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A B S T R A C T

Background: Immune checkpoint inhibitors (ICIs) targeting the PD-1/PD-L1 axis have demonstrated clinical 
benefit in early-stage breast cancer (eBC), enhancing antitumor immune responses. However, their incorporation 
into perioperative polychemotherapy has introduced new concerns regarding safety and immune-related tox
icities (irAEs). We conducted a systematic review and meta-analysis to comprehensively evaluate the safety 
profile and tolerability of ICIs in patients with eBC.
Methods: A systematic review was conducted in PubMed, Embase, Cochrane Library, and relevant conference 
databases (ASCO, ESMO) to identify clinical trials reporting safety outcomes of ICIs in eBC. Data were analyzed 
using R (v4.2.2), applying random-effects models for both single-arm and comparative (pairwise) analyses.
Results: Thirteen studies were included, comprising 3977 patients across all studies, including 3138 treated with 
ICI-containing regimens and 839 controls. For comparative pairwise analyses, 2715 patients received ICI-based 
therapy and 2399 received chemotherapy alone. The most frequently reported all-grade AEs in ICI arms were 
alopecia (AR 86.49%, 95% CI: 59.25–96.57) and leukopenia (AR 52.09%, 95% CI: 15.14–86.89). For grade ≥3 
events, decreased neutrophil count (AR 17.88%, 95% CI: 10.65–28.44) and neutropenia (AR 18.19%, 95% CI: 
10.81–28.96) were most common. The most common irAE was hypothyroidism (AR 12.70%, 95% CI: 
9.27—17.16), while the most frequent severe irAE (grade ≥3) was adrenal insufficiency (AR 1.47%, 95% CI: 
0.68–3.12).
Conclusion: This meta-analysis provides a comprehensive evaluation of ICI safety in eBC. While most AEs were 
low-grade and manageable, significant risks of endocrine irAEs—particularly adrenal insufficiency and thyroid 
dysfunction—were identified. These findings underscore the need for proactive monitoring and highlight the 
importance of future research to better understand the mechanisms of ICI-related toxicity and to develop stra
tegies for its prevention.
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1. Introduction

Conventional chemotherapy has long been the standard of care for 
patients with early-stage breast cancer (eBC) [1]. While cytotoxic agents 
have contributed significantly to improve both recurrence-free and 
overall survivals, their use is often accompanied by substantial short- 
and long-term toxicities, including myelosuppression, neuropathy, and 
cardiotoxicity, which may impair patients’ quality of life and adherence 
to therapy [2]. In the last decade, advances in the understanding of 
tumor immunology have fueled the development of immune-based 
strategies aiming ideally to improve efficacy while minimizing addi
tional treatment-related harm [3].

Among these, immune checkpoint inhibitors (ICIs) have emerged as 
a major breakthrough in oncology by reactivating exhausted T-cells 
through blockade of immune inhibitory pathways such as PD-1, PD-L1, 
and CTLA-4 [4]. Their success in treating advanced triple-negative 
breast cancer (TNBC) —a subtype historically associated with poor 
prognosis and lack of targeted therapies— has prompted the evaluation 
of ICIs in earlier stages of disease [5–7].

The phase III KEYNOTE-522 trial was a landmark study that ran
domized 1174 patients with early-stage TNBC to receive neoadjuvant 
pembrolizumab combined with chemotherapy versus chemotherapy 
alone, followed by adjuvant pembrolizumab or placebo [8]. The trial 
demonstrated significant improvements in pathological complete 
response (pCR) rates (64.8% vs. 51.2%, p < 0.001), event-free survival 
(HR 0.63; 95% CI, 0.48–0.82), and, more recently, overall survival [8,9]. 
These results both supported the regulatory approval of pembrolizumab 
and consolidated its use in this setting [8]. Similarly, the phase III 
IMpassion031 trial showed that adding atezolizumab to nab-paclitaxel 
followed by doxorubicin and cyclophosphamide significantly 
increased pCR in patients with stage II–III TNBC (58% vs. 41%; 
p = 0.0044), although no difference was observed in long-term out
comes [10].

The addition of ICIs to a four-drug chemotherapy backbone in 
curative-intent settings raises substantial concerns regarding safety and 
tolerability. Immune-related adverse events (irAEs) may affect virtually 
any organ system—including endocrine, gastrointestinal, dermatologic, 
hepatic, and pulmonary systems—and can range from mild manifesta
tions to irreversible or fatal outcomes [11,12]. Importantly, data from 
KEYNOTE-522 showed higher absolute risk (AR) of treatment-related 
adverse events (TRAEs) in the pembrolizumab group, with grade ≥3 
events in 77.1% of patients vs. 73.3% in the placebo group, and 
immune-mediated AEs (irAEs) such as hypothyroidism (15.1%) and 
adrenal insufficiency (1.2%) were notable [8]. In KEYNOTE-522, serious 
treatment-related adverse events occurred in 34.1% of patients 
receiving ICI versus 20.1% in the control arm. Treatment discontinua
tion due to toxicity was also more common with ICI (23.3% vs. 12.3%), 

while treatment-related mortality was 0.9%. In IMpassion031, TRAEs of 
any grade occurred in 99% of patients receiving atezolizumab and 
chemotherapy, including grade ≥3 events in 59% [9]. These findings 
raise critical questions about risk-benefit balance, especially considering 
that a proportion of eBC patients may already achieve excellent out
comes with chemotherapy alone [11,12].

