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inhibitors may be accounted as a targeted therapy toward CML, avoiding all the side effects associated
with canonical chemotherapy, and graft-versus-host disease, which is one of the major complications
of allogeneic hemapoietic cell transplantation (HCT).

Currently, Imatinib is not the only TK inhibitor approved for patients with CML-CP (CML-Chronic
Phase) including pediatric patients, but it remains the first-line therapy for patients with CML-AP
(CML-Accellerate Phase) and CML-BC (CML-Blast Crisis).

Imatinib (Figure 2A) was discovered in 1992 as a selective inhibitor of Bcr-Abl TK. It is able to link
to the kinase in its inactive form preventing the ATP binding (Figure 1A). It was approved in 2001
by FDA as first-line therapy for CML patients by obtaining optimal results compared to those who
had been treated with hydroxyurea and IFN-α in terms of CHR (Complete Hematological Response),
CCR (Complete Cytogenetic Response), and MMR (Major Molecular Response). Unfortunately,
the appearance of resistance phenomena required the development of a second generation of TKI [6].

Figure 2. Molecular structures of the principal BCR-ABL TKIs used for treating pediatric chronic
myeloid leukemia (CML): (A) Imatinib; (B) Dasatinib; (C) Nilotinib; (D) Ponatinib.

2.1. Resistance and Intolerance to Imatinib

The urgent need to develop a second-generation of TK inhibitors was principally due to the
resistance and the intolerance of some patients to imatinib. A patient can be defined resistant to
imatinib when presenting an increasing white blood cell or platelets counts that prove a primary
resistance or a hematologic relapse. Moreover, resistance to imatinib consists of suboptimal cytogenetic
or molecular response or failure, progression to AP/BC, reappearance of Ph+ bone marrow cells
following achievement of complete cytogenetic response (CCR) and, at least, increase of more than
30% in Ph+ cells in peripheral blood or bone marrow, or loss of a molecular response. Frequently,
resistance is associated with emerging mutations in some BCR-ABL amino acid residues. We can count
12 residues with risk of mutations that can be classified in resistant (T315I), less sensitive (Y235H,
F359V, E255K), and sensitive (all other mutations except those mentioned before) [7].

Other resistance phenomena such as P-gp (Glycoprotein P) efflux pump overexpression,
OCT1 (Organic Cation transporter) reduced expression, and the activation of alternating oncogenic
pathways (Src (proto oncogene Sarcome tyrosin kinase), PI3K (Phosphoinositide 3-kinases), PDGFR,
KRAS (Kirsten rat sarcoma Kinase), and JAK2) must be reminded [8,9].

Furthermore, intolerance is related to imatinib side effects due to its off-target activity. Among all,
we can remember the increase of blood bilirubin, headache, rash, vomiting, cardiotoxicity, neutropenia,
obesity, and abdominal pain [1,10].
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A patient can be defined intolerant to imatinib only when he develops serious adverse events
(AEs) such as renal failure or liver injury (hepatic transaminase and bilirubin elevations), which require
discontinuation or change of therapy [11].

2.2. Second Generation TKI

Dasatinib (Figure 2B) is the first second generation TKI approved by FDA in 2006. It is able to
inhibit BCR-ABL both in the DGF in (Figure 1B) and in the DGF out conformation and also other
TK such as PDGFR and Src [12]. Based on X-ray analysis, it was observed that dasatinib binds
the ABL protein in a less strict conformation compared to imatinib. Despite the lower number of
binding interactions observed for dasatinib vs. ABL with respect to that occurring between imatinib
vs. ABL. The former is provided with inhibiting activity 325-fold higher and it is able to overcome
many BCR-ABL mutations resistant to imatinib with the exception of the T315I one [13]. Furthermore,
dasatinb is not P-gp substrate and, thus, can be used in patients resistant to imatinb and nilotinib.

Nilotinib (Figure 2C) is another second-generation TKI. It is a BCR-ABL, c-kit, and PDGFR inhibitor
from 10-fold to 30-fold more powerful than imatinib on the BCR-ABL oncoprotein. It inhibits the
proliferation of cells exhibiting the mutated TK. Nilotinib binds the protein in its inactive conformation
(DFG OUT) through interactions similar to those observed for imatinib, such as four hydrogen bonds
and many Van der Waals contacts. The successful introduction of the trifluoromethyl group on the
phenyl ring and the substitution of the methyl-piperazine with imidazole are responsible for its greater
activity. It can also overcome some Bcr-Abl mutations (L248V, G250E, Q252H) apart from T315I [14].
According to Redaelli et al. [15], by comparing the nilotinib activity vs. imatinib and dasatinib,
the former showed a mild resistance to 13 out of 18 mutations of BCR-ABL with high resistance to T315I
and E255V changes. Based on some clinical trials of phase III in 2011 (ENESTnd Study), [16] a major
complete cytogenetic remission (CCR) was observed and a reduction in the percentage of patients
proceeded to the accelerated phase of CML after an annual treatment with nilotinib in comparison
with imatinib. For these reasons, nilotinib was approved as first-line therapy for newly diagnosed
patients with CML in 2011.

Ponatinib (Figure 2D) is a very powerful third-generation pan-inhibitor of TKs. It was synthetized
as a ligand of ATP binding domain of BCR-ABL in closed conformation. Ponatinib binds the DFG
OUT conformation of the protein. The peculiarity of this molecule lies in the occurrence of a triple
bond, which allows us to mitigate the steric hindrance due T315I mutation. The triple bond between
the phenyl and the heterocycle ring in ponatinib can hold the isoleucine side chain. Having said that,
ponatinib can be considered as a TK inhibitor unaffected from T315I mutation. Its binding is ensured
by five hydrogen bonds. Moreover, there are several Van der Waals interactions supporting affinity
in the case of multiple mutations [17]. Notably, ponatinib kept its activity in other CML mutations,
such as M244V, G250E, and Q252H. However, its use drew attention to the appearance of an important
side effect, which is the inhibition of parental cells Ba/F3 proliferation [18].

3. CML in Pediatric Age

Horibe et al. combined and analyzed data from more than 3856 Japanese children and 1803 young
adults up to the age of 29 years with leukemia. Among pediatric leukemic patients under 15 years of
age, the proportion of patients with CML was about 1.8% [19]. The relative incidence of CML starts
to increase in the last teen years, between the ages of 15 and 19, up to 8.3%. Specifically, the average
annual incidence of CML in children younger than 15 years is 0.6–1.0 cases per million and, for patients
between 15 and 19 years of age, it is 2.1 per million [20]. Several published reports on pediatric CML
have shown a male predominance of the disease with a male:female ratio of 1.3:1.7 [21,22], as reported
in studies conducted on adults [23]. The incidence of CML among males and females, comparing
statistics by age in the UK, is reported in Figure 3 [24]. As shown, CML mainly affects old people
with a median age of CML diagnosis from 60 to 65 years, especially in western countries, [25] while it
is considered a rare condition in adolescents and an ultra-rare condition in children. Only 2% of all
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leukemias in children younger than 15 years of age and 9% of all leukemias in adolescents between
15 and 19 years, with an annual incidence of 1 and 2.2 cases per million in these two ages groups,
respectively, can be ascribed to CML [26]. As shown in Figure 3, 23% of new cases occurred in the
United Kingdom (UK) in the period from 2014 to 2016, which were relative to people aged more than
75 years old. Incidence rates are significantly lower in females than in males [24] (Cancer research UK).

Figure 3. CML incidence rates in the United Kingdom (UK) [24].

The graphs in Figure 4 show the NAACCR (North American Association of central cancer
registries, 2019) age-adjusted incidence rates of CML in male and female patients under 20 years of
age [27]. It goes without saying that, in spite of the rareness of pediatric CML, its incidence from
2012 and 2016 is, to some extent, steadily increased in young males while a more fluctuating trend is
observed in young females during the same lapse of time.

Figure 4. North American Association of central cancer registries (NAACCR) Fast Stats: age-adjusted
incidence rates of CML in male and female patients under 20 years of ages (A) and (B), respectively [27].

First of all, it must be considered that CML in children and adolescents is different from CML
in adults. Pediatric CML shows more aggressive features, such as larger spleen size in proportion to
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body weight, higher white blood cell and platelet counts, and more frequent diagnosis of advanced
phases [28]. There are also some genetic differences between pediatric and adult CML such as a higher
number of mutations prompting cancer progression. For example, about 60% of pediatric patients have
ASXL1 mutation compared to only 15% of adults [29]. These differences between pediatric and adult
CML are related to host factors and CML cell biology, which leads to different clinical presentation
and disease spread [28]. However, in the absence of a representative sample of cases of pediatric
CML, there are currently not enough clinical studies to establish practice standards for treating this
serious disorder. For this reason, many pediatric oncologists can only follow the ELN (European
Leukemia Net) [28] and NCCN (National Comprehensive Cancer Network) [30] guidelines, designed
for adult patients.

The scoring system commonly used to prognosticate and manage CML in adults such as SOKAL
(Sokal relative risk score), Hasford (Hasford relative risk score), and EUTOS (European treatment and
outcome study score), are not applicable to pediatric patients [31,32]. The International Registry for
Chronic Myeloid Leukemia (I-CML-Peds study) in Children and Adolescents, after evaluating and
comparing the risk group allocations and outcome between the prognostic scores in a population of
350 pediatric patients, proved that the ELTS (EUTOS Long Term Survival) score was the best metric in
terms of differentiation of progression-free survival [31]. However, more data are necessary to extend
and confirm ELTS applicability to children and adolescents.

3.1. TKI Pediatric Therapy: Issues and Concerns

Since the development of TKIs, which have replaced what is now the third line CML treatment,
the allo-HSTC, life expectancy for adult patients with CML has grown significantly. However,
TKI therapy for pediatric patients can be considered a thorny matter because children are actively
growing during the therapy, so they can face a growth disturbance, which is an adverse event never
seen in adults [33]. Moreover, they have a much longer life expectancy than adults and, consequently,
should experience a longer exposure to TKI (some children must follow TKI therapy for all life).
However, long-term effects of TKIs beyond 15 years of age are still missing [34]. It was, thus, wise to
undertake an accurate monitoring of the length of therapy to identify the appearance of resistance or
intolerance phenomena. To minimize TKI-related side effects, a discontinuation approach has been
challenged in pediatric patients as done in the case of adults with a deep and sustained molecular
response [28,35,36]. Unfortunately, the only discontinuation reported for children and adolescents
are due to poor adherence of the therapy. In general, only a few pediatric patients discontinued TKI
successfully [37,38]. As a result, there is an urgent need for perspective studies based on a much larger
number of pediatric CML cases.

The goals of CML therapy are the same for adults and children, which include disease remission,
reduced risk of progression, and survival. However, the treatment of pediatric CML must take into
account the challenge of achieving these goals while minimizing toxicities for six or seven decades [39].
Although cure is the ideal goal for all patients regardless of age, for older adults, it may be sufficient
to approach CML as a chronic disease with the aim of maintaining patients in CML-CP (Chronic
Phase) for a few decades with TKIs. In the GIMEMA (Gruppo Italiano Malattie ematologiche)
study [40], the percentage of young adults who were treated with TKI and had cumulative probability
of progression to AP (Accelerated Phase) and BP (Blast Phase) at 8 years was 16%, which was higher
than in adults or elderly equal to 5% and 7%, respectively [28,36].

As discussed before, prolonged treatment with TKIs has potential long-term effects and, thus,
different undesired effects in growing children when compared to adults. These can be cumulatively
higher in the pediatric CML population in case of lifetime exposure to TKIs. Furthermore, reports
from pediatric oncologists observed poor adherence more frequently in adolescents than older adults
or younger children. For these reasons, extended use of TKIs is a less viable option in these patients,
which makes the issue even more complicated. When selecting a TKI, it is important to consider the
adherence of patients to the therapy. Twice-daily dosing of nilotinib may be more challenging for
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pediatric patients than once-daily dosing of imatinib or dasatinib. Formulations of TKIs with better
palatability should be developed because they may improve adherence among pediatric patients.
Other methods to improve adherence such as direct clinical supervision or various reminder systems
may be needed in patients with suboptimal responses to TKIs. Another factor that needs to be
considered is the cumulative cost of TKI therapy in children who may need decades of treatment,
even though this may become a minor issue in the near future with the introduction of generic products
that are much cheaper than the proprietary medicinal products.

3.2. HSCT vs. TKI in the Therapy of Pediatric CML

As already mentioned, HSCT (Hemapoietic Stem Cell Transplantation) is recommended only
in CP-CML patients resistant or intolerant to TKIs, [41] even if it is the sole treatment option able to
completely eliminate leukemic stem cells [42]. Clearly, children have longer life expectancies, and the
perspective to receive TKIs lifelong could increase their risk of morbidities and, unfortunately, decrease
their life quality [33]. If an appropriate donor is available, HSCT could be considered resolutive in
pediatric CML by avoiding the need for prolonged TKIs and reducing the therapy cost.

Recently, Chaudhury et al. evaluated outcomes, reported in the CIBMTR (Center for International
Blood and Marrow Transplant Research) database in 449 CML pediatric patients who received
myeloablative HCT [43].

They analyzed several parameters influencing the outcomes, such as patient age and pre-HCT TKI
therapy. They evaluated a probability of 5 years of overall survival (OS) and leukemia-free survival
(LFS) post-HCT of 75% and 59%, respectively, without consequences due to a difference of age or due
to pre-HCT TKI therapy. Very favorable effects were obtained if HCT was performed in more recent
years and if it was a Matching Sibling Donor (MSD) HTC.

The estimated LFS in pediatric CP-CML patients treated with imatinib is about 98% at 3 years
with a complete hematologic response of about 98% [44]. However, a comparison among patients
treated with TKIs and others receiving HCT cannot be performed because HCT could not always be a
therapy option.

An important parameter to take into account for the efficacy of CML therapy is evaluating
Health-Related Quality of Life (HRQOL), recently investigated in CML patients receiving imatinib
or HSTC [45,46].

In 2014, Mo et al. demonstrated that HRQOL of patients treated with Identical Sibling Donor
(ISD)-HSCT is comparable to that of imatinib-treated patients [47].

Based on the evidence that young patients are able to obtain better HRQOL after HSCT, which is
the only lasting cure for CML, as mentioned above. It could be considered a valuable therapy option
for pediatric CP-CML.

Very recently, Athale et al. of the Children’s Oncology Group CML Working Group, in the
absence of pediatric CML treatment guidelines, analyzed the issues and the concerns derived from the
comparison between TKI and Allo-HSCT in pediatric age and made several recommendations about
the HSCT therapy [48]. Taking into account that, in recent years, HSCT in children determined fewer
complications than in adults, they recommend HSCT in pediatric age when CML progresses from CP
to AP or BP, when the therapy with two different TKIs fails or when the patients show intolerance or
resistance to TKIs. HSCT may also be considered an option for children and young adults in case of
compliance problems, but only after a deep risk/benefit analysis.

3.3. TKIs Discontinuation: Treatment-Free Remission as an Additional Goal in CMLTKI

The optimal responses of CML patients to TKI treatment resulted in a large increase of the
life expectancy, which is a figure now approaching that of the general population [49]. However,
as mentioned before, long-term use of TKIs can be responsible for more or less severe adverse events.
Among these, the most remarkable and common side effects, such as fatigue and musculoskeletal pain,
may affect patient quality of life (QoL) [45]. Such a similar concern, in addition to the high up-front cost

103



Int. J. Mol. Sci. 2020, 21, 4469

of TKI treatment, is responsible for nonadherence to therapy. For all these reasons, TKI discontinuation
in order to achieve treatment-free remission (TFR) seems to be the most encouraging option for CML
patients showing a sustained deep molecular response (DMR). Needless to say, such considerations
need to be done prior to stopping TKI treatment. First of all, it is necessary to define the stage and
the course of the disease at the time of the diagnosis. Precisely, the Sokal risk score at the time of
diagnosis has been identified as an important prognostic factor for successful TFR with TKI, especially
with imatinib. The Sokal risk score is an index used to predict prognosis at the time of CML diagnosis
before starting treatment. It can be useful to determine risk and decide on therapy guided by the
NCCN guidelines for CML. According to the TWISTER (The Australasian Leukaemia & Lymphoma
Group (ALLG) CML8 study, ACTRN 12606000118505) study, a high-risk Sokal score at diagnosis
was associated with molecular relapse [50]. In contrast, STIM (STOP Imatinib) study reported that
patients with low-risk Sokal score had an estimated survival without relapse at 18 months of about
54%, compared with about 35% and 13% in those with an intermediate and high score, respectively [51].
Another important factor to consider is the molecular response, which is a measure of treatment success
in CML. To better understand what MR (Molecular Response) is, it is necessary to remind that Bcr-Abl
is the final genetic marker for Ph+.

If TKI therapy is going well, first, white blood cells return to a normal level (complete hematologic
response), then Ph+ cells cannot be found in bone marrow (complete cytogenetic response) with a very
small amount of Bcr-Abl (major molecular response), as long as it totally disappears from the bone
marrow, which achieves the deep molecular response as a sign of disease remission. Specialists may also
refer to molecular response 4.5 or MR4.5. This means a 4.5-log reduction or a decrease of 10,500 times
in BCR-ABL1 transcripts, which is lower than they were before treatment started. In particular, several
discontinuation trials established sustained MR4 for at least two years as the fundamental criterion for
considering treatment discontinuation, [52] even though the specific eligibility criteria vary across the
TRF (Treatment Free Remission) trial, which leads to choosing MR4.5 as a benchmark. Furthermore,
it is necessary to clarify that the duration of DMR (Deep Molecular Response) may be more important
that the duration of therapy in order to choose TKI discontinuation, as shown in the European Stop
Tyrosine Kinase Inhibitor Trial (EURO-SKI), which points out that the duration of response was
the most relevant factor [53]. Once the necessary criteria for TKI discontinuation have been met,
why should patients choose to cease TKI therapy? Above all, they may be motivated by prospects for a
better life. In particular, the mitigation or the disappearance of adverse events experienced during the
treatment may improve patient quality of life (QoL). This is a fundamental concern for both children
and female patients of childbearing potential, so they could particularly benefit from TFR as a treatment
goal due to the adverse outcome they may experience [54–56]. On the other hand, discontinuing
TKI can be responsible for a withdrawal syndrome, characterized by musculoskeletal pain that
frequently improves spontaneously or with anti-inflammatory agents, but occasionally (albeit rarely)
may require resumption of TKI therapy [57,58]. Then, there is not only an economic consideration
to do in choosing the option of TKI discontinuation because it is a question of such importance as
the emotional and cognitive components since patient wishes and fears must be considered and
respected. All these factors help to motivate adherence to therapy discontinuation when circumstances
permit it. Many trials in the past years have investigated outcomes for TFR as a treatment goal in
CML. Worthy of mention is the STOP-2G-TKI study, which enrolled patients who achieved MR4.5
after receiving 2G-TKIs (dasatinib or nilotinib) for at least two years [59]. During the treatment-free
phase, there was no progression to AP and all relapsing patients regained MMR (Major Molecular
Response) and MR4.5 after restarting therapy. Lots of trials are currently ongoing in order to verify if it
is possible to lower the standards for TFR (responses less than MR4.5 sustained for less than two years)
in order to increase the pool of eligible patients. In addition, before deciding on TFR, it is necessary to
accurately monitor levels of BCR-ABL1 transcripts and continue to check once treatment has stopped.
The molecular monitoring could give information about a potential relapse so that patients can restart
TKI immediately. The most sensitive and accurate methods for quantifying transcripts are Real-time
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Quantitative Polymerase Chain Reaction (RQ-PCR) or digital PCR technology. European Society for
Medical Oncology (ESMO) [60] guidelines highlight the need for a rapid turnaround of PCR test
results within four weeks and the capacity to provide PCR tests every four–six weeks when required,
which are both feasible only in a suitably equipped laboratory [60]. Current NCCN guidelines suggest
monthly monitoring for the first 12 months after discontinuation of TKI, every six weeks during months
13–24, and every 12 weeks thereafter [52]. Considering the low cost and the minimal discomfort of
continued molecular monitoring, if the laboratories are capable of returning results rapidly, ideally in
less than four weeks, even the patient compliance will be guaranteed. Even if lots of ongoing trials
seem to prove that TKI discontinuation is a great strategy for CML management, it became evident
that, while some patients show a steady increase of transcript levels after discontinuation, in many
instances, low transcript levels remained. According to NCCN and ESMO guidelines, this has led to
the notion that relapse, and, thus, reinitiating therapy, should be considered when MMR is lost in most
instances. Understandably, further studies on TKI discontinuation are needed to help define the best
predictive factors for identifying the most appropriate patients, especially for children and adolescents,
because the limited available data are mainly based on case reports of noncompliant patients [61].
Therefore, current adult guidelines for stopping TKI cannot be applied to pediatric patients without
proper prospective clinical trials.

3.4. Imatinib in Pediatric CML

Glivec (that is imatinib mesylate) is a tyrosine kinase inhibitor previously approved by the FDA
for treating CML and for treating patients with Kit (CD117) positive metastatic and/or unresectable
malignant gastrointestinal stromal tumors (GIST). Glivec was also approved in 2003 for use in children
with Ph+ chronic phase CML, which was recurrent after stem cell transplantation or resistant to INF-α
therapy. On January 2013, Glivec was also approved by FDA to treat children newly diagnosed with
Philadelphia chromosome positive (Ph+) acute lymphoblastic leukemia (ALL) [62].

Since its introduction as a selective BCR-ABL1 TKI, imatinib replaced the CML first-line curative
treatment, the allo-HSTC [63]. Similar to the strategy in adults, imatinib soon became the recommended
initial standard of care in pediatric patients [64].

The results of clinical trials with imatinib in the adult patient population have been transferred to
children, and, thus, imatinib is now the front-line treatment for childhood CML. Since the approval
by the US FDA in 2003, several reports have been published on the effects and toxicity of imatinib in
children. With regard to its dosage, pediatric doses of 260 mg/m2 and 340 mg/m2 have been found
to be on par with 400 mg and 600 mg, respectively, in adults. Therefore, the recommended starting
dose in children is 300 mg/m2 once daily (maximum absolute dose, 400 mg) and 400–500 mg/m2

for advanced-stage disease [64,65]. The lack of any specific guideline for children prompts the
consideration of such adult-based criteria to measure the response and decide upon clinical status
such as imatinib resistance, intolerance, noncompliance, or disease progression. In patients with
an optimal response, imatinib may be continued until allo-HSCT is undertaken. In case of failure,
second-generation TKIs and allo-HSCT need to be considered [66].

However, even if clinical experience with imatinib in the pediatric population is limited, a phase I
trial conducted by the Children’s Oncology Groupp [65] showed that a daily oral dose of imatinib
(260–570 mg/m2) was well tolerated in children [67]. A European group reported a multi-center phase
II study of imatinib in 30 children with CML showing comparable results with those achieved in adult
patients [68]. In addition to these studies, a phase III trial was conducted with 156 patients (91 male,
65 female, median age 13.2 years, range 1.2–18.0) with a newly diagnosed CML, recruited from March
2004 until December 2015 [37]. On the basis of this phase III trial, it was concluded that imatinib at the
recommended dose results in both an excellent response and tolerable side effect rates in children and
adolescents with newly diagnosed CML. First-line imatinib treatment allows patients to avoid major
consequences of allo-HSCT, such as transplant-related mortality and chronic graft-versus-host disease.
However, only careful follow-up on long-term administration of imatinib will provide information on

105



Int. J. Mol. Sci. 2020, 21, 4469

the sustainability of responses, rates of resistance development, and treatment-related complications,
especially when transition from a pediatric setting into adult hematology becomes mandatory [69,70].
Worth of mention is also a French national phase IV trial [22]. The results of this study pointed out
a high rate of progression-free survival (98% at 36 months) and the achieving of CHR (Complete
Hematological Respnse) for 43 patients (98%). Moreover, during the follow-up, 25 patients (75%)
achieved an MMR. No treatment-related death occurred and toxicities were generally reversible with
temporary treatment discontinuation or dose reduction. The proportion of patients discontinuing
imatinib (30%) is very similar to that reported for adults (from 25% to 28%) [71,72]. In conclusion,
this study focused on a median follow-up of 30 months that shows a satisfactory rate of response
with acceptable adverse effects of Imatinib as initial therapy in children and adolescents with newly
diagnosed CML in CP (Chronic Phase), which confirms its effectiveness in children and adolescents
with CML in CP with response rates similar to those reported in adults. However, longer follow-up
studies are necessary to have a more comprehensive view about long-term exposure [22].

