-one studies (67%) were in

the first-line setting and 27 (44%) enrolled patients with non-small

cell lung cancer. OS alone was the primary endpoint in 25 (41%)

trials, PFS alone in 12 trials (20%), OS and PFS or OS and overall

response rate (ORR) as co-primary in 22 (36%) and 1 trial (2%),

respectively. The sole phase I/II included trial used ORR alone as

primary endpoint.

The median FUP of trials was 18.9 months, ranging from 5.1 to

69.5 months.

Six trials had three treatment arms, for a total of 67 comparisons

analyzed (Table 2). Thirty comparisons (45%) tested ICI alone, 22

comparisons (33%) evaluated the combination of ICI with

chemotherapy, and 15 comparisons (22%) tested other ICI(s)-

containing combinations, including an anti-PD-(L)1 combined

with anti-angiogenesis drugs in 5 trials, the combination of an

anti-PD-(L)1 with an anti-CTLA-4 drug in 7 trials, combo-

immunotherapy (i.e., anti-PD-(L)1 plus anti-CTLA-4) plus

chemotherapy in 2 trials, and an anti-PD-L1 combined with

targeted therapy in one trial. The treatment administered in the

control arm was chemotherapy alone in 56 comparisons (84%),

anti-angiogenesis agent alone or in combination with

chemotherapy in 6 comparisons (9%), targeted therapy in 2

comparisons (3%) and placebo in 3 comparisons (5%).

Chemotherapy was administered as control arm in all the

comparisons testing ICI plus chemotherapy, in 27 (90%)

comparisons testing ICI alone, and in 7 (47%) comparisons

testing ICI plus ICI or other treatment(s).

The proportional hazards assumption was not rejected (i.e.

Grambsch-Therneau test p-value greater than 0.05) for both OS
Frontiers in Immunology 04
and PFS in 31 out of 67 comparisons (46%), for OS only in 15

comparisons (22%), for PFS only in 2 comparisons (3%), and

neither for OS nor PFS in 19 comparisons (28%).

The PH assumption held for both OS and PFS in 82% of

comparisons testing ICI plus chemotherapy, in 53% of comparisons

testing ICI plus ICI or other treatment(s), and in only 5 (17%)

comparisons testing ICI alone.

Supplementary Table S2 reports the quality assessment of trials

according to the Cochrane Risk of bias tool. Overall, the quality of

trials was high, as the risks of selection, attrition, reporting and

other forms of bias for all the RCTs included in the analysis were

low. The only potential biases affecting trials were performance and
TABLE 1 Main features of included trials.

N of included trials

N (%)

61

Year of publication

2011-2020 32 (52.5)

2021 29 (47.5)

Phase

I/II or II or II/III 6 (9.8)

III 55 (90.2)

Line of therapy

I 41 (67.2)

>I 20 (32.8)

Primary endpoint

OS 25 (41.0)

PFS 12 (19.7)

OS+PFS 22 (36.1)

OS+ORR 1 (1.6)

ORR 1 (1.6)

Median follow-up time (range) 18.9 (5.1-69.5)

Tumor site

Breast cancer 3 (4.9)

Colorectal cancer 1 (1.6)

Esophageal cancer 3 (4.9)

Gastric cancer 3 (4.9)

Head and neck cancer 4 (6.6)

Melanoma 5 (8.2)

Mesothelioma 2 (3.3)

Non-small cell lung cancer 27 (44.3)

Renal cancer 5 (8.2)

Small cell lung cancer 4 (6.6)

Urothelial cancer 4 (6.6)
OS, overall survival; PFS, progression-free survival; ORR, overall response rate.
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detection bias, since only 21 out of 61 RCTs had a double

blinding design.