Given the curative intent of treatment in eBC, understanding the 
toxicity profile of ICIs is essential to inform shared decision-making, 
survivorship planning, and long-term risk management. While individ
ual trials have reported AE data, no prior synthesis has systematically 
evaluated the incidence, severity, and management implications of ICI- 
related AEs in this specific population. Therefore, we conducted a sys
tematic review and meta-analysis of randomized and non-randomized 
clinical trials to assess the frequency, spectrum, and clinical impact of 
TRAEs associated with immune checkpoint inhibitors in patients with 
eBC.

2. Materials and methods

2.1. Search strategy

This study was performed following the guidelines from the 
Cochrane Collaboration and the Preferred Reporting Items for System
atic Reviews and Meta-Analysis (PRISMA) [13]. It was registered in the 
International Prospective Register of Systematic Reviews (PROSPERO) 
under the protocol number CRD42025633732 [14].

In January of 2025, a systematic search with no restriction regarding 
the publication date was performed in PubMed, Embase, and Cochrane 
databases and the European Society for Medical Oncology (ESMO) and 
American Society of Clinical Oncology (ASCO) conference proceedings. 
The search was last updated on June 5, 2025. The terms used include 
“breast cancer” and “immune checkpoint inhibitors”. The full search 
used in each database is described on Table S2.

2.2. Eligibility criteria

We included clinical trials (CTs) reporting safety outcomes of ICI
–based therapy in patients with eBC, treated in the neoadjuvant and/or 
adjuvant (perioperative) setting, irrespective of tumor subtype. Trials 
evaluating ICI monotherapy or ICI in combination with chemotherapy 
were eligible. Both full-text publications and conference abstracts were 
considered. No restrictions were applied regarding sample size, publi
cation year, or geographic location. Main exclusion criteria included: (1) 
retrospective cohort studies; (2) case reports, case series, reviews, or 
meta-analyses; (3) studies investigating tumors other than breast cancer; 
(4) trials without extractable safety data; and (5) studies focused solely 
on prophylactic or supportive care strategies for ICI-related toxicity.

Abbreviations

AE adverse event
ALT alanine aminotransferase
AR absolute risk
AST aspartate aminotransferase
BC breast cancer
BICR blinded independent central review
CI confidence interval
CT clinical trials
eBC early breast cancer
EORTC QLQ-C30 European Organisation for Research and 

Treatment of Cancer Quality of Life Questionnaire Core 30
FACT-B: Functional Assessment of Cancer Therapy – Breast
FDA Food and Drug Administration

HRQoL: health-related quality of life
ICI immune checkpoint inhibitor
irAEs immune-related adverse events
PD-L1 programmed cell death-ligand 1
PRISMA Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses
RCT randomized clinical trial
ROBINS-I: Risk Of Bias In Non-randomized Studies - of Interventions
RoB 2 Risk of Bias 2 tool
RR risk ratio
TEAEs treatment-emergent adverse events
TNBC triple-negative breast cancer
TPC treatment of physicians' choice
TRAEs treatment-related adverse events
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Retrospective cohort studies were excluded due to concerns 
regarding methodological heterogeneity, inconsistent adverse event 
reporting, variable follow-up duration, lack of predefined toxicity 
assessment protocols, and increased susceptibility to confounding and 
selection bias. Because immune-related adverse events are highly 
dependent on systematic surveillance and standardized grading systems 
such as CTCAE [15], we prioritized clinical trials with prospectively 
defined toxicity monitoring to improve internal validity and compara
bility across studies. Studies classified as having “lack of data” did not 
report extractable safety outcomes, event counts, toxicity grades, or 
sufficient numerical information to allow pooled quantitative analysis.

2.3. Study selection and data extraction

Two independent reviewers (MID and CERC) systematically screened 
titles, abstracts, and full texts to identify eligible studies. Data were 
extracted on trial design, population characteristics, ICI regimen, 
comparator arm, safety endpoints, and follow-up duration. Disagree
ments were resolved by consensus or adjudication by a third and fourth 
reviewer (MV and RLBC). When needed, supplementary materials or 
ClinicalTrials.gov entries were consulted to retrieve missing data.

2.4. Outcomes and subgroup analyses

The primary outcomes of interest were the AR of TRAEs, classified 
according to the National Cancer Institute's Common Terminology 
Criteria for Adverse Events (CTCAE) [15], including both all-grade and 
grade ≥3 events. Specific AEs of clinical interest analyzed were: neu
tropenia, febrile neutropenia, leukopenia, anemia, nausea, vomiting, 
diarrhea, constipation, fatigue, asthenia, alopecia, thrombocytopenia, 
peripheral neuropathy, rash, skin reaction, increased alanine amino
transferase (ALT), increased aspartate aminotransferase (AST), hypo
thyroidism, hyperthyroidism, thyroiditis, hepatitis, colitis, pneumonitis, 
hypophysitis, adrenal insufficiency, infusion-related reactions, severe 
skin reactions (e.g., SJS/TEN), arthritis, nephritis/renal disorders, 
myocarditis, cardiac dysfunction, and other reported rare 
immune-related adverse events when available.

Secondary outcomes included the proportion of patients experi
encing serious adverse events (SAEs), treatment discontinuation due to 
toxicity and treatment-related death. Where available, data on health- 
related quality of life (HRQoL) were also extracted. Subgroup analyses 
were planned based on: Treatment setting (neoadjuvant vs. adjuvant vs. 
perioperative – when used both in neoadjuvant and adjuvant settings); 
ICI agent used (e.g., pembrolizumab, atezolizumab, durvalumab, nivo
lumab); Tumor subtype (triple-negative, HR+/HER2–, HER2+); com
bination strategy (ICI monotherapy vs. ICI + chemotherapy).

