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Immune checkpoint inhibitors (ICIs) are approved for the treatment of a variety of cancer types. The doses of these drugs, though
approved by the Food and Drug Administration (FDA), have never been optimised, likely leading to significantly higher doses than
required for optimal efficacy. Dose optimisation would hypothetically decrease the risk, severity, and duration of immune-related
adverse events, as well as provide an opportunity to reduce costs through interventional pharmacoeconomic strategies such as off-
label dose reductions or less frequent dosing. We summarise existing evidence for ICI dose optimisation to advocate for the role of
interventional pharmacoeconomics.
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BACKGROUND
Immune checkpoint inhibitors (ICIs) have changed the treatment.
paradigm of a variety of cancer types over the past decade [1].
Through interactions with inhibitor proteins such as programmed
cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), or
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), ICIs help
overcome cancer cells’ evasion of immunosurveillance and
hyperactivate the immune system.
Considering the mechanism of action of ICIs, the historical

method of dose escalation until achieving the maximum tolerated
dose (MTD)—as has been done for decades with cytotoxic
chemotherapy—is not appropriate [2–4]. Anti-PD-1/PD-L1 ICIs
saturate their targets and reach the plateau of the dose-response
curve at much lower doses than their approved doses [2, 3].
Alternative dosing strategies can be developed based on pharma-
cokinetic and pharmacodynamic data, and in silico simulations can
be a helpful method for hypothesis generation, and even
potentially the approval of alternative dosage regimens [5–8].
Interventional pharmacoeconomics capitalises on new dosing

strategies, whether lower doses, less frequent doses, reduced
duration, or therapeutic substitution, to decrease cost and side
effects while maintaining efficacy [9]. A variety of these dosing
strategies are relevant to reducing ICI costs given that the Food
and Drug Administration (FDA) dose approval process to date for
ICIs has mostly been based on the traditional clinical trial
methodology where the Phase I MTD becomes the recommended
Phase II dose.
Prior reviews by Araujo et al., Jiang et al., and Peer et al. have

outlined published and ongoing trials on ICI dosing regimen
optimisation [2, 3, 10]. In this review, we outline more recent
studies of ICI dosing (Table 1) and the interplay of dose
optimisation and interventional pharmacoeconomics. We explore
the notion that “less is more” with ICIs and that investigation of

alternative dosing strategies may impact prescribers, patients, and
payers.

RECENT STUDIES OF NOVEL ICI DOSING REGIMENS
Nivolumab
Nivolumab is currently approved by the FDA for 11 indications
and by the European Medicines Agency (EMA) for 13 indications at
doses of 240mg every 2 weeks or 480mg every 4 weeks when
given as monotherapy or 1 mg/kg every 3 weeks when given in
combination with ipilimumab (Table 2) [11, 12]. Despite the
approval of these dosing regimens, the availability and effective-
ness of nivolumab, as is the case with other ICIs, can be severely
hampered by the high costs of treatment in resource-limited
settings. However, a recent randomised study in India compared
triple metronomic chemotherapy (oral methotrexate 9 mg/m2

weekly, celecoxib 200mg twice daily, and erlotinib 150mg daily)
with and without low-dose nivolumab 20mg every 3 weeks for
the treatment of recurrent or newly diagnosed advanced head
and neck squamous cell carcinoma [13]. The arm with low-dose
nivolumab had a 1-year overall survival (OS) of 43.4% compared to
16.3% in the control arm (hazard ratio [HR] 0.545, p= 0.0036) with
no difference in grade 3 or above adverse events (46.1% vs 50%,
p= 0.7). This important study provides proof of concept for the
effectiveness of less than 10% of the standard nivolumab dose.
Retrospective, non-randomised data from Taiwan that com-

pared the efficacy of nivolumab 20 and 100mg every 2 weeks
among patients with hepatocellular carcinoma (HCC), with the
dose largely driven by patient financial resources, might suggest
that a lower dose is acceptable [14]. Patients who received 20mg
every 2 weeks had a longer progression-free survival (PFS) than
those who received 100 mg every 2 weeks (4.5 months vs
2.3 months, p= 0.007) [14].
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Table 1. Phase II and III low-dose ICI clinical trials, retrospective reviews, and pharmacokinetic simulations.

Study
sponsor

Country Phase Year Study
type

Dose Cancer
type(s)

Outcomes Clinical trial ID

Nivolumab

Homi Bhabha
National
Institute [13]

India III 2022 In vivo 20mg q3wk H&N SCC Superior to
chemotherapy
without
nivolumab

CTRI/2020/11/
028953

Chang Gung
Memorial
Hospital [14]

Taiwan - 2022 In vivo 20mg q2wk
vs
100mg q2wk

HCC Superior PFS for
low-dose

N/A
(retrospective)

Universitair
Ziekenhuis
Brussel [76]

Belgium - 2022 In vivo 10mg q2wk Advanced
cancer

50% SD/PR/CR N/A
(retrospective)

National
Cancer
Institute [6]

U.S. - 2022 In silico 480mg q4wk
vs
240mg q4wk
vs
480mg q8wk

Solid
tumours

Maintained
minimum
effective
concentration

N/A (in silico)

Universitair
Ziekenhuis
Brussel [77]

Belgium II 2022 In vivo Nivolumab 10mg
(plus ipilimumab
50mg), then
nivolumab 10mg
2x/wk
vs
Nivolumab 10mg
2x/wk then q1wk

Metastatic
melanoma
after
resection

One year of
adjuvant low-dose
nivolumab
recommended for
further study

NCT02941744

Queen Mary
Hospital [56]

China - 2020 In vivo Nivolumab 40mg
q2wk
vs
Pembrolizumab
100mg q3wk

cHL Both efficacious at
low doses

N/A
(retrospective)

Seoul
National
University
Hospital [78]

Republic
of Korea

- 2018 In vivo 20mg q3wk
or
100mg q3wk
vs
3mg/kg q2wk

NSCLC Equivalent N/A
(retrospective)

Bristol-Myers
Squibb [16]

U.S.
Canada
Finland
Italy

II 2015 In vivo 0.3 mg q3wk
vs
2mg/kg q3wk
vs
10mg/kg q3wk

Metastatic
RCC

Equivalent NCT01354431

Pembrolizumab

The
University of
Jordan [20]