As mentioned above, several studies have indicated that imatinib has a negative impact on growth
and development in children with CML. In this respect, growth retardation, [33] dysregulation of bone
remodeling [73], and alterations in bone metabolism [74] have been associated with imatinib treatment.
A retrospective study reported significant growth deceleration after 12 months of first-line Imatinib
therapy in pediatric patients [75].

Moreover, TKI response rates vary among different individuals in which pharmacokinetics is a
key factor for successful CML treatments. Adherence to imatinib intake may be the most prominent
factor influencing treatment outcome in teenagers, which points towards the potential benefits of
regular drug monitoring [76].

3.5. Dasatinib in Pediatric CML

From 25% to 29% of patients that discontinued imatinib due to a poor response or toxicity [22,77]
were left without approved therapies to treat children with Imatinib resistant/intolerant CML-CP.

On November 2017, the US FDA granted regular approval to the second generation TKI Dasatinib
(SPRYCEL, Bristol-Myers Squibb Co.) for treating pediatric patients with Ph+ CML in the chronic
phase. It is now available in tablet formulation [78].

In order to evaluate the safety and the efficacy of dasatinib in pediatric patients, many trials are
still needed. Among the studies already done, a phase I trial aimed at determining suitable dosing for
children with Ph+ leukemias. CA180–226/NCT00777036 is a phase II, open-label, non-randomized
prospective trial of patients, 18 years of age receiving dasatinib [79]. Major cytogenetic response of>30%
was reached by 3 months in the imatinib resistant/intolerant group and CCyR > 55% was reached by
6 months in the newly diagnosed CML-CP group. CCyR and major molecular response by 12 months,
respectively, were 76% and 41% in the imatinib resistant/intolerant group and 92% and 52% in the
newly diagnosed CML-CP group. Progression-free survival by 48 months was 78% and 93% in the
imatinib resistant/intolerant and newly diagnosed CML-CP groups, respectively. No dasatinib-related
pleural or pericardial effusion, pulmonary edema, or pulmonary arterial hypertension was reported.
Bone growth and development events were reported in 4% of patients. Based on this trial, it was
demonstrated that dasatinib is effective for treating pediatric CML-CP with a safety comparable in
both children and adults [79].

3.6. Nilotinib in Pediatric CML

After imatinib and dasatinib, on March 2018, the FDA approved nilotinib (TASIGNA, Novartis
Pharmaceuticals Corporation) for pediatric patients one year of age or older with newly diagnosed Ph+
CML-CP or Ph+ CML-CP resistant or intolerant to prior tyrosine-kinase inhibitor (TKI) [80]. Afterward,
the European Medicine Agency (EMA) approved nilotinib for pediatric patients as well.

A phase II trial was conducted when imatinib was the only TKI indicated for pediatric patients
with Ph+CML-CP, with this implying alternative treatment options particularly for patients developing
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resistance/intolerance (R/I) to imatinib. This phase II study enrolled pediatric patients with either Ph+
CML-CP R/I to imatinib/dasatinib or newly diagnosed Ph+ CML-CP. The trial confirmed the clinical
activity of nilotinib 230 mg/m2 twice per day in pediatric patients with newly diagnosed Ph+ CML-CP
or R/I to imatinib or dasatinib. Nilotinib was associated again with a manageable safety profile.
In addition, cardiovascular events were not observed in this study and no new safety signals were
identified. The most frequently reported drug-related AEs included the increase in bilirubin, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) as well as headache and rash [81].

Considering that, as mentioned before, the imatinib therapy could be the cause of a slow growth
and a delayed puberty in pediatric CML patients, it is still necessary to verify the nilotinib safety with
regard to this kind of issue.

Despite the limited size due to the rarity of CML in children, a five-year update of the randomized
ENESTnd trial [16] demonstrates the efficacy of nilotinib in pediatric patients at the recommended
230 mg/m2 twice per day dose as well as a manageable safety profile comparable to that of Nilotinib in
adults with Ph+ CML-CP [82,83]. Based on these results, nilotinib 230 mg/m2 twice per day has been
approved in Europe [84] for treating pediatric patients with R/I or newly diagnosed CML-CP. Nilotinib
can be seen as a valuable additional therapeutic option for treating pediatric CML, according to its
efficacy and manageable safety profile in children.

The safety profile of nilotinib in pediatric patients was generally similar to that observed for
adults. As such, no new safety signals were identified.

Therefore, a nilotinib phase II study was conducted in 2019. Nilotinib demonstrated efficacy
and a manageable safety profile in pediatric patients with Ph+ CML-CP [81]. A grade 1 SAE (Severe
Adverse Event) of hormone deficiency that was suspected to be related to nilotinib treatment was
reported in the R/I cohort, even though slowing of growth had already been observed when the patient
was receiving first-line treatment with imatinib. However, because of the limited number of patients
and short follow-up period for this analysis, few conclusions can be drawn regarding the impact of
nilotinib of these parameters [81].

3.7. Ponatinib in Pediatric CML

An important mutation in CML, the threonine-to-isoleucine mutation at position 315 (T315I),
has resulted in the development of ponatinib, which is currently the only TKI effective against T315I
CML. However, it has not been studied sufficiently in children [85]. As a matter of fact, ponatinib,
which is the TKI most recently approved, has demonstrated efficacy in adult patients with refractory
CML but comes with an increased risk of arterial hypertension as well as serious arterial occlusive and
venous thromboembolic events in adults [86]. As already mentioned, mutations of the BCR-ABL1 kinase
domain may cause TKI resistance and mutation screening is recommended in patients with a poor
response (primary resistance) as well as those who lose the initial response (secondary resistance) [87].
A sharp and sudden increase in the BCR-ABL1 transcript ratio should always raise suspicion of poor
adherence [61], as TKI resistance due to mutations in the ABL1 kinase domain are characterized
by a slower expansion of the mutated clone. Each TKI has different patterns of inactivity against
defined mutations. Therefore, the specific mutation needs to be considered when selecting a TKI [65].
Due to the fact that, only a few case reports are available regarding the use of this un-licensed drug
in children and adolescents, it is necessary to mention the experience of the international registry of
childhood chronic myeloid leukemia, according to which data from 11 children with CML registered
to the I-CML-Ped-Study and from three children with Ph+ acute lymphoblastic leukemia (Ph+ ALL)
treated with ponatinib were retrospectively collected [88]. According to the results of the trial and
with the limitation of the retrospective nature of this study, ponatinib may be a reasonable additional
treatment option for children with Ph+ leukemias who failed several lines of therapy. Another study
reported the treatment of a young adolescent with chronic phase CML treated with ponatinib [85].
The patient was a 10-year-old male found to have a white blood cell count of 96,000 mL with 1%
blasts and the (9;22) (q34,q11.2) translocation. In particular, the patient was started on Imatinib and,
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after 6 months, achieved a CMR (Complete Molecular Response). However, at 10 months, BCR-ABL
was again detected by PCR and transcript levels increased over time. At 18 months, gene sequencing
identified the T315I mutation and the patient had no HLA-matched donors [85]. While CML with
the T315I mutation has been considered an indication for allogeneic stem cell transplant, this case
demonstrates that Ponatinib may be a reasonable alternative treatment in children and adolescents.

Likewise, Imatinib and Ponatinib may also impair growth given the patient growth curve. As a
matter of fact, during the therapy, the child has had a significant decline in height velocity. However,
it is encouraging that it did not prevent pubertal development [85].

4. TKI Dosage Forms for Children: Formulation Considerations

Currently, no oral liquid formulation for TKIs is available on the market allowing exact
dosing in children, according to a patient body weight or surface, age, and physio-pathological
conditions. Oncology pharmacists face a constant challenge with young patients unable to swallow oral
anti-cancer drugs. Thus, this makes extemporaneous oral liquid preparation a necessary requirement.
Inappropriate extemporaneous preparations of TKIs may increase the risk of overdosing or underdosing.
Based on a review of the literature, a few compounding recipes are available for these drugs, as shown
in Table 1 [89]. Currently, imatinib (Glivec®), dasatinib (Sprycel®), nilotinib (Tasigna®), and ponatinib
(Iclusig®) formulations as film-coated tablets or capsules are available on the market [90–93].

Table 1. Instructionstoprepareextemporaneousoral liquidsuspensionsof tyrosinekinase inhibitors (TKIs) [94].

TKI Instructions

Imatinib

Tablets may be dispersed in water or apple juice using 50 mL for 100 mg tablet or 200 mL
for 400 mg tablet. The contents must be stirred until dissolved and used immediately.

For children < 3 years old, it is recommended that at least 120 mL of water or food be taken
to avoid esophageal irritation.

Dasatinib
Tablets can be allowed to dissolve over 20 min at room temperature in 30 mL of lemonade,
preservative-free apple juice, or preservative-free orange juice. After ingestion, rinse the

residue off glass with 15 mL of the juice and administer.

Nilotinib
Capsules may be dispersed in 5 mL of applesauce and ingested immediately on an empty

stomach and abstain from eating for at least 1 h.

These oral solid dosage forms are limited by their rigid dose content and the ability of the children
to swallow them. Tablets can be scored to allow splitting to reduce their size. However, this can result
in inaccurate dosages within the fragmented tablets. Capsules can be opened and the contents taken
to improve acceptability in children. However, the capsule contents may taste unpleasant and the
bioavailability of the opened capsule may differ from that of the intact product [94].

The recommended daily doses of imatinib for the pediatric population with CML in chronic phase
are 260 mg/m2 and 340 mg/m2 [76]. Imatinib tablets are not manufactured in a dosage form suitable
for children, and often need to be fractioned to obtain 50 mg parts with even lower doses required in
young children or infants. The drug should be taken usually in the morning after breakfast or at school,
at the evening before going to sleep to reduce nausea as a side effect [95]. Since imatinib acts as a local
irritant, it is recommended to take the tablets with at least 120 mL of water for children < 3 years old.
For young patients who cannot swallow whole tablets, the tablet should be grounded and the resulting
powder should be dispersed in water or apple juice or mixed with apple puree or yogurt. The acidic
pH of apple juice or puree (pH 3.5) is advantageous as the solubility of imatinib strongly increases
at pH values below 6.5. However, the drug is unstable in orange juice, cola, or milk under these
acidic conditions [96].

Dasatinib (Sprycel®), which is a second generation TKI, is also formulated as coated tablets with
a dosage ranging from 20 to 140 mg [97]. Until today, this drug has been used exclusively for treating
adult patients, but clinical trials have shown its potential use in the treatment of CML in children,
where its pharmacokinetic parameters of absorption and elimination time were comparable with those

108



Int. J. Mol. Sci. 2020, 21, 4469

in adults with the same safety and efficacy profiles [22,98,99]. However, in these studies, dasatinib was
administered to children in the form of tablets or crushed tablets dispersed in fruit juice.

There is a paucity of data in terms of stability, bioequivalence, and safety of these extemporaneously
compounded oral formulations. Before an oral liquid formulation is prepared extemporaneously,
it is essential to have an adequate understanding of the pharmacokinetic characteristics of the
drug, its stability, compatibility with excipients, and palatability of the final preparation, ease of
administration, and safety concerns [100–103].

TKI oral liquid formulations must be appropriate for the children in terms of dose, convenience,
and acceptability to ensure compliance with the medication and, at the same time, safety and efficacy of
the therapy. The design of a pediatric formulation needs to take into account the differences in pediatric
anatomy and physiology (especially in newborns and infants) to ensure that the pharmacokinetic
profile of the drug is not compromised.

Formulation can lead to differences in pharmacokinetic profiles for a drug by highlighting the risks
associated with manipulating to enable administration to children. Prescribers need to be aware of the
consequences of manipulating medicinal formulations, particularly for anti-cancer drugs with a narrow
therapeutic index, even in extemporaneous compounding by an oncology pharmacist, where there is
insufficient evidence on product quality and safety.

The choice of excipients represents another major factor involved in extemporaneous oral liquid
preparation for children. The excipients used in pediatric formulations need to be appropriate for the
age to minimize excipient toxicity. Usually, the major barrier in development of oral liquid formulations
is taste-masking of the active ingredient. Drug taste and its palatability are the greatest barriers for
completing a treatment. The excipients used in the development of a pediatric liquid formulation
need to be safe and acceptable. Excipients are typically used to improve palatability, shelf-life, and/or
manufacturing processes [104–107].

5. Conclusions

The therapeutic approach to CML has changed since the introduction of the TKI imatinib, followed
by dasatinib, nilotinib, which was approved for use in children, and ponatinib, which became the
first-line treatment in adults and expanded the therapeutic options, pushing allogeneic stem cell
transplantation to a third-line treatment for most pediatric cases. Unfortunately, the selection of a TKI
continues to rely on clinical experience in adults [108] without sufficient data on efficacy and safety
specific to pediatric patients.

The availability of three TKIs is challenging to choose a first-line option, but it also gives clinicians
additional treatment chances in case of a suboptimal response [108].

More experience has been gained about efficacy, toxicity profiles, and comorbidities of Imatinib
compared to the other TKIs [22,37,109]. The appearance of resistance or intolerance phenomena has
required the development of a second generation of TKI. Drug availability, ease of administration,
and financial issues should also be considered.

Evidence-based recommendations have been established for treating CML in adults treated with
TKIs. Appropriate guidelines are, however, difficult to extend to pediatric patients given the very rare
occurrence in children and adolescents [105]. As a matter of fact, the CML incidence increases with
age, from 0.09/100,000 at ≤ 15 years of age to 7.88/100,000 at ≥ 75 years of age. Needless to say, here are
several biological and clinical differences between pediatric and adult CML. Markedly increased
leukocyte count and a higher incidence of splenomegaly are characteristic features at diagnosis of
pediatric patients.

TKIs are designed to inhibit BCR-ABL1 kinase, but they have unfavorable effects, so-called
“off-target” complications, such as growth impairment, especially important in children, because they
are constantly and actively growing. Long-term morbidity due to TKIs is unknown. Furthermore,
the adverse effects on growing children have not been clearly elucidated, even though the exposure
period to Imatinib is relatively short. To establish the standard therapeutic management for pediatric
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CML, it is important to prospectively confirm the attractive outcomes obtained in adult studies via
pediatric clinical trials with a careful monitoring system for TKI-induced adverse effects, especially in
growing children [110].

Limited experience with very young children, the transition of teenagers to adult medicine,
and the goal of achieving treatment-free remission for this rare leukemia are more significant obstacles
that require further clinical investigations [48,108].

Lastly, in order to carry out a possible and viable therapy with TKIs in the pediatric age, a key role
is played by developing appropriate formulations specifically customized toward this kind of patients,
since these drugs are often available in solid dosage forms, which are difficult to administer in children.
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CML Chronic Myeloid Leukemia
PK Protein Kinase
TK Tyrosine Kinase
TKI Tyrosine Kinase Inhibitor
RTK Receptor Tyrosine Kinase
NRTK Non-Receptor Tyrosine Kinase
VEGFR Vascular Endothelial Growth Factor
PDGF Platelet Derived Growth Factor
Src Sarcoma
JAK Janus Kinase
ABL Abelson (gene)
BCR Breakpoint Cluster Region (gene)
PI3K Phosphoinositide 3-Kinase
STAT Signal Transducer and Activator of Transcription (protein)
CP Chronic Phase
AP Accelerated Phase
BC Blast Crisis
Asp Aspartate
Phe Phenylalanine
Gly Glycine
ATP Adenosine Triphosphate
DFG Aspartate-Phenilalanine-Glycine
Thr Threonine
HSCT Hematopoietic Stem Cells Transplantation
HCT Hematopoietic Cell Transplantation
INF Interferon
CHR Complete Hematological Response
MMR Major Molecular Response
CCR Complete Cytogenetic Remission
Ph Philadelphia (chromosome)
Ph+ Philadelphia positive
P-gp Glycoprotein P
OCT Organic Cation Transporter
PDGFR Platelet Derived Growth Factor Receptor
UK United Kingdom
NAACCR North American Association of Central Cancer Registries
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ELN European Leukemia Net
NCCN National Comprehensive Cancer Network
CI Confidence Interval
STIM Stop Imatinib
LSC Leukemic Stem Cells
ALL Acute Lymphoblastic Leukemia
CMR Complete Molecular Response
FDA Food and Drug Administration
EMA European Medicinal Agency
R/I Resistance/Intolerance
SAE Severe Adverse Event
HLA Human Leukocyte Antigen
CIBMTR Center for International Blood and Marrow Transplant Research
OS Overall Survival
LFS Leukemia-Free Survival
MSD Matching Sibling Donor
HCT Hematopoietic Cell Transplantation
HRQOL Health-Related Quality of Life
ISD Identical Sibling Donor
TFR Treatment-free Remission
QoL Quality of Life
DMR Deep Molecular Response
EURO-SKI European Stop Tyrosine Kinase Inhibitor
ESMO European Society for Medical Oncology
RQ-PCR Real-time Quantitative Polymerase Chain Reaction
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Abstract: In the pharmaceutical technology, paediatric population still presents the greatest challenge
in terms of developing flexible and appropriate drug dosage forms. As for many medicines, there is a
lack of paediatric dosage forms adequate for a child’s age; it is a prevailing practice to use off label
formulations. Children need balanced and personalized treatment, patient-friendly preparations,
as well as therapy that facilitates dosing and thus eliminates frequent drug administration, which can
be ensured by modified release (MR) forms. MR formulations are commonly used in adult therapy,
while rarely available for children. The aim of this article is to elucidate how to modify drug release
in paediatric oral dosage forms, discuss the already accessible technologies and to introduce novel
approaches of manufacturing with regard to paediatric population.

Keywords: modified release; drug delivery; paediatric formulation development; paediatric
dosage forms

1. Introduction

Creating an appropriate dosage form designed exactly for children still appears as an
outgoing challenge for pharmaceutical technology and the distinction between adults and children
pharmacokinetics should be considered. The statement that children can be treated as “small adults” is
obviously incorrect, particularly in determining the therapeutic doses in individual age groups [1–4].
In paediatric pharmacotherapy, many factors regarding a convenient dosage form (e.g., age-suitable
formulations in proper strength, off label use, and palatability) have to be included. Creating paediatric
dosage forms is associated with many difficulties. Therefore, the main goal raised by regulations of
European Medicines Agency (EMA) or paediatric scientific network groups is increasing the safety and
efficiency of paediatric therapy by the enhancement the quality of clinical studies for children in various
age groups (from birth to 18 years old) with better availability of pharmacokinetic data [5,6]. Scientific
and governmental initiatives (The Best Pharmaceuticals for Children—BPCA, Paediatric Investigation
Plan—PIP) are focused on the development of paediatric dosage forms adjusted to the child’s age
and as a consequence of enhancing the efficiency and safety of paediatric therapy [7,8]. The main
directives implemented in the appropriate paediatric dosage forms development point basic difficulties
connected with paediatric therapy. A special guideline concerning formulation and administration of
suitable dosage forms and detailed information on how to use the medicines with regard to children
was proposed (State of paediatric medicines in the European Union 10 report) [9]. Due to the special
attention focused on the safety of excipients used in the paediatric formulations, the Step and Toxicity
of Excipients for Paediatric Patients database has been created (STEP database) [10]. Additionally, EMA
gave a support in providing clinical trials with children to promote and harmonize existing paediatric
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guidelines [7,11–18]. As a result of these acts, the percentage of clinical trials included children (where
only one participant was under 18 years at least) has increased from 8.3% in 2007 to 12.4% in 2016.
Therefore, it still remains an outgoing problem as there is constantly not enough clinical trials with
children compared to the numbers of clinical trials carried out in adults [9]. Challenges associated with
conducting clinical trials in children include many childhood diseases, heterogeneity of the population
and ethical problems [18]. Main problems related to paediatric therapy are presented in Figure 1.

Figure 1. Problems in paediatric pharmacotherapy practice [11,19,20].

Traditional dosage forms (e.g., tablets, capsules, and injections) are often not appropriate for
children, hence cutting or crushing tablets, splitting capsule and then mixing with the food (solid or
liquid) and dilution of injections are common practice [19–22]. Manipulation with dosage form may
cause a risk of damage of formulation structure, hence side effects and changes in pharmacological
effect might occur. Despite significant advances in the development of drug dosage forms dedicated
especially for children, but unfortunately, unlicensed drugs are still used [1–4].

Oral route of administration is the most natural way of giving medicines for children. Regardless,
child age is still the most popular liquid dosage forms. Their main advantages are safety and
ease of swallowing, but the most important and most convenient factor is the possibility of drug
administration in a wide group of children by volumetrically measuring a dose, precisely adjusted
to a child’s weight or age. Liquid dosage forms are preferred especially for newborns, infants, and
smaller children, avoiding the risk of chocking and enhancing the probability of taking a full dose
of the drug. For older children (above 6 years), despite liquid formulations, solid dosage forms
(tablets, effervescent formulations, orodispersible tablets, films, pellets, or minitablets) could be safely
administered. However, the individual swallowing abilities should be considered when administering
oral solid forms for children. Nevertheless, numerous studies proved that pre-school (up to 6 years old)
and even infants (6 months old) are able to safely swallow particles smaller than 3 mm (minitablets,
pellets) [23–26]. While both liquid and solid forms are available in paediatric therapy, there are
not many MR formulations dedicated for children. MR dosage forms ensure drug release in the
entire gastrointestinal tract providing constant drug concentration and eliminating the necessity of
taking several doses a day, hence improving pharmacotherapy effectiveness [19,27]. Additionally,
it is worth emphasizing that utilizing MR technology creates a possibility of increasing drug stability.
The most common example is formulating enteric pellets with proton pump inhibitors (omeprazole,
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pantoprazole), which are unstable in acidic pH. The main reason why MR paediatric forms are lacking
includes the clinical aspects like a small range of strength suitable only for particular child’s age.
Changing clinical parameters in the chronic diseases requires frequent dose changes depending on the
response to therapy, disease management, or age-related changes in strength dose, which requires
the availability of a wide range of drug doses on the market. From a technological point of view,
the production of various doses is simply unprofitable for pharmaceutical companies, considering
that some of the MR technologies are rather expensive (Figure 2) [9,20]. The aim of the current article
is to overview available paediatric MR oral liquid and solid formulations depending on the dosage
forms and utilized technology, as well as to introduce new approaches and possibilities used in the
children’s pharmacotherapy.

Figure 2. Profits and limitations of use the modified release (MR) formulations in paediatric population.