Supplementary Table S3 reports the treatment effect estimates

and their ratios derived from pseudo IPD extracted from the

published KM curves for each included comparison. The HRs for

OS ranged between 0.43 and 1.03 in comparisons testing ICI alone,

between 0.56 and 1.26 in comparisons testing ICI plus CT, and

between 0.59 and 0.86 in comparisons testing ICI plus ICI or other

treatment(s). Notably, pooled HROS were very similar across strata:

HROS=0.77 (95% CI: 0.73, 0.82) for ICI alone, HROS=0.78 (95% CI:

0.73, 0.84) for ICI plus chemotherapy, and HROS=0.78 (95% CI:

0.73, 0.82) for ICI plus ICI or other treatment(s) (Figure 1).

Pooled HRs for PFS and mPFS varied according to the type of

treatment administered in the experimental arm. Pooled

HRPFS=0.86 (95% CI: 0.77, 0.97) in ICI alone, HRPFS=0.68 (95%

CI: 0.62, 0.74) in ICI plus chemotherapy, and HRPFS=0.74 (95% CI:

0.65, 0.85) in ICI plus ICI or other treatment(s). Pooled HRmPFS was

0.69 (95% CI: 0.64, 0.74), 0.72 (95% CI: 0.66, 0.78) and 0.68 (95%

CI: 0.62, 0.73) respectively (Figure 1).

Across the 67 comparisons, the time horizons t* defining RMST

ranged from 8.7 months to 5.1 years (median 20.9 months [IQR:

15.0, 26.0]) and no important differences emerged between strata.

Pooled rRMSTPFS and rRMSTmPFS were similar within and

across strata of treatment administered in the experimental arm. In

comparisons testing ICI alone pooled rRMSTPFS=0.85 (95% CI:

0.78, 0.92) and rRMSTmPFS=0.77 (95% CI: 0.74, 0.81), in

compar i sons tes t ing ICI p lus chemotherapy pooled

rRMSTPFS=0.78 (95% CI: 0.73, 0.83) and rRMSTmPFS=0.82 (95%

CI: 0.78, 0.87), while in comparisons testing ICI plus ICI or other
Frontiers in Immunology 05
treatment(s) pooled rRMSTPFS=0.80 (95% CI: 0.75, 0.86) and

rRMSTmPFS=0.79 (95% CI: 0.74, 0.83; Figure 1).

When all the RCTs were pooled together, none of the endpoints

(i.e., PFS and mPFS) or metrics (i.e., HR and RMST) investigated

had a strong association with HROS: the R
2 of the association with

HROS was respectively 0.38 (95% CI: 0.23, 0.52) for HRPFS, 0.60

(95% CI: 0.39-0.73) for HRmPFS, 0.39 (95% CI: 0.23, 0.52) for

rRMSTPFS, and 0.31 (95% CI: 0.11, 0.50) for rRMSTmPFS.

Figure 1 shows the pooled ratio between each surrogate

treatment effect measure and HROS by type of treatment

administered in the experimental arm.

Notably, The HRPFS showed a larger treatment effect for the

experimental treatment compared to that observed for HROS (ratio

of the two treatment effect measures <1) in 7 (23%) comparisons

testing ICI alone, in 20 (91%) comparisons testing ICI plus

chemotherapy, and in 8 (53%) comparisons testing ICI plus ICI

or other treatment(s) (Supplementary Table S3).

Overall, the HRPFS significantly underestimated the protective

treatment effect size observed on HROS in comparisons testing ICI

alone (pooled ratio HRPFS/HROS=1.14, 95% CI: 1.06, 1.24) and, on

the contrary, significantly overestimated it in comparisons testing

the combination of ICI plus chemotherapy (pooled ratio HRPFS/

HROS=0.88, 95% CI: 0.83, 0.93).

Conversely, the HRmPFS significantly overestimated the

protective treatment effect size observed on HROS regardless of

the type of treatment administered in the experimental arm (pooled

ratio HRmPFS/HROS was 0.90 (95% CI: 0.86, 0.95) for ICI alone, 0.93

(95% CI: 0.89, 0.97) for ICI plus chemotherapy, and 0.89 (95% CI:

0.83-0.95) for ICI plus ICI or other treatment(s); Figure 1).
TABLE 2 Main features of included comparisons.