Jordan - 2022 In vivo 100mg q3wk
vs
200mg q3wk

NSCLC Equivalent N/A
(retrospective)

National
Cancer
Institute [6]

U.S. - 2022 In silico 200mg q3wk
vs
400mg q6wk
vs
200mg q6wk

N/A Maintained
minimum
effective
concentration

N/A (in silico)

National
University of
Singapore
[19]

Singapore - 2021 In vivo 100mg q3wk
vs
200mg q3wk

NSCLC Equivalent N/A
(retrospective)

Atezolizumab

National
Cancer
Institute [24]

U.S. - 2023 In silico 1200mg q3wk
vs
1200mg q6–9wk
vs
1200mg q12wk
vs
840mg q6wk
vs
840mg q8wk
vs
840mg q10wk
vs
840mg q12wk

N/A 840mg q6wk
maintained
minimum serum
concentration

N/A (in silico)
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Recent manuscripts by Peer et al. in the United States (U.S.) and
Malmberg et al. in the Netherlands explored alternative dosing
regimens of nivolumab [6, 15]. Using population pharmacokinetic
models, Peer et al. demonstrated that nivolumab 240mg every
4 weeks and 480mg every 8 weeks should maintain a putative
minimum effective concentration (MEC, 1.5 µg/mL) in >95% of virtual
patients [6]. The MEC was reverse-engineered on the basis of a
randomised dose-ranging trial in metastatic renal cell carcinoma,
which demonstrated equivalent efficacy of nivolumab 0.3mg/kg,
2mg/kg, and 10mg/kg [6, 16]. This is the strongest evidence for the
efficacy of lower doses of nivolumab. Using pharmacokinetic and
pharmacodynamic data as well as the linear kinetics range of
nivolumab, Malmberg et al. recommended weight-based dosing
(3mg/kg every 2 weeks, 4.5mg/kg every 3 weeks, or 6mg/kg every
4 weeks) that maxed out at the FDA-approved fixed doses (240mg
every 2 weeks, 360mg every 3 weeks, or 480mg every 4 weeks).

Pembrolizumab
Pembrolizumab is currently FDA-approved for 19 indications at
doses of 200 mg every 3 weeks, 400mg every 6 weeks, or 2 mg/kg
every 3 weeks and EMA-approved for 11 indications at the same
doses (Table 2) [17, 18]. Several retrospective studies assess
alternative pembrolizumab dosing in real-world settings. As
previously reviewed [2], a single-centre retrospective study in
Singapore demonstrated that pembrolizumab 100mg every
3 weeks for advanced non-small cell lung cancer (NSCLC) had a
similar median PFS (6.8 vs 4.2 months; HR 0.72, 95% CI 0.36–1.46,
p= 0.36) and 9-month OS (85% vs 58%; HR 0.27, 95% CI
0.062–1.20, p= 0.09) as pembrolizumab 200mg every 3 weeks
[19]. A more recent retrospective study in Jordan similarly
identified that pembrolizumab 100 mg versus 200mg fixed doses
every 3 weeks for NSCLC had equivalent median PFS (8 vs
8 months, p= 0.73) and median OS (17.02 vs 17.60 months,
p= 0.66) between arms [20].

Atezolizumab
Atezolizumab is currently FDA-approved for 5 indications at
doses of 840 mg every 2 weeks, 1200 mg every 3 weeks, or 1680
mg every 4 weeks and EMA-approved for 6 indications at the
same doses (Table 2) [21, 22]. Goldstein and Ratain have
previously described that the current dosing of atezolizumab
achieves steady-state concentrations that far exceed the target
effective concentration of 6 μg/mL and that atezolizumab
should be dosed at 840 mg less frequently than every two
weeks [23].
Alternative dosing strategies have also been proposed for

atezolizumab based on in silico models by Chou and Hsu in
Taiwan and by Peer et al. in the U.S. [5, 24]. A pharmacokinetic
simulation study in Taiwan showed that doubling the dosing
interval for each of the FDA-approved doses of atezolizumab
would still maintain minimum steady-state concentrations pre-
sumed to be sufficient [5]. These findings were refuted by
Genentech scientists in a letter to the editor supporting the
current dosing strategy [25]. Peer et al.’s in silico study evaluated
1200mg every 6, 7, 8, 9, and 12 weeks and 840mg every 6, 8, 10,
and 12 weeks and determined that the dosing interval could be
tripled (840 mg every 6 weeks) and maintain a steady-state trough
concentration of 6 μg/mL in at least 99% of virtual patients [24].
This will be studied in patients at the National Cancer Institute
(NCI) by assessing two loading doses and then proceeding to the
recommended extended-interval dosing [24].

Avelumab
Avelumab is currently FDA-approved and EMA-approved for 3
indications at a dose of 800mg every 2 weeks (Table 2) [26, 27].
Peer et al. concluded in their review that further dosing
optimisation might not be needed for avelumab given that the
plateau of the exposure-response curve has likely not reached the
currently approved dosage [10].

Table 1. continued

Study
sponsor

Country Phase Year Study
type

Dose Cancer
type(s)

Outcomes Clinical trial ID

Ipilimumab

Bristol-Myers
Squibb [79]

Italy II 2022 In vivo Temozolomide
15mg/m2 x5d q4wk
followed by
ipilimumab 1mg/kg
q8wk (plus
nivolumab 480mg
q4wk)

MSS and
MGMT-
silenced CRC

Proof-of-concept NCT03832621

Merck & Co
[80]

U.S.
Australia
Canada
France
New
Zealand

II 2021 In vivo 50mg q6wk
vs
100mg q12wk (both
with
pembrolizumab
200mg q3wk)

Stg III & IV
melanoma

Equivalent
response with
lower G3+ TRAEs
with 50mg q6wk

NCT02089685

Bristol-Myers
Squibb [81]

U.S.
Australia
Belgium
Brazil
Canada
Czech
Republic
France
Germany
Hungary
South
Africa