2. MR Liquid Dosage Forms

Oral liquid formulations (drops, solutions, suspensions, and syrups) are the most popular dosage
forms indicated for children of all ages [6]. The main advantage of liquid forms is volumetric dosing,
which gives an opportunity to precisely adjust the dose for the specific age groups by measuring an
appropriate drug volume. Liquids are easy to swallow and can be administered by child caregivers,
without any manipulation before administration, as in the case of tablets (crushing, mixing with food,
or fluid). Nevertheless, the limiting factor of using liquids is their physicochemical and microbial
instability in an aqueous environment, which entails the need to use preservatives or cosolvents.
Additionally, dosing might be a hindering issue in connection with using a not calibrated spoon,
oral syringes, or not properly measured drops. Limiting factor of using liquid forms in pediatric
preparations is the drug taste as well. Therefore, common practice is to prepare suspensions rather than
solutions. For this purpose, excipients such as natural or synthetic flavours or various technologies
that minimize the unpleasant feeling of bitterness (e.g., dose sipping technology—straws with coated
pellets) can be used [28–31]. Nonetheless, it is evident that conventional liquids are the most frequently
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chosen formulations, therefore MR oral liquid forms would be preferable for children to eliminate
dosing several times per day, especially in chronic diseases. Not only reducing the frequent drug
administration is important, but also providing a favorable pharmacokinetic profile of the drug with
keeping drug concentration at a constant therapeutic level [32]. For comparison, in case of MR hard
capsules, to achieve a prolonged action of the drug, it is possible to open the MR capsule and to
administer the content (e.g., powder, pellets, and minitablets) after mixing with the fluid or food.
However, this practice can result in dose errors or MR disturbance if the medication will be chewed
not swallowed [19,33]. The following modifications are used for formulating prolonged drug release
in liquid dosage forms: Drug/resin complexes, in situ gel formation, microencapsulation, and MR
microparticles [34,35]. Despite liquid MR formulations seem to be suitable for applying to children,
currently the number of MR liquid forms for children available in the market is limited. Table 1 presents
an overview of MR oral liquid formulations with paediatric license and products with finished clinical
trials being under the approval registration process by the Food and Drug Administration (FDA).
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2.1. Drug-Resin Complexes

Utilizing ion-exchange resins for getting a complex with drug is one of the techniques enabling
modified drug release in oral liquids (Figure 3) [52]. Nowadays, the most often used resins are cationic
exchange-resin with a free sulphuric acid group on the crosslinked polystyrene matrix (extended
release utilized in liquids with, e.g., chlorpheniramine and dextromethorphan) and the anionic
exchange-resin with amino groups, which are available in the market with paediatric licence (Table 1).
Developed complexes are often incorporated into microcapsules (inside the particle or in the coat),
lipospheres (lipid microspheres, size 0.01–100 μm), or directly suspended in suspending vehicles.
Obtained suspensions are usually administered once (Dyanavel XR®, Quilivant XR®) or twice daily
(Delsym®, MST® Continous®) [36,37,39]. Dyanavel XR® utilizes an ion exchange resin, where the
amphetamine is bound to the sodium polystyrene sulfate resin through an ionic binding reaction.
Dyanavel XR® contains immediate release and extended release components as complexes coated with
pH independent polymers: Povidone and polyvinyl acetate [37]. Quillivant XR® is a powder forming
an extended-release oral suspension after reconstitution with water. It contains approximately 20%
immediate-release and 80% extended-release methylphenidate in drug-polistyrex complex form [39].
MST® Continous® is the example of syrup containing MR granules with morphine sulphate complexed
with Dowex 50WX8 cationic exchange resin and suspended in a sugar free medium. It is recommended
to take the suspension every 12 h [38].

Figure 3. Drug release modification utilizing drug-resin complexes.

2.2. Microparticles—Spray Drying Technique

The other method of obtaining MR in oral liquids is the spray-drying technique. It creates the
possibility of designing microparticles (microspheres, microcapsules) so that drug is incorporated or
enclosed in a polymeric shell and then suspended in the liquid (Figure 4) [53,54]. This technique brings
the great area on the achieving desired dissolution profile, improved drug stability, and also provides
taste masking effect. Depending on the polymers used in the process, various sizes and properties
of microparticles might be created. Spray drying is the process by which a dry powder product
is formed from the starting solution or suspension [55–58]. Zmax® is an example of a single-dose,
prolonged-release formulation of microspheres for oral suspension containing azithromycin (Table 1).
Zmax® was approved as a one-dose-only treatment for mild-to-moderate acute bacterial sinusitis and
community-acquired pneumonia. Azithromycin microspheres (50–300 μm) are produced with glyceryl
behenate and poloxamer 407 utilization by a combining hot melt extrusion with spray congealing
technology. Microspheres were formed by suspending azithromycin in a molten carrier matrix and
spraying by a spinning-disk atomizer to form droplets, which congeal into solid microspheres upon
cooling [41].
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Figure 4. Drug release modification using spray-dried microparticles.

2.3. In situ Gel Formation

Modified drug release in liquid formulations could be obtained by the in situ gel formation,
which depends on temperature, pH, ions, or UV irradiation. Gel formation from liquid allows achieving
a sustained or controlled release profile (Figure 5) [59–61]. Physicochemical characteristics like solubility
or gelling properties of polymers are crucial for obtaining desired MR. Polymers used for in situ gel
formation include gellan gum, xyloglucan, pluronics, tetronics, alginic acid, carbomer, hypromellose,
pectins, chitosan, polycaprolactone or poly(DL-lactic acid), or poly(DL-lactide-co-glycolide) [62–64].
The in situ forming gel technique is used in SABER™ technology (sucrose acetate isobutyrate extended
release, SABER™ Delivery System), where the biodegradable gel initially appears in low-viscosity
fluid form. SABER™ systems are dedicated as carriers for drugs in dosage forms administered orally
(the clinical trials with SABER™ delivery system for bupivacaine). After application, its viscosity
increases, making an adhesive gel and MR of drug could be obtained. Orally administered drug
diffuses rapidly, leaving in situ drug depot [42,44]. Another system utilizing gel forming matrices is
ORADUR™. Gel matrices are able to accumulate high concentrations of drug, with the goal of once and
twice-daily dosing. These are also designed to provide controlled long-term treatment preventing the
abuse, e.g., the preparations with oxycodone (Remoxy®) and methylphenidate [49–51]. Unfortunately,
formulations based on ORADUR™ and SABER™ technologies despite completed clinical trials (phase 3)
have still not been approved for marketing (Table 1).

Figure 5. In situ gel formation from liquid for obtaining sustained or controlled release profile of drug
in liquid dosage form.

3. MR Solid Dosage Forms

3.1. Matrix and Coated Tablets

Traditional MR tablets are formulated by drug embedding in a hydrophilic (swelling),
lipid, or insoluble matrix. A determinant factor for maintaining MR from all tablets types is
obtained by incorporation to ensuring a sufficiently long way of drug diffusion. As hydrophilic
carriers, water-soluble polymers are utilized: Cellulose derivatives (methylcellulose, hypromellose, and
hydroxyprophylmethylcellulose) or sodium alginate. A common feature of these polymers is the formation
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of highly viscous gel in an aqueous environment hindering the drug diffusion. By suspending drug in
the gastrointestinal insoluble carrier, shell tablets are obtained. Among excipients forming insoluble
shell inorganic compounds (calcium sulphate, and di- and triphosphate) or organic (ethylcellulose,
cellulose acetate) can be distinguished [65–68]. An interesting example of matrix tablet (intended for
children ≥12 years) is Lamictal® XR (Table 2). The tablets are coated with an enteric layer ensuring
MR. Simultaneously, there are apertures drilled from the core to the outer layer on both faces of the
tablet’s structure (DiffCORE™) to provide a controlled release of drug in the acidic environment of the
stomach (Figure 6). Such a combination is designed to control the dissolution rate of lamotrigine over
a period of approximately 12 to 15 h, leading to a gradual increase of lamotrigine level in serum [69].

Figure 6. Scheme illustration of DiffCORE™ system.
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3.2. Multiparticulate MR Solid Dosage Forms (MultiP)

Single-unit formulations contain drug in a single tablet or capsule form, whereas MultiP dosage
forms comprise of quantity of particles combined into one dosage unit. They may exist as pellets,
granules, minitablets, microparticles (microspheres, microcapsules), or nanoparticles with drugs being
entrapped in or compacted in the matrix, as well as layered around cores and placed per se in sachets
or capsules. MultiP provide many advantages over single-unit systems because of their small size and
large surface, which allows leaving the stomach within a short period of time, which results in better
distribution and bioavailability improvement. Another advantage of MultiP is the decreased risk of
dose dumping due to damaged/broken coating, as well as reduced local irritation as MultiP are more
uniformly dispersed in the gastrointestinal tract. Pellets reduce retention in a throat compared to the
capsules or powders and improve physicochemical stability. MultiP dosage forms may offer a flexible
dosing that allows covering a broad range of doses for different age groups [98,99].

An example of such a system is Multi-Unit Pellet System (MUPS)—utilizing coated pellets for
controlled release, usually filled into a capsule or compressed to a tablet form. MUPS technology
has been adopted by the pharmaceutical industry as an alternative to conventional immediate or
MR tablets. MUPS consisting of pellets ensures divisible dosage form without imparing the drug
release characteristic of the individual units. In addition, compared to other carrier systems, MUPS
preparations entail a lower risk of irritation and toxicity, dose stability, minimal fluctuations of drug
concentration in plasma, and the ability to administer drugs with a narrow therapeutic index. Another
advantage is the possibility of using different taste masking techniques. The leading preparation being
manufactured utilizing this technology is Losec MUPS with omeprazole for children (approved over
1 year of age and ≥ 10 kg) [85,100]. Formerly, attempts were made to obtain omeprazole as liquid form,
however, due to its instability (rapid decomposition at wide range of pH), such a formulation could
not be manufactured and launched in the market [101,102].

Another example of MultiP with paediatric licence is Moxatag™—prolonged release pulsatile
delivery technology (PULSYS™) with multiple pellets inside. The typical PULSYS™ drug delivery
format is a tablet containing pellets with different release profiles. The pellets with amoxicillin
are formulated in a proportion that delivers optimal antibiotic levels. Manufacturers assume that
this product can be presented in the future as sprinkle granules for the youngest patients [87,88].
Prevacid® is an instance of delayed release capsules with pellets (also available as delayed release orally
disintegrating tablet—Prevacid® SoluTab™) containing lansoprazole (Table 2). The pharmacokinetics
of lansoprazole was studied in paediatric patients with gastroesophageal reflux disease (GERD) in
two separate clinical studies (one children group aged from 1 to 11 years and the second from 12
to 17 years). Each capsule contains enteric-coated pellets consisting of methacrylic acid copolymer
providing delayed release of lansoprazole [92,93].

The MR MultiP can also be used in the treatment of hypertension in children above 6 years.
The combined (immediate and control) release profile (Coreg CR®) or extended release (Toprol-XL®)
were designed for carvedilol and metoprolol, respectively (Table 2). Coreg CR® is in hard gelatin
capsules form filled with immediate or controlled release microparticles. Controlled release of carvedilol
is ensured by coating multiparticles using methacrylic acid copolymer [76]. TOPROL-XL® is available
as extended release tablets and has been formulated to provide a controlled release of metoprolol
for once-daily administration. The tablets comprise a multiple unit system containing metoprolol
succinate in a multitude of controlled release pellets. Each pellet acts as a separate drug delivery unit
and is designed to deliver metoprolol continuously over the dosage interval [96,103].
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The group of patients that requires special attention related to effective pharmacotherapy and has
a particular need for taking MR formulations are children suffering from ADHD. MR drug dosage
forms allow for extended delivery with less variability throughout the day, improved tolerability and
less frequent administration ensuring convenience and adherence, which is important in this patients’
group therapy. Therefore, some pharmaceutical preparations utilizing MR have been introduced for
treatment of children with ADHD (Table 2). An interesting example of multiparticulate drug delivery
system is SODAS® (Spheroidal Oral Drug Absorption System). Based on the production of controlled
release beads, it is possible to provide a number of release profiles, including immediate and sustained
release, giving rise to a fast onset of action, which is maintained for 24 h (Figure 7) [104]. Ritalin LA®

(methylphenidate hydrochloride) is an extended-release capsule with a bi-modal release profile based
on SODAS® system with paediatric license (Table 2). The preparation contains 50% of immediate
release beads and 50% extended release beads covered by the polymer overcoat. The first peak in its
bimodal profile occurs after 1 to 3 h and the second peak is approximately 6 h post dosage, therefore
it is designed to be effective throughout the school day [94]. The second example bases on SODAS®

technology is Focalin® XR (Table 2). Similar to the above description, each capsule contains 50%
immediate release beads of methylphenidate and 50% extended release beads covered by a polymer,
with the difference that the beads can be sprinkled in food [81].

Figure 7. Scheme illustration of SODAS® delivery system modified from Elan drug technologies [105].

The other example of MR formulation designed for children with ADHD is Adderall® XR
administered once daily (Table 2). Each capsule contains a 50:50 ratio of immediate and delayed-release
beads. Diffucaps system (utilized in Metadate CD®) comprises both immediate release (30%) and
extended release (70%) beads. Diffucaps is multiparticulate system, where drug profiles are created by
layering a drug onto a neutral core (e.g., sugar spheres, crystals, or granules) followed by the application
of a rate-controlling, functional membrane (Figure 8). The physicochemical characteristics of coating
materials (being water soluble/insoluble, pH dependent/independent) are conditional on individual
drug features. Obtained beads are small in size, approximately 1 mm or less. By incorporating beads
with differing drug release properties, combined release profiles can be achieved. Metadate CD®

designed to provide efficacy throughout the school day is available in six capsule strengths (with
possibility of sprinkle over food) [86].
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Figure 8. Scheme illustration of Diffucaps® bead technology modified from Weil [106].

3.3. Minitablets

Minitablets constitute a dosage form that ensures more dose flexibility and ease of drug
administration in various children age groups than conventional tablets or capsules. Their main
advantage is its small size ranging from 1 to 3 mm, with an average mass from 5 to 25 mg and possibility
of adjusting single dose by counting the proper amount of minitablets. Minitablets are produced in the
same way as conventional ones, by compression using tableting technology with single or multi-punch.
They may appear as individual dosage form or could be delivered in capsules or sachets (Figure 9).
The clinical researches have demonstrated that 2 mm tablets can be easily used in six-month old infants
and 4 mm in children above one year of age, while orodispersible 2 mm tablets can be administered
already for preterm neonates. Moreover, Klingmann et al. proved that children above six-months show
greater acceptance of minitablets than syrups. Furthermore, they might provide combined release
patterns [25,107–109]. Examples of commercially available MR minitablets are: Orfiril Long® and
Pancrease MT® (Table 2). Orfiril Long® is provided in hard capsule or single sachet [89]. Pancrease
MT® is also provided in minitablets form enclosed inside the capsule [90].

Figure 9. Scheme illustration of minitablets placed in capsule and sachet.

3.4. MR Orodispersible Formulations

MR may be also ensured by rapidly disintegrating forms like orodispersible tablets and films.
They constitute a relatively new and dynamically developing group of MR formulations. Preparing
tablets with such a short disintegration time is a particularly beneficial feature, especially for young
patients [110–112]. Prevacid® SoluTab™ is an instance of delayed release orally disintegrating tablet
with compressed MR pellets containing lansoprazole (Table 2). An interesting example of immediate and
extended release profiles combined in single dosage form are two commercially available medications
namely Adzenys XR®-ODT with amphetamine (FDA approval in January 2016) and Cotempla®

XR-ODT with methylphenidate group (approval in June 2017). They are indicated for ADHD treatment
in children from 6 to 17 years of age. These formulations are available in wide range of doses:
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Adzenys®—3.1 mg, 6.3 mg, 9.4 mg, 12.5 mg, 15.7 mg, 18.8 mg, and Cotempla®—8.6 mg, 17.3 mg, and
25.9 mg allowing dosing in a wide age group. These products are obtained by XR-ODT (extended-release
orally disintegrating tablet) technology and they dissolve quickly in the mouth (according to the
FDA guidelines—up to 30 s or less) so that it can be easily swallowed. The technology utilized in
the tablet uses two different types of microparticles: immediately released in 25% (Cotempla®) or
50% (Adzenys®) and slowly released with the other 75% and 50%, respectively, throughout the day.
Two different polymers’ coatings are applied to the XR microparticles: Interior polymer coating as
diffusion barrier (ethylcellulose) and exterior polymer coating being pH dependent (methacrylic acid).
The technology allows for a drug to be incorporated into orodispersible dosage form using ion resin
technology [72,73,77,78,113].

Orodispersible films are defined as thin polymeric films supposed to disintegrate in the oral cavity
within seconds (there is no detailed monography in any Pharmacopoeia; FDA indicated 30 s or less as
disintegration time). Their size and shape resemble postage stamp, with a thickness ranges from 12 to
100 μm and a surface from 2 cm2 to 8 cm2 (in the literature, the most frequently encountered dimension
is 3 × 2 cm2, 2 × 2 cm2) [113–115]. They are usually manufactured by solvent casting, hot melt extrusion,
semisolid casting method, rolling method or electrospinning. There are a number of preparations
dedicated specifically for children in this form, but with immediate release, e.g., Pedia-Lax® Quick
Dissolve Strip, Orajel™ Kids Sore Throat Relief Strips, IvyFilm Kiddies® [116]. In contrast to fast
dissolving films, MR release might be obtained by the mucoadhesive effect, which underlies buccal
films preparation allowing for prolonged release at the application place. Buccal films are particularly
addressed for pre-school and school children since they are thin, adaptable to the mucosal surface and
able to offer an exact and flexible dose. Abruzzo et al. have designed buccal films for propranolol
hydrochloride (β-blocker used in paediatric patients primarily for the treatment or prevention of
cardiac arrhythmias and hypertension) administration. Polymeric layer was prepared by casting and
drying of film-forming polymers’ solutions (polyvinylpyrrolidone or polyvinylalcohol with addition
of gelatin or chitosan). As a second layer applied onto the primary one in order to obtain prolonged
drug delivery and mask its bitter taste, ethylcellulose was utilized. The formulation is intended for
children ≥ 2 years of age and body weight around 12 kg [117].

4. Excipients Utilized in MR—Safety of Use in Children

The safety of children’s pharmacotherapy depends not only on the drug substance itself, but also
on ingredients forming medicines (excipients). The choice of excipients is a crucial factor in the
development of medicinal products for paediatric use. Excipient safely and commonly used in adults’
therapy could be harmful for children, e.g., ethanol or propylene glycol cause neurotoxicity; some
preservatives like benzyl alcohol, sodium benzoate may lead to allergic reactions. Additionally,
a questionable issue is the utilization of parabens in the paediatric population. The most common
polymers used for obtaining MR formulations are cellulose derivatives (especially hypromellose and
ethylcellulose) utilized as coating polymers, taste masking agents, or e.g. a microparticles matrix
(Table 3) [10,68,118–122]. Ethylcellulose as a biocompatible and gastro resistant polymer is used for
preparaing sustained release syrup with hydrocodone and chlorpheniramine indicated for children
above six-years (Tussionex®, Table 1) [40]. Ethylcellulose (in aqueous suspension form) was also
used for formulating MR microspheres with mirabegron by the spray drying technique, so oral
sustained-release suspensions were obtained [51,52]. Emami et al. used hypromellose for formulating
MR suspensions with theophylline [123]. Most cellulose derivatives are generally recognized as safe
(GRAS) to use in children pharmacotherapy (Table 3). However, for most excipients used in pediatric
formulations (e.g., ethylcellulose acetate, methacrylic acid copolymers, and lauryl sulfate), safety data
are still limited. The EMA guidelines serve as a database for assessing the safety profile of excipients,
so the presented data must be actualized, related to the age group, and relevant to the maximum daily
exposure uptake [10,68,118].
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Table 3. Safety data of excipients used in paediatric modified release preparation [10,68].

Excipient
Paediatric Safety

Data Use
Main Function in

Formulation

Cellulos derivatives

cellulose acetate NA * MR

cellulose acetate
phthalate NA * MR

carmellose sodium yes suspending agent

ethylcellulose yes MR taste masking

hypromellose yes suspending agent MR
taste masking

methylcellulose yes suspending agent

ion exchange resin NA * drug/polymer
complexation

methacrylic acid copolymers NA * MR

sodium polystyrene sulfate NA * drug/polymer
complexation MR

sodium alginate NA * MR

calcium sulfate NA * MR

lauryl sulfate NA * MR

polyvinyl alcohol NA * MR

* NA: no data available.

5. Novel Technologies 3D Printing for MR Formulations

Pharmaceutical applications of 3D printing have increased over the past years. Printing
technologies are cutting edge methods in tablets and films manufacturing. Inject printing is
experimentally used for drug printing on different matrices, flexographic printing is employed
to coat the drug loaded substrate with a polymeric film. An increasing number of researchers are
employing 3D printing technologies to develop oral dosage forms with MR. There is a new approach
using a non-contact printing system that incorporates both piezo-electric and solenoid valve-based
inkjet printing technologies to deliver both drug and excipients onto the matrix. The main ideas
of using this type of technology revolve around the fact that printing technologies would allow to
develop pharmaceuticals in a tailored manner to meet some of the envisaged personalization needs of
patients for potential use in the paediatric population [124,125]. Recently, 3D printing was utilized to
create a multi-active solid dosage form, containing five different drugs within the same capsule, which
were autonomously controlled with two separate release profiles, called Polypill® [126]. It would
be especially useful for all patients who are taking medicines many times a day. The feasibility of
3D printing coupled with hot melt extrusion to prepare paediatric medicines that can be consumed
easily by children from 2–11 years old was introduced. The medicines were designed in such a way to
imitate ‘candy-like’ chewable tablets. For the purposes of the study, Starmix® (HARIBO PLC, UK)
formulations were printed using indometacine as model drug and hypromellose acetate succinate as
the polymeric excipient [127]. The culmination of 3D printing applications in oral dosage forms is the
FDA approval (in August 2015) of 3D printed drug product called Spritam® (levetiracetam)—tablets
for oral suspension manufactured by using the ZipDose® technology based on a powder bed (liquid
3D printing patented technology). Spritam® became the first 3D-printed drug approved by FDA
as a prescription adjunctive therapy for treating patients with epilepsy for children from the age of
four-years old (or 20 kg up). The technology enables immediate disintegration of the drug with a sip of
water, making it easy for the patients to administer the drug, even in high doses. ZipDose® technology
creates a porous formulation using 3D process that binds powders without compression. The method
enables delivery of high drug doses of up to 1 g. Drugs formulated using ZipDose® technology are
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specially designed for people with swallowing difficulties (drug dosage form disintegrate within
approximately 11 s according to manufacturer) and those who skip regular drug doses, resulting in
ineffective treatment outcomes—the children population perfectly fit in [128,129].

6. Conclusions

Pharmacotherapy of children’s population is an important matter in a field of modern
pharmaceutical technology. The main problems regarding children treatment result from the diversity
of the paediatric population, as well as a relatively small number of appropriate dosage forms, including
modern ones. Creating children-made formulation is challenging but an essential task in formulating
an appropriate dosage form, which should be adjustable for a wide range of ages, palatable, easy to
administer, but first of all safe and effective. Key aspects in modern formulations involve development
of novel MR formulations (minitablets, pellets, MR oral liquid formulations) when considering chronic
diseases that affects children and minimizing the dose frequency. Simultaneously, safety of excipients
and child’s acceptability should be kept in mind. The limited number of MR formulation in the
market (especially for children under six-years) arise from the high cost of technologies and lack of
relevant clinical trials in the paediatric population. Therefore, new regulations and additional funding
opportunities, as well as innovative collaborative research initiatives should be constantly developed.
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Abstract: The development of age-appropriate formulations should focus on dosage forms that
can deliver variable yet accurate doses that are safe and acceptable to the child, are matched
to his/her development and ability, and avoid medication errors. However, in the past decade,
the medication needs of neonates have largely been neglected. The aim of this review is to expand
on what differentiates the needs of preterm and term neonates from those of the older paediatric
subsets, in terms of environment of care, ability to measure and administer the dose (from the
perspective of the patient and carer, the routes of administration, the device and the product), neonatal
biopharmaceutics and regulatory challenges. This review offers insight into those challenges posed
by the formulation of medicinal products for neonatal patients in order to support the development
of clinically relevant products.

Keywords: neonates; formulation; product development; formulation development; oral; parenteral;
topical; inhaled; intra nasal; biopharmaceutics; administration; excipient; NICU; device; medication
error; dosage form

1. Introduction

Neonates are not small adults, and neither can they be classified as small children when it comes
to medicinal products and their formulation development.

Neonates include term, post-term and preterm babies. The neonatal period for term and post-term
newborn infants is defined as the day of birth plus 27 days. The neonatal period for preterm newborn
infants is defined as the day of birth through to the expected date of delivery plus 27 days [1].

Each year, some 15 million babies arrive in the world, more than one in 10 babies are born
prematurely, according to the report ‘Born Too Soon: The Global Action Report on Preterm Birth’
(2012) [2]. Even if born at term and ready to grow outside of the mother’s womb, most organs and their
functions are still immature. This immaturity of organ and function is more profound and impactful in
preterm infants. For example, neonates have reduced gastric emptying, intestinal transit time and
surface area, and transporter immaturity, which have relevance for oral drug delivery. Additionally,
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the skin barrier may not be fully formed, and respiratory function may be immature. A host of other
physiological factors such as gastro intestinal (GI) pH, body surface to volume ratio, body fat to lean
tissue ratio are also different and are known to change rapidly with time [3].