Neutropenia and decreased neutrophil count were analyzed sepa
rately because included studies reported them as distinct CTCAE adverse 
event terms. To preserve consistency with the original trial reporting 
structure and avoid reclassification bias or inadvertent double-counting, 
these outcomes were not merged.

2.4.1. Quality assessment
Randomized controlled trials (RCTs) were assessed using the 

Cochrane Risk of Bias tool 2.0 (RoB 2) [16], which classifies trials as low, 
some concerns, or high risk of bias across five domains: randomization 
process, deviations from intended interventions, missing outcome data, 
measurement of outcomes, and selection of reported results. 
Non-randomized trials (including single-arm phase I/II studies) were 
evaluated using the ROBINS-I tool [17], covering seven domains of 
potential bias including confounding and selection. Risk of bias assess
ments were conducted independently by two reviewers (MID, CERC), 
with consensus reached through discussion or third-party review. Pub
lication bias was explored through visual inspection of funnel plots and 
formally tested using Egger's test when ≥10 studies were available for a 
given outcome [18].

2.5. Sensitivity analyses and exploring heterogeneity

To test the robustness of pooled estimates and identify potential 
sources of heterogeneity, we conducted leave-one-out analyses and 
generated Baujat plots for key AEs of interest (neutropenia, anemia, 
diarrhea, and nausea). Additionally, subgroup analyses were stratified 
by treatment setting (neoadjuvant vs. adjuvant) and ICI class. When 
feasible, we also evaluated differences by study phase or geographic 
region.

2.6. Statistical analysis

Proportional meta-analyses were conducted using random-effects 
models (DerSimonian and Laird method) [19]. AR of events were 
pooled and reported as percentages with 95% confidence intervals (CI). 
Dichotomous outcomes were analyzed using the number of events per 
total population and reported as relative risk (RR) with 95% CIs. Logit 
transformation was applied when the observed proportion in individual 
studies was <0.2 or >0.8; for outcomes with zero events, double arcsine 
transformation was used. Comparative analyses (e.g., ICI vs. placebo or 
chemotherapy alone) were performed using risk ratios (RR) with 95% CI 
based on event counts in each arm. Heterogeneity was quantified using 
the I2 statistic, with I2 > 25% considered indicative of moderate to 
substantial heterogeneity. All analyses were performed using R software 
(version 4.2.2), employing the “meta”, “metafor”, and “weight” pack
ages. Statistical significance was defined as p < 0.05 [20].

3. Results

3.1. Systematic review and baseline characteristics

A total of 3084 records were initially identified through database and 
manual searches. After title and abstract screening and full-text review, 
13 studies (nine randomized controlled trials and four single-arm phase 
II studies) met the eligibility criteria and were included in the final 
analysis (Table 1, Fig. S1) [8–10,21–32]. These studies enrolled patients 
with eBC treated with ICIs in the neoadjuvant and or adjuvant settings, 
across various BC subtypes. A complete list of excluded studies after 
full-text review is provided in Supplementary Table S3.

Overall, 3977 patients were included across all trials. Of these, 3138 
received an ICI-containing regimen, while 839 received standard ther
apy without immunotherapy. Most studies enrolled patients with triple- 
negative breast cancer (TNBC), although three recent phase III trials 
(KEYNOTE-756, CheckMate 7FL, and IMpassion050) included HR+/ 
HER2− or HER2-positive subtypes [25–27]. All studies were conducted 
in the perioperative setting, with the majority employing ICIs in com
bination with chemotherapy as neoadjuvant treatment. Seven trials also 
included adjuvant ICI continuation.

The most commonly used ICI agents were pembrolizumab, atezoli
zumab, durvalumab, and nivolumab, often administered at approved 
dosing regimens (e.g., 200 mg q3w for pembrolizumab). Median follow- 
up across trials ranged from 9 to 42 months. Patients were 
chemotherapy-naive, with no prior systemic therapy in the early disease 
setting. All had a preserved performance status, defined as ECOG 0–1. 
Additional baseline characteristics, ICI regimens, and stratification 
criteria are detailed in Table 1.

3.2. Main safety analyses

3.2.1. Toxicity events: all-grade and grade ≥3

3.2.1.1. Single-arm analyses. In the pooled single-arm analyses of pa
tients with eBC treated with ICIs, most AEs were of low grade. The most 
frequently reported all-grade AEs included alopecia, anaemia, and 
leukopenia, with ARs of 86.49% (95% CI: 59.25–96.57), 50.48% (95% 
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Table 1 
Baseline characteristics of studies included in this systematic review and meta-analysis.

Study Year Design Location Population Randomization 
Stratification 
factors

ICI ICI 
(N)

Control Total 
(N)

Patients on ICI Median 
follow- 
up in 
months

ECOG 
PS

Type and Dose 
Regimen

Setting Median 
age 
(range) 
in years

Prior lines 
of 
treatment*Neoadjuvant Adjuvant

GeparNuevo 
(NCT02685059) [8,
21]

2019 Phase II, RCT, 
double-blinded 
(1:1)

Multicenter Stage I–III TNBC 
(cT1b-4 cN0-3, 
BC)

sTILS (low vs 
intermediate vs 
high)

Durvalumab 1.5 g 
q4w +
chemotherapy

Nab-P weekly ×12 → 
EC (epirubicin +
cyclophosphamide) 
+ durvalumab

TPC 88 Neoadjuvant: 
(Nab-P 
followed by 
AC) + Pbo; 
Adjuvant: TPC

174 49.5 
(23–76)