II 2010 In vivo 10mg/kg q3wk
vs
3mg/kg q3wk
vs
0.3 mg/kg q3wk

Previously
treated Stg
III & IV
melanoma

Dose-dependent
efficacy

NCT00289640

U.S. United States, q#wk every # weeks, H&N head and neck, SCC squamous cell carcinoma, HCC hepatocellular carcinoma, cHL classical Hodgkin lymphoma,
NSCLC non-small cell lung cancer, RCC renal cell carcinoma, N/A not applicable, MSS microsatellite stable, MGMT O6-methylguanine-DNA methyltransferase, Stg
stage, PFS progression-free survival, SD stable disease, PR partial response, CR complete response, G3 grade 3, TRAEs treatment-related adverse events.
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Cemiplimab
Cemiplimab is currently FDA-approved for 3 indications at a dose
of 350 mg every 3 weeks and EMA-approved for 4 indications at
the same dose (Table 2) [28, 29]. This dosage is based on a
population pharmacokinetic model evaluating patients with
advanced malignancies and cutaneous squamous cell carcinoma
who received weight-based doses (1, 3, or 10 mg/kg every 2 weeks
or 3 mg/kg every 3 weeks) or fixed doses (200 mg every 2 weeks)
[30]. This model ultimately compared 350 mg every 3 weeks to
3 mg/kg every 2 weeks and determined that 350mg every
3 weeks should be further investigated. There are no Phase II or III
low-dose studies of cemiplimab to date.

Durvalumab
Durvalumab is currently FDA-approved for 4 indications at dosing
of 10 mg/kg every 2 weeks or 1500mg every 3–4 weeks and EMA-
approved for 2 indications at the same doses (Table 2) [31, 32].
Given that both durvalumab and atezolizumab are anti-PD-L1
agents and that atezolizumab binds differently to PD-L1 than
durvalumab and likely has a wider range of effective doses than
durvalumab with more approved indications, Peer et al. suggested
that dose optimisation efforts should focus on atezolizumab rather
than durvalumab [10].

Dostarlimab
Dostarlimab is currently FDA-approved for 2 indications at a dose
of 500 mg every 3 weeks for four cycles then 1000mg every
6 weeks and EMA-approved for 1 indication with the same dosing
strategy [33, 34]. While there are no weight-based doses approved
by the FDA, a pharmacokinetic dose-escalation Phase I trial
indicated dose-proportional pharmacokinetics over the range of
1–10mg/kg and pharmacokinetic values for 500mg every 3 weeks
that corresponded to those between 3mg/kg and 10mg/kg [35].
Clinical pharmacology review by the FDA identified no dose-
response relationship for dostarlimab, and dostarlimab had almost
3 times the half maximal inhibitory concentration as pembrolizu-
mab for human PD-L1 and PD-L2 [36, 37]. Given that pembroli-
zumab is showing promising clinical efficacy at a dosage of
100mg every 3 weeks, it is possible that dostarlimab may be
effective at a dosage of 300 mg every 3 weeks.

Ipilimumab
Ipilimumab is currently FDA-approved for 7 indications at doses of
1 mg/kg, 3 mg/kg, or 10 mg/kg every 3 weeks or 1 mg/kg every
6 weeks and EMA-approved for 6 indications at dosing of 1 mg/kg
or 3 mg/kg every 3 weeks or 1 mg/kg every 6 weeks [38, 39].
Ipilimumab, a CTLA-4 inhibitor, is the only ICI with clear dose-
response and dose-toxicity relationships, and it is typically
administered in combination with nivolumab [2, 3, 10]. Although
the dose-response and dose-toxicity relationships are consistent
when ipilimumab is given as monotherapy, when given in
combination with a PD-1/PD-L1 inhibitor such as when treating
melanoma, higher doses of ipilimumab are associated with higher
toxicity without improvement in efficacy [40]. In the context of
treating patients with microsatellite instability-high (MSI-H)/mis-
match repair-deficient (dMMR) metastatic colorectal cancer,
CheckMate 142 suggests that extending ipilimumab to every
6 weeks in combination with nivolumab 3mg/kg every 2 weeks
may be an effective dosing strategy for high response with a
relatively low rate of treatment-related adverse events [41–44].
Additionally, doses of ipilimumab 1mg/kg every 6 weeks or every
12 weeks were explored in a Phase I trial of patients with lung
cancer and demonstrated similar responses at these extended
intervals in combination with nivolumab [45]. Finally, CheckMate
511 demonstrated lower treatment-related adverse events of
ipilimumab 1mg/kg in combination with nivolumab 3mg/kg than
ipilimumab 3mg/kg in combination with nivolumab 1mg/kg
when treating patients with melanoma [46]. When ipilimumab is
given in combination with nivolumab, further study could be done
to explore dose extension or lower doses to reduce toxicity while
maintaining efficacy.

Tremelimumab
Tremelimumab, also a CTLA-4 inhibitor, is currently FDA-approved
for 2 indications in combination with durvalumab at a single dose
of 300mg or 75mg every 3 weeks if 30 kg or higher or a single
dose of 4 mg/kg or 1 mg/kg every 3 weeks if under 30 kg, and it is
EMA-approved for 1 indication at a single dose of 300 mg in
combination with durvalumab (Table 2) [47, 48]. The clinical
pharmacology review by the FDA identified no dose-response
relationship for tremelimumab [49]. While a Phase Ib study of

Table 2. United States and European weight-based and fixed doses of ICIs.

Weight-based dose Fixed dose Presumed patient weight for fixed dose

Pembrolizumab

2mg/kg every 3 weeks 200mg every 3 weeks
400mg every 6 weeks

100 kg

Atezolizumab

15mg/kg every 3 weeks 840mg every 2 weeks
1200mg every 3 weeks
1680 mg every 4 weeks

80 kg

Nivolumab

3mg/kg every 2 weeks 240mg every 2 weeks
360mg every 3 weeks
480mg every 4 weeks

80 kg

Avelumab

10mg/kg every 2 weeks 800mg every 2 weeks 80 kg

Cemiplimab

3mg/kg every 2 weeks 350mg every 3 weeks 78 kg

Durvalumab

10mg/kg every 2 weeks 1500mg every 3–4 weeks 75–100 kg

Tremelimumab

4mg/kg once 300mg once 75 kg
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patients with locally advanced or metastatic NSCLC recommended
durvalumab 20mg/kg every 4 weeks plus tremelimumab 1mg/kg
every 4 weeks for 6 doses followed by every 12 weeks for 3 doses
[50], a Phase I/II study of patients with unresectable HCC
recommended the approved dose of durvalumab 1500 mg every
4 weeks plus a single 300 mg dose of tremelimumab [51]. Phase III
trials of patients with NSCLC are ongoing (NCT02453282,
NCT02352948). Future trials could assess 1 mg/kg as a single dose
rather than for four cycles.