The underlying complexity of pharmacology and biopharmaceutics in neonates, especially in
preterm babies, can lead to altered and variable pharmacokinetics and pharmacodynamics even
compared to that in young babies [4–6]. In turn, this can lead to potential lack of efficacy or reduced
safety of a medicinal product leading to additional special requirements for development of products
for these age groups. This includes (amongst others) formulation aspects, dosage form choice,
drug administration considerations and storage and handling advice.

The recent European Medicines Agency (EMA) report to the European Commission on the
experience acquired as a result of the first 10 years application of the Paediatric Regulation,
acknowledged that neonates still represent a particularly neglected paediatric subpopulation in
the development of medicines despite the regulatory push [7].

In paediatric patients, there is still significant off-label use of medicines due to a lack of medicines
developed and authorised for the specific needs of the very young [8,9]. This remains an even more
significant problem in the neonatal population, due to the difficulty in conducting the necessary clinical
trials in vulnerable subsets with lower patient numbers. Considering the extra challenges they present,
pharmaceutical companies are not incentivised to formulate medicines for the neonatal population.
In fact, trials open for recruiting neonates were included in only a quarter of all agreed paediatric
investigation plans (PIPs), often at the request of the EMA Paediatric Committee (PDCO), due to
an array of reasons: Lack of neonate specific indications, recruitment/enrollment challenges, lack of
incentives [10]. There is a ‘Catch 22′ situation because to protect neonates, trials have been deferred so
that safety and efficacy data are obtained in older age groups meanwhile the unmet needs gap widens,
necessitating off-label use [11]. An international consortium of experts has produced a white paper to
facilitate successful neonatal clinical trials of medicines and includes useful information on neonatal
dosage forms and formulations [12].

The situation is not helped by a relative lack of relevant guidelines on the development of
medicines for neonates (let alone those born prematurely). In terms of international guidance, it is only
in the latest revision of the ICH E11 Guideline on Clinical Investigation of Medicinal Products in the
Paediatric Population (2018) [1] that neonates are specifically mentioned as an age classification and
paediatric subgroup. In these guidelines, a rather general and brief set of considerations are made in
terms of formulation and around polypharmacy via parenteral routes of administration in the hospital
setting. The capability to administer small volumes in relation to dosing error is also mentioned.
This is insufficient considering the much wider and complex needs of neonates [13] and lack of clarity
about how this limited guidance is to be translated into patient-centric product development, which
meets with regulatory approval.

The common ground in current guidelines is that there are pointers to the lack of safety data on
excipients and that available data generally does not apply to neonates requiring further justification
including provision of non-clinical safety data [14,15].

The aim of this review is, therefore, to provide insights and factors to consider in order to assist
those developing products for neonates, but with little or no neonatal medicine knowledge or paediatric
formulation development background, to overcome the range of challenges posed by this patient group
and so enhance the provision of clinically relevant products. This includes factors that differentiate the
needs of preterm and term neonates from those of the older paediatric subsets, in terms of environment
of care, ability to measure and administer the dose (from the patient, the routes of administration,
the device and the product perspectives), formulation development, neonatal biopharmaceutics and
regulatory challenges.
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2. Formulation Considerations

2.1. Environment of Care

Neonates who receive treatment in hospital, will most often be located in the Neonatal Intensive
Care Unit (NICU). The NICU admits high-risk premature and full-term neonates with serious medical
or surgical conditions.

Factors which may necessitate neonatal admission include (modified from [16])

• Premature birth <37 weeks gestation
• Delayed birth >42 weeks gestation
• Birth weight <2500 g
• Concern about size, e.g., intrauterine growth restriction (IUGR)
• Medication or resuscitation required in the delivery room
• Birth defects, e.g., congenital heart defects, intraventricular haemorrhage, macrosomia, retinopathy

of prematurity (ROP)
• Respiratory problems including RDS (respiratory distress syndrome) and BDP

(bronchopulmonary dysplasia)
• Infection (including neonatal sepsis)
• Seizures
• Hypoglycemia
• Requiring additional support (extra oxygen or monitoring, body temperature control support,

intravenous (IV) therapy, or medications) or specialized treatments (blood transfusion)
• Feeding issues
• Jaundice

Often multiple conditions exist concomitantly leading to a need for polypharmacy.
Neonates admitted to the NICU often require periods in specialised incubators to maintain

optimum environmental conditions and may also be attached to electrocardiogram (ECG), oxygen
saturation and blood pressure monitors (Figure 1). In addition, they may require respiratory
support through oxygen supplementation or require phototherapy for jaundice [17]. The majority
of pharmaceutical medicinal products administered to neonates are liquid oral or parenteral
formulations [18]. In this population, the environment of care is critical with the vast majority
of IV infusions delivered in an intensive care setting where the additional environmental requirements
of light, temperature and oxygen may impact the physicochemical stability of medication being
delivered [19]. The effect of the environment of care should be a critical consideration in the
formulation design of a parenteral product intended for this patient population and in use stability
studies will be discussed in more detail below.

Neonates in incubators also provide some challenges for the provision of suitable nutrition and
hydration requiring enteral or parenteral feeding. Given the limited number of access points and the
requirement for polypharmacy that is common in this patient group, there are more opportunities for
stability challenges, interactions and incompatibilities.
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Figure 1. Schematic of NICU support for neonate (used with permission of Mayo Foundation for
Medical Education and Research, all rights reserved).

2.2. Ability to Dose: Patient (Developmental Age)/Physiological/Administration Routes Factors to Consider

Some drugs can be administered to these patient groups orally, topically, via inhalation or indeed
by any of the usual administration routes and the specific issues associated with the ability to dose via
these routes is discussed under each of these sections below. However, the main route of administration
in the neonatal patient is parenteral and in particular the IV route for seriously ill preterm and term
neonates [20].

2.2.1. Parenteral Delivery

The neonatal IV infusion is a demanding process, involving vulnerable patients and complex
IV administration apparatus. Venous access in neonates can be via a catheter with tip placed in the
vena cava, a central venous catheter (CVC) (threaded through from a peripheral vein and known as a
‘PICC’ or peripherally-inserted central catheter, inserted through the umbilical vein (UVC) or placed
surgically) or via a peripheral cannula or catheter (accessing smaller veins in the hands, arms and feet).
A UVC remains in situ for up to two weeks after birth and PICC may last for several weeks whilst
cannulas and catheters accessing the small peripheral veins may only be patent for hours or days [21].

All cannulas and catheters require scrupulous care to avoid blockage and infection. Since
blood flow in central versus peripheral veins is greater, an administered drug is rapidly diluted [22].
Some irritant (chemotherapy, amiodarone, vasopressors [22] and hyperosmolar (glucose >12.5%,
total parenteral nutrition (TPN)) [23] medications, may be indicated for central administration only.
Many medications are compatible with a peripheral route of administration. However, some may
cause phlebitis (e.g., dopamine, dobutamine, sodium bicarbonate, calcium gluconate) [24].

The choice of available catheters is summarised in Table 1 alongside characteristics and issues
associated with each.

Tubing of small internal diameter is often used to reduce the dead space in apparatus for IV drug
administration. Even so, drugs may be exposed to adverse temperatures and light from the point of
administration until they reach the vascular system. This should be taken into account when assessing
in-use stability as well as pharmacokinetics and clinical outcomes.
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Table 1. Characteristic of available types of the vascular catheters (adapted from [21,22,24–26].

Type of Catheter Characteristics Issues

Peripheral Venous Catheters
Peripheral venous catheter Application: Most IV drugs, isotonic IV

fluids, blood transfusions
Low flow rates
Physicochemical irritation with some drugs
results in phlebitis
Dwell time: Most need to be removed within
three days due to complications

Difficult to insert in the neonates due to the
small and hard to visualize vessels

Central Venous Catheters (CVC)
Umbilical venous catheter
(UVC)

Application: For diagnostic and therapeutic
purposes—infusion of medication, TPN,
hypertonic IV fluids, central venous pressure
and venous blood gas monitoring, blood
transfusions
Dwell time: Up to 14 days

Suitable for neonates only
as the umbilical vein remains for up to two
weeks after birth
UVC usually inserted within 12 hours of
birth if indicated, for parenteral nutrition
and/or inotropic support.

Peripherally inserted
central catheter (PICC)

Application: Medication and IV fluid
administration, TPN, blood sampling
Suitable for irritant drugs
Not suitable for large volume administration
in emergency situations (for 28G 20 cm long
catheter the max flow is 1 mL/min)
Available multi-lumen catheters
Made of polyurethane or silicone

Links the benefits of peripheral and central
catheter
PICC inserted at any time and used for all
drugs (in conjunction with UVC helps
reduce risk of drug incompatibilities).

An important formulation consideration associated with IV administration in preterm and
term neonates is the volume of fluid that can be tolerated. Neonates, especially those delivered
preterm, will have critical fluid and electrolyte requirements. At full term, a neonate has a fluid
allowance of 100–140 mL/kg/day resulting in administration of 10–20 mL/hr, which includes all routes
of administration [27]. In the case of severely fluid restricted neonates, IV fluids and drugs must be
concentrated and so may need to be infused at flow rates as low as 0.02 mL/hr. Formulations for IV
drugs and infusions should be designed with such requirements in mind and should take account
of the sickest babies requiring multiple therapies, each with their own method of administration to
be considered.

Generally, drugs administered intravenously should not be required to be administered in a
fixed volume. It is preferable to investigate and report the minimum and maximum concentration
at which the drug is sufficiently stable and to note any restrictions that this may pose for vascular
access. For example, the need to use the central venous routes and slow rates of administration if
higher concentrations might irritate or damage veins. The consequences of inadvertent extravascular
administration should also be considered.

When drugs require dilution for administration the carrier fluid studied should include dextrose
(5% and 10% w/v) as well as sodium chloride 0.9% w/v to maintain isotonicity. If dextrose solutions are
suitable, this will help with sodium restriction and provide additional energy. Water for Injection should
not usually be considered a suitable infusion fluid because of the potential risk of infusing hypotonic
solutions, but information on stability and osmolarity may be useful if dextrose is inappropriate and
sodium balance a problem.

Many neonatal patients in a critical care setting receive between 15 and 20 IV medications daily, the
majority of these are unlicensed or used off label [4]. Lack of knowledge around the physicochemical
incompatibilities of IV drugs in NICU and PICU settings often necessitates the use of a dedicated
IV catheter in neonates and infants who have limited IV access [28,29]. Drug incompatibilities are
often an underestimated aspect of clinical practice and are concerning in the neonatal population
where a lower capability to compensate for adverse drug reactions may lead to higher morbidity and
death [30,31]. This concern is exacerbated in neonates by the frequent requirements for polypharmacy,
multiple infusions delivered through a single catheter due to limited vascular access, low infusion
rates exposing drugs to longer interaction and the possibility of incomplete dissolution or precipitation
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of drug due to low volumes of drug solutions [32]. Realistically, limited venous access can result in
little choice but to co-administer drugs.

A recent report highlighted the extent of the problem and reported that among medicines tested
as a co-infusion of two drugs listed as a common NICU medication, only 4% of the combinations were
fully compatible [28]. The compatibility of IV injections with other commonly administered drugs and
infusion fluids should be studied when mixing at a ‘Y’-site when the drug is likely to be used in the
intensive care situation.

2.2.2. Oral Delivery

Medicine administration via the oral route to children less than two years of age can be difficult
for both parents and children [13,33]. The main issue in administering oral medicines to neonates
lies in their ability to effectively swallow the medicine. Typically, most oral processes are present
from birth (rooting, lip, lateral tongue, mouth opening, biting, and emerging chewing behaviours).
However, even oral syrups are not always fully swallowed when administered to neonates and
infants [34]. This is further exacerbated in preterm neonates, where issues around swallowing and
ADME (absorption, distribution, metabolism, and excretion) factors may be less well understood.
Clinical evidence suggests, that the oral absorption process of a drug undergoes substantial changes
after birth [35,36]. The impact of these physiological changes on oral drug therapy is currently unclear.

Historically oral liquid formulations have been used in neonates. Examples of commonly used
oral medicines for neonates include vitamin D drops, analgesic suspensions (ibuprofen, paracetamol),
antibiotics, glucose gel for treatment of hypoglycaemia and anti-reflux medicines. The first approved
medicine to treat neonatal diabetes (Amglidia®) is a suspension formulation of glibenclamide [37].

EMA guidance [20] suggests, that the following oral formulation options are suitable from birth:
Powders and granule (administered as a liquid) and oral liquid preparations (solution, suspension and
oral drops).

It is important that appropriate strength medications are available for neonates to ensure
that appropriate doses/volumes can be accurately measured and administered. The maximum
recommended single dosing volume is 5 mL for children aged below five years and 10 mL for children
aged below 10 years [38]. For neonates, dose volumes as low as 0.1 mL may be required.

The importance of accurate dosing to the youngest children has previously been highlighted [39].
Dosing devices for this age group mainly involves the use of an oral syringe or dropper though both
have significant issues in terms of accuracy [40,41]. Therapeutic nipple shield [42,43] and medicine
dispensing pacifiers [44,45] have been suggested for home use, but these are as yet experimental.
In hospitalised patients, enteral tubes can be used for the administration of oral medicines where liquids
(ideally solutions rather than suspensions) are the preferred dosage forms. Emulsion formulations can
also theoretically be delivered via this route. One example is enteral nutrition or milk. There is a risk
that the PK of a highly lipophilic drug, delivered via this route, may be altered if co-administered with
an emulsion formulation or milk. Although during development compatibility of drug-enteral feed
will be evaluated for new medicines, it is impossible to consider every feed available to review the
likelihood of an interaction. Thus, there are circumstances where a drug–feed interaction may lead to
PK variability as a result of a novel feed. Many medicines currently used in neonates are unlicensed for
use in this population, and there is little or no information on their compatibility with milk or enteral
feeds which may lead to a change in the anticipated PK. This is addressed in more detail in section
(biopharmaceutical consideration).

Palatability considerations for neonates are more commonly associated with volume and texture
of medicines in addition to taste [46,47]. However, some taste preferences seem to be innate (e.g.,
sweetness), and in extreme cases, bitter taste can lead to vomiting, so taste cannot be ignored even in
neonates. New products that are designed for children are likely to be those that offer flexible dosing to
target not only neonates but also older infants and children. Therefore, a product that meets the needs
of all age groups will be developed which will address issues of palatability for infants and children.
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2.2.3. Rectal Delivery

Rectal administration is more commonly used from infancy onwards [48]. This route suffers
in neonates from unpredictable absorption which seems to be the limiting factor [36]. This is
highly correlated with faecal incontinence/retention of the drug dose, which is inversely related to
age/maturation. Solid dosage forms are usually better retained in the rectum than liquids. However,
flexible and accurate dosing, which is an important product feature, cannot be delivered when
suppositories are split at the point of administration [49]. This does not completely prevent the use
of the rectal route to reduce the need for parenteral administration, or overcome oral administration
restrictions (e.g., physiologically reduced gastrointestinal absorption, nausea, vomiting, seizures, nil by
mouth), but safety and efficacy with appropriate bioavailability studies and patient size-appropriate
product are paramount. In fact, recent studies (pain, patent ductus arteriosus closure) [50–52]
demonstrated similar effectiveness for rectal delivery (mainly small enemas) as compared with IV or
oral delivery even in very low birth weight preterm infants as well as being cheap and safe. Therefore,
in resource-limited settings, rectally formulated drugs for pre-referral use could have great potential,
e.g., neonatal septicaemia, pneumonia or malaria [53]. Recently, rectal antibiotic (Ceftriaxone) to reduce
treatment delays in neonatal sepsis presented as rectodispersible capsules have been proposed [54].

2.2.4. Pulmonary Delivery

The respiratory route is not much used therapeutically in preterm and term neonates with one
major exception.

Respiratory distress syndrome (RDS) is a life-threatening condition, which occurs almost
exclusively in preterm neonates with a deficiency [55,56], dysfunction or inactivation of pulmonary
surfactant. The physiological role of surfactant is to allow the lungs to expand and avoid collapse
(atelectasis) during the expiratory phases. Lack of surfactant results in difficulty in breathing, with low
oxygenation, increased breathing effort and the need for respiratory support.

The administration of exogenous surfactant can alleviate the symptoms of RDS by supplementing
the endogenous pool of surfactant, thereby enabling the biofilm to be replenished, dramatically reducing
mortality and morbidity. This is often administered via invasive methods, such as endotracheal
intubation and mechanical ventilation (MV). The gold standard version of this approach [57,58] is
called INSURE (intubation, surfactant administration, extubation). Less invasive approaches, using
thinner catheters (such as LISA technique—less invasive surfactant administration [59,60]), have been
designed to supply exogenous surfactant to spontaneously breathing neonates, but these are still
partially invasive. Therefore, there is a great interest by neonatologists in the development of a truly
non-invasive procedure for surfactant administration, such as nebulisation. Some interesting pilot
studies have been published on this issue [61–63].

These various intubation techniques also allow administration of other therapeutic interventions
to treat a wide range of breathing difficulties should these be required. It is important that any
formulations administered in this way, are of the correct concentration to be able to deliver the required
dose in a small volume, and that the rheological profile is adequate to permit flow through the narrow
tubes involved.

For neonates who can breathe spontaneously the major route of drug delivery is via nebulisation.
A wide range of breathing difficulties can be treated, including respiratory syntical virus (RSV)
bronchiolitis or asthma-like reactive airways disease. Typical drugs administered include beta agonists,
steroids, ribavirin and sometimes adrenalin.

An advantage of using the pulmonary route is that efficacy can be achieved with reduced
systemic drug levels and hence, decreased side effects [64]. For example, a recent review [63] has
shown that pulmonary administration of corticosteroids can effectively prevent bronchopulmonary
dysplasia in preterm infants with RSD, without the adverse effects on growth and neurodevelopmental
outcome associated with systemic delivery. An emerging practice consists of adding budenoside to
surfactant [65].
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The formulation for nebulisation is usually a sterile aqueous solution or suspension, mainly based
on the solubility and stability proprieties of the active drug substance. Many times, in order to achieve
the suitable physico-chemical characteristics (i.e., osmolality, viscosity, pH etc.) and stability, it may
be necessary to include excipients in the formulation. However, only a few excipients are approved
for the inhalation route, and usually, there is little if any specific safety data available for neonates
or the wider paediatric population [15], let alone after pulmonary exposure. Nebuliser solutions
should be presented in an age-related unit dose of appropriate concentration if possible. Where this
is not possible, the device used to measure the dose must not be a syringe designed for injection,
thus reducing the risk of the nebuliser solution being inadvertently injected. The most appropriate
nebuliser system to achieve good inhalation performance in terms of output rate, dose delivery to
the lung, aerodynamic particle/droplet size distribution (i.e., fine particle or respirable fraction below
5μm or 3.3μm) and respirable drug delivery rate must be chosen. It is worth highlighting that the
lung deposition of a nebulised product can be influenced by the breathing pattern (i.e., tidal volume,
breath frequency and inhalation/exhalation ratio). The breathing pattern depends on the patient’s age,
and so, neonates (preterm and term) and children have significantly different and variable breathing
profiles, making reliable dosing difficult when the efficiency of drug delivery systems are breathing
pattern dependant [66,67]. This is further complicated if the infant is crying as this also changes
breathing patterns.

It is possible to model the influence of various anatomical, physical, and physiological factors on
aerosol delivery in preterm neonates on the efficiency of the delivery of an aerosolized drug to the
bronchial tree using 3D models such as the (PrINT model) [68].

Nebulised delivery may also be important in older paediatric patients during times when the
child’s inspiratory force is low such as during an acute exacerbation of their condition. However,
for both babies and older paediatric patients, some studies have shown that drug delivery from a
Pressurised Metered Dose Inhaler (pMDI) and spacer system with suitably sized facemask can be at
least as effective as nebulisation [69,70]. Delivery via pMDI and a spacer system is recommended in
NICE guidance [71] for routine treatment of older paediatric patients.

2.2.5. Nasal Delivery

Although the nasal aperture is small in diameter in neonates and the nasal mucosa is often
delicate and coated with mucus, it nevertheless offers a potential route for employing local drug
administration to effect systemic drug delivery, thus reducing the need for injectable administration.
In emergency care, this could also decrease the need for additional painful procedures such as insertion
of IV cannulas for medication administration. For example, intranasal fentanyl has been used in the
palliative care of term neonates and infants [72]. As such, it has attracted significant research interest
in the last few years for use in this age group. Even if intubation is required, nasal administration
could provide a less impactful means of aiding that procedure. Nasal midazolam was used and was
more efficient than nasal ketamine, to adequately sedate neonates requiring intubation in the delivery
room [73]. A typical dose volume was 0.1 mL/kg in each nostril.

Potential advantages of this route of administration, are that it is less invasive than IV whilst
maintaining rapid onset since medications are directly absorbed (parenterally) through the nasal
mucosa into systemic circulation, it also results in higher bioavailability compared to oral medications,
as first-pass hepatic metabolism is bypassed. There is also some evidence that brain penetration can be
enhanced as a consequence of nasal delivery [74–76].

Compared to buccal administration, (another method of avoiding first-pass metabolism), where
salivation and swallowing issues after administration in neonates could have a substantial impact
on dosage accuracy, more consistent absorption and bioavailability have been obtained following
intranasal administration [77].

Bypassing the gastrointestinal tract with nasal drug delivery allows for the delivery of
some macromolecules with low permeability across the gastrointestinal tract or susceptibility to
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chemical/proteolytic degradation. Recent studies in neonatal mice highlighted the potential of
intranasal immunization of neonates with live vaccines [78]. As vaccination at birth would provide
early protection for neonates and infants, expanding and improving the available means of neonatal
vaccination is a global health priority.

There is a well-established link between nasal dosing and enhanced blood–brain barrier (BBB)
permeability. This may or may not be of therapeutic benefit. If central activity is not desired, then nasal
dosing may lead to enhanced toxicity. The BBB is a dynamic physiological barrier which regulates
the passage of hydrophilic molecules into the central nervous system (CNS) via a physical barrier
formed by tight junctions (TJ) between the endothelial cells and also a system of influx and efflux
transporters and enzymes. Recent reviews and papers on the development of the BBB in preterm
and term neonates suggest that although the physical barrier is formed very early, many other factors
that affect brain penetration favour increased drug levels in the brain and cerebrospinal fluid (CSF)
and that these factors change rapidly with maturation [79–81]. As yet, there is little or no information
on the effect of actives and excipients on the development of the BBB in these age groups. It is
known, however, that some penetration enhancers used in intranasal formulations for adults work
via breaking tight junctions which is clearly not safe in neonates [82]. Conversely, cyclodextrins (e.g.,
hydroxypropyl-β-cyclodextrin), which are increasingly being used as vehicles to transport lipophilic
drug through BBB [83], may have a neuroprotective effect and are used therapeutically in the treatment
of neonatal hypoxia-ischemia [84].

Alterations in BBB development and in TJ expression could lead to anomalies later in life as well
as to increased predisposition to some diseases. Neonatal hypoxia-ischemia (HI) causes severe brain
damage and remains a major cause of neonatal morbidity and mortality [85]. At present, treatment
options for neonatal HI brain damage are very limited and have only modest efficacy [86]. A study
conducted in several rodent models of ischemic brain injury demonstrated the therapeutic potential of
mesenchymal stem cells (MSCs) transplantation that improves functional outcome and also restores
brain structure [87]. These findings in rodents indicate that the nasal route was an efficient route for
stem cell transplantation after brain injury in the neonates [88].

During the development of a new formulation for nasal administration to the neonate, as well as
all the usual factors (e.g., pH, osmolality, chemical irritation and overall acceptability) the formulator
needs to keep in mind:

• The ratio between the ideal volume per nostril and the concentration of solution/ suspension to
be administered. In practice, the maximum volume for single administration into one nostril is
0.1 mL in neonates and 0.5 mL in older children [89]. There is no agreement about the volume
that can be given to preterm neonates. Larger doses can be given by using these dose volumes
(or half the total volume provided this does not exceed the safe total volume) in both nostrils.