2-3, N (%): 
184 (69)

42 0/1 95/ 
5%

KEYNOTE-522 
(NCT03036488) [22]

2020 Phase III, RCT, 
double-blinded 
(2:1)

Multicenter 
(21 
countries)

High-risk 
stage II–III 
TNBC (cT1 cN1- 
2 or T2-4 cN0-2 
BC)

Nodal status 
(positive or 
negative), tumor 
size (T1/2 or T3/ 
4), Cb 
(every1wkor3 wk)

Pembrolizumab 
200 mg q3w +
chemotherapy; 
adjuvant 
pembrolizumab

Weekly P + Cb 
(q1–2wks) → AC 
(doxorubicin +
cyclophosphamide) 
+ pembro

Pembro ×
9 cycles

784 Neoadjuvant: 
(CbP followed 
by AC orEC) +
Pbo; Adjuvant: 
Pbo

1174 49 
(22–80)

0 39.8 0/1 87/ 
13%

IMpassion031 
(NCT03197935) [9,
10]

2020 Phase III, RCT, 
double-blinded 
(1:1)

Multicenter 
(13 
countries)

Stage II–III 
TNBC (cT2-4 
cN0-3 BC)

Disease stage, PD- 
L1 IC (≥1% or 
<1%)

Atezolizumab 
1200 mg q3w +
chemo; adjuvant 
atezolizumab

Nab-P weekly ×12 → 
AC + At

No ICI 
post- 
surgery

165 Neoadjuvant: 
(Nab-P 
followed by 
AC) + Pbo; 
Adjuvant: NA 
(unblinded)

333 51 
(22–76)

0 40.3 0/1 94/ 
5%

I-SPY2 (NCT01042379) 
[23]

2020 Phase II, 
adaptive 
randomization, 
open-label

Multicenter High-risk 
stage II–III 
HER2− (HR+/ 
ERBB−

MammaPrint 
high-risk or 
TNBC, cT2-4 
cN0-3 BC)

Subtype, 
hormone/HER2, 
Stage II/III BC

Pembrolizumab 
200 mg q3w ×4 
+ paclitaxel; then 
AC

P + pembro followed 
by AC

TPC 69 Neoadjuvant: P 
followed by AC 
Adjuvant: TPC

250 47 (NR) 0 20 0/1

NeoTRIP 
(NCT002620280) [24]

2022 Phase III, RCT, 
open-label (1:1)

Multicenter High-risk 
locally- 
advanced TNBC 
(cT1cN1, 
cT2cN1, 
cT3cN0, or 
clinical stage III 
BC)

Geographic area, 
disease stage, PD- 
L1 status (IC 0 or 
IC 1, 2,or3)

Atezolizumab 
840 mg q2w +
nab-PTX/ 
Carboplatin

Cb + Nab-P + At AC/EC/ 
FECC

280 Neoadjuvant: 
Cb + Nab-P 
Adjuvant: AC/ 
EC/FEC

556 49 
(24–75)

0 29 0/1 96/ 
4%

IMpassion050 
(NCT03726879) [25]

2022 Phase III, RCT, 
double-blinded 
(1:1)

Multicenter High-risk HER2- 
positive, ERBB- 
positive (cT2-4 
cN1-3 BC)

Tumor stage (T2 
vs T3-4), HR status 
(positive or 
negative), PD-L1 
status (IC 0 or IC 
1/2/3)

Atezolizumab 
840 mg q2w +
ddAC-PTX + PH

(AC followed by 
THP) + At

HP or T- 
DM1 + At

370 Neoadjuvant: 
(AC followed 
by THP) + Pbo 
Adjuvant: HP 
or T-DM1 +
Pbo

737 50 
(19–75)

0 38 0/1 98/ 
2%

KEYNOTE-756 
(NCT03725059) [26]

2023 Phase III, RCT, 
double-blinded 
(2:1)

Multicenter High-risk ER+/ 
HER2− eBC - 
cT1-2 
(≥2 cm) cN1-2 
or cT3-4 cN0-2 
BC

Geographic area, 
PD-L1 CPS (≥1 or 
<1), AC frequency 
(every3wkor2 
wk), ER status 
(≥10% or <10%)

Pembrolizumab 
200 mg q3w +
chemo; adjuvant 
pembrolizumab 
+ ET

Weekly P ×12 → AC 
(or EC) + pembro

Pembro ×
9 cycles

639 Neoadjuvant: 
Weekly P ×12 
→ AC (or EC) 
Adjuvant: Pbo

1278 52 
(24–79)

0 24 0/ 
1 > 95%

CheckMate 7FL 
(NCT04109066) [27]

2023 Phase III, RCT, 
double-blinded 
(1:1)

Multicenter High-risk ER+/ 
HER2− eBC 
[with ER ≥ 1% 
or HG2withER 

PD-L1 IC (≥1% or 
<1%), tumor 
grade (3 or 2), 
nodal status 

Nivolumab 
360 mg q3w +
chemotherapy; 
adjuvant ET

(P followed by AC) +
nivo

nivo + ET 550 Neoadjuvant: 
(P followed by 
AC) + Pbo 

1100 52 (26- 
71)

0 14 0/1

(continued on next page)
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Table 1 (continued )

Study Year Design Location Population Randomization 
Stratification 
factors 

ICI ICI 
(N) 

Control Total 
(N) 