PHARMACOECONOMICS OF ICIS
Financial toxicities associated with ICI use
It is projected that the overall global expenditure on ICIs will almost
double from 2021 to 2026 (from over $24 billion to $46 billion) [15].
If cost-effectiveness is defined as a willingness to pay threshold of
$100,000 per quality-adjusted life year (QALY), then only a few ICI
indications were deemed cost-effective in a systematic review,
largely driven by the high cost of ICIs [52]. While this commonly
used willingness to pay threshold should likely be higher given
inflation [53], many included studies demonstrated costs over
$200,000 per QALY [52]. Another systematic review of ICIs for NSCLC
indicated mixed results on the cost-effectiveness of pembrolizu-
mab, atezolizumab, nivolumab, and durvalumab [54]. While cost-
effectiveness analyses are not part of the drug approval process in
the U.S., the high costs are considerations in countries with national
health insurance plans, such as Australia and the United Kingdom,
where risk-sharing agreements, financial caps, and price negotia-
tions help keep the typically high costs of ICIs within budget [55].
Price can be an even larger barrier in low- and middle-income
countries (LMICs), leading to practical real-world study designs
based on affordability or randomised trials evaluating extremely low
doses of ICIs [13, 56].
Weight-based dosing is an opportunity to somewhat reduce

ICI costs [15, 57]. A single-centre retrospective review of 1110 ICI
doses showed that in 94% of cases, these drugs were given as
fixed doses of pembrolizumab 200 mg or nivolumab 240 mg
[58]. If alternative dosing strategies and vial sharing are used,
then costs could be lowered by 9–13% for nivolumab and
19–29% for pembrolizumab [15, 58]. It is noteworthy that
weight-based dosing is often lower than fixed dosing, as in most
fixed doses, patients with cancer are presumed to weigh
between 75 and 100 kg (Table 2) [2]. Vial sizes of ICIs are
conveniently manufactured to accommodate fixed doses, so a
switch from fixed to weight-based dosing would increase cost
savings if there is variability in vial sizes for a given ICI or if a
cancer centre has higher patient volumes and allows vial sharing
[2, 15, 58].
Properly designed cost-effectiveness analyses should incorpo-

rate adverse event frequency, costs, and effects on quality of life.
For ICIs, this would include the diagnosis and treatment of
immune-related adverse events (irAEs), sometimes also requiring
expensive immunosuppressant monoclonal antibodies. One
retrospective insurance claims analysis of patients on anti-PD-
1/PD-L1 monotherapy versus anti-PD-1/PD-L1 plus anti-CTLA-4
combination therapy demonstrated high rates of irAEs (46% vs
67%) and irAE-related emergency department visit rates (16% vs
23%), as well as high irAE-related medical costs ($31,000 vs
$163,000) [59].

Evidence for lower or less frequent doses of ICIs
ICI dosing can be optimised through lower doses, extended
dosing intervals, and shorter overall treatment duration [60]. Many
randomised trials are underway to evaluate ICI dose optimisation
[60], but extended-interval dosing strategies for ICIs can also be
simulated in silico to generate hypotheses regarding the
minimum necessary dose to achieve therapeutic target concen-
trations [6, 10, 15]. These in silico studies can even lead to label

changes, such as when the FDA approved pembrolizumab 400mg
every 6 weeks in April 2020 [61], and these approvals will likely
continue in the post-marketing setting given recent industry
guidance from the FDA on pharmacokinetic-based PD-1/PD-L1 ICI
alternative dosing regimen approvals [8]. A retrospective review of
pembrolizumab doses for NSCLC at Veterans Affairs (VA) centers
nationally identified that by January 2021 (9 months after the April
2020 approval), only one-third of patients prescribed pembrolizu-
mab were receiving extended-interval dosing (400 mg every
6 weeks) and that this adoption rate of extended-interval dosing
plateaued through the end of the study (August 2021) [62].
Implementation science will be an important aspect of optimising
ICI dosing in clinical practice.
Trials evaluating significantly lower doses of ICIs can also increase

access globally to these effective but expensive therapies. The
aforementioned study of nivolumab 20mg for head and neck cancer
in India demonstrated significantly improved OS using a nivolumab
dose that is 91–95% cheaper than standard nivolumab dosing [13].
This novel trial used nivolumab at 6–7% of the usual dose (20mg
every 3 weeks instead of 3mg/kg every 2 weeks or 360mg every
3 weeks), which was estimated to reduce the cost of nivolumab
(based on prices in India) from $3858 per month to $429 per month
[63]. Given that nivolumab and pembrolizumab are roughly
interchangeable [64], significantly lower doses of pembrolizumab
than those currently studied are also likely to be clinically effective.
Additionally, regimens with pembrolizumab at standard dosing could
potentially be replaced by the extremely low dose of nivolumab
studied in India of 20mg every 3 weeks [13].

CURRENT CHALLENGES AND OPPORTUNITIES
Selection of drug doses
Population pharmacokinetic simulation studies permit the
exploration of lower doses or longer dosing intervals without
the need to conduct expensive clinical trials [10]. These simulation
studies can generate hypotheses for randomised, near-
equivalence clinical trials to potentially guide future FDA
approvals. Additionally, real-world data can be helpful in
evaluating these lower doses compared to the initially approved
higher doses, such as with pembrolizumab 400 mg every 6 weeks
[62]. The FDA’s Oncology Center of Excellence (OCE) is helping
incorporate dosage considerations into pre-approval trial design
through the creation of Project Optimus in 2021 [65, 66]. The
impact of dose optimisation on cost savings may depend on if
optimisation occurs through pre-approval or post-marketing trials.
The combination of accelerated approvals and the Inflation
Reduction Act of 2022 could start to fix initial drug prices, so
subsequent dose optimisation could lead to price reductions if
doses are subsequently reduced [2]. The Senate Appropriations
Committee specifically referenced Project Optimus in S. 4661 [67],
and the modified omnibus version that passed (H.R. 2617)
encourages the FDA to facilitate clinical trials that evaluate dosing
and frequency to decrease cost and toxicity without affecting
clinical efficacy [68]. Thus, post-marketing dose optimisation
studies organised with the input of the OCE would be responsive
to this U.S. congressional request. Strohbehn et al. propose a self-
sustaining model for the U.S. government to fund post-marketing
dose optimisation trials through partnerships between payers, the
National Clinical Trials Network, and the OCE [69].