N of included comparisons

Type of treatment administered in the experimental arm

Total
ICI alone ICI + CT

ICI + ICI or
other treatment(s)

N (%) N (%) N (%) N (%)

30 22 15 67

Type of treatment administered in the control arm

CT 27 (90.0) 22 (100.0) 7 (46.7) 56 (83.6)

Anti-angiogenesis agent 0 0 4 (26.7) 4 (6.0)

Anti-angiogenesis agent + CT 0 0 2 (13.3) 2 (3.0)

Targeted therapy 1 (3.3) 0 1 (6.7) 2 (3.0)

Placebo 2 (6.7) 0 1 (6.7) 3 (4.5)

PH assumption was not rejected for a

Both OS and PFS 5 (16.7) 18 (81.8) 8 (53.3) 31 (46.3)

OS or PFS only 13 (43.3) 3 (13.6) 1 (6.7) 17 (25.4)

None 12 (40.0) 1 (4.5) 6 (40.0) 19 (28.4)
fron
ICI, immune checkpoint inhibitor; CT, chemotherapy; OS, overall survival; PFS, progression-free survival; PH, proportional hazards.
aThe Grambsch-Therneau test was used to test the PH assumption. PH assumption was not rejected (p-value greater than 0.05):

- for both OS and PFS: ICI alone, n=5; ICI+CT, n=18; ICI+ICI or other treatment(s), n=8.
- for OS only: ICI alone, n=13; ICI+CT, n=1; ICI+ICI or other treatment(s), n=1.
- for PFS only: ICI alone, n=0; ICI+CT, n=2; ICI+ICI or other treatment(s), n=0.
- for none: ICI alone, n=12; ICI+CT, n=1; ICI+ICI or other treatment(s), n=6.
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Supplementary Table S4 shows the pairwise agreement between

the statistical significance of HROS and each surrogate measure. In

comparisons testing ICI alone, there was no agreement between

statistical significance of HROS and HRPFS (Cohen’s Kappa

coefficient was 0.02 [95% CI: -0.32, 0.36] and McNemar’s test p-

value 0.197), while a stronger agreement was observed between

HROS and the other surrogate measures (Cohen’s Kappa coefficient

ranged from 0.30 for HROS vs rRMSTPFS [McNemar’s test p-value =

0.035] to 0.51 for HROS vs HRmPFS [McNemar’s test p-value

= 0.014]).

In comparisons testing ICI plus chemotherapy, a fair agreement

was observed between HROS and all the surrogate measures

(Cohen’s Kappa coefficient was 0.37 [95% CI: 0.04, 0.71] and

McNemar’s test p-value 0.014 for HROS vs HRPFS, rRMSTPFS and

rRMSTmPFS). In ICI plus ICI or other treatment(s) strata, the

agreement was very poor with all the surrogate measures

(Cohen’s Kappa coefficient ranged from -0.06 for HROS vs

HRmPFS [McNemar’s test p-value = 0.257] to 0.12 for HROS vs

HRPFS and rRMSTPFS [McNemar’s test p-value = 0.414]).

Figure 2 shows the correlations between effects of ICIs on OS (y-

axis) and the potential surrogate endpoints (x-axes; i.e., panel A:

HRPFS, panel B: HRmPFS, panel C: rRMSTPFS, and panel D:

rRMSTmPFS) according to the type of treatment administered in

the experimental arm.

Among comparisons testing ICI alone, a moderate association

with HROS was observed for HRPFS (R
2 = 0.58, 95% CI: 0.24, 0.78),

HRmPFS (R
2 = 0.55, 95% CI: 0.25, 0.71) and rRMSTPFS (R

2 = 0.54,

95% CI: 0.30, 0.66), while for rRMSTmPFS the correlation was weak

(R2 = 0.27, 95% CI: 0.07, 0.51).
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Among comparisons with ICI plus chemotherapy as

experimental arm, a strong association with HROS was observed

for HRPFS (R
2 = 0.74, 95% CI: 0.35, 0.90) and HRmPFS (R

2 = 0.81,

95% CI: 0.49, 0.93), while the R2 coefficient was 0.55 (95% CI: 0.07,

0.79) for rRMSTPFS and 0.63 (95% CI: 0.17, 0.82) for rRMSTmPFS.