Patients on ICI Median 
follow- 
up in 
months 

ECOG 
PS

Type and Dose 
Regimen 

Setting Median 
age 
(range) 
in years 

Prior lines 
of 
treatment*Neoadjuvant Adjuvant

1%-10%; cT1-2 
(≥2 cm) cN1-2 
or T3-4 cN0-2 
BC]

(positive or 
negative), AC 
frequency (every 3 
wkor2wk

Adjuvant: Pbo 
+ ETa

APTneo (NCT03595592) 
[28]

2023 Phase III, 
randomized, 
open-label (2:1)

China Stage II–III 
TNBC (ERBB2+
cT1cN1, 
cT2cN1 cT3cN0 
or clinical stage 
III BC)

Geographic area, 
disease stage, HR 
status (positive vs 
negative), PD-L1 
status (IC 0 or IC 
1, 2,or3)

Durvalumab 1.5 g 
q4w + nab-PTX/ 
Carboplatin

Exp1: (AC 3 times 
followed by HPCbT 3 
times) + At; Exp2: 
HPCbT 6 times + At;

Exp1: HP 
or T- 
DM1b; 
arm Exp2: 
HP or T- 
DM1b +

At;

70 Neoadjuvant: 
HPCbT 6 times 
Adjuvant: HP 
or T-DM1b

105 50 
(22–71)

0 18 0/1

NeoTENNIS 
(NCT04418154) [29]

2024 Phase II, single 
arm

China Stage II–III 
TNBC

NA Toripalimab 
240 mg q3w +
nab-PTX

AC → weekly P + At NR 58 NA 58 NR 
(≈49)

0 12 0/1

NeoTAPPL  
(ChiCTR2300071925) 
[30]

2025 Phase II, single 
arm

USA Stage II–III 
TNBC

NA Pembrolizumab 
+ Paclitaxel/ 
Carboplatin ±
SD-101

P + Cb + At NR NR NA NR NR 0 NR 0/1

PEARL (NCT03366844) 
[31]

2024 Phase II, single 
arm

USA Early TNBC NA Pembrolizumab 
200 mg q3w +
pre-op radiation

EC → taxane +
durvalumab

NR 29 NA 29 NR 
(~49)

0 13 0/1

BELLINI (a) 
(NCT03815890) [32]

2024 Non 
Randomized 
phase III

Multicenter Stage I-II, node 
negative, TILs 
≥50% TNBC

TIL Level Nivolumab +
Ipilimumab 
1 mg/kg q6w (d1 
+ d21, n = 15)

Nivo + Ipilimumab → 
TPC

NR 90 NA 180 NR 
(~48)

0 9 0/1

BELLINI (b) 
(NCT03815890) [32]

2024 Non 
Randomized 
phase III

Multicenter Stage I-II, node 
negative, TILs 
≥50% TNBC

TIL Level Nivolumab +
Relatlimab (anti- 
LAG3) q8w (d1 +
d29, n = 15)

Nivo + Relatlimab → 
TPC

NR 90 NA 180 NR 
(~48)

0 9 0/1

Abbreviations: A, Doxorubicin; AC, Doxorubicin + Cyclophosphamide; AE, Adverse event; At, Atezolizumab; BC, Breast cancer; C, Cyclophosphamide; Cb, Carboplatin; CPS, Combined Positive Score; ddAC, Dose-dense 
AC; Durva, Durvalumab; E, Epirubicin; EC, Epirubicin + Cyclophosphamide; eBC, Early breast cancer; ET, Endocrine therapy; Exp, Experimental arm; EFS, Event-free survival; ER, Estrogen receptor; F, 5-Fluorouracil; H, 
Trastuzumab; HER2, Human epidermal growth factor receptor 2; HG, Histologic grade; HR, Hormone receptor; IC, Immune cells (used in PD-L1 scoring); ICI, Immune checkpoint inhibitor; ITT, Intention-to-treat 
population; mITT, Modified intention-to-treat population; NA, Not applicable or not available; Nab-P, Nanoparticle albumin-bound paclitaxel; Nivo, Nivolumab; NR, Not reported; P, Pertuzumab; Pbo, Placebo; Pem
bro, Pembrolizumab; pCR, Pathologic complete response; q3w/q4w/q2w/q6w/q8w, Every 3/4/2/6/8 weeks, respectively; RCT, Randomized controlled trial; SD-101, TLR9 agonist; T-DM1, Trastuzumab emtansine; TILs, 
Tumor-infiltrating lymphocytes; TPC, Treating physician's choice; TNBC, Triple-negative breast cancer.
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CI: 18.40–82.17), and 52.09% (95% CI: 15.14–86.89), respectively 
[Fig. S2]. Fatigue, increased ALT, nausea, neutropenia, peripheral 
neuropathy and thromcytopenia also occurred with ARs above 30%, as 
shown in Fig. S2. In contrast, grade ≥3 AEs were less frequent with 
pooled AR of 3.44% (95% CI: 2.52—4.68) [Fig. S3]. Neutropenia was 
the most common high-grade event, with a pooled AR of 18.19% (95% 
CI: 10.81–28.96), followed by decreased neutrophil count (AR 17.88%, 
95% CI: 10.65—28.44) and leukopenia (AR 13.25%, 95% CI: 
6.14—26.30) [Fig. S3]. Anemia, increased ALT and febrile neutropenia 
had ARs above 5%, as illustrated in Fig. S3 As shown in Fig. 1, the pooled 
proportion of patients experiencing at least one all-grade adverse event 
during ICI therapy for early breast cancer was 99.63% (95% CI: 
98.35—99.92), with no heterogeneity across studies (I2 = 0%). This high 
incidence underscores that while most events are of lower grade, 
virtually all patients experienced some degree of toxicity. The overall 
incidence of grade ≥3 adverse events in patients treated with ICIs in the 
perioperative setting was 43.98% (95% CI: 28.61–60.60), as shown in 
Fig. 2. A detailed breakdown of individual all-grade and high-grade 
events is available in the supplementary material (Figs. S2 and S3).