Funding for interventional pharmacoeconomics of ICIs
There is rife opportunity to employ interventional pharmacoeco-
nomic principles to ICIs as previously suggested for abiraterone,
ibrutinib, and trastuzumab [70]. Payers could be incentivized to
fund interventional pharmacoeconomic trials through shared cost
savings, such as self-funding cost-effectiveness trials of pembro-
lizumab in NSCLC (NCT04909684) or of cyclin-dependent kinase 4
and 6 (CDK4/6) inhibitors in breast cancer (NCT03425838) [60, 71].
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Additionally, the omnibus appropriations bill for 2023 encourages
FDA prioritisation of dose optimisation trials [68], and partnerships
between the Centers for Medicare & Medicaid Services and the
FDA could generate self-funding interventional pharmacoeco-
nomic trials [69].

Physician and patient education
To counter the conventional wisdom that more is better, an
educational campaign is needed for physicians and patients alike
that “less is more” [65, 72]. This could be through published literature
like the Archives of Internal Medicine’s “Less is More” series or the
Journal of Hospital Medicine’s “Things We Do For No Reason”
(TWDFNR) series, campaigns like the American Board of Internal
Medicine’s Choosing Wisely initiative, or advertisements by health-
related governmental agencies for the general public [72–75].

CONCLUSIONS
There are abundant opportunities to reduce the monthly dose of
most ICIs, which would markedly reduce the cost of modern
oncology care and potentially also reduce toxicity. Interventional
pharmacoeconomics is an opportunity to truly advocate for
patients and reduce both financial toxicity and irAEs. It is
paramount that global regulatory agencies and public payers
require dose optimisation clinical trials and that the results of
these trials are implemented in clinical practice and reimburse-
ment policies. This will subsequently improve ICI treatment
outcomes and global access to these effective drugs.

DATA AVAILABILITY
Not applicable.

REFERENCES
1. Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of immune checkpoint

blockade therapy. Cancer Discov. 2018;8:1069–86.
2. Araujo DV, Uchoa B, Soto-Castillo JJ, Furlan LL, Oliva M. When less may be

enough: dose selection strategies for immune checkpoint inhibitors focusing on
antiPD-(L)1 agents. Target Oncol. 2022;17:253–70.

3. Jiang M, Hu Y, Lin G, Chen C. Dosing regimens of immune checkpoint inhi-
bitors: attempts at lower dose, less frequency, shorter course. Front Oncol.
2022;12:906251.

4. de Miguel M, Calvo E. Clinical challenges of immune checkpoint inhibitors.
Cancer Cell. 2020;38:326–33.

5. Chou CH, Hsu LF. Model-based simulation to support the extended dosing
regimens of atezolizumab. Eur J Clin Pharmacol. 2021;77:87–93.

6. Peer CJ, Heiss BL, Goldstein DA, Goodell JC, Figg WD, Ratain MJ. Pharmacokinetic
simulation analysis of less frequent nivolumab and pembrolizumab dosing:
pharmacoeconomic rationale for dose deescalation. J Clin Pharmacol.
2022;62:532–40.

7. Peer CJ, Schmidt KT, Arisa O, Richardson WJ, Paydary K, Goldstein DA, et al. An in
silico simulation study of extended interval dosing of atezolizumab using
population pharmacokinetics. In: ASPCT 2023 Annual Meeting. 2023. https://
doi.org/10.1002/cpt.2835.

8. Center for Drug Evaluation and Research. Pharmacokinetic-based criteria for
supporting alternative dosing regimens of programmed cell death receptor-1
(PD-1) or programmed cell death-ligand 1 (PD-L1) blocking antibodies for
treatment of patients with cancer guidance for industry. https://www.fda.gov/
media/151745/download (2022). Accessed 4 Jan 2023.

9. Goldstein DA, Strohbehn GW, Serritella AV, Hyman DA, Lichter AS, Ratain MJ.
Interventional pharmacoeconomics. Cancer J Sudbury Mass. 2020;26:330–4.

10. Peer CJ, Goldstein DA, Goodell JC, Nguyen R, Figg WD, Ratain MJ. Opportunities
for using in silico‐based extended dosing regimens for monoclonal antibody
immune checkpoint inhibitors. Br J Clin Pharmacol. 2020;86:1769–77.

11. US Food and Drug Administration. Opdivo(R) highlights of prescribing informa-
tion. https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125554s119l
bl.pdf (2023).

12. European Medicines Agency. Opdivo(R) Summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/opdivo-epar-
product-information_en.pdf (2023).

13. Patil VM, Noronha V, Menon N, Rai R, Bhattacharjee A, Singh A, et al. Low-dose
immunotherapy in head and neck cancer: a randomized study. J Clin Oncol.
2023;41:222–32.

14. Chen YH, Wang CC, Chen YY, Wang JH, Hung CH, Kuo YH. Low-dose nivolumab in
advanced hepatocellular carcinoma. BMC Cancer. 2022;22:1153.

15. Malmberg R, Zietse M, Dumoulin DW, Hendrikx JJMA, Aerts JGJV, Veldt AAM,
et al. Alternative dosing strategies for immune checkpoint inhibitors to improve
cost-effectiveness: a special focus on nivolumab and pembrolizumab. Lancet
Oncol. 2022;23:e552–e561.

16. Motzer RJ, Rini BI, McDermott DF, Redman BG, Kuzel TM, Harrison MR, et al.
Nivolumab for metastatic renal cell carcinoma: results of a randomized phase II
trial. J Clin Oncol. 2015;33:1430–7.

17. US Food and Drug Administration. Keytruda(R) highlights of prescribing infor-
mation. https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125514s13
2lbl.pdf (2023).

18. European Medicines Agency. Keytruda(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/keytruda-epar-
product-information_en.pdf (2022).