In the ICI plus ICI or other treatment(s) strata, the associations

were very weak for all the surrogate endpoints and treatment effect

measures with the R2 ranging from 0.01 to 0.22.

The surrogacy equations between the log-transformed

treatment effects and the ln-HROS estimated from the WLS

regression, along with the R2 coefficient, the prediction bands,

and STE were displayed in Figure 3, Supplementary Figures S3

and S4 for ICI alone, ICI plus chemotherapy, and ICI plus ICI or

other treatment(s), respectively.

The slope of the surrogacy WLS regression lines significantly

differed from zero for all the analysis on ICI alone and ICI plus

chemotherapy comparisons.
Discussion

There is controversy on the value of PFS as surrogate endpoint

for OS in RCTs testing anticancer immunotherapy in patients with

advanced solid tumors (2, 3, 79, 80). Another issue of intense debate

is the most adequate metric to capture the treatment effect on PFS,

since the widely adopted HR relies on the PH assumption, which is

frequently violated in immunotherapy trials (4).

To our knowledge, we reported here the most comprehensive

and updated analysis exploring these two related issues: i) the value
FIGURE 1

Forest plots showing meta-analytic pooled estimate (with 95% CI) of treatment effects on OS and potential surrogate endpoints, meta-analytic
pooled estimate (with 95% CI) of the ratio between surrogate endpoint and HROS, R

2 coefficient (with 95% CI) from the weighted linear regression
and surrogate threshold effect (STE), by type of treatment administered in the experimental arm. The figure shows in the left panel the meta-analytic
pooled estimate (circles) of treatment effects on potential surrogate endpoints, by type of treatment administered in the experimental arm.
Horizontal lines indicate the 95% CI and the solid vertical line indicates a HR or rRMST of 1, which is the null-hypothesis value. Values <1 indicate a
treatment effect in favor of the experimental arm, while values >1 indicate treatment effects in favor of the control. The meta-analytic pooled
estimates of HROS are also displayed. The central panel shows the meta-analytic pooled estimate (circles) of the ratio between surrogate endpoint
and HROS, by type of treatment administered in the experimental arm. Horizontal lines indicate the 95% CI, and the solid vertical line indicates a ratio
of 1, which is the null-hypothesis value. Values <1 indicate a surrogate endpoint that overestimates the protective treatment effect size observed with
HROS, while values >1 indicate a surrogate endpoint that underestimates it. The right panel shows the R2 coefficient (with 95% CI) estimated from the
weighted linear regression model, by type of treatment administered in the experimental arm. Surrogate threshold effect (STE) values are also
reported on the right.
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of the PFS as surrogate endpoint for OS in trials testing ICIs, as

compared with the alternative endpoint represented by mPFS; ii)

the suitability of the HR to measure the treatment effect on PFS, as

compared with the alternative metric represented by RMST.

Our findings tried to increase the understanding of the afore-

mentioned conflicting results regarding the surrogacy value of PFS

(2, 3, 79, 80). When all the RCTs were pooled together, none of the

endpoints (i.e., PFS and mPFS) or metrics (i.e., HR and RMST)

investigated had a strong association with HROS.

For example, we found that the R2 of the association between

HRPFS and HROS was 0.38 (95% CI: 0.23, 0.52). This means that

only 38% of the variability among treatment effects on OS is

explained by the effects observed on PFS, far from the R2 cut-off

value of 0.70, which is considered optimal for a candidate surrogate

endpoint by international guidelines (8).