• The need for a ‘baby size’ device able to dose accurately very low volumes of liquids without
causing physical damage to the nasal mucosa.

• The potential irritancy of highly concentrated solutions, especially if these are hypertonic.
• The choice of excipients. For example, a penetration enhancer may be required to aid the absorption

of polar drugs. Many of these could cause irritation of nasal epithelium of neonates, and for most
common penetration enhancers, no safety data are available in the neonatal population.

2.2.6. Dermal and Transdermal Delivery

In neonatal practice, many of the topical treatment decisions are made by specialist nurses. It is
therefore very important for formulators to provide a high level of support to enable safe and effective
use of topical formulations.

Formulators should be aware that the skin barrier may not be fully formed in preterm infants
both at birth and for up to four weeks afterwards [90]. There are also changes in the type and
proportion of lipids present and the development of ancillary skin structures such as sweat ducts and
hair follicles [91]. This has implications for potential toxicity of active pharmaceutical ingredients
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(API’s) and formulations usually delivered for a localised effect via the topical route. In the absence of
a fully competent skin barrier, higher systemic exposure of both API and common topical formulation
excipients could be expected. The skin barrier may also be breached in term neonates and infants due
to conditions such as cradle cap, nappy rash and eczema/dermatitis. Even if the skin is fully formed
and functional, the lipid composition changes rapidly and the stratum corneum tends to be thinner
in young babies and more hydrated. Additionally, occlusive dressings including nappies/diapers
with impermeable plastic coverings can increase absorption. Besides permeability, the simple BSA/kg
ratio puts neonates at a higher risk of increased absorption. Therefore, any adverse effects tend to be
exacerbated by the relatively higher surface to volume ratio in children leading to a risk of unwanted
high systemic exposure if large areas of skin are treated.

Formulators, therefore, need to ensure that APIs delivered topically in neonates have excellent
systemic safety (limitation to the skin alone cannot be assumed). It is insufficient to only undertake
topical safety studies as systemic absorption should be assumed and therefore systemic safety studies
are required. Toxicity of ingredients in subpopulations such as neonates requires a careful risk
assessment to avoid the use of excipients with unclear safety in target population. It is also necessary
to select formulation excipients that are intrinsically safe and have a low potential to cause irritation or
other skin reactions, e.g., sodium lauryl sulfate [92].

Finally, it is important to ensure that the pH and tonicity of the formulation is well matched to the
specific requirements of the skin at the various stages of development and an understanding that this
can change rapidly [93,94].

Coupled with the state of development of the barrier function of the skin, it is important to
remember that skin in the neonate is often fragile and that it can be damaged by mechanical abrasion.
Thus, the rheological profile and other cosmetic attributes of the formulation need to be taken into
account. It may well be desirable to use a specific neonatal formulation that is more fluid/easier to
spread than is common for creams and ointments used in older children. Similar considerations apply
to the potential skin damage that can be caused by adhesives used in transdermal patches.

In some cases, the topical route is deliberately used to achieve systemic delivery [91]. In this case,
it is still important to remember that the barrier properties of the skin may be rapidly changing during
early development as this might affect the systemic blood levels achieved from a particular dose with
implications for the topical dose that needs to be given.

Indeed, dose flexibility is a challenge in the neonate due to the above-mentioned developmental
factors specific to the skin and due to the rapidly changing weight of the neonate. For standard
semi-solid formulations, this can be accommodated to some extent by the area that is treated, but a
wide range of strengths is still likely to be required. This is often achieved by diluting a formulation
extemporaneously with a base. If this is done the stability implications (chemical, physical and
microbiological) need to be considered along with the issues of ensuring homogeneity of the diluted
formulation. For ‘unit dose’ topical formulations such as patches, dose control is achieved either by
cutting patches or masking them (usually off-label) to reduce the contact area. Both practices are
subject to significant risks of poor dose control unless the developer fully validates this practice.

Once a fully competent skin barrier is formed, it is possible to use the full range of topical and
transdermal delivery [91] including creams, ointments, sprays, lotions, baths and, less frequently,
transdermal patches with suitable adjustment to the dose. Some patches have paediatric labelling
supported by clinical trials, whereas others are used off-label. There is little literature on the utility of
innovative delivery methods such as needleless injectors, iontophoresis, sonophoresis and microneedle
patches in the neonate. However, there is evidence of them being tested for use in older paediatric
patients in order to attain more reliable drug levels, either locally in the skin or systemically, that are
bioavailable from creams and ointments, especially where dermal permeation of the API is low or slow.
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2.3. Ability to Administer: Product Factors to Consider

The lack of appropriate dosage forms frequently results in off-label and/or unlicensed use of
modified adult formulations for administration in neonate and paediatric patients [95]. It has been
reported that between 71% and 100% of patients in the NICU receive at least one off-label or unlicensed
medicine [96].

The dose of a medicine can vary 100-fold between that for a preterm baby and an adult. Whilst
a liquid medicine may be acceptable for all ages, using just one concentration for all ages would
mean that an appropriate dose volume for an adult (say 10 mL) would be impossible to measure
accurately for a preterm neonate (say 0.1 mL). Thus, more than one concentration would be required in
this example.

Fortunately, many medicines can be dosed according to weight bands (e.g., 5–10 kg, 11–20 kg) or
by age bands making it easier to produce an acceptable standard concentration of a drug. Formulations
available from manufacturers should follow this rule, making it more feasible to manipulate with
drug doses for neonatal application. However, doses of potent medicines for neonates necessitates
individualised dose calculations based on body weight (e.g., mg/kg) or body surface area (e.g., mg/m2).
This could lead to the preparation of very low drug concentrations, several manipulations in preparation
of the end formulation and the management of multi-infusion IV administration [97]. This has been
reported to lead to a significant risk of medication errors and adverse drug events, especially in the
NICU [98].

To overcome these issues associated with individualised concentration calculations based on low
body weight, formulations of standard concentrations [97,99], specifically of high alert medication,
have been implemented into NICU settings [100–102]. These can then be used with intelligent infusion
pumps programmed with the standard concentrations allowing automated calculation of the individual
flow rate based on body weight. Standardised concentrations also make it easier for pharmacies to
prepare or source drugs which are ‘ready to infuse’ rather than them being prepared at the bedside with
the attendant risks. They also reduce the burden of complex patient-individualised calculations on the
prescriber and nurse administering the medication [97,99,103] and standard concentrations of different
strengths allow for flexibility to compensate for a patient’s differing fluid requirements, though the
existence of more than one concentration introduces the potential for product selection error.

As the flow rates of standard concentrations are linked to patient weight, the flow rate decreases
with decreasing patient’s weight. This can result in very low flow rates in extremely low birth weight
neonates where rates may be as low as 0.02 mL/h. Low flow rates have been associated with long delays
in drug delivery times and hence the onset of effect, delays in transitioning to new infusion rates and
delays in reducing effects when the infusion is stopped [27]. Such unpredictable delivery is unacceptable
in the administration of life-sustaining medicines to critically ill patients [104–106]. Lack of awareness of
these issues among clinical staffmay lead to inappropriate clinical decision-making [27,104]. Observed
lack of response to treatment due to delivery delay may cause precocious dose increase leading to
overdosing and toxicity. When examined together with low flow rates, several other factors may
contribute to prolonged and unpredictable delivery such as, the dead space of the administration
system [27,104], the adsorption of the drug to tubing, backflow of the infusion [105], change of the flow
rate of other infusions or a carrier fluid [27], the type of pump used, the placement of the infusion
tubing and the line architecture [27].

When designing new formulations or reformulations of existing drugs, clinicians and drug
formulators should work together to maximise an optimal drug delivery under special neonatal drug
administration conditions (Table 2). Information and advice provided to the end user should facilitate
a practical dosing regimen taking into account the potency of the drug and potential adverse effects
and the setting in which the drug is to be measured and administered (NICU, hospital ward, home).

Using standard concentrations of medicines can help avoid medication errors when patients move
between care settings [107]. Due to the implementation of standard concentrations to the neonatal care,
the number of individually prepared drug doses reduced dramatically. Formulation of medication
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strengths that could represent standard concentration used in the NICU would eliminate the step of
drug manipulation to prepare standard concentrations.

Table 2. Factors to consider in neonatal parenteral drug formulation and administration.

Chemical and physical compatibility of drug formulation used in multi-drug administration [28] including
generic brands

Chemical and physical compatibility of drug formulation used in combination with neonatal TPN [108,109]

Compatibility of drug with diluents typically used in the NICU and stability after dilution

Compatibility of drug formulation while mixing at Y-site junction at different mixing ratios [108,109]

Stability of drug formulation over extended period of time (e.g., over 24 h infusion)

Stability of drug formulation exposed to different environmental conditions (high temperature, strong light,
high oxygen levels) [110]

Stability and compatibility of excipients used in drug formulation

Stability and compatibility of excipients used in drug formulation with IV administration set and container

Compatibility of drug formulation with IV administration set and container

Strength(s)/concentration of drug that can cover neonatal weight- or age-bands as well as fluid
restricted patients

Performance of medical equipment delivering drug—volumetric and smart pumps, syringe drivers

Design of IV administration set minimising drug delivery delays

2.3.1. In use Stability Issues

As well as all the administration factors discussed above, it is clear that formulations need to be
stable in order to deliver the expected dose to the patient.

Although all the usual ICH stability requirements will apply, the therapeutic environment will
often present some additional ‘in use’ stability challenges that should be considered by the formulator
when developing products for this age group. This is particularly true for preterm infants and those
being treated in high dependency incubators or intensive care environments and when those infants
are treated almost exclusively via the parenteral route. They are complex to anticipate and therefore to
reproduce in vitro despite regulatory expectations. Yet, conditions in NICU may be more controlled
than in other environments. Clinical colleagues can provide information on likely treatment scenarios
that will allow the most common potential interactions to be mimicked. Drug concentrations, diluents,
formulations, mixing ratios and environmental conditions (light and temperature) are some factors
pertinent to the design of compatibility studies. Some of the major issues are true pharmacy issues that
need to be considered within the clinical context:

a) Photostability—useful reviews have been published [111,112]. Light intensity is often higher in
the neonatal environment. Phototherapy is often used to treat postnatal jaundice either with lamps
having the required spectral power distribution to break down the bilirubin in the skin or even exposure
to direct sunlight. The implications of this treatment to the stability of any drug that partitions to
the skin or eye need to be considered along with the implications for photosafety particularly if the
metabolic immaturity of the neonate might be expected to affect clearance of any photoproducts that
are generated. When bilirubin is present in the skin, protein binding will also be high. This can either
exacerbate or mitigate photostability issues, depending on the mechanism of photodegradation. It is
extremely difficult to predict what effect this protein binding might have a priori.

If the infant is being treated parenterally, it should be remembered that solution concentration
tends to be low (though they can also be high if the neonate is fluid restricted) and infusion rates can
also be low leading to long residence times in the administration lines. There is often a transit time of
several hours between the infusion pump and the patient [27,106]. Added to this is the potentially very
large surface to volume ratio due to the solution flowing through a long narrow bore tube. All of these
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factors can lead to significant levels of photodegradation that may not be fully predicted by some ICH
Q1B photostability tests. It is therefore important to undertake a well-designed in use photostability
test to allow for suitable advice to be provided to the healthcare practitioner.

Another factor that needs to be considered here is that the material of construction of any transfer
line may be quite variable. Thus, some plastics will contain quite high levels of UV stabilisers whilst
others may have much lower levels or even none at all. Clearly, this can lead to different levels of
photoprotection for the content of the line.

If the product is known to be photolabile, then it may be wise to advise that any holding vessel
(such as a syringe or infusion bag) and particularly any transfer lines are shielded from light exposure
either with a suitable coloured cover or with a light impermeable barrier such as aluminium foil.
One downside of doing this is that it will render visual inspection more difficult.

b) Other environmental factors—due to potential difficulties in breathing and less developed
thermoregulation preterm infants may be in an oxygen-rich environment that is maintained at a higher
temperature than would usually be the case in the hospital environment. This has obvious potential
implications for formulations that are subject to oxidation or thermally driven hydrolysis if they are
stored in such an environment for extended periods. Again, this may be further exacerbated by low
concentration. The formulator will need to consider whether or not these conditions might have an
effect on their product and provide suitable handling advice accordingly.

c) Potential Interactions—due to the limited number of access points for parenteral delivery to
the neonate, it is often necessary to provide several drugs via the same entry point. In addition,
neonates may be provided with nutrition via the same route. Thus, it is important to consider potential
incompatibilities (both chemical and physical) between the various medications and the potential for
API to adsorb to components of the parenteral or enteral feeding formulation used. In some cases,
high concentrations of dextrose may be administered in this age group, both of which could have
effects on product stability. On top of that, there is a risk that the API may interact with the material of
the transfer tube leading to adsorption of the API. If the concentration is low, there may be a significant
loss of therapeutic activity.

d) It may be a challenge to provide a sufficient range of formulation strengths to cover all needs of
the paediatric population. Dilution may be required to allow accurate measurement using routinely
available syringes. Large dilution factors may be required if only a single product concentration (often
designed for adults or older children) is available. If dilution is to be avoided it may be necessary to
develop and provide an appropriate dose measurement device and/or advice on providing an accurate
dosage. Another method for controlling dose (volume) delivery is to change the infusion rate as
discussed in the parenteral section.

If the formulation contains a stabiliser of some sort (e.g., antioxidant, photostabiliser) then dilution
may render that stabiliser ineffective with obvious potential consequences for the formulation stability.
The extent of the impact will be determined by a knowledge of the stability of the unprotected API and
the level of stabiliser that remains. If the parenteral product is an emulsion or suspension, then dilution
may lead to physical instability potentially leading to blockage of cannulas or even phlebitis. On the
positive side, dilution may also reduce intake of an excipient that might be harmful to the neonate, e.g.,
sodium metabisulfite in parenteral inotropes.

The diluent used is also of importance. In some instances, photodegradation of the diluent can
lead to degradation of an otherwise photo stable API (e.g., [113]). Formulators should be aware of this
possibility when considering which diluent to recommend.

Photostability (and possibly oxidative stability) is also of concern for formulations that are applied
topically in such a high-intensity light environment. Clearly, there is a risk that stability could be
poor, leading to suboptimal dosing and/or the generation of relatively high levels of photo products
in situ. The fact that the API concentration could be low should be considered when assessing the
likely impact.
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2.3.2. Excipients

Some of the challenges in the development of formulations for neonates have recently been
reviewed by Kogermann et al. (2017) [114]. Not surprisingly, this review focuses largely on
pharmaceutical excipients since mainly liquid dosage forms are used in these vulnerable patients and
these may require preservatives to limit microbial growth and/or an array of excipients to achieve a
solution of the active or to formulate a palatable liquid. Given that most actives are not specifically
developed for neonatal conditions, dosage forms may contain excipients deemed safe in adults or
older children that have not been studied for neonates [14,15].

The immaturity of organs and physiological systems of the neonate is important for the ‘handling’
of excipients as well as active drug substances. Little is known or published about the acute or chronic
effects of excipients in the very young and that which has been published indicates their vulnerability
to toxic effects considered safe for older children and adults. The exposure limits for many excipients
have been published, but often apply to adults and should not be applied to neonates unless specifically
indicated. Non-clinical work in appropriate juvenile animal models may be required for excipients
used for the first time in the very young, and there should be appropriate justification for the use of
any excipient supported by studies of high quality.

Epidemiological studies have demonstrated the exposure of neonates to excipients and the variation
between products marketed in different countries [115]. Studies have also shown that excipient exposure
can exceed current safety limits and that exposure may be from several medicines [116]. Measuring
blood levels and the kinetics of excipients is possible in the very young and can be contemplated as
part of clinical studies if necessary [117].

The formulator should first consider whether any excipient is required when developing a
formulation for neonates. For example, it should not be necessary to include an antimicrobial
preservative in a liquid product if designed for single use. Even an oral liquid medicine might be
presented as a sterilised unit dose preparation without preservative excipients. Colours are generally
not needed for this population and if intended for administration via enteral tubes, sweetening and
taste masking may not be required. A risk-based approach [118] taking into account PK, ADME
and safety data relevant to neonates may be taken in discussion of potential formulations with
clinical and toxicology colleagues. For example, an excipient toxicity profile acceptable for single
dose administration for a life-threatening illness may be quite different from that for long-term
administration for a condition for which effective remedies are already available. Of course, the overall
cost of formulation development for neonates and the viability of the commercial product will also
require consideration during this pre-formulation discussion.

The European Paediatric Formulation Initiative (EuPFI) STEP database [119] provides
comprehensive information on excipients for children and is freely available. The European
Commission, through the EMA, is revising the labelling requirements for excipients in authorised
products. Supporting the thresholds for labelling requirements are extensive reviews of excipient
properties, uses and toxicology [120]. Whilst not intended to provide direct guidance to the formulator,
that for propylene glycol [121] serves as a good example of the way in which toxicity can be assessed
and safe exposure limits calculated.

As with any product development, compatibility studies of any proposed excipients with the API
are an important part of early product development.

2.3.3. A Shift towards Solid Dosage Forms?

The mainstay of oral product administration for neonates are liquid dosage forms. Despite being
more common for the paediatric market, they tend to contain excipients with elevated toxicological
risks in neonates compared to adults (e.g., ethanol, propylene glycol, benzyl alcohol, polysorbate,
parabens, etc.) due to the ongoing organ development and incomplete maturation [122]. REF oral
solid dosage form is by far dominating the adult market [123]. Although they may sometimes contain
excipients with some toxicological concerns of their own (for example, some may be allergens or
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irritants), in general, excipients used in solid dosage forms have a more benign safety profile than
some used for liquid medicines [124]. As discussed above (Section 2.2) neonates are not always able
to swallow liquids let alone solid dosage forms even though there are many inappropriate products
on the market such as capsules and tablets licensed from birth that will have to be manipulated for
administration [125]. It is highly unlikely that this is based on clinical data and hence, would no longer
be acceptable following the implementation of new regulations worldwide.

The attraction of solid dosage forms has led to the emergence since 2008 of flexible solid oral
dosage form (FSOD) which has been actively promoted by the World Health Organization (WHO) to
overcome challenges of ensuring access to suitable medicines for children [126].

FSOD are solid forms that do not have to be swallowed whole, such as dispersible tablets,
effervescent tablets, orodispersible tablets, and sprinkle capsules. They are flexible in administration,
though not necessarily in dose. They may provide a convenient dose unit that can be manipulated to
provide a suitable form for delivery to a neonate.

For example, some tablets for older children can be cut accurately into two, four or even eight
approximately equal pieces. Such tablets were developed for fixed-dose combination of zidovudine
and lamivudine in fast-disintegrating subunits (per 5 kg of BW) [127]. These can be easily administered
after dispersion in a liquid or milk.

Dispersible tablets offer more dose flexibility. However, the minimum adequate volume
of dispersion linked to the reproducibly of accurate dose withdrawal needs to be considered
concomitantly [128]. In theory, such a dispersion could be dosed via an enteral tube. The suspension
should also of sufficiently low viscosity and be fine enough to pass through the enteral tubes if this
is foreseen.

As effervescent tablets have high-sodium content, their use should be carefully considered for
neonates. They are also clearly contraindicated in cases where the patient in hypernatraemic, who need
to be sodium restricted. Dispersions probably need to be degassed prior administration.

Some tablets have been developed to be administered in a Therapeutic Nipple Shield to safely
deliverer medications and nutrients to breastfeeding infants [129]. In one proof of concept study,
formula or freeze-dried milk/drug tablets were formulated to demonstrate both reliable drug delivery
to babies and the ability of milk to dissolve poorly water-soluble drugs [130,131]. Both are interesting
concepts considering babies’ exclusive milk-based diet. There is also some evidence that milk can
mask the taste of some medicines. However, the risk of interfering with feeding by rendering the taste
of the milk foul needs to be mitigated with decent palatability of the medicine itself.

Until recently, few studies have been undertaken on the acceptability of mini tablets for patients
under six years of age. Recently, however, a study in 6 to 12 month-old children that also included some
neonates (n = 151) demonstrated complete swallowing of one mini-tablet (82.2%) compared to 72.2% for
a liquid syrup [132] (Figure 2). However, it is to be noted that this mini tablet was uncoated so would
have dispersed if it were inhaled inadvertently rather than swallowed. This was for safety reasons but
may have somewhat confounded the study. On the positive side, there was no evidence of choking.
As this has been a concern for some time, it would appear that the acceptance of this dosage form has
come a long way. Data on acceptability and swallowability of several hundred mini tablets in slightly
older babies, infants and children (six months to six years) are awaited. In parallel orodispersible
minitablets that can be dispersed in the mouth or in baby-friendly beverages to particles that are easy
to swallow are proposed to reduce the risk of choking while allowing dosing via nasogastric tubes
(NGTs) [133].

Other orodispersible dosage forms, such as thin polymeric film, have been studied in older age
groups (0.5–6 years old) [134]. They are attractive as they overcome the need for swallowing a solid
entity. However, there is no precedent of use in neonates. This is also true of micropellet formulations
such as sprinkles. It is hoped that work with older babies will provide usability and safety evidence
and translate in product development in the near future that could benefit neonates too.
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Figure 2. Newborn child with uncoated mini-tablet in the cheek pouch before swallowing (with
permission to use from Thabet et al. 2018 [132]).

2.4. Ability to Administer: Device Factors to Consider

2.4.1. Accuracy of Small Volumes

Measuring small volumes (e.g., bolus IV injections, oral liquids, low rate IV infusions) with
sufficient accuracy can be problematic if routinely available administration devices such as oral/enteral
syringes and injection syringes are to be used [40]. Using a liquid product with a concentration
designed to administer standard volumes to adults or older children may mean that volumes of 0.1 mL
or less might be required for neonates [39,40,135–139]. This issue can be even more acute if clinical
practice standardises on a single oral/enteral syringe design rather than using any specific device that
may be provided by the manufacturer. To mitigate this issue, formulators should ensure that they
develop the right product strength(s) so that there is no need to measure small volumes, especially that
no volume is less than 0.1 mL and at the same time, the strength allows to cover body weights from
0.5 kg to 5 kg (a 10-fold range).

Calculating the required dose volume may be difficult, and dilution steps may add to calculation
errors and be undertaken in an unsuitable environment. Decimal fractions involving hundredths of a
mL can be confusing.

For injections the volume presented in a container should not be greater than ten times the dose
for the smallest child and for drugs given by other routes of administration the risks of miscalculation
or inaccurate measurement should be risk assessed and steps taken to reduce the risk [20].

It would be helpful if the device industry could develop administration devices that can accurately
measure and reproducibly deliver very small volumes.

2.4.2. Enteral Tubes Administration

Neonates may require enteral feeding tubes to allow safe administration of enteral feeds, fluids
and medicines. Older children with swallowing difficulties (sometimes related to administration
of medicines only [140]) may have enteral feeding tubes inserted at different sites in the upper
gastrointestinal tract for the long-term administration of food, fluids and medicines. The likelihood of
administration via an enteral tube is one of the factors that will determine the investigations required
to demonstrate that the drug preparation can be delivered effectively via the tube and without adverse
effects. The flush volume required to ensure the whole dose is delivered must be carefully considered in
relation to fluid requirements. If the product is likely to be administered via an enteral (e.g., nasogastric,
nasojejunal) tube, issues such as viscosity of formulation (to permit flow of the product through
neonatal tubes [e.g., 6FR/8FR] and avoid blockage), size of particles, adsorption to commonly used
enteral tubes and interaction with common formula/breast milk should be investigated [20]. A recent
Q&A has been produced by the Quality Working Party of EMA and sets out the potential problems
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of administration of medicines through an enteral tube and the steps to be taken to investigate and
minimise them [141].