19. Low JL, Huang Y, Sooi K, Ang Y, Chan ZY, Spencer K, et al. Low-dose pem-
brolizumab in the treatment of advanced non-small cell lung cancer. Int J Cancer.
2021;149:169–76.

20. Abbasi L, Almallah A, Al-Rawashdeh NF, Abbasi S. Efficacy of lower fixed dose
pembrolizumab in the treatment of non-small cell lung cancer patients in a
lower-middle income country: Jordan experience. Ann Clin Oncol. 2022;2022:1–5.

21. US Food and Drug Administration. Tecentriq(R) highlights of prescribing infor-
mation. https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761034s0
47lbl.pdf (2022).

22. European Medicines Agency. Tecentriq(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/tecentriq-epar-
product-information_en.pdf (2023).

23. Goldstein DA, Ratain MJ. Alternative dosing regimens for atezolizumab: right
dose, wrong frequency. Cancer Chemother Pharmacol. 2019;84:1153–5.

24. Peer CJ, Schmidt KT, Arisa O, Richardson WJ, Paydary K, Goldstein DA, et al. In
silico re-optimization of atezolizumab dosing using population pharmacokinetic
and exposure-response simulation. J Clin Pharmacol. 2023;63:672–80.

25. Wu B, Liu SN, Ballinger M, Sternheim N, Patel H, Mazieres J, et al. Letter to the
editor: model-based simulation to support the extended dosing regimens of
atezolizumab. Eur J Clin Pharmacol. 2021;77:1065–6.

26. US Food and Drug Administration. Bavencio(R) highlights of prescribing informa-
tion. https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761049s013lbl.
pdf (2022).

27. European Medicines Agency. Bavencio(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/bavencio-epar-
product-information_en.pdf (2023).

28. US Food and Drug Administration. Libtayo(R) highlights of prescribing informa-
tion. https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761097s014l
bl.pdf (2022).

29. European Medicines Agency. Libtayo(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/libtayo-epar-
product-information_en.pdf (2022).

30. Paccaly AJ, Migden MR, Papadopoulos KP, Yang F, Davis JD, Rippley RK, et al.
Fixed dose of cemiplimab in patients with advanced malignancies based on
population pharmacokinetic analysis. Adv Ther. 2021;38:2365–78.

31. US Food and Drug Administration. Imfinzi(R) highlights of prescribing informa-
tion. https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761069s033
lbl.pdf (2022).

32. European Medicines Agency. Imfinzi(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/imfinzi-epar-
product-information_en.pdf (2022).

33. US Food and Drug Administration. Jemperli(R) highlights of prescribing infor-
mation. https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/761174s00
3s004lbl.pdf (2023).

34. European Medicines Agency. Jemperli(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/jemperli-epar-
product-information_en.pdf (2022).

35. Patnaik A, Weiss GJ, Rasco DW, Blaydorn L, Mirabella A, Beeram M, et al. Safety,
antitumor activity, and pharmacokinetics of dostarlimab, an anti-PD-1, in patients
with advanced solid tumors: a dose–escalation phase 1 trial. Cancer Chemother
Pharmacol. 2022;89:93–103.

36. Center for Drug Evaluation and Research. Jemperli(R) BLA multi-disciplinary
review and evaluation. https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2021/761174Orig1s000MultidisciplineR.pdf (2021). Accessed 26 Dec 2022.

37. Center for Drug Evaluation and Research. Keytruda(R) pharmacology review.
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/
125514Orig1s000PharmR.pdf (2014). Accessed 4 Jan 2023.

A. Wesevich et al.

1394

British Journal of Cancer (2023) 129:1389 – 1396

https://doi.org/10.1002/cpt.2835
https://doi.org/10.1002/cpt.2835
https://www.fda.gov/media/151745/download
https://www.fda.gov/media/151745/download
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125554s119lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125554s119lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/opdivo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/opdivo-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125514s132lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125514s132lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/keytruda-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/keytruda-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761034s047lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761034s047lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/tecentriq-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/tecentriq-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761049s013lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761049s013lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/bavencio-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/bavencio-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761097s014lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761097s014lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/libtayo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/libtayo-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761069s033lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761069s033lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/imfinzi-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/imfinzi-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/761174s003s004lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/761174s003s004lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/jemperli-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/jemperli-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2021/761174Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2021/761174Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/125514Orig1s000PharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/125514Orig1s000PharmR.pdf


38. US Food and Drug Administration. Yervoy(R) highlights of prescribing informa-
tion. https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125377s129l
bl.pdf (2023).

39. European Medicines Agency. Yervoy(R) summary of product characteristics.
https://www.ema.europa.eu/en/documents/product-information/yervoy-epar-
product-information_en.pdf (2023).

40. Jameson-Lee M, Luke JJ. Ipilimumab combination dosing: less is more. Clin
Cancer Res. 2021;27:5153–5.

41. Lenz HJ, Van Cutsem E, Luisa Limon M, Wong KYM, Hendlisz A, Aglietta M, et al.
First-line nivolumab plus low-dose ipilimumab for microsatellite instability-high/
mismatch repair-deficient metastatic colorectal cancer: the phase II CheckMate
142 study. J Clin Oncol. 2022;40:161–70.

42. André T, Lonardi S, Wong KYM, Lenz HJ, Gelsomino F, Aglietta M, et al. Nivolumab
plus low-dose ipilimumab in previously treated patients with microsatellite
instability-high/mismatch repair-deficient metastatic colorectal cancer: 4-year
follow-up from CheckMate 142✩. Ann Oncol. 2022;33:1052–60.

43. Sahin IH, Akce M, Alese O, Shaib W, Lesinski GB, El-Rayes B, et al. Immune
checkpoint inhibitors for the treatment of MSI-H/MMR-D colorectal cancer and a
perspective on resistance mechanisms. Br J Cancer. 2019;121:809–18.

44. Lizardo DY, Kuang C, Hao S, Yu J, Huang Y, Zhang L. Immunotherapy efficacy on
mismatch repair-deficient colorectal cancer: from bench to bedside. Biochim
Biophys Acta Rev Cancer. 2020;1874:188447.