However, when comparisons testing different types of

treatments were analyzed separately, we observed a moderate (i.e.,

0.5≤R2 ≤ 0.69) or a strong (i.e., R2≥0.7) association between HRPFS
Frontiers in Immunology 07
and HROS in the two groups of comparisons testing ICI alone or

combined with chemotherapy, respectively.

This discrepancy between results of overall and stratified

analyses might be explained by the fact that the HRPFS and HROS

estimates were well aligned within the two groups, but along two

different regression lines. The regression line fitting the HRPFS over

HROS in comparisons testing ICI alone had lower values of both the

intercept (-0.22) and the slope (0.43), compared to those estimated

in the ICI plus chemotherapy group (intercept=0.05, slope=0.77).

The slope indicates the steepness of the regression line and

captures the average rate of HROS change when HRPFS increases by

1 unit. Slope values near zero indicate that negligible HROS changes

occur as the HRPFS changes, while slope values that are

progressively further from zero indicate rates of HROS change

increasingly larger. Our results suggests that in both groups of

trials an improvement of PFS favoring the experimental arm

translated into an OS improvement, but the amount of OS gain

with the same treatment effect on PFS was different. As a matter of
A B

DC

FIGURE 2

Correlations between effects of ICIs on OS and the potential surrogate endpoints, PFS (A, C) and mPFS (B, D) by type of treatment administered in
the experimental arm. The figure shows the correlations between effects of ICIs on OS and the potential surrogate endpoints, PFS (A, C) and mPFS
(B, D) according to the type of treatment administered in the experimental arm [i.e., ICI alone, ICI plus chemotherapy, and ICI plus ICI or other
treatment(s)]. The treatment effects are measured by the HR for OS, and by the HR and the rRMST for the two surrogate endpoints. Each circle
represents a comparison, and the surface area of the circle is proportional to the number of patients in the corresponding comparison. Red circles
represent comparisons with ICI alone as experimental arm, blue circles represent comparisons with ICI plus chemotherapy as experimental arm, and
green circles represent comparisons with ICI plus ICI or other treatment(s) as experimental arm. Dashed lines represent weighted regression lines.
The R2 coefficients, with their 95% CI (displayed in square brackets), were reported in the legend.
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fact, even if the pooled HROS was very similar in the two groups

(0.77 [95% CI: 0.73, 0.82] and 0.78 [95% CI: 0.73, 0.84] for ICI alone

or combined with chemotherapy, respectively), the pooled HRPFS

resulted significantly heterogeneous (0.86 [95% CI: 0.77, 0.97] and

0.68 [95% CI: 0.62, 0.74], respectively). It might be explained by the

fact that the biological effects and the impact on the natural history

of disease of each type of treatment can differ substantially, and thus

the amount of PFS improvement that eventually translates into an

effect on OS is strictly treatment-dependent.

Homogeneity of treatment types and their biological

mechanisms of action should be guaranteed in surrogacy analyses

(8). If this principle is overlooked, even a strong association between

the candidate surrogate and the true endpoint can be hidden,

leading to the erroneous conclusion of absence of surrogacy.

Consistently, the absence of PFS surrogacy observed in the third

group of comparisons [i.e., ICI plus ICI or other treatment(s)] can

be attributed to the heterogeneous spectrum of therapies

considered, including the combination of ICI with anti-
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angiogenesis agents, targeted therapies, or different types of ICIs.

The limited number of RCTs available for each of these treatment

types precluded the possibility to perform more specific analyses.

Therefore, no conclusions can be drawn on the surrogacy value of

PFS for immunotherapy strategies other than ICI alone or

combined with chemotherapy.

Finally, our results showed that mPFS did not confer an

advantage over PFS.

Concerning the issue of the best metric for measuring the

treatment effect on PFS, it has been reported that the RMST can

provide theoretical advantages over the HR. RMST is not affected by

deviations from the PH assumption, which is common in

immunotherapy trials due to the intrinsic mechanisms of action

of ICIs that lead to delayed responses and long-term responders

(4, 81).