3.3. Comparative safety between ICI and chemotherapy

Comparative analyses of safety outcomes between chemotherapy 
combined with ICIs and chemotherapy alone were conducted across 
randomized controlled trials (RCTs) evaluating 13 predefined AEs. 
Among all-grade events, the risk of diarrhea was comparable between 
groups (RR 1.08; 95% CI: 0.92–1.27), as was the risk of nausea (RR 1.04; 
95% CI: 0.97—1.10), vomiting (RR 1.41; 95% CI: 1.14—1.75), and fa
tigue (RR 1.07; 95% CI: 0.98—1.17) [Fig. 3]. The risk of neutropenia 
was lower in ICI-treated patients (RR 0.98; 95% CI: 0.91–1.06) although 
it was not statistically significant, while elevations in liver enzymes were 
slightly more frequent in the ICI arms, including AST (RR 1.32; 95% CI: 
1.10–1.57) and ALT (RR 1.10; 95% CI: 0.96–1.26). Rash (RR 1.16; 95% 
CI: 0.90—1.48) and peripheral neurophaty (RR 1.83; 95% CI: 
0.77—4.32) also showed numerically higher risks with ICI, though 
without statistical significance [Fig. 3]. Regarding grade ≥3 adverse 
events, no significant differences were observed in the overall rate be
tween ICI and chemotherapy arms, with a pooled RR of 1.00 (95% CI: 
0.99–1.01), as shown in Fig. 4. A detailed breakdown of comparative 
risk of high-grade events and the total all grade AEs (ICIs vs. Chemo
therapy) is available in the supplementary material (Figs. S4 and S5).

3.4. Immune-related adverse events (irAEs)

irAEs were analyzed separately, including both all-grade and grade 
≥3 toxicities associated with presumed immune activation. The most 
frequent all-grade irAEs in ICI-treated patients (single-arm) included 
hypothyroidism (AR 12.70%; 95% CI: 9.27–17.16), infusion related 
reaction (AR 9.19%; 95% CI: 5.50–14.95) and hyperthyroidism (AR 
6.08%; 95% CI: 3.94–9.27) [Fig. 5]. Other immune-related events, such 
as colitis, adrenal insufficiency and severe skin reactions were observed 
at frequencies below 3% [Fig. 5]. Among grade ≥3 irAEs in ICI-treated 
patients (single-arm), the most common were hepatitis (AR 1.04%; 95% 
CI: 0.56–1.93), adrenal insufficiency (AR 1.47%; 95% CI: 0.68–3.12), 
and infusion related reaction (AR 1.37%; 95% CI: 0.77–2.43), though 
without statistical significance, while all remaining events occurred in 
fewer than 2% of patients [Fig. 6]. Forest plots comparing the relative 
risk of all-grade and grade ≥3 of irAEs between ICI and chemotherapy 
arms across randomized trials are provided in the supplementary ma
terial (Figs. S6 and S7). Additional details about the total comparative 
risk of all-grade and grade ≥3 of irAEs are provided in Figs. S8 and S9.

3.5. Serious TRAEs, dose reductions, treatment discontinuation, and 
death

Treatment discontinuation due to AEs occurred in 5.17% of patients 
(95% CI: 0.94–23.88%), most commonly due to irAEs such as hepatitis, 
pneumonitis, and colitis, as well as severe fatigue and hematologic 
events, when specified [Fig. 7]. These discontinuations referred pri
marily to ICI therapy, although causality data were inconsistently re
ported across studies. The treatment-related mortality rate was 0.57% 
(95% CI: 0.20–1.64%) [Fig. 7]. Serious TRAEs were infrequent overall, 
with the most commonly reported serious events being pneumonitis, 
hepatitis, colitis, and severe hematologic toxicities. Comparative data on 
serious TRAEs and treatment discontinuation were only available from 
the KEYNOTE-522 trial, which reported higher rates in the ICI arm than 
in the control group.

3.6. Health-related quality of life

Only three studies reported data on health-related quality of life 
(HRQoL), and due to the heterogeneity of measurement tools (EORTC 
QLQ-C30, FACT-B, and PROMIS), meta-analytical pooling was not 
feasible. A descriptive synthesis indicated a modest decline in overall 

Fig. 1. All-grade adverse events in ICI-treated patients 
Legend: Forest plot showing the absolute risk (AR) per 100 patients of all-grade AE across single-arm studies of ICI.
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health status during neoadjuvant therapy, with partial recovery 
following treatment completion. One study using the EORTC QLQ-C30 
reported reductions in physical functioning and global quality of life 
during treatment that improved post-therapy. Another study employing 
the FACT-B instrument found emotional well-being to be notably 
affected during ICI-based regimens, while PROMIS-based assessments 
revealed transient worsening in fatigue and physical function, with most 
domains returning to baseline within six months [33–35].