45. Hellmann MD, Rizvi NA, Goldman JW, Gettinger SN, Borghaei H, Brahmer JR, et al.
Nivolumab plus ipilimumab as first-line treatment for advanced non-small-cell
lung cancer (CheckMate 012): results of an open-label, phase 1, multicohort
study. Lancet Oncol. 2017;18:31–41.

46. Lebbé C, Meyer N, Mortier L, Marquez-Rodas I, Robert C, Rutkowski P, et al.
Evaluation of two dosing regimens for nivolumab in combination with ipilimu-
mab in patients with advanced melanoma: results from the phase IIIb/IV
CheckMate 511 trial. J Clin Oncol. 2019;37:867–75.

47. US Food and Drug Administration. Imjudo(R) Highlights of Prescribing Information.
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761270s000lbl.pdf
(2022).

48. European Medicines Agency. Imjudo(R) Summary of Product Characteristics.
https://www.ema.europa.eu/en/documents/product-information/imjudo-epar-
product-information_en.pdf (2023).

49. Center for Drug Evaluation and Research. Imjudo(R) NDA/BLA Multi-disciplinary
Review and Evaluation. https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2022/761289Orig1s000MultidisciplineR.pdf (2022). Accessed 4 Jan 2023.

50. Antonia S, Goldberg SB, Balmanoukian A, Chaft JE, Sanborn RE, Gupta A, et al.
Safety and antitumour activity in a phase 1b study of combined checkpoint
blockade with anti-PD-L1 (durvalumab) and anti-CTLA4 (tremelimumab) in non-
small cell lung cancer. Lancet Oncol. 2016;17:299–308.

51. Kelley RK, Sangro B, Harris W, Ikdea M, Okusaka T, Kang YK, et al. Safety, efficacy,
and pharmacodynamics of tremelimumab plus durvalumab for patients with
unresectable hepatocellular carcinoma: randomized expansion of a phase I/II
study. J Clin Oncol. 2021;39:2991–3001.

52. Verma V, Sprave T, Haque W, Simone CB, Chang JY, Welsh JW, et al. A systematic
review of the cost and cost-effectiveness studies of immune checkpoint inhibi-
tors. J Immunother Cancer. 2018;6:128.

53. Ubel PA, Hirth RA, Chernew ME, Fendrick AM. What is the price of life and
why doesn’t it increase at the rate of inflation? Arch Intern Med. 2003;163:1637–41.

54. Ding H, Xin W, Tong Y, Sun J, Xu G, Ye Z, et al. Cost effectiveness of immune
checkpoint inhibitors for treatment of non-small cell lung cancer: a systematic
review. PLoS ONE. 2020;15:e0238536.

55. Kim H, Liew D, Goodall S. Cost‐effectiveness and financial risks associated with
immune checkpoint inhibitor therapy. Br J Clin Pharmacol. 2020;86:1703–10.

56. Chan TSY, Hwang YY, Khong PL, Leung AYH, Chim CS, Tse EWC, et al. Low-dose
pembrolizumab and nivolumab were efficacious and safe in relapsed and
refractory classical Hodgkin lymphoma: experience in a resource-constrained
setting. Hematol Oncol. 2020;38:726–36.

57. Goldstein DA, Gordon N, Davidescu M, Leshno M, Steuer CE, Patel N, et al. A
phamacoeconomic analysis of personalized dosing vs fixed dosing of pem-
brolizumab in firstline PD-L1-positive non–small cell lung cancer. J Natl Cancer
Inst. 2017;109:djx063.

58. Hall E, Zhang J, Kim EJ, Hwang G, Chu G, Bhatia S, et al. Economics of alternative
dosing strategies for pembrolizumab and nivolumab at a single academic cancer
center. Cancer Med. 2020;9:2106–12.

59. Gunturu KS, Pham TT, Shambhu S, Fisch MJ, Barron JJ, Debono D. Immune
checkpoint inhibitors: immune-related adverse events, healthcare utilization, and
costs among commercial and Medicare Advantage patients. Support Care Can-
cer. 2022;30:4019–26.

60. Hirsch I, Goldstein DA, Tannock IF, Butler MO, Gilbert DC. Optimizing the dose
and schedule of immune checkpoint inhibitors in cancer to allow global access.
Nat Med. 2022;28:2236–7.

61. Sehgal K, Costa DB, Rangachari D. Extended-interval dosing strategy of immune
checkpoint inhibitors in lung cancer: will it outlast the COVID-19 pandemic? Front
Oncol. 2020;10:1193.

62. Strohbehn GW, Holleman R, Burns J, Klamerus ML, Kelley MJ, Kerr EA, et al.
Adoption of extended-interval dosing of single-agent pembrolizumab and
comparative effectiveness vs standard dosing in time-to-treatment discontinua-
tion. JAMA Oncol. 2022;8:1663–7.

63. Pearson AT. Less is more. Presented at: 2022 ASCO Annual Meeting, 6 Jun 2022,
Chicago. https://meetings.asco.org/2022-asco-annual-meeting/14375?present
ation=213719#213719. Accessed 29 Nov 2022.

64. Prasad V, Kaestner V. Nivolumab and pembrolizumab: monoclonal antibodies
against programmed cell death-1 (PD-1) that are interchangeable. Semin Oncol.
2017;44:132–5.

65. Shah M, Rahman A, Theoret MR, Pazdur R. The drug-dosing conundrum in
oncology—when less is more. N Engl J Med. 2021;385:1445–7.

66. Araujo D, Greystoke A, Bates S, Bayle A, Calvo E, Castelo-Branco L, et al. Oncology
phase I trial design and conduct: time for a change—MDICT Guidelines 2022. Ann
Oncol. 2023;34:48–60.

67. Senate Committee on Appropriations. Explanatory Statement for Agriculture,
Rural Development, Food and Drug Administration, and Related Agencies
Appropriations Bill, 2023. https://www.appropriations.senate.gov/imo/media/
doc/AGFY23RPT.PDF. Accessed 2 Dec 2022.

68. Senate Committee on Appropriations B. Division A—Agriculture, Rural Devel-
opment, Food and Drug Administration, and Related Agencies Appropriations
Act, 2023 Congressional Directives. https://www.appropriations.senate.gov/imo/
media/doc/Division%20A%20-%20Agriculture%20Statement%20FY23.pdf.
Accessed 26 Dec 2022.