2.4.3. Parenteral Catheters and Administration Sets

An important formulation development consideration is to assess the risk of interactions between
certain drugs and the materials of the devices used to administer them. Neonatal catheters and
cannulas can be made of a variety of different materials including silicone, polyurethane, polyvinyl
chloride and polyethylene [142]. Other components of the administration set may well be constructed
from a different polymer to that of the catheter being used. Thus, the nature of the incompatibility may
be complex. For this reason, the formulator should be aware of the composition of medical devices
and potential incompatibilities.

The most commonly observed interactions are chemisorption, mechanical trapping of drug
molecules onto or within the device and leaching. The occurrence of an interaction depends on the
chemical nature of a drug and of the device material [143], the number of binding sites on the material’s
surface (surface area, device dimensions) [143], the drug concentration [144], and the time of contact
between the drug and the material’s surface which is influenced by the flow rate and the length and
diameter of any tubing. The pH of the formulation may influence binding by changing the ionisation
state of the API and any binding sites on the material of construction of the administration device.
It is also important to consider any physical entrapment due to sharp bends in the tubing or via
in-line filters. In the latter case, the pore size and material of construction could be important. Where
medications are used at low neonatal concentrations, the loss due to interactions may be relatively
significant [104]. A well-studied example is insulin [143,145–147]. Insulin adsorbs to glass and plastic
polymers, binding more strongly at low flow rates to polyvinyl chloride (PVC) than to polyethylene
(PE) tubing [143]. The opioid analgesic fentanyl and some benzodiazepines (diazepam, clonazepam)
used in neonatal population for sedation and seizure control have been shown to interact with PVC IV
lines and bags whilst there was no interaction with PE [144,147].

Another issue to consider here is that of the potential risk posed by extractables and leachables
from any polymeric components. This issue is not restricted to parenteral delivery but may be
expected to have a significant impact in this patient group. Leachables may be an issue not only for
administration sets but also for primary, secondary and tertiary packaging. Table 3 below shows the
likelihood of packaging component interactions.

Table 3. Assessment of drug product leachables associated with pharmaceutical packaging/delivery
systems (modified from “FDA/CDER/CBER risk-based approach to consideration of leachables”
(USP—General chapter <1664>) [148]).

Degree of Concern
Associated with the Route of

Administration
Likelihood of Packaging Component–Dosage Form Interaction

High Medium Low

Highest Inhalation aerosol and spray
Injections and injectable
suspensions, inhalation
solution

Sterile powders and powders
for injection, inhalation
powders

High Transdermal ointment and
patches

Ophthalmic solutions and
suspension, nasal aerosol and
spray

Low

Topic solutions and
suspensions, topical and
lingual aerosol, oral solutions
and suspensions

Oral tablets and oral (hard and
soft gelatin) capsules, topical
powders, oral powders

Term (and to an even greater extent preterm) neonates are at higher risk of increased sensitivity to
toxicants due to their organ immaturity and altered metabolic function [149]. This should be taken into
account when establishing the safety threshold of any extractables and leachables. Official guidance
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on how to do this is available [150]. This includes the calculation of ‘safety factors’ for neonates and
children but does not cover preterm infants.

With the advent of ever more sensitive analytical techniques, the number of compounds that may
need to be evaluated, albeit at trace levels, makes this aspect of product development very challenging.
It can, however, have significant effects in clinical practice.

As an example, some drugs, such as amiodarone and etoposide and some formulation excipients,
such as those used in lipid emulsions, are known as leaching promoters [104,151]. Diethylhexyl
phthalate (DEHP) is a plasticiser that is commonly used in PVC polymers that may be used in
administration sets [152]. Animal studies have shown that high levels of phthalates may cause a
range of issues in animals, including cancers, endocrine disruption and kidney injury [153]. The US
Department of Health and Human Services issued a report in 2006 in which the risks of DEHP to human
reproductive and development was evaluated [154]. In the report, neonatal patients and in particular
pre-term neonates were highlighted by the FDA and the European Commission as being particularly at
risk of exposure to levels of DEHP where there may be toxicological concerns [155]. However, DEHP
free administration sets may not always be readily available. Lala et al. have described a case where an
urgent need for an IV amiodarone infusion (which was infrequently used by their unit) was delayed
several hours whilst attempts were made to source DEHP free components to adapt administration
apparatus to avoid leaching of DEHP [104].

2.4.4. IV Polypharmacy

Patients cared for in intensive care units frequently require multiple IV infusions and present with
limited vascular access. To avoid mixing different drug solutions in one IV container and to reduce
the contact time between these drugs Y-site, T- or multi-lumen connectors are used to separate drug
administration [31,156,157]. Some examples are shown in Figure 3 below.

Figure 3. Different types of connectors (adapted from IV Sets and Access Devices Product Catalog—B.
Braun Medical Inc., effective August 2017).

In practice, multi-lumen and y-site connectors are often used to simultaneously deliver multiple
compatible drugs through one port of entry. The use of these devices can allow for multiple drug
infusions to converge and be administered through a single venous port, if compatibility studies
are available. This is illustrated in Figure 4. However, the optimum geometry, effect of mixing,
flow resistance and risk of inadvertent boluses due to drug flow through these parts have not yet been
sufficiently studied and compared.
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Figure 4. Example of venous access and multiple drug administration devices.

2.4.5. Inhalation Devices

The device used is an integral part of dose delivery of respiratory medicines, and hence, devices
have been discussed to a significant extent under the respiratory product development section.
Metered dose inhalers (MDI) need to be assessed for the safety of any extractables and leachables,
e.g., from polymeric components of valves used in MDI. Aqueous formulations present less of a risk.
Nevertheless, there have been some notable innovations in the use of devices to aid drug delivery in
unusual settings such as the delivery of aerosolised therapy to a sleeping infant (Figure 5) and around
device development [158,159].

 

Figure 5. Photograph illustrating the method of aerosol administration to a sleeping infant showing
the Respimat inhaler, InspiraChamber and SootherMask. (reproduced from [160] with permission from
BMJ Publishing Group Ltd.).

2.5. Biopharmaceutical Considerations

The rate and extent of absorption, distribution, metabolism and excretion of drugs in children are
different from that encountered in adults with the greatest differences from the adult being observed in
neonates [161]. The impact of a number of biopharmaceutics factors on product development has been
discussed inter alia during the discussion about the development of products for the various routes
of administration.
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Rectal absorption in full-term neonates has been reported as excellent. Intrarectal pH was shown
to be significantly lower in neonates (6.5) compared with infants (6.9), and illness had no effect [162].
Neonates’ erratic absorption seems to be the limiting factor for wider use [36].

When medicines are administered via inhalation, breathing patterns can have an effect on the
bioavailability and crying (which is more prevalent in neonates compared to adults) can reduce the
amount of dose absorbed.

The skin barrier may not be fully formed in preterm infants, there are changes in the type and
proportion of lipids present, and the development of ancillary skin structures such as sweat ducts
and hair follicles differs to that of the skin of a term neonate. Skin may also be thin, fragile, hydrated
and prone to occlusion. This has implications for potential toxicity of APIs and formulations usually
delivered for a localised effect via the topical route.

Altered or reduced distribution is likely via most parenteral routes.
A recent review describes these differences in detail [13], the most relevant information has been

extracted and is presented in Table 4.

Table 4. Summary of differences between neonatal and adult physiology that affect
absorption/distribution of drugs (extracted from [13]).

Route of
Administration

Impact on
Absorption/Distribution

Reasons

Oral Altered absorption Neonatal pH is elevated in the stomach (increased for
basic drugs and reduced for acidic drugs)
Immature ontogeny of transporter expression

Reduced absorption Slower gastric emptying
Reduced relative surface area in the intestine

Increased absorption Slower intestinal transit
Reduced intestinal P-glycoprotein expression

Rectal Decreased surface area Reduced relative surface area of rectum
Respiratory Decreased absorption Immature lung branching and development

Reduced lung capacity and inspiratory flow
Nasal No data shown Potential for irritation in the nasal mucosa in neonates
Dermal and transdermal Increased absorption Higher BSA/kg ratio

Thinner stratum cornea layer
More hydrated stratum corneum
Higher relative surface area to bodyweight

IV Reduced distribution Reduced blood volume
Intramuscular Reduced distribution Reduced muscle mass

Altered distribution Variable muscle blood flow
Subcutaneous Reduced distribution Reduced subcutaneous fat

The gastrointestinal environment is very different in neonates compared to adults due to the
ontogeny of transporters, pH and permeability of the intestinal wall [6,13,163–165]. Furthermore,
the impact of feeding on drug absorption needs to be considered due to the very different feeding
pattern in neonates as well as the co-administration of medicines with foods to improve acceptance
and palatability [166,167]. In neonates and infants, attention has been paid to the mixing of medicines
with liquid feeds due to the impact on the osmolality of the resulting fluid which may affect GI
transit [168,169] although the actual physiological impact is still unclear [170].

Many medicines are mixed with food to improve palatability, yet the impact of this mixing
on the absorption of the drug is unknown [171]. The dissolution of drug products in breast and
formula milk has been evaluated in vitro to identify whether any effects can be predicted [172]. Other
paediatric-relevant dissolution testing systems have also been introduced [173] as well as media that
represents the gastric and intestinal fluid from children [163].

Doses used in paediatric populations are often derived from weight-based and surface-area-based
dosing equations that are often based on adult data and then scaled based on size and age as an
approximation for drug activity in children. However, paediatric growth and development is not a
linear process, and there are risks associated with simple scaling to determine doses to use in neonates.
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Comprehensive physiologically based pharmacokinetic modelling (PBPK) systems have been
introduced that replicate the known parameters of the paediatric GI tract to better predict oral
dosing [174–182]. However, the major limitation in both in vitro and in silico models is the lack of
accurate knowledge about the neonatal and infant intestinal parameters [178,183,184]. These models
have focused on oral absorption to date, and there is a need to develop appropriate tools for other
routes of drug administration in neonates.

Clinical examples of differences in absorption in neonates compared to adults are scarce. Recent
work suggested that the processes underlying changes in oral drug absorption rate typically reach
adult levels within one week of birth [35].

2.6. Regulatory Challenges

Useful background information on the European Paediatric Regulation, together with progress
reports, is published by the European Commission [7,185]. The US FDA has a similar regulatory
framework and many other countries model their approach to the assessment of products on these two
sets of regulations [186]. The clarity that these regulations and associated guidelines have provided has
advanced the number of new medicines that are available for children. However, the 2017 review of
10 years of the implementation of the European regulations shows there is still a long way to go [185].

Many of the medicines used for neonates have only been developed and authorised for adults
and older children. That is, they are used off-label. They may sometimes have been studied extensively
perhaps ‘in-house’, but information has often been gathered and published by academia and never
submitted by the pharmaceutical industry to regulatory scrutiny [187,188]. Frequently the dosage
form that is authorised is not acceptable for neonates or younger children and must be modified for
administration via an extemporaneous preparation by the pharmacist or manipulation at the point of
administration such as splitting or crushing a solid oral dosage form [189]. Modification of the dosage
form may generate an ‘unlicensed’ medicine with attendant uncertainty and risks. Although there is a
strong drive to develop licensed medicines for all paediatric subpopulations, as noted throughout this
paper this can be extremely challenging for neonates and in some cases industry verified manipulations
can provide some increased level of assurance of suitability for use in the interim before a suitable
neonate formulation can be licensed [188].

Whilst regulation demands a paediatric investigation plan (PIP) for all new medicines, this does
not apply to long-established molecules. There are incentives to study and seek authorisation for
age-appropriate dosage forms of off-patent medicines used by children (the Paediatric-Use Marketing
Authorisation (PUMA) [190]), but it has not been considered successful in providing the medicines
required. The incentives do not appear to be enough to balance the cost of development studies,
and despite the acknowledged benefits of using a licensed product, the inevitable cost of such medicines
can limit market entry. Enforcement of the use of licensed medicines appears not to be systematic and
unlicensed medicines continue to be used.

Since it appears that extemporaneous modification is likely to persist the European Directorate
for the Quality of Medicines (EDQM) is establishing a formulary of paediatric medicines prepared
extemporaneously. As of January 2019, two monographs are available for public consultation.
This seeks to improve access to medicines of demonstrable quality when suitable marketed products
are not available [191].

3. Burden of Proof

Given all the product, environmental, biopharmaceutics, dose delivery and device factors
discussed above, along with the multiplicity of different practices in the clinical setting based upon
the age of the neonate, their stage of development and their clinical need, the potential number of
pharmaceutical development studies and in particular the compatibility and stability studies are
huge. There is a complex matrix of confounding factors such as polypharmacy/coadministrations,
low or high concentrations, long residence time and high risk of adsorption to the medical devices
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used for the administration, e.g., tubing, extractables and leachables assessment, interaction with
packaging and unique environmental conditions many of which either alone or in combination can
lead to unfavourable clinical outcomes.

The principal aim of a formulator is to design a formulation that provides the intended efficacy
for the target patients, ensuring a safe and robust quality profile for the final drug product. However,
it would perhaps be unrealistic to test every possible combination. Although this is part of current
practices of drug product development, it is important in the context of neonates to reinstate that
product developers provide evidence and advice that will cover the majority of anticipated use cases
covering both what is acceptable and what is contraindicated from a product quality, safety and efficacy
point of view. A lot of this advice can be extrapolated from studies performed for other paediatric
subpopulations or adults. However, specific pharmaceutical development studies taking into account
the specific requirements of neonates may well be required.

If clinical practice demands that manipulation of formulations or co-dosing etc. that is outside
the range of studies performed by the product developer or reported and justified in the literature,
then it is the responsibility of the team treating that patient to consider the wisdom of the proposed
action. Clearly the pharmacist supporting that team can be of significant importance in evaluating the
product quality aspects. The level of practical work supporting those decisions will depend on the
circumstances. Thus a ‘one off’ intervention may perhaps be supported on a risk/benefit judgement
based on general medical and pharmaceutical principles. If the intervention is used more frequently,
then the pharmacy should undertake and publish appropriate compatibility and stability studies. If the
intervention is to become commonplace, then formal studies perhaps in association with the original
product developer and/or academia will be warranted.

It is essential to assign to appropriate shelf life and/or in-use period for the final product under
specific storage conditions (i.e., temperature, humidity and light). Conditions in the NICU may, in fact,
represent the best case-controlled environment for the delivery of medications to neonate and drug
formulators should investigate other environments in which uncontrolled environmental conditions
may present challenges not seen in the NICU. It is vital to demonstrate the in-use usability of the
entire product including storage requirements in the likely use environment, access to the packaging,
reconstitution procedure, dose measurement, suitability and ease of use of any device required, clarity
of instructions. All these factors can/should be assessed in a simulated use evaluation supervised by
clinical and/or pharmacy staff using a representative sample of professional staff (i.e., nurse, physician,
pharmacy technicians) and where relevant non-professional carers such as parents and guardians.
With the increased involvement of staff and carers in the treatment of neonates, evaluation of the role
of human factors could be particularly relevant during development.

Studies should aim to mirror clinical practice where possible bearing in mind that the needs for
each neonate could vary significantly and might require customized treatment regimens, especially as
new treatments become available. Usability study should also include the stability of the formulation
over the extended “worst case” time periods being cognisant of regulatory policies on microbiological
stability. Limited venous access in neonates can in clinical practice result in little choice but to
co-administer drugs. Formulators should be aware of this potential and should extend stability studies
to examine Y-site stability of co-administered drugs and also TPN [109,157].

4. Conclusions

Development of medicines is challenging per se, and this is even more relevant in the development
of medicines for children, let alone preterm babies and neonates. When those children have such rapidly
changing physiology and biopharmaceutical characteristics accompanied by critical clinical conditions
and requirements, such as is the case for neonates (and in particular preterm neonates), then product
development is very challenging. Neonates are still ‘therapeutic orphans’ in terms of access to
appropriate drugs and formulations that have been studied and approved by regulators. To design
an appropriate formulation for neonates, it is important to understand their physiological status,
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development and care environment as well as methods of drug administration and the limitations
these factors place on formulation development. Given that neonates will usually form a very small
fraction of the population that might benefit from a drug, there may be other constraints that limit the
ability to provide unique neonatal formulations. A good understanding of the various constraints
will allow the formulator to provide for neonates whilst having due regard for the needs of the older
population. If the neonate is considered early in the formulation design process, some delays in clinical
trials in this population may be avoided.

In recent years, great strides have been made in understanding physiological development in
paediatrics in general and neonates in particular. Nonetheless, it is clear that as yet some fundamental
information is not available to inform the pharmaceutical development process. For example, further
research is needed on the safety of excipients in this population, the development of the CNS and in
particular the effect of API and excipients on the maturation of the BBB, the robustness of the skin
barrier. The maturation of drug elimination processes and the effect of a rapidly changing fat/lean
ratio on drug distribution. Guidance is also needed on compatibility studies that are required and/or
desirable in the light of the polypharmacy that is common in the treatment of neonates. Finally,
the place of oral therapy with minitablets needs clarification. Further research in these areas will help
inform even better product development for this patient group.

Nevertheless, this review has provided information, advice and guidance on factors for the
product developer and, in particular, the formulator when seeking to meet the requirements of this
highly vulnerable patient group. In general, guidance is given for what is required for treatment in
ICU settings but where possible, we have set that in the context of paediatric product development as
a whole.
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Abstract: Autoinflammatory diseases (AIDs) are heterogeneous disorders characterized by dysregulation
in the inflammasome, a large intracellular multiprotein platform, leading to overproduction of
interleukin-1(IL-1)β that plays a predominant pathogenic role in such diseases. Appropriate treatment is
crucial, also considering that AIDs may persist into adulthood with negative consequences on patients’
quality of life. IL-1β blockade results in a sustained reduction of disease severity in most AIDs. A growing
experience with the human IL-1 receptor antagonist, Anakinra (ANA), and the monoclonal anti IL-1β
antibody, Canakinumab (CANA), has also been engendered, highlighting their efficacy upon protean
clinical manifestations of AIDs. Safety and tolerability have been confirmed by several clinical trials and
observational studies on both large and small cohorts of AID patients. The same treatment has been
proposed in refractory Kawasaki disease, an acute inflammatory vasculitis occurring in children before
5 years, which has been postulated to be autoinflammatory for its phenotypical and immunological
similarity with systemic juvenile idiopathic arthritis. Nevertheless, minor concerns about IL-1 antagonists
have been raised regarding their employment in children, and the development of novel pharmacological
formulations is aimed at minimizing side effects that may affect adherence to treatment. The present
review summarizes current findings on the efficacy, safety, and tolerability of ANA and CANA for
treatment of AIDs and Kawasaki vasculitis with a specific focus on the pediatric setting.

Keywords: Interleukin-1; anakinra; canakinumab; innovative biotechnologies; autoinflammatory disease;
Kawasaki disease; systemic juvenile idiopathic arthritis; personalized medicine; child; pediatrics
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1. Introduction

Autoinflammatory diseases (AIDs) are a heterogeneous group of monogenic and multifactorial
diseases characterized by recurrent or chronic inflammation caused by dysregulation of the innate
immune system [1,2]. Most of these disorders have an early onset, ranging from the first h to the first
decade of life. However, due to their rarity, a diagnostic delay is frequently observed [3]. The main
subgroup of AIDs includes different hereditary periodic fever syndromes, such as cryopyrin-associated
periodic syndrome (CAPS), tumor necrosis factor receptor-associated periodic fever syndrome
(TRAPS), hyperimmunoglobulin D syndrome/mevalonate kinase deficiency (HIDS/MKD), and familial
Mediterranean fever (FMF) [2]. These conditions follow an autosomal dominant (CAPS and TRAPS) or
recessive (HIDS/MKD and FMF) hereditary pattern and share a common clinical background marked
by recurrent fever attacks and inflammation involving different sites, such as skin, serosal membranes,
joints, gastrointestinal tract, or central nervous system [4,5]. AA amyloidosis is their most serious
complication in the long-term, with an overall prevalence ranging from 2% to 25% of cases [6]. Many
multifactorial disorders manifest with the same clinical features observed in inherited AIDs and even
share the same pathogenic pathway [7]. In this regard, recurrent fevers with arthritis and cutaneous
rashes are also typical features of systemic juvenile idiopathic arthritis (SJIA), which has been classified
up to now as a category of juvenile idiopathic arthritis, the most common rheumatic disease in
childhood. SJIA can lead to growth retardation, osteoporosis, and life-threatening complications, such
as macrophage activation syndrome (MAS), and is now considered an autoinflammatory condition [8,9].
Recently, an autoinflammatory origin has also been suggested for Kawasaki disease (KD), an acute
self-limited systemic vasculitis usually occurring in children before 5 years and involving medium-sized
vessels, especially coronary arteries, which represents the first cause of childhood-acquired heart
disease in developed countries [10]. Irrespective of the specific underlying pathways, these syndromes
are characterized by an overproduction of interleukin (IL)-1, which initiates the inflammatory cascade
and leads to tissue damage of variable degrees. Therefore, appropriate and effective treatment is
crucial, considering that these conditions may persist into adulthood with negative consequences on
both the patient’s future health and quality of life [11]. Monotherapy blocking IL-1 activity results in a
sustained reduction of disease severity, but chronic treatment is often required to control inflammatory
flares for the lifetime and prevent long-term complications. Therefore, monitoring the safety profile
and tolerability of therapy in children affected by these disorders is of paramount importance since it
may affect adherence to treatment and overall clinical efficacy. In this work, we aimed at providing
current findings on the efficacy, safety, and tolerability of Anakinra (ANA) and Canakinumab (CANA)
for treatment of AIDs and Kawasaki vasculitis with a specific focus on the pediatric setting.

2. IL-1 Blockade in Autoinflammatory Diseases

The IL-1 family includes key cytokines involved in the innate immune response as well as
in the mechanisms of fever and inflammation [12,13]. Namely, IL-1 induces the synthesis of major
inflammatory mediators, such as cyclooxygenase type 2 (COX-2), type 2 phospholipase A, and inducible
nitric oxide synthase, which in turn account for the production of prostaglandin-E2, platelet activating
factor, and nitric oxide [12]. The two major cytokines, IL-1α and IL-1β, exert their pro-inflammatory
effects by binding the IL-1 family receptors, which are characterized by the presence of the Toll-IL-1
receptor (TIR) domain in the cytoplasmic portion [14,15]. In physiological conditions, both IL-1α
and IL-1β bind to type 1 IL-1 receptor (IL-1R1) and to the adaptor protein, IL-1RAcP, in order to
trigger signal transduction [16]. On the contrary, the IL-1 receptor antagonist (IL-1RA) is a competitive
inhibitor that prevents IL-1α and IL-1β from interacting with the IL-1 receptor 1 (IL-1R1). Much less is
instead known about the type 2 IL-1 receptor (IL-1R2), a decoy receptor for IL-1β, lacking a cytoplasmic
domain, which does not have a signal role, but rather sequesters IL-1β [17]. Most AIDs are caused by
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a lacking regulation in the inflammasome, a large intracellular multiprotein platform, leading to an
overproduction of IL-1β that plays a predominant pathogenic role in such disorders [18].