3.7. Risk of bias and sensitivity analyses

Risk of bias was assessed using the RoB 2 tool for RCTs and the 
ROBINS-I tool for non-randomized studies. Among the nine RCTs 
included, most demonstrated low risk of bias across domains related to 
randomization, intervention adherence, and outcome measurement. 
However, two trials were judged as having “some concerns” due to 
insufficient reporting on allocation concealment or blinding procedures. 
Among the four non-randomized studies, risk of bias was rated as 
moderate to serious, particularly in domains related to confounding and 
participant selection. Most non-randomized trials lacked adjustment for 
key prognostic factors and did not report whether outcome assessors 
were blinded. Domain-level and overall risk of bias summaries are 
available in Figs. S7 and S8.

Publication bias was explored for outcomes with ≥10 studies avail
able. Funnel plot inspection did not demonstrate major asymmetry for 
the primary safety outcomes, although interpretation was limited by the 
relatively small number of included studies and clinical heterogeneity 
among trials. Egger's test did not identify statistically significant small- 
study effects for the evaluated outcomes [18].

Sensitivity analyses using leave-one-out procedures for all-grade 
neutropenia, nausea, diarrhea, and anemia did not identify any influ
ential outliers, and overall estimates remained robust. Baujat plots 
further confirmed that no single study disproportionately contributed to 
overall heterogeneity. Sensitivity analyses did not materially alter 
pooled estimates, suggesting that no single study disproportionately 
influenced the overall results.

4. Discussion

This comprehensive systematic review and meta-analysis included 
over 1200 patients with eBC treated with ICI-containing regimes and 
nearly 1000 patients treated with chemotherapy without ICI across 
randomized trials. The most frequently reported AEs were all-grade 

alopecia, anemia and leukopenia, with pooled AR ranging from 50% to 
86%. Grade ≥3 neutropenia occurred in approximately 43.98% of pa
tients receiving ICIs. The most frequent AEs are chemotherapy-related, 
with similar rates between ICI-containing and ICI-free groups [20–32].

ICI exhibits a unique safety profile shaped by its inherent immune- 
mediated mechanism of action. Rather than dose-dependent cytotoxic 
effects, AEs associated with ICIs derive from immune dysregulation, 
leading to organ-specific inflammation, particularly affecting endocrine, 
gastrointestinal, hepatic, and cutaneous systems [36,37]. In this 
meta-analysis, we identified thyroid dysfunction, hepatitis, colitis, and 
pneumonitis as the most frequent irAEs, with consistent signals across 
studies evaluating ICI monotherapy in eBC [38,39], reinforcing the 
predictability of these immune-mediated toxicities. Grade ≥3 irAEs 
remained uncommon but clinically relevant, particularly for hepato
toxicity and gastrointestinal inflammation. In addition, endocrine irAEs, 
such as adrenal insufficiency and diabetes, frequently leads to perma
nent disfunction. Although most irAEs were low-grade and manageable, 
their potential severity and unpredictability call for careful baseline 
screening and longitudinal toxicity surveillance.

Mechanistically, irAEs stem from T-cell activation against self- 
antigens and local tissue damage driven by cytokine release and im
mune infiltration [40]. This immune reactivity is potentiated in 
early-stage settings by the high tumor antigen load, intact immune 
repertoire, and concurrent chemotherapy [40,41]. Indeed, in several of 
the included trials, ICI administration was combined with anthracy
clines or platinum agents—both known to induce immunogenic cell 
death—which may amplify immune-related toxicity [42]. Furthermore, 
endocrine irAEs such as hypothyroidism and adrenal insufficiency can 
be clinically silent or mimic cancer-related fatigue, reinforcing the need 
for proactive monitoring strategies [42,43]. The time from ICI initiation 
to irAE onset varies according to the specific event, as reported in the 
real-world Neo-Real study, which evaluated patients with breast cancer 
treated with the KEYNOTE-522 regimen. Although irAEs are more 
common during the neoadjuvant phase, a considerable proportion of 
patients develop them only in the adjuvant phase, underscoring the need 
for caution and vigilance throughout the entire treatment course [44].

Hematologic AEs such as neutropenia, anemia, and leukopenia are 
frequent in breast cancer regimens that comprise multiple chemo
therapy agents, and did not seem to be influenced by the addition of ICI. 
Interestingly, diarrhea and liver enzyme elevations emerged as toxicities 
significantly more common in the ICIs group), aligning with the known 
gastrointestinal and hepatic toxicity spectrum associated with immu
notherapy. The ARs for fatigue and asthenia were numerically higher in 

Fig. 2. Grade ≥3 adverse events in ICI-treated patients 
Legend: Forest plot showing the absolute risk (AR) per 100 patients for grade ≥3 AE across single-arm studies of ICI.
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patients receiving ICIs, this pattern mirrors findings from studies in non- 
small cell lung cancer and melanoma, where fatigue is frequently re
ported but seldom reaches statistical significance—consistent with our 
findings, in which the observed differences did not attain statistical 
significance [45,46].

The perioperative setting may further amplify immune-mediated 
toxicity through interactions between ICIs and cytotoxic chemo
therapy [44]. Anthracyclines and platinum agents are known to induce 
immunogenic cell death and increase antigen presentation, potentially 
potentiating immune activation beyond antitumor effects [45]. Addi
tionally, prolonged exposure to ICIs during adjuvant therapy may 
contribute to delayed endocrine and hepatic irAEs, reinforcing the 
importance of longitudinal surveillance even after completion of 
chemotherapy [46].

Unlike metastatic settings, patients with eBC may experience long- 

term survivorship after treatment completion [46]. Therefore, even 
low-frequency chronic endocrine or immune-mediated toxicities may 
have substantial long-term implications for quality of life, survivorship 
care, and healthcare utilization. Management of severe irAEs frequently 
requires systemic corticosteroids or immunosuppressive therapy, which 
may further complicate treatment delivery in the perioperative setting 
and potentially impact quality of life and treatment adherence [47].