Although in 54% of included comparisons (36 out of 67) the PH

assumption was violated (for PFS or OS only, or both), we

unexpectedly found that the HR outperformed the rRMST,
A B

DC

FIGURE 3

The correlations between effects of ICI alone on OS and the potential surrogate endpoints, PFS (A, C) and mPFS (B, D). The figure shows the
correlations between effects of ICI alone on OS and the potential surrogate endpoints, PFS (A, C) and mPFS (B, D). The treatment effects are
measured by HR for OS, and by the HR and the rRMST for the two surrogate endpoints. Each circle represents a comparison, and the surface area of
the circle is proportional to the number of patients in the corresponding comparison. Straight line represents weighted regression line. Dashed lines
represent 95% prediction bands based on the values predicted by the weighted regression model. The surrogate threshold effect (STE) is represented
by the intersection point between the horizonal line y=1 and the upper 95% prediction band. Black diamond indicates the meta-analytic pooled
estimate. The diamond’s width represents the 95% CI of the surrogate pooled estimate, and height represents the 95% CI of the HROS pooled
estimate. The surrogacy equation between the log-transformed treatment effects and the ln-HROS estimated from the weighted linear regression,
the R2 coefficient, and the pooled ratio between surrogate endpoint and HROS were also reported with their 95% CI (displayed in square brackets).
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yielding higher R2 values for PFS over OS in all of the explored

contexts. Notably, despite the fact that the largest difference

favoring HR versus rRMST was observed in the group of trials

testing ICI plus chemotherapy, where the PH assumption held in

the majority of cases for both OS and PFS, no advantage for rRMST

was observed in the other two groups of comparisons, where the PH

assumption was largely violated.

Our analysis revealed that HRPFS is limited by the tendency to

significantly underestimate the treatment effect size observed on HROS

in comparisons testing ICI alone (pooled ratio HRPFS/HROS=1.14, 95%

CI: 1.06, 1.24) and, on the contrary, to significantly overestimate it in

comparisons testing the combination of ICI plus chemotherapy

(pooled ratio HRPFS/HROS=0.88, 95% CI: 0.83, 0.93).

This had in turn relevant impact on the STE of HRPFS, which is

defined as the minimum value of the HRPFS necessary to be

observed in a future RCT to confidently predict an OS benefit.

Our results showed that a HRPFS lower than 1 could be enough to

predict a significant OS benefit in RCTs testing ICI alone, while a

HRPFS lower than 0.70 is required in trials testing ICI

plus chemotherapy.

The overestimation of the final effect on HROS by HRPFS is

expected, since all the events considered in the OS endpoint are also

included in the PFS. Similar findings were previously reported in

surrogacy analyses on RCTs testing chemotherapy or targeted

therapy (80, 82). In contrast, the underestimation of the final effect

on HROS by HRPFS observed in trials testing ICI alone is quite

unusual and it could be due to the pseudo-progression events. These

events are specifically observed in patients treated with ICI alone and

they can lead to an erroneous and systematic underestimation of the

ICI effect on PFS without affecting patients’ OS. In accordance with

this hypothesis, the underestimation of the treatment effect on OS in

comparisons testing ICI alone was not observed when considering

the mPFS that accounts for the pseudo-progression events. However,

the weak value of the R2 precluded the possibility to use such

endpoint in this context.

It’s worth noting that the incidence of pseudo-progression

events has been reported to be higher among patients treated

with anti-CTLA4 monotherapy as compared to anti-PD(L)1

monotherapy. Consequently, the surrogacy value of mPFS might

be substantially higher in trials exclusively testing anti-CTLA4

treatments. However, the limited numbers of RCTs assessing

anti-CTLA4 monotherapy precluded conducting a more

detailed analysis.

The immune-related RECIST (iRECIST) are new response criteria

specifically designed to assess the activity of immunotherapy, and to

correctly categorize real versus pseudo-progression events (83). The

adoption of iRECIST to categorize the events included in the PFS

would probably improve its tendency to underestimate treatment

effects on OS in trials testing ICI alone, but additional study and

validation of iRECIST are required.