Four biologic drugs blocking IL-1 are currently available [19,20]. Of them, ANA and CANA
have been approved for clinical use in Europe, whereas the soluble decoy IL-1-receptor, rilonacept,
and the human-engineered monoclonal anti-IL-1β, gevokizumab, are not authorized in European
countries. ANA is a human IL-1 receptor antagonist that acts by competitively inhibiting the binding
of IL-1 with the IL-1 type 1 receptor [21]. ANA (Kineret®) is currently approved for the treatment of
rheumatoid arthritis (RA), CAPS, and Still’s disease [21]. In adult, adolescent, and pediatric patients
aged 8 months or older affected by CAPS, ANA is administered at the starting dose of 1 to 2 mg/kg/day
by subcutaneous (s.c.) injection. For the maintenance of response, a regimen of 1 to 2 mg/kg/day is
indicated in the case of a milder disease, whereas in more severe cases, the usual maintenance dose is 3
to 4 mg/kg/day, which can be adjusted to a maximum of 8 mg/kg/day [21]. The absolute bioavailability
of ANA after 70 mg s.c. injection in healthy subjects is around 95%. In RA patients, maximum plasma
concentrations of ANA have been reported at 3 to 7 h after s.c. administration (1 to 2 mg/kg), whereas
the half-life ranges from 4 to 6 h. The clearance of ANA is mainly mediated by the kidney, and
increases along with creatinine clearance [21]. In children with CAPS, the pharmacokinetics of ANA
is significantly influenced by body weight [22]. On the other hand, CANA is a human monoclonal
antibody that specifically binds IL-1β, blocking its interaction with IL-1 receptor and preventing the
consequent inflammatory response [23]. CANA (Ilaris®) is currently approved for the treatment of
periodic fever syndromes in adults, adolescents, and children aged at least 2 years, including CAPS,
TRAPS, FMF, and HIDS/MKD, as well as in the treatment of Still’s disease and gouty arthritis [23].
The recommended starting dose of CANA in adults, adolescents, and children aged 2 years (and older)
is 150 mg for patients with body weight > 40 kg and 2 mg/kg for patients with body weight ≥ 7.5 kg
and ≤ 40 kg. CANA is administered every four weeks as a single dose via s.c. injection. In CAPS
children aged 2 to 4 years with body weight ≥ 7.5 kg and in adolescents and children older than 4 years
with body weight between 7.5 and 15 kg, the starting dose of CANA is 4 mg/kg. In patients with body
weight between 15 kg and 40 kg, the indicated starting dose is 2 mg/kg, whereas in patients weighing
more than 40 kg CANA should be initially administered at the dose of 150 mg [23]. CANA should be
administered every 8 weeks, as a single dose via s.c. injection. Maintenance dose should be defined
based on the initial response [23]. In adults, the peak of serum CANA concentration (Cmax) occurs
approximately 7 days after a single s.c. administration of 150 mg, whereas the mean half-life is around
26 days. The absolute bioavailability of CANA is estimated to be 66%. Body weight significantly
influences both CANA distribution and elimination [23]. In very young children, a modest increase in
the turnover rate of IL-1β has been observed. In pediatric patients, no age-related variations of CANA
clearance and volume of distribution can be found after correction for body weight [24]. A schematic
representation of IL-1 inhibition with CANA and ANA is depicted in Figure 1.
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Figure 1. Strategies for IL-1 blockade with Anakinra and Canakinumab. (A) Interleukin (IL)-1 binds to
type 1 IL-1 receptor (IL-1R1) and to the adaptor protein, IL-1RAcP, in order to trigger signal transduction.
(B) The recombinant human IL-1R1 antagonist, Anakinra, directly competes with IL-1 for binding
to the IL-1R1, blocking the biological activity of IL-1. (C) The human monoclonal IgG1 antibody,
Canakinumab, selectively neutralizes IL-1β and inhibits its binding to the IL-1 receptor.

3. Cryopyrin-Associated Periodic Syndrome

CAPS includes a spectrum of apparently distinct inflammatory disorders of increasing
severity: Familial cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and
chronic infantile neurological, cutaneous, articular (CINCA) syndrome/neonatal-onset multisystem
inflammatory disease (NOMID), all caused by mutations in NLRP3, the gene encoding cryopyrin,
a component of the IL-1 inflammasome that regulates the production of IL-1β [25]. Therapeutic
strategies specifically aimed at blocking IL-1 have been widely evaluated in CAPS patients (Table 1).
Namely, the efficacy and safety profile of CANA in CAPS have been extensively assessed, both in
clinical trials as well as in the real clinical practice. In a 48-week double-blind placebo-controlled
randomized withdrawal study, the use of CANA (administered s.c. at the dose of 150 mg or 2 mg/kg
for patients weighing 40 kg or less) every 8 weeks was evaluated in a cohort of 35 CAPS patients [26].
Namely, 4 patients were aged 4 to 16 years, whereas the remaining 31 patients were aged 17 to
75 years. Of them, 26 had history of a previous anti-IL1 treatment. A single dose of CANA accounted
for complete response in 34 patients (97%); of note, CAPS symptoms significantly improved within
24 h in patients who had a response. Regarding patients entering the double-blind phase, all the
15 patients continuing CANA treatment remained in remission, whereas 81% of patients (13/16) in
the placebo group had a disease flare, after a median time of 100 days from the start of placebo. As
for safety, the proportion of patients experiencing at least one adverse event ranged from 77% in the
third phase of the study to 100% in the second phase. Interestingly, during the same phase, adverse
events were also recorded in 88% of patients treated with placebo. Most frequent adverse events
included nasopharyngitis, rhinitis, diarrhea, nausea, influenza, bronchitis, headache, and vertigo.
Overall, 9 patients experienced serious adverse events. There were no reports of severe injection-site
reactions. Furthermore, no safety issues emerged regarding blood monitoring and urinalysis. In a
phase II open-label study on 7 pediatric patients with CAPS (5 children with MWS and 2 adolescents
with NOMID) [27], CANA (2 mg/kg s.c. for patients weighing ≤ 40 kg or 150 mg s.c. for patients
weighing > 40 kg) led to a complete response within 7 days after the first dose in all cases. According
to physicians’ assessments, a relevant improvement in symptoms occurred within 24 h after the first
dose. Six patients were retreated on relapse, and 4 achieved a second complete response within 7 days
following retreatment. CANA was generally well tolerated. Only one severe adverse event (vertigo)
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was reported. Most frequent adverse events were upper respiratory tract infection (n = 5), rash (n = 4),
pharyngitis (n = 3), nasopharyngitis (n = 3), and vomiting (n = 3). In another open-label multicentre
phase III study conducted on 109 CANA-naïve adult and pediatric patients and 57 patients with
previous history of CANA treatment, CANA was administered at the dose of 150 mg or 2 mg/kg
every 8 weeks for up to 2 years [28]. Among CANA-naïve patients, complete response was achieved
in 85 cases (78%), 79 of which occurred within the first 8 days of treatment. The other 23 patients
who did not achieve complete response showed variable disease improvement. Data of the relapse
assessment were available for 141 patients; 90% of them did not relapse, whereas 14 had a clinical
relapse on at least one occasion. Overall, the median duration of treatment was 414 days (29–687 days)
for the entire cohort, and 290 days (29–625 days) for pediatric patients. In order to control disease,
higher doses were required in pediatric cases (≤ 40 kg) compared with adults, and in patients with
NOMID compared with other phenotypes. Overall, 40 patients needed dose (or dose frequency)
adjustments to control the disease. Overall, 90.4% of patients (n = 150) experienced at least one adverse
event. Most frequent adverse events included headache (n = 34), rhinitis (n = 27), arthralgia (n = 24),
bronchitis (n = 18), diarrhea (n = 18), and upper respiratory tract infections (n = 17). Eighteen patients
experienced at least one severe adverse event. In the pediatric cohort, six serious adverse events
were reported, related to tonsillitis (n = 3), severe intra-abdominal abscess following appendicitis,
severe bronchitis, and pneumonia. In a double-blind placebo-controlled randomized withdrawal study
by Koné-Paut et al. [29], 35 CAPS patients (of whom 5 were pediatric) received CANA 150 mg s.c.
every 8 weeks. According to the study protocol, a double-blind placebo-controlled withdrawal phase
was performed from week 9 to 24, whereas in the open-label phase from week 24 to 48 all patients
resumed CANA. On day 8, 89% of patients had minimal or no disease activity. By day 8, clinical
response was associated with a decrease of inflammatory markers, and considerable improvement in all
36-item Short-Form Health Survey (SF-36) domain scores. Response was sustained in patients treated
with 8-weekly CANA, whereas it was rapidly lost during the placebo-controlled phase in patients
receiving placebo and regained following CANA resumption. The 48-week treatment with CANA
was generally well tolerated. Only two patients experienced serious adverse events. Namely, one
patient had recurrent antibiotic-resistant lower urinary tract infection and sepsis, which required
CANA discontinuation; vertigo and increased intraocular pressure, acute glaucoma, and unilateral
blindness (complications of CAPS) were observed in the second patient. In an open-label study on
19 Japanese patients aged 2 to 48 years affected by NOMID (n = 12) or MWS (n = 7), CANA was
administered every 8 weeks for 24 weeks, at the dose of 150 mg s.c. or 2 mg/kg for patients with a body
weight over and under 40 kg, respectively [30]. Complete response was achieved in 18 out of 19 patients,
though with dose and/or frequency adjustments. At day 24, relapse occurred in four patients, whereas
one patient discontinued CANA before week 24. AID activity scores and inflammatory markers
significantly decreased following CANA treatment. Namely, mean C-reactive protein levels decreased
by 2.94 ± 2.99 mg/dL, dropping to 1.19 mg/dL at the end of the study compared to 4.52 mg/dL at
baseline. A similar trend was observed for serum amyloid-A (SAA) levels. Interestingly, anti-CANA
antibodies were detected in 3/19 patients, but the presence of these antibodies was not confirmed
in subsequent evaluations. As for the CANA safety profile, 18 patients (95%) experienced one or
more adverse events. Specifically, most common adverse events included nasopharyngitis (n = 7),
gastroenteritis (n = 6), upper respiratory tract infection (n = 3), and rhinorrhea (n = 3). Most adverse
events were mild, and only 3 were considered of moderate severity. Severe adverse events related to
diffuse vasculitis (n = 1) and pneumonia (n = 1) were also reported. Higher CANA doses (> 150 mg
or 2 mg/kg every 8 weeks) did not appear to be associated with a differential safety profile. In the
extension phase of this trial [31], both the efficacy and safety of CANA were evaluated over a 22
month-period. After 48 weeks of treatment, as well as at the end of the study period, all patients had
a complete response. All patients experienced at least one adverse event during the study, with the
most common event being upper respiratory tract infections (n = 14). Serious adverse events were
recorded in five patients, and included multiple infections, pneumonia, sinoatrial block, headache,
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asthma, and appendicitis. No permanent discontinuation of CANA due to adverse events was reported.
Regarding ANA, a 5-year prospective open-label cohort study evaluated the safety profile of ANA
in 43 CAPS patients (of whom 36 were children) [32]. The ANA starting dose ranged from 0.5 to
1.5 mg/kg/day, but was adjusted to 1.5 to 2.5 mg/kg/day during the follow-up period. The number of
adverse events reported during the 5-year study period was 1233, giving an overall reporting rate of
7.7 events per patient per year. Most frequent adverse events included headache (n = 21), arthralgia
(n = 18), and upper respiratory tract infections (n = 17). Serious adverse events occurred in 14 patients,
mostly within the first year of treatment and mostly related to infections. There were no deaths and all
adverse events resolved during the study period.
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We report below, distinctly, the most severe forms of CAPS, including CINCA/NOMID and MWS,
focusing on the main studies in which ANA and CANA were employed.

CINCA/NOMID represents the most severe form of CAPS and is characterized by the triad of
cutaneous urticarial-like rash, arthropathy, and central nervous system (CNS) involvement, in association
with typical dysmorphic features, including frontal bossing and saddle back nose. CNS manifestations
encompass chronic aseptic meningitis leading to brain atrophy and sensorineural hearing loss. Anti-IL-1
treatment represents the standard therapy for this condition. A trial by Goldbach-Mansky et al. evaluated
both the efficacy and safety of ANA (1 to 2 mg/kg s.c.) in 18 NOMID patients [33]. All patients had a
prompt clinical response to ANA. In detail, rash and conjunctivitis disappeared within three days and
all inflammatory markers, including SAA, rapidly dropped. After 3 months of treatment, 11 patients
underwent a withdrawal phase of a maximum of 7 days. Disease flare occurred in all except one
patient, after a median time of 5 days (2.5 to 7 days). ANA resumption was associated with a rapid
response, and improvements were maintained over the 6 month follow-up. As for specific CNS
response, ANA treatment was associated with a significant decrease from 0.5 to 0.1 (p < 0.001) in
the median daily headache scores (classified from 0 to 4 for increasing severity). In 12 patients in
whom cerebrospinal fluid was evaluated, intracranial pressure, protein levels, and white-cell counts
also decreased significantly. Furthermore, brain magnetic resonance imaging showed a relevant
improvement in cochlear and leptomeningeal lesions as compared with baseline. Adverse events
reported during ANA treatment included upper respiratory infections (n = 15), urinary tract infections
(n = 2), and dehydration from nonbacterial diarrhea requiring hospitalization (n = 1). Localized,
injection-site erythematous reactions were reported in eight cases. However, none of the patients
discontinued drug treatment. The use of ANA in NOMID is further supported by evidence coming
from four observational studies [43–45] as well as from different isolated experiences (see details in
Table 1).

In a 24-month open-label phase I/II study [34], six patients aged 11 to 34 years were treated
with CANA 150 mg (or 2 mg/kg in patients ≤ 40 kg) or 300 mg (or 4 mg/kg) with escalation up to
600 mg (or 8 mg/kg) every 4 weeks, after discontinuation of previous ANA treatment. CANA led
to a significant improvement in all patients, with four patients having inflammatory remission at
month 6. CNS remission was not achieved by any of the six patients. However, five patients had
a significant improvement in their headache diary scores, and the other patient had a normal CSF
leucocyte count, albeit showing a persistent headache. Overall, CANA was well tolerated. Only
one severe adverse event related to a methicillin-resistant Staphylococcus aureus abscess was recorded.
Twelve infection-related adverse events occurred in six patients.

MWS is a rare autosomal dominant disease belonging to the family of CAPS: Its manifestations
include urticaria-like rashes, arthralgia, progressive sensorineural deafness, episodic fever, and renal
amyloidosis. IL-1 inhibitors have been shown to be revolutionary in MWS [46]. The use of ANA in
MWS was evaluated in a single-center observational study on 12 patients (5 children and 7 adults)
with severe MWS [47] (see Table 1). After 2 weeks of treatment, a significant decrease in disease
activity was reported, leading to significant improvement of organ manifestations as well as improved
inflammatory parameters. Treatment was well tolerated, and no severe adverse events were reported.
In another single-center open-label prospective observational study on patients diagnosed with active
MWS between 2004 and 2008, ANA was started in five pediatric and seven adult patients, whereas
CANA was initiated in six children and eight adults [48]. Both treatments led to a significant reduction
of disease activity and inflammatory parameters. After a mean time of 12 months (range 5 to 14 months)
for ANA and 11 months (6 to 15 months) for CANA, disease remission was achieved in 75% and 93%
of patients, respectively. No detectable difference in treatment efficacy was found when comparing
anti-IL-1 naïve versus rollover patients (i.e., treated with CANA after ANA discontinuation). In the
ANA cohort, no serious adverse events were observed. Mild adverse events included injection-site
reactions in five patients and mild upper respiratory infections in four patients, respectively. In the
CANA cohort, vertigo occurred in one patient and required hospitalization. No injection-site reactions
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were observed. Other adverse events included mild upper respiratory tract symptoms in four patients
and transient headache in two patients. The use of ANA in MWS is further supported by evidence
deriving from five case reports [49–53].

4. Tumor Necrosis Factor Receptor-Associated Periodic Syndrome

TRAPS is the most frequent autosomal dominant autoinflammatory disorder, which is caused
by mutations in the TNFRSF1A gene, encoding the 55-kD type-1 receptor of tumor necrosis factor
(TNF)-α [54]. The average age at disease onset is around 3 years; however, adult onset has been
described up to the sixth decade of life. This disease is clinically characterized by recurrent episodes
of long-lasting fever and inflammation involving different organs, such as the skin, gastrointestinal
tract, serous membranes, joints, muscles, and eyes. Inflammatory attacks are initially responsive to
corticosteroids, but the progressive loss of response and recurrence of uncontrolled attacks is further
associated with the development of secondary amyloidosis [55]. As IL-1-mediated inflammation is
directly involved in the pathogenesis of this syndrome, anti-IL-1 treatments are gaining a relevant
role in the management of this disorder (Table 1) [56,57]. Namely, Gattorno et al. evaluated the use
of ANA in four children and one adult with TRAPS [37]: All patients had a rapid response to ANA,
with a disappearance of symptoms and normalization of inflammatory parameters, including SAA.
According to the study protocol, ANA was discontinued after 15 days of treatment. In all cases, a
disease relapse was observed, within a mean time of 6 days (range, 3 to 8 days), whereas reintroduction
of ANA was associated with a regain of disease control. Over a mean follow-up of 11 months, no fever
episodes as well as no disease-related clinical manifestations were observed. The only adverse events
reported were cutaneous reactions, including rash, pain, and itching, all occurring during the first
week of treatment. Use of CANA in TRAPS has been evaluated in an open-label phase II study on
20 patients aged 7 to 78 years, with active recurrent or chronic TRAPS [38]. CANA, at the dose of 150 mg
every 4 weeks for 4 months or 2 mg/kg for patients weighing 40 kg or less, induced clinical remission
(Physician’s Global Assessment score ≤ 1) and full or partial serological remission within day 15 in 95%
of patients (n = 19). Responses to CANA occurred rapidly, with a median time to clinical remission
of 4 days (3–8 days). Furthermore, a significant improvement in the quality of life was also reported.
According to the study protocol, CAN was withdrawn after 4 months of treatment: All patients relapsed
following CANA discontinuation after a median time of 91.5 days (range of 65 to 117 days). However,
CANA was well tolerated. All patients reported at least one adverse event, and most common events
were nasopharyngitis (n = 12), abdominal pain (n = 11), headache (n = 11), and oropharyngeal pain
(n = 10). Serious adverse events were reported in seven patients, and included pericarditis, abdominal
pain, diarrhea, intestinal obstruction, vomiting, upper respiratory tract infection, meniscus injury,
hypertriglyceridemia, and hyperkalemia. No significant changes in laboratory, clinical, and vital
parameters were reported, and no patients developed anti-drug antibodies.

5. Familial Mediterranean Fever

FMF is the most frequent autosomal recessive autoinflammatory disorder, characterized by
self-limited episodes of fever and polyserositis, which may also lead to long-term complications,
such as renal amyloidosis [58,59]. Although its pathogenesis is not fully understood, the MEFV gene
encodes mutant pyrins, crucial players in the regulation of innate immunity, which lead to uncontrolled
production of IL-1 [59]. Use of CANA in colchicine-resistant FMF (crFMF) is supported by three clinical
trials (Table 1). In the 6-month open-label, single-arm pilot study by Brik et al. [40], seven children
with crFMF were treated with subcutaneous injections of CANA at the dose of 2 mg/kg (maximum
150 mg), 4 weeks apart. Six patients experienced a reduction of 76% to 100% of FMF attacks, and
three did not experience any attacks during the treatment phase. After the last CANA injection, five
participants developed an attack, after a median time of 25 days (range of 5 to 34 days). Overall,
11 adverse events were reported in four patients, including two cases of infections. All adverse events
were mild, except a moderate streptococcal throat infection. No significant laboratory abnormalities
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and formation of neutralizing anti-CANA antibodies were reported. In another open-label trial on nine
adolescents and adults with crFMF [41], CANA accounted for a reduction of 50% or more in attack
frequency in all treated patients, with only one patient experiencing an attack during the treatment
period. Furthermore, following CANA administration, a significant improvement was observed in
both the physical and mental component assessed by SF-36. Following the last CANA injection,
five patients had an attack, after a median time of 71 days (range of 31 to 78 days). Eight patients (89%)
experienced one or more adverse events. Namely, the most frequent adverse events were headache
(n = 4), and respiratory tract infections. Other adverse events included, anxiety, hidradenitis, pruritus,
tooth infection, and vomiting, all reported in one case each. Effectiveness and safety of CANA in
crFMF is further supported by two long-term retrospective observational studies on 15 children [60]
and 14 adolescent or adult patients [61], respectively. On the other hand, the use of ANA in FMF is
mainly supported by observational evidence. In a study by Başaran et al. [62], eight children and
adolescents with crFMF were treated with ANA (1 mg/kg/day to 3 mg/kg/day). A switch to CANA
was required in four cases, due to noncompliance to daily injections in three cases and clinical and
laboratory worsening in one case. Overall, the use of anti-IL-1 drugs was beneficial to all patients,
both in terms of a reduction of attack frequency and normalization of inflammatory parameters. No
severe adverse events were reported, and only one patient experienced a local injection-site erythema
with ANA.

Yet, in another retrospective study by Cetin et al. [63] conducted on 20 patients with crFMF,
4 pediatric patients were treated with ANA or CAN (in two cases each). In two children treated with
ANA, the number of monthly attacks decreased from 4 to 0 in one case and from 1 to 0 in the other one.
ANA was continued for 12 and 7 months, respectively, and was still ongoing at the end of the study.
Similarly, CANA also accounted for a significant reduction both in the rate of monthly and annual
attacks. No adverse skin or allergic events was reported. Biopsy-proven amyloidosis was present in one
child treated with CANA, with a significant decrease of urinary protein excretion (from 25.6 mg/m2/h
to 12 mg/m2/h before versus after CANA treatment, respectively). In the retrospective study by
Özçakar et al. [64], three pediatric patients suffering from crFMF were treated with ANA and one case
with CAN. Three of them (two treated with ANA and one with CANA) had concomitant FMF-related
amyloidosis. Among the three patients treated with ANA, the occurrence of attacks was significantly
reduced. However, for the two patients with amyloidosis, one needed renal transplantation and the
other had end-stage renal disease. In the patient treated with CANA, the frequency of disease attacks
was significantly reduced (from 24 attacks/year to 0), and partial remission of nephrotic syndrome was
achieved. None of these patients experienced drug-related adverse events.

6. Hyperimmunoglobulin D Syndrome/Mevalonate Kinase Deficiency

HIDS/MKD is an autosomal recessive disorder caused by mutations in the gene encoding
the enzyme mevalonate kinase, directly involved in cholesterol and isoprenoid biosynthesis.
This autoinflammatory disease usually starts in the first year of life and is characterized by lifelong
recurrent fever episodes (every 4 to 6 weeks), typically lasting from 3 to 7 days [65,66]. The clinical
signs range from the milder HIDS to its most severe expression, named “mevalonic aciduria”. The most
frequent symptoms during febrile attacks, sometimes precipitated by vaccinations, infections, emotional
stress, trauma, or surgery, are abdominal pain, diarrhea, vomiting, arthralgia, lymphadenopathy,
heterogeneous skin lesions, and aphthous ulcers [4]. An increase in mevalonic acid and activation
of small GTPases result in IL-1 overexpression via caspase-1 activation. Therefore, short-term IL-1
blockade may be effective for stopping inflammatory attacks [2]. To date, two clinical trials have
evaluated the use of the IL-1 inhibitor, CANA, in this condition, whereas no controlled clinical trial on
ANA has been conducted (Table 1). Namely, in the open-label phase II study by Arostegui et al. [42],
CANA was administered subcutaneously at the dose of 300 mg (or 4 mg/kg for patients weighing≤ 40 kg)
every 6 weeks to six pediatric patients and three adults with active HIDS. In this cohort, the first CANA
injection led to good or excellent control of the disease, with a median time to disease resolution of
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3 days. Furthermore, CANA accounted for a significant reduction in the severity or disappearance of
HIDS features, including fever, lymphadenopathy, abdominal pain, and aphthous ulcers. According to
the study protocol, CANA was discontinued after 6 months. Seven out of nine patients experienced
a relapse following CANA discontinuation, the median time to relapse being 110 days (range of
62 to 196 days). As for its safety profile, all nine patients experienced at least one adverse event
during the study period, albeit only one was judged as drug-related (i.e., non-serious fungal vaginitis).
Overall, 98 adverse events (of whom 14 serious) were observed. Most frequent non-serious adverse
events were related to infections and required systemic antibiotics in most cases. As for serious
adverse events, 8 out of 14 events included acute peritonitis, anemia, bacteremia due to Streptococcus
pneumoniae, gastrointestinal bleeding, hypertensive crisis, pneumonia, and severe anemia, which
occurred in the same patient. Another patient was hospitalized due to hidradenitis suppurativa, and
one patient developed cellulitis in the left arm. No death was reported, and no patient required drug
discontinuation because of adverse events. Furthermore, no relevant change in clinical laboratory
parameters and vital signs was observed.