A major strength of this analysis is the consistency observed across 
trials, with minimal heterogeneity and robust findings in leave-one-out 
sensitivity analyses. Still, this study has limitations. Firstly, most toxicity 
endpoints were study-level, and patient-level data were not accessible. 
This precluded stratified analyses based on age, comorbidities, or PD-L1 
expression [47,48]. Secondly, follow-up duration was limited in some 
trials, especially for late-onset irAEs such as hypophysitis or pneumo
nitis. Third, variations in chemotherapy backbones and ICI regimens 

Fig. 3. Comparative risk of all-grade adverse events: ICI vs chemotherapy 
Legend: Summary forest plot of relative risks (RRs) and 95% CIs for all-grade AEs comparing ICI to chemotherapy in RCTs. Diarrhea and AST elevation were 
significantly more common with ICIs.
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may have contributed to differences in AE incidence, though subgroup 
analyses by ICI type did not reveal substantial discrepancies.

Considerable variability in grade ≥3 toxicity rates was observed 
across studies. This heterogeneity likely reflects differences in chemo
therapy backbone intensity, duration of adjuvant immunotherapy 
exposure, follow-up time, toxicity reporting practices, and ICI agents 
used. Trials incorporating anthracycline- and platinum-based regimens 
generally demonstrated higher rates of hematologic toxicities, whereas 
studies with prolonged adjuvant exposure may have captured a greater 
number of delayed immune-related events. [46–48]

Another limitation is that hepatotoxicity outcomes were analyzed 
according to the reporting structure of the original trials, which typically 
separated ALT and AST elevations rather than reporting composite 
immune-mediated hepatotoxicity syndromes. This approach may un
derestimate the true incidence of immune-related liver toxicity and 
dilute clinically relevant hepatotoxicity signals. Future studies should 
standardize reporting of immune-mediated hepatotoxicity as syndrome- 
level events rather than isolated laboratory abnormalities.

Additionally, retrospective cohort studies were not included in this 
analysis. Although this decision improved methodological consistency 
and internal validity, it may have limited generalizability and reduced 
the ability to detect rare immune-related toxicities such as myocarditis 
or renal immune-related adverse events. Nevertheless, this is the first 
meta-analysis to systematically evaluate AEs related to ICIs in e BC 
across multiple perioperative trials [49–51].

Future studies should prioritize the identification of predictive bio
markers for irAE susceptibility, such as HLA alleles, cytokine signatures, 
or microbiome profiles. Additionally, longer follow-up is warranted to 
evaluate cumulative toxicity and late effects, especially as ICIs transition 
to the adjuvant setting and are considered for combination strategies. 
Emerging combinations such as ICIs with antibody-drug conjugates (e. 
g., sacituzumab govitecan) or PARP inhibitors are under active inves
tigation and may shift the current safety landscape. For instance, in the 
ASCENT trial, UGT1A128 homozygosity was associated with increased 
neutropenia risk under sacituzumab, highlighting the need for inte
grated toxicity mitigation [52,53].

Rare but clinically significant irAEs such as myocarditis, nephritis, 
and inflammatory arthritis remain incompletely characterized in eBC 
[54]. Although infrequently reported in the included trials, these tox
icities are of particular clinical concern given their potential severity and 
the curative intent of therapy in this population [55]. Immune-related 
cardiotoxicity, especially myocarditis, has been associated with high 
mortality rates in other malignancies treated with ICIs and may be 
underrecognized in BC clinical trials due to limited sample size and 
relatively short follow-up duration [56]. Importantly, certain irAEs such 
as myocarditis, although rare, may present with fulminant clinical 
courses and disproportionately high mortality rates compared with 

more common endocrine toxicities [56]. In curative-intent settings, even 
low-frequency severe toxicities warrant particular attention given the 
long expected survivorship of these patients [55,56]. Future studies 
should prioritize standardized reporting of rare irAEs and incorporate 
long-term toxicity surveillance strategies.

5. Conclusion

In this systematic review and meta-analysis, the most common any 
grade and grade 3-4 AEs of ICI plus chemotherapy regimens are those 
driven by chemotherapy, with a considerable proportion of patients 
presenting serious AEs and treatment discontinuation. Nevertheless, 
treatment-related deaths are infrequent. The addition of ICI increases 
the occurrence of immune-related AEs that require a proper monitoring 
and multidisciplinary management. Further studies with longer follow- 
up and standardized AE and HRQoL reporting are warranted.
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Fig. 4. Comparative risk of grade ≥3 adverse events: ICI vs chemotherapy 
Legend: Summary forest plot showing RRs of high-grade AEs from RCTs comparing ICIs with chemotherapy. No statistically significant differences were observed.
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Fig. 5. All-grade immune-related adverse events (irAEs) 
Legend: Forest plot of pooled all-grade irAE frequencies from single-arm 
studies, including endocrine, hepatic, and gastrointestinal events. Hypothy
roidism infusion related reaction and hyperthyroidism were most frequent.

Fig. 6. Grade ≥3 immune-related adverse events (irAEs) 
Legend: Forest plot showing the estimated proportion of grade ≥3 irAEs. Se
vere hepatitis, adrenal insufficiency, and infusion related reaction were the 
most commonly reported.
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Fig. 7. Treatment-related mortality, serious TRAEs and treatment discontinuation. 
Legend: Pooled proportions of patients experiencing treatment-related mortality, serious TRAEs and treatment discontinuation.
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