Our study has several strengths. It is the most comprehensive

and updated analysis on such relevant topic, and it includes a large

number of RCTs and patients. The efforts to reconstruct the IPD of
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more than 36,000 patients using a validated algorithm allowed to

reliably assess and compare different endpoints and metrics. Also,

the wide range of treatment effect estimates reported in the included

trials for both PFS and OS contributed to ensuring adequate

generalizability of the analysis.

The main limitation of our analysis is that it is based on

reconstructed rather than original IPD. Original IPD allow for

checking the plausibility of randomization sequences, verifying data

integrity and consistency, fitting bivariate and copula-based models,

which are among the preferred methods of assessing trial-level

associations, adjusting the analyses for baseline prognostic covariates,

and accounting for the fact that each within-trial surrogate outcome is

estimated with error (84). Nevertheless, the specific goal of our analysis

was to assess surrogacy at trial-level, and we used only data from high-

quality RCTs. Therefore, an analysis based on original IPD is unlikely

to substantially change our conclusions.

Furthermore, results from the analysis stratified by type of

treatment administrated in the experimental arm deserve further

validation to be considered conclusive. Finally, it could be possible

that the shape of the curves for PFS and thus its surrogacy value

could meaningfully be affected by specific inclusion criteria used to

select patients populations enrolled in RCTs, especially the

enrichment for molecular and clinical biomarkers predictive of

response to immunotherapy, such as expression levels of PDL1,

tumor mutational burden, smoking habits and gender. The lack of

original IPD precluded conducting such types of granular analyses.

A relevant consideration should be highlighted. Regulatory

agencies consider the HROS as the gold-standard measure for

assessing treatment effects in RCTs and approving new drugs

(85). As a result, we used it as the reference measure in our

surrogacy analysis. In conclusion, our results showed that HRPFS

had a strong surrogacy value for HROS in comparisons testing ICI in

combination with chemotherapy and moderate in comparisons

testing ICI alone. Therefore, it should remain the reference

surrogate endpoint in such contexts. Even in the presence of

significant deviation from the PH assumption, the available

evidence does not support the use of alternative endpoints, such

as the mPFS, or metrics, such as the RMST.

Finally, two caveats should be highlighted. First, the available

evidence does not allow for an adequate investigation of the value of

HRPFS as surrogate for other types of immunotherapy treatment

strategies. Second, when using treatment effects on HRPFS to predict

those on HROS, the tendency to either underestimate or

overestimate the final OS should be taken into account,

depending on the type of treatment under investigation.
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Phase III trial of avelumab maintenance after first-line induction chemotherapy versus
continuation of chemotherapy in patients with gastric cancers: results from JAVELIN
gastric 100. J Clin Oncol (2021) 39:966–77. doi: 10.1200/JCO.20.00892

46. Larkin J, Minor D, D’Angelo S, Neyns B, Smylie M, Miller WH Jr, et al. Overall
survival in patients with advanced melanoma who received nivolumab versus
investigator’s choice chemotherapy in checkMate 037: A randomized, controlled,
open-label phase III trial. J Clin Oncol (2018) 36:383–90. doi: 10.1200/
JCO.2016.71.8023

47. Nishio M, Barlesi F, West H, Ball S, Bordoni R, Cobo M, et al. Atezolizumab plus
chemotherapy for first-line treatment of nonsquamous NSCLC: results from the
randomized phase 3 IMpower132 trial. J Thorac Oncol (2021) 16:653–64. doi:
10.1016/j.jtho.2020.11.025

48. Choueiri TK, Motzer RJ, Rini BI, Haanen J, Campbell MT, Venugopal B, et al.
Updated efficacy results from the JAVELIN Renal 101 trial: first-line avelumab plus
axitinib versus sunitinib in patients with advanced renal cell carcinoma. Ann Oncol
(2020) 31:1030–9. doi: 10.1016/j.annonc.2020.04.010