Use of ANA in the treatment of pediatric HIDS/MKD is supported only by observational evidence.
Specifically, two studies evaluated both the efficacy and safety of ANA for this condition. In the
prospective observational study by Bodar et al. [67], 11 patients with HIDS (4 pediatric patients aged 5
to 17) were treated with either continuous (n = 3) or on-demand (n = 8) ANA (starting at first symptoms
of an attack, 100 mg/day or 1 mg/kg/day for 5 to 7 days). In the two pediatric patients with mevalonic
aciduria, continuous ANA treatment induced partial remission only in one case, and no response in the
other one. Among the other nine patients, continuous ANA treatment induced complete remission, but
was further discontinued for safety reasons. Among the nine patients with on-demand therapy, ANA
induced a clinical response in 8 out of 12 attacks, but did not impact on its frequency. No major adverse
events were observed; local injection-site reactions as well as mild upper respiratory tract infections
were the only adverse events. Of note, treatment discontinuation was required in one patient. In the
cohort of 103 adult and pediatric HIDS patients investigated in the observational study by van der
Hilst et al., the use of ANA was reported in 11 cases: Among them, four achieved a good response to
treatment, three a partial response, whereas the remaining four had no response to therapy [68]. Use of
both ANA and CANA has been further evaluated in an observational study by Galeotti et al. [69]:
Eleven French adult and pediatric patients were treated with either ANA (n = 9) or CANA (n = 6,
of whom four following ANA treatment), reaching a complete and partial remission in four and seven
cases, respectively. Anti-IL-1 treatment was also associated with a decrease in a 12-item clinical score,
in the number of days with fever during attacks as well as in the level of inflammatory parameters.
Both drugs were well tolerated. During ANA treatment, four patients experienced injection-site
reactions, whereas shivers and hypothermia after the first injection and bacterial pneumonia were
reported in one patient each. As for CANA, adverse events included injection-site reaction (n = 1),
recurrent pharyngitis (n = 1), and transient hepatitis (n = 2, one of whom was without confirmation of
viral or autoimmune etiology). No alterations in hematological and urinary parameters were reported.
Yet, in a national Japanese survey conducted on 10 pediatric patients suffering from MKD, the use of
anti-IL-1 treatment was reported in two patients [70]: In both patients, initial ANA treatment accounted
for partial response, whereas a switch to CANA led to a complete response. During anti-IL-1 treatment,
transaminase elevation and arthritis were reported in one patient each.

7. Additional Evidence on IL-1 Inhibition in Autoinflammatory Diseases

Beside the above summarized evidence for specific AIDs, the use of anti-IL-1 has been evaluated
also in mixed cohorts of patients with different conditions.

A retrospective chart review by Ozen et al. evaluated the treatment pattern of 134 patients with
FMF (n = 49), TRAPS (n = 47), or HIDS/MKD (n = 38), highlighting the central role of anti-IL-1 agents
in the management of these conditions [71]. Similarly, data derived from the Eurofever Registry and
related to 496 patients with FMF, CAPS, TRAPS, MKD, pyogenic arthritis-pyoderma gangrenosum-acne
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(PAPA) syndrome, deficiency of IL-1 receptor antagonist (DIRA), NLRP12-related autoinflammatory
disorder, and periodic fever-aphthosis-pharyngitis-adenitis (PFAPA) syndrome pointed out the key-role
of IL-1 blockade for DIRA and CAPS, as well as for cases of poorly controlled MKD, TRAPS, PAPA,
and crFMF [72]. According to an Italian study aimed at evaluating the use of IL-1 inhibitors among
475 patients (of whom 111 were aged 16 or less), 86% and 56% of all treatments with ANA and CANA,
respectively, were mainly related to adult onset Still’s disease (18.5%), SJIA (13.5%), Behçet’s disease
(9.7%), FMF (7.6%), idiopathic recurrent acute pericarditis (5.6%), and TRAPS (5.0%) in the ANA group,
and to Behçet’s disease (14.3%), TRAPS (13.3%), FMF (5.7%), and HIDS (3.8%) in the CANA one [73].

Efficacy and safety of ANA in patients with AIDs is further supported by the result of a French
nationwide survey on 189 patients [74]. On the other hand, damage caused by amyloid deposits in
AIDs seems not to improve with anti-IL 1 treatment [75].

In a recent clinical trial by De Benedetti et al. [36], 63 patients with crFMF (29 were children), 72
with MKD (54 children), and 46 with TRAPS (27 children) were randomized to receive CANA 150 mg
s.c. or placebo every 4 weeks, with an add-on injection of 150 mg of CANA in the case of no flare
resolution. At week 16, the proportion of patients with complete response was significantly higher
in the CANA group if compared with the placebo group: Sixty-one percent versus 6% for patients
with crFMF (p < 0.001), 35% versus 6% for MKD (p = 0.003), and 45% versus 8% for TRAPS (p = 0.006).
Considering also patients who required an increase in the CANA dose, a complete response was
achieved in 71% of patients with crFMF, in 57% of patients with MKD, and in 73% of those with
TRAPS. After 16 weeks, disease control was maintained in 46%, 23%, and 53% of patients with crFMF,
MKD, and TRAPS, respectively. Numbers of adverse events observed during CANA treatment were
332, 613, and 265 among patients with crFMF, MKD, and TRAPS, respectively. Namely, numbers of
adverse events related to infections were 79, 160, and 58 in the three disease groups. As for events
unrelated to infections, most frequent adverse events included abdominal pain, headache, arthralgia,
and injection-site reactions. This study led to market authorization of CANA for the three conditions.

8. Systemic Juvenile Idiopathic Arthritis

SJIA is an inflammatory disease associated with dysregulation of the innate immune system [7,9].
The disease is characterized by fever, lymphadenopathy, arthritis, rash, and serositis. Furthermore,
complications of SJIA include invalidating arthritis and MAS, a condition characterized by unremitting
high fever, pancytopenia, hepatosplenomegaly, hepatic dysfunction, encephalopathy, coagulation
abnormalities, and increased levels of ferritin. As IL-1 and IL-6 have been shown to play a primary
role in the pathogenesis of SJIA, anti-IL-1 treatments as well as anti-IL-6 drugs represent promising
therapeutic strategies for the control of this disease [7,9]. The use of IL-1 inhibitors, ANA and CANA,
in SJIA has been extensively evaluated, both in clinical trials and observational studies (Table 2). In a
study by Gattorno et al. [76], ANA (at the starting dosage of 1 mg/kg/day, for a maximum of 100 mg)
was administered to 22 patients aged 1 to 19 years. Within the first week of treatment, two distinct
patterns of response to ANA could be distinguished. One group of 10 patients achieved prompt
improvement of systemic and articular manifestations as well as improved inflammatory parameters,
maintaining complete disease control during a mean follow-up of 1.36 years (range of 0.3 to 2.59 years).
On the other hand, a second group of 11 patients experienced a variable response to ANA, with an
improvement soon after treatment began, but with a general tendency towards relapses, particularly at
the articular level. These two clusters appeared to be characterized by different clinical features, in
particular patients with complete response had a significantly lower number of active joints and an
increased absolute neutrophil count.

185



In
t.

J.
M

ol
.S

ci
.2

0
1

9
,2

0,
18

98

T
a

b
le

2
.

M
ai

n
cl

in
ic

al
tr

ia
ls

ev
al

ua
tin

g
th

e
us

e
of

A
na

ki
nr

a
(A

N
A

)a
nd

C
an

ak
in

um
ab

(C
A

N
A

)f
or

th
e

tr
ea

tm
en

to
fs

ys
te

m
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

tis
(S

JI
A

)i
n

th
e

pe
di

at
ri

c
po

pu
la

ti
on

.

S
y

st
e

m
ic

Ju
v

e
n

il
e

Id
io

p
a

th
ic

A
rt

h
ri

ti
s

A
u

th
o

rs
T

it
le

S
tu

d
y

D
e

si
g

n
P

o
p

u
la

ti
o

n
D

ru
g

Br
ac

ha
te

ta
l.,

20
17

[7
7]

Ea
rl

y
ch

an
ge

s
in

ge
ne

ex
pr

es
si

on
an

d
in

fla
m

m
at

or
y

pr
ot

ei
ns

in
sy

st
em

ic
ju

ve
ni

le
id

io
pa

th
ic

ar
th

ri
tis

pa
tie

nt
s

on
C

an
ak

in
um

ab
th

er
ap

y.

G
en

e
ex

pr
es

si
on

an
al

ys
is

(d
at

a
fr

om
th

e
tw

o
ph

as
e-

3
tr

ia
ls

ev
al

ua
ti

ng
C

A
N

A
fo

r
SJ

IA
)

Pe
di

at
ri

c
(n

.a
.)

C
A

N
A

(T
ri

al
1:

Pa
ti

en
ts

w
er

e
ra

nd
om

ly
as

si
gn

ed
to

a
si

ng
le

s.
c.

do
se

of
C

A
N

A
(4

m
g/

kg
)o

r
pl

ac
eb

o.
Tr

ia
l2

:O
pe

n-
la

be
lp

ha
se

(s
.c

.C
A

N
A

4
m

g/
kg

ev
er

y
4

w
ee

ks
fo

r
up

to
32

w
ee

ks
)+

w
it

hd
ra

w
al

ph
as

e)

Fe
is

te
ta

l.,
20

18
[7

8]
Effi

ca
cy

an
d

sa
fe

ty
of

C
an

ak
in

um
ab

in
pa

ti
en

ts
w

it
h

St
ill

’s
di

se
as

e:
Ex

po
su

re
-r

es
po

ns
e

an
al

ys
is

of
po

ol
ed

sy
st

em
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s

da
ta

by
ag

e
gr

ou
ps

.
Po

ol
ed

re
su

lt
s

of
cl

in
ic

al
tr

ia
ls

Pe
di

at
ri

c
(n
=

21
6)
+

ad
ol

es
ce

nt
s

(n
=

56
)+

ad
ul

t(
n
=

29
)

C
A

N
A

(S
tu

dy
1:

Si
ng

le
s.

c.
C

A
N

A
at

4
m

g/
kg

(m
ax

im
um

of
30

0
m

g)
or

pl
ac

eb
o;

St
ud

y
2:

C
A

N
A

4
m

g/
kg

(m
ax

im
um

do
se

of
30

0
m

g)
ev

er
y

4
w

ee
ks

fo
r

up
to

8
m

on
th

s
+

se
co

nd
do

ub
le

-b
lin

d
ra

nd
om

iz
ed

pl
ac

eb
o-

co
nt

ro
lle

d
ph

as
e;

St
ud

y
3:

S.
c.

C
A

N
A

4
m

g/
kg

ev
er

y
4

w
ee

ks
fo

r
12

w
ee

ks
(p

at
ie

nt
s

ha
d

re
ce

iv
ed

C
A

N
A

in
ei

th
er

St
ud

y
1

or
St

ud
y

2,
w

it
h

an
ad

di
ti

on
al

co
ho

rt
of

C
A

N
A

-n
aï

ve
pa

ti
en

ts
);

St
ud

y
4:

D
os

e-
ra

ng
in

g
st

ud
y

(0
.5

–9
m

g/
kg

)

G
at

to
rn

o
et

al
.,

20
08

[7
6]

Th
e

pa
tt

er
n

of
re

sp
on

se
to

an
ti

-i
nt

er
le

uk
in

-1
tr

ea
tm

en
t

di
st

in
gu

is
he

s
tw

o
su

bs
et

s
of

pa
ti

en
ts

w
it

h
sy

st
em

ic
-o

ns
et

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s.

C
lin

ic
al

st
ud

y
Pe

di
at

ri
c

(n
=

22
)

A
N

A
(s

ta
rt

in
g

do
sa

ge
of

1
m

g/
kg
/d

ay
,s

.c
.(

m
ax

im
um

10
0

m
g)

)

G
ro

m
et

al
.,

20
16

[7
9]

R
at

e
an

d
cl

in
ic

al
pr

es
en

ta
ti

on
of

m
ac

ro
ph

ag
e

ac
ti

va
ti

on
sy

nd
ro

m
e

in
pa

ti
en

ts
w

it
h

sy
st

em
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s

tr
ea

te
d

w
it

h
C

an
ak

in
um

ab
.

Po
ol

ed
an

al
ys

is
Pe

di
at

ri
c

(n
=

21
)

C
A

N
A

(n
.a

.)

Il
ow

it
e

et
al

.,
20

09
[8

0]
A

na
ki

nr
a

in
th

e
tr

ea
tm

en
to

fp
ol

ya
rt

ic
ul

ar
-c

ou
rs

e
ju

ve
ni

le
rh

eu
m

at
oi

d
ar

th
ri

ti
s:

Sa
fe

ty
an

d
pr

el
im

in
ar

y
effi

ca
cy

re
su

lt
s

of
a

ra
nd

om
iz

ed
m

ul
ti

ce
nt

er
st

ud
y.

2-
w

ee
k

op
en

-l
ab

el
ru

n-
in

ph
as

e
Pe

di
at

ri
c

(n
=

86
)

A
N

A
(1

m
g/

kg
da

ily
,m

ax
im

um
10

0
m

g/
da

y)

K
im

ur
a

et
al

.,
20

17
[8

1]
Pi

lo
ts

tu
dy

co
m

pa
ri

ng
th

e
C

hi
ld

ho
od

A
rt

hr
it

is
&

R
he

um
at

ol
og

y
R

es
ea

rc
h

A
lli

an
ce

(C
A

R
R

A
)s

ys
te

m
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s

co
ns

en
su

s
tr

ea
tm

en
tp

la
ns

.
Pi

lo
ti

nt
er

ve
nt

io
na

ls
tu

dy
Pe

di
at

ri
c

(n
=

30
;I

L-
1

in
hi

bi
to

rs
n
=

12
)

A
N

A
(C

A
N

A
)

(m
ed

ia
n

in
it

ia
ld

os
e

of
A

N
A

2.
93

(I
Q

R
2–

3.
6)

)

Q
ua

rt
ie

r
et

al
.,

20
11

[8
2]

A
m

ul
tic

en
tr

e
ra

nd
om

iz
ed

do
ub

le
-b

lin
d

pl
ac

eb
o-

co
nt

ro
lle

d
tr

ia
lw

it
h

th
e

in
te

rl
eu

ki
n-

1
re

ce
pt

or
an

ta
go

ni
st

A
na

ki
nr

a
in

pa
tie

nt
s

w
ith

sy
st

em
ic

-o
ns

et
ju

ve
ni

le
id

io
pa

th
ic

ar
th

ri
tis

(A
N

A
JI

S
tr

ia
l)

.

M
ul

ti
ce

nt
re

,r
an

do
m

iz
ed

,
do

ub
le

-b
lin

d,
pl

ac
eb

o-
co

nt
ro

lle
d

tr
ia

l
Pe

di
at

ri
c

(n
=

24
)

A
N

A
(2

m
g/

kg
s.

c.
da

ily
,m

ax
im

um
10

0
m

g)

R
up

er
to

et
al

.(
tr

ia
l1

),
20

12
[8

3]
Tw

o
ra

nd
om

iz
ed

tr
ia

ls
of

C
an

ak
in

um
ab

in
sy

st
em

ic
ju

ve
ni

le
id

io
pa

th
ic

ar
th

ri
ti

s.
2

ph
as

e
II

It
ri

al
s

Pe
di

at
ri

c
(n
=

84
+

17
7)

C
A

N
A

(s
.c

.,
4

m
g/

kg
pe

r
m

on
th

(m
ax

im
um

do
se

,3
00

m
g)

)

R
up

er
to

et
al

.(
tr

ia
l2

),
20

12
[8

4]

A
ph

as
e

II
,m

ul
tic

en
te

r,
op

en
-la

be
ls

tu
dy

ev
al

ua
tin

g
do

si
ng

an
d

pr
el

im
in

ar
y

sa
fe

ty
an

d
effi

ca
cy

of
C

an
ak

in
um

ab
in

sy
st

em
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s

w
it

h
ac

ti
ve

sy
st

em
ic

fe
at

ur
es

.

Ph
as

e
II

,m
ul

tic
en

te
r,

op
en

-la
be

l,
do

sa
ge

-e
sc

al
at

io
n

st
ud

y
Pe

di
at

ri
c

(n
=

23
)

C
A

N
A

(s
in

gl
e

s.
c.

do
se

of
0.

5
to

9
m

g/
kg

)

R
up

er
to

et
al

.,
20

18
[8

5]
C

an
ak

in
um

ab
in

pa
tie

nt
s

w
ith

sy
st

em
ic

ju
ve

ni
le

id
io

pa
th

ic
ar

th
ri

ti
s

an
d

ac
ti

ve
sy

st
em

ic
fe

at
ur

es
:R

es
ul

ts
fr

om
th

e
5-

ye
ar

lo
ng

-t
er

m
ex

te
ns

io
n

of
th

e
ph

as
e

II
Ip

iv
ot

al
tr

ia
ls

.

5-
ye

ar
lo

ng
-t

er
m

ex
te

ns
io

n
of

th
e

ph
as

e
II

Ip
iv

ot
al

tr
ia

ls
.

Pe
di

at
ri

c
(n
=

17
7;

14
4

in
th

e
lo

ng
-t

er
m

ex
te

ns
io

n
ph

as
e)

C
A

N
A

(4
m

g/
kg

s.
c.

ev
er

y
4

w
ee

ks
(m

ax
im

um
do

se
30

0
m

g)
;i

n
th

e
lo

ng
-t

er
m

ex
te

ns
io

n,
ta

pe
re

d
to

2
m

g/
kg

ev
er

y
4

w
ee

ks
in

pa
ti

en
ts

w
ho

w
er

e
gl

uc
oc

or
ti

co
id

fr
ee

as
pe

r
ph

ys
ic

ia
ns

’j
ud

ge
m

en
t)

A
N

A
:A

na
ki

nr
a;

C
A

N
A

:C
an

ak
in

um
ab

;I
Q

R
:i

nt
er

qu
ar

ti
le

ra
ng

e;
n.

a.
:n

ot
ap

pl
ic

ab
le

;s
.c

.:
su

bc
ut

an
eo

us
.

186



Int. J. Mol. Sci. 2019, 20, 1898

Another multicentre randomized double-blind placebo-controlled trial compared the efficacy of
ANA (2 mg/kg s.c. daily, maximum 100 mg) versus placebo in 24 SJIA patients aged 8.5 ± 4.5 years [82].
After 1 month of treatment, response (defined as a 30% improvement of the pediatric American College
of Rheumatology (ACR) criteria for JIA, resolution of systemic symptoms, and a decrease of at least
50% of inflammatory parameters compared with baseline) was achieved in 8 out of 12 patients treated
with ANA and only in 1 patient receiving placebo (p = 0.003). Ten patients were switched from placebo
to ANA; of them, nine achieved response within month 2. Fourteen adverse events were recorded in
the ANA group and 13 in the placebo group. No serious adverse event was reported. Namely, in the
ANA group, adverse events, including injection-site pain (n = 8), post-injection erythema (n = 3), and
infections involving gastrointestinal and upper respiratory tract (n = 2), were recorded.

In a multicenter double-blind trial on 50 patients aged 3 to 17 years with polyarticular-course JIA
(11 of whom had systemic onset), randomized to ANA (1 mg/kg/day, for a maximum of 100 mg) or
placebo [80], the three most common reported adverse events were injection-site reactions (12% in each
group), upper respiratory infections (16% versus 20% in the ANA and placebo groups, respectively),
and headache (24% versus 4%). No case of adverse event-related discontinuation of the blinded phase
was observed. In the subsequent extension phase of ANA treatment, the most common adverse
events reported were arthralgia (23%), fever (21%), and abdominal pain (16%), with three patients (7%)
requiring discontinuation of ANA because of safety issues.

In another pilot study evaluating different therapeutic strategies for treatment of SJIA [81], 12 out of
30 patients received IL-1 inhibitors (ANA as initial treatment, eventually switched to CANA). Of them,
two patients needed to add methotrexate, whereas two needed to switch to an IL-6 inhibitor. Overall,
clinical disease inactivity was reached in 42% of patients treated with IL-1 inhibitors. There were four
serious adverse events: Two resulted in hospitalization for intravenous antimicrobial therapy (cellulitis
in a child taking CANA and glucocorticoids, and varicella in a child taking ANA), one hospitalization
for appendicitis and appendectomy in a child on methotrexate and glucocorticoid, and one for MAS in
a child on tocilizumab. As for CANA, its efficacy and safety in SJIA has been extensively evaluated in
a pooled analysis of data coming from four trials [78,83–85]. CANA (mostly administered at the dose
of 4 mg/kg every 4 weeks) was given to a total population of 233 children, 60 young adolescents and
31 older adolescents or young adults. Within day 15 of treatment, at least 50% of patients in each age
group had absence of fever as well as ≥ 70% improvement according to the adapted ACR pediatric
response criteria. Responses were stable and maintained or improved over the 85 days of follow-up.
Similarly, clinical and laboratory findings also markedly improved in all age groups. Regarding safety,
adverse events were reported in 86.7% to 88.3% of patients in the different age groups, with 11%
to 19% of patients who experienced adverse events leading to treatment discontinuation. In all age
groups, most common adverse events were infections (70–76%), gastrointestinal disorders (52–58%),
and musculoskeletal or connective tissue disorders (51–55%). Other adverse events included disorders
of the skin, subcutaneous tissue, and respiratory tract. Serious adverse events were reported in 29% to
42% of patients, and included JIA reactivation, MAS, gastroenteritis, and Cytomegalovirus infection.
Beside the above mentioned evidence from clinical trials, the use of ANA and CANA in SJIA is also
supported by growing evidence coming from observational studies [79,86–93].

9. Kawasaki Disease

KD is an acute vasculitis of unknown etiology, which is typically observed in the pediatric
age. If untreated, patients with KD are at significantly higher risk of developing coronary artery
abnormalities, thromboembolic occlusions, and myocardial infarction, with subsequent increased
risk of mortality [94]. Many shortcomings still exist in studies aimed at defining the etiology of KD,
though different levels of evidence support the hypothesis that it is a complex disease with a unique
pathogenesis [95]. Intravenous immunoglobulins (IVIG) in association with aspirin represent the main
treatment for KD and their administration within the first 10 days following fever onset has been
associated with a 5-fold reduction in the risk of coronary artery aneurysms [96].
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The extent of acute phase response and a younger age at onset may be related to patients’
responsiveness to IVIG [97]. In particular, 10% to 15% of patients develop resistance to this treatment:
The prediction of IVIG resistance is a crucial issue for managing these children, as recognizing
high-risk patients should allow the administration of an intensified initial treatment in combination
with IVIG, and prevent coronary injuries [98]. Limited and local experiences suggest the possible benefit
of IL-1 inhibition in children with KD [99–104]. A retrospective case series by Koné-Paut et al. [105]
evaluated the use of ANA (2 to 8 mg/kg) in 11 children with KD aged 4 months to 9 years refractory to
standard treatment. Specifically, the main reasons for starting ANA were persistent inflammation,
progression of coronary dilations, and severe myocarditis with cardiac failure. ANA proved to be
effective in controlling KD. Namely, all patients had fever resolution and a decrease of inflammatory
parameters. Furthermore, 10 out of 11 patients had a decrease in coronary artery dilations. The other
patient died suddenly due to massive pericardial effusion secondary to giant aneurysm rupture while
on anticoagulant treatment. To date, two trials with ANA in children with Kawasaki disease are
ongoing (NCT02179853 and NCT02390596).

10. Conclusions

Recent evidence from both observational studies and clinical trials have clarified the efficacy of
ANA and CANA in the main AIDs, also revealing a good safety profile with minor concerns regarding
tolerability. In particular, the major treatment-related side effects of ANA are skin reactions at the
injection-site. This high rate of injection-site reactions can become so irritating for pediatric patients that
they require treatment withdrawal. In this regard, convincing patients, especially children, to continue
therapy can be challenging. Reactions can be mitigated by the application of topical hydrocortisone or
anti-histamine cream, but it may not be enough [106]. On the other hand, the overall safety of CANA
has shown an excellent tolerability [107], as highlighted by very few discontinuation rates and few
injection-site reactions. However, a slightly increased rate of non-serious infections related to the
upper respiratory tract has been observed [26]. Although these two anti-IL1 agents represent the most
effective treatments available in AIDs and also a promising tool in refractory KD, the development of
novel pharmacological formulations that further reduce side effects in pediatric sceneries is expected.
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