69. Strohbehn GW, Lichter AS, Ratain MJ. U.S. government payer-funded trials to
address oncology’s drug-dosing conundrum: a Congressional call to action? J Clin
Oncol. 2023;41:2488–92.

70. Ratain MJ, Goldstein DA, Lichter AS. Interventional pharmacoeconomics—a new
discipline for a cost-constrained environment. JAMA Oncol. 2019;5:1097–8.

71. van Ommen-Nijhof A, Retèl VP, van den Heuvel M, Jager A, van Harten WH, Sonke
GS. A revolving research fund to study efficient use of expensive drugs: big
wheels keep on turning. Ann Oncol. 2021;32:1212–5.

72. Grady D, Redberg RF. Less is more: how less health care can result in better
health. Arch Intern Med. 2010;170:749–50.

73. Black MK, Lupa MC, Lemley LW, Dreesen EB, Deaton AM, Iii RMW. Things We Do
for No ReasonTM: NPO after midnight. J Hosp Med. 2021;16:368–70.

74. Pettis J. The ABIM Foundation Choosing Wisely® Campaign to promote evidence-
based practice: an interview with Kelly Rand, MA, CPH and Mattia Gilmartin, PhD,
RN, FAAN. Geriatr Nur. 2022;44:277–9.

75. Zhao X, Roditis ML, Alexander TN. Fear and humor appeals in “The Real Cost”
Campaign: evidence of potential effectiveness in message pretesting. Am J Prev
Med. 2019;56:S31–S39.

76. Joris S, Fontaine C, Decoster L, Vanderauwera J, Thielemans K, Waelput W, et al.
Efficacy of a flat low dose of nivolumab in advanced cancer: a retrospective case
series. Anticancer Res. 2022;42:1433–7.

77. Schwarze JK, Garaud S, Jansen YJL, Awada G, Vandersleyen V, Titgat J, et al. Low-
dose nivolumab with or without ipilimumab as adjuvant therapy following the
resection of melanoma metastases: a sequential dual cohort phase II clinical trial.
Cancers. 2022;14:682.

78. Yoo SH, Keam B, Kim M, Kim SH, Kim YU, Kim TM, et al. Low-dose nivolumab can
be effective in non-small cell lung cancer: alternative option for financial toxicity.
ESMO Open. 2018;3:e000332.

79. Morano F, Raimondi A, Pagani F, Lonardi S, Salvatore L, Cremolini C, et al.
Temozolomide followed by combination with low-dose ipilimumab and nivolu-
mab in patients with microsatellite-stable, O6-methylguanine–DNA
methyltransferase–silenced metastatic colorectal cancer: the MAYA trial. J Clin
Oncol. 2022;40:1562–73.

80. Long GV, Robert C, Butler MO, Couture F, Carlino MS, O’Day S, et al. Standard-
dose pembrolizumab plus alternate-dose ipilimumab in advanced melanoma:
KEYNOTE-029 cohort 1C, a Phase 2 randomized study of two dosing schedules.
Clin Cancer Res. 2021;27:5280–8.

81. Wolchok JD, Neyns B, Linette G, Negrier S, Lutzky J, Thomas L, et al. Ipilimumab
monotherapy in patients with pretreated advanced melanoma: a randomised, dou-
ble-blind, multicentre, phase 2, dose-ranging study. Lancet Oncol. 2010;11:155–64.

AUTHOR CONTRIBUTIONS
AW performed the literature review and drafted the manuscript. DAG, KP, CJP, and
WDF contributed to the review design and revised the manuscript. MJR conceived
the review design and revised the manuscript. All authors approved of the final
manuscript and are accountable for all aspects of the work.

A. Wesevich et al.

1395

British Journal of Cancer (2023) 129:1389 – 1396

https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125377s129lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/125377s129lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/yervoy-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/yervoy-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/761270s000lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/imjudo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/imjudo-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2022/761289Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2022/761289Orig1s000MultidisciplineR.pdf
https://meetings.asco.org/2022-asco-annual-meeting/14375?presentation=213719#213719
https://meetings.asco.org/2022-asco-annual-meeting/14375?presentation=213719#213719
https://www.appropriations.senate.gov/imo/media/doc/AGFY23RPT.PDF
https://www.appropriations.senate.gov/imo/media/doc/AGFY23RPT.PDF
https://www.appropriations.senate.gov/imo/media/doc/Division%20A%20-%20Agriculture%20Statement%20FY23.pdf
https://www.appropriations.senate.gov/imo/media/doc/Division%20A%20-%20Agriculture%20Statement%20FY23.pdf


FUNDING
AW is funded by training grant T32CA009566 from the National Cancer Institute. KP is
funded by the Clinical Therapeutics Training Grant (T32GM007019).

COMPETING INTERESTS
AW, KP, CJP and WDF declare no competing interests. DAG declares the following
interests: institutional research funding (Merck, Bristol-Myers Squibb, and Jennsen);
consulting fees (VIVIO Health); and stock ownership (VIVIO Health and TailorMed).
MJR is co-founder, director and treasurer of the Optimal Cancer Care Alliance, is an
inventor on pending patent applications for low-dose tocilizumab, and has testified
as an expert witness on behalf of multiple generic companies regarding the optimal
dosing of anticancer agents.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Not applicable.

CONSENT FOR PUBLICATION
Not applicable.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Mark J. Ratain.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to
this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

A. Wesevich et al.

1396

British Journal of Cancer (2023) 129:1389 – 1396

http://www.nature.com/reprints
http://www.nature.com/reprints

	Interventional pharmacoeconomics for immune checkpoint inhibitors through alternative dosing strategies
	Background
	Recent studies of novel ICI dosing regimens
	Nivolumab
	Pembrolizumab
	Atezolizumab
	Avelumab
	Cemiplimab
	Durvalumab
	Dostarlimab
	Ipilimumab
	Tremelimumab

	Pharmacoeconomics of ICIs
	Financial toxicities associated with ICI use
	Evidence for lower or less frequent doses of ICIs

	Current challenges and opportunities
	Selection of drug doses
	Funding for interventional pharmacoeconomics of ICIs
	Physician and patient education

	Conclusions
	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	Consent for publication
	ADDITIONAL INFORMATION