49. Horn L, Mansfield AS, Szczęsna A, Havel L, Krzakowski M, Hochmair MJ, et al.
First-line atezolizumab plus chemotherapy in extensive-stage small-cell lung cancer. N
Engl J Med (2018) 379:2220–9. doi: 10.1056/NEJMoa1809064

50. Liu SV, Reck M, Mansfield AS, Mok T, Scherpereel A, Reinmuth N, et al.
Updated overall survival and PD-L1 subgroup analysis of patients with extensive-stage
small-cell lung cancer treated with atezolizumab, carboplatin, and etoposide
(IMpower133). J Clin Oncol (2021) 39:619–30. doi: 10.1200/JCO.20.01055

51. Paz-Ares L, Vicente D, Tafreshi A, Robinson A, Soto Parra H, Mazières J, et al. A
randomized, placebo-controlled trial of pembrolizumab plus chemotherapy in patients
with metastatic squamous NSCLC: protocol-specified final analysis of KEYNOTE-407.
J Thorac Oncol (2020) 15:1657–69. doi: 10.1016/j.jtho.2020.06.015
frontiersin.org

https://doi.org/10.1200/JCO.2016.67.6601
https://doi.org/10.1016/j.jtho.2018.04.039
https://doi.org/10.1016/j.jtho.2020.09.015
https://doi.org/10.1056/NEJMoa1613493
https://doi.org/10.1056/NEJMoa1602252
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1200/JCO.18.00149
https://doi.org/10.1200/JCO.18.00149
https://doi.org/10.1016/S0140-6736(18)32409-7
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1016/S0140-6736(18)31999-8
https://doi.org/10.1016/S0140-6736(18)31999-8
https://doi.org/10.1056/NEJMoa1613683
https://doi.org/10.1200/JCO.20.01605
https://doi.org/10.1007/s10120-019-01034-7
https://doi.org/10.1007/s10120-019-01034-7
https://doi.org/10.1016/j.annonc.2020.02.006
https://doi.org/10.1016/j.annonc.2020.02.006
https://doi.org/10.1056/NEJMoa1716948
https://doi.org/10.1016/j.jtho.2021.07.009
https://doi.org/10.1016/S1470-2045(19)30167-6
https://doi.org/10.1016/S1470-2045(19)30167-6
https://doi.org/10.1016/j.jtho.2020.03.028
https://doi.org/10.1016/S1470-2045(18)30673-9
https://doi.org/10.1016/j.jtho.2021.03.009
https://doi.org/10.1016/j.jtho.2021.03.009
https://doi.org/10.1056/NEJMoa1917346
https://doi.org/10.1016/j.annonc.2021.05.355
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1001/jamaoncol.2020.0237
https://doi.org/10.1056/NEJMoa1910231
https://doi.org/10.1200/JCO.2021.39.15_suppl.9016
https://doi.org/10.1016/j.annonc.2021.01.071
https://doi.org/10.1016/S1470-2045(20)30541-6
https://doi.org/10.1016/S1470-2045(20)30754-3
https://doi.org/10.1016/S1470-2045(19)30626-6
https://doi.org/10.1016/S1470-2045(19)30626-6
https://doi.org/10.1016/j.annonc.2021.04.008
https://doi.org/10.1016/j.lungcan.2020.11.013
https://doi.org/10.1016/j.lungcan.2020.11.013
https://doi.org/10.1200/JCO.20.00892
https://doi.org/10.1200/JCO.2016.71.8023
https://doi.org/10.1200/JCO.2016.71.8023
https://doi.org/10.1016/j.jtho.2020.11.025
https://doi.org/10.1016/j.annonc.2020.04.010
https://doi.org/10.1056/NEJMoa1809064
https://doi.org/10.1200/JCO.20.01055
https://doi.org/10.1016/j.jtho.2020.06.015
https://doi.org/10.3389/fimmu.2024.1340979
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sala et al. 10.3389/fimmu.2024.1340979
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