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Spinal muscular atrophy (SMA) a�ects one in 7,500–10,000 newborns. Before

the era of disease-modifying therapies, it used to be the major genetic

cause of mortality in infants. Currently, there are three therapies approved

for SMA, including two molecules modifying the splicing of the SMN2 gene

and one gene therapy providing a healthy copy of the SMN gene with

a viral vector. The best e�ects of any of these therapies are achieved

when the treatment is administered in the presymptomatic stage of the

disease, therefore newborn screening programs are being introduced in many

countries. Patients identified in newborn screening might be eligible for gene

therapy. However, gene therapy and the associated administration of steroids

in newborns might interfere with the vaccination schedule, which includes

live immunization against tuberculosis in some countries. The timing of gene

therapy in patients who received live vaccinations has not yet been addressed

neither in the clinical trials nor in the existing international guidelines. The

Polish Vaccinology Association has developed the first recommendations for

gene therapy administration in newborns who received live vaccination against

tuberculosis. Their statement was implemented in the current guidelines for

Polish SMA patients identified in the newborn screening program andmight be

helpful for medical professionals in other countries where live vaccine against

tuberculosis is still in routine use in newborns.

KEYWORDS

spinal muscular atrophy, newborn screening, vaccinations, gene therapy,

onasemnogene abeparvovec

Introduction

Spinal muscular atrophy associated with mutations in the SMN1 gene (SMA5q)

is a genetic neurodegenerative disease, inherited as an autosomal recessive trait.

In the course of the disease, the motor neurons of the spinal cord die, which
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leads to muscle weakness and atrophy. SMA is a severe

and progressive disease, that in most cases results in severe

motor disability and respiratory failure. Despite the very broad

spectrum of the age of the onset and clinical severity, nearly 90%

of SMA patients show symptoms in the first 2 years of life (1).

SMA is one of the most common genetic diseases, with

an incidence comparable to phenylketonuria. Studies on the

epidemiology of SMA in Europe, conducted in the period

2011–2015, indicate its incidence rate of about 1:3,900 to

1:16,000 births (2). For example, in this period, in Poland,

240 new cases of SMA were diagnosed (54 cases in 2015

alone), which corresponds to the incidence rate of approximately

1:8,300 births. The older Polish study, completed in 2010,

showed an incidence of 1:9,320 for the whole country and

1:7,127 for Warsaw, which suggested that some patients might

still be underdiagnosed (3). Recent data from the German

newborn screening program indicate the SMA birth prevalence

of 1:6,910 (4).

Spinal muscular atrophy is caused by a deficiency of SMN

protein (5). In humans, the SMN protein is encoded by two

genes—SMN1 and SMN2, which are alternatively spliced into

four isoforms (6). The full-length SMN protein is composed of

294 amino acids and controls many cell processes, i.e., almost

all aspects of RNA metabolism. Spinal muscular atrophy is

associated with mutations of the SMN1 gene. Mutations of the

SMN2 gene are not pathogenic and they occur in homozygous

status in about 10% of the healthy population (7). The spectrum

of SMN1 gene mutations is very homogeneous. Over 95% of

FIGURE 1

Proposed timing of gene therapy in Poland in the NBS era.

mutations of the SMN1 gene are biallelic loss of the exon 7

(7). In 3–4% of SMA patients point mutations have been found,

occurring in a heterozygous status with deletion. The SMN2

gene encodes an identical protein to the SMN1 gene. However,

due to the mononucleotide difference in exon 7 (c.840C> T),

the SMN2 gene is alternatively spliced and mostly a defective

product is formed, which undergoes rapid disintegration. Only

10% of the SMN2 gene product is a full-length SMN protein.

An increased number of SMN2 copies in SMA patients, being

a result of duplication or conversion, may compensate for the

deficiency of SMN protein and alleviate the phenotype of the

disease. The copy number of the SMN2 gene is considered a

basic phenotype modifier. The more copies of SMN2, the milder

course of the disease (7, 8). In patients with SMA1, two copies

of the SMN2 gene are most frequently observed, in patients

with SMA2—three copies of SMN2, in patients with SMA3-

−3–4 copies of the SMN2 gene. The presence of five copies

of the SMN2 gene can compensate for the loss of both alleles

of the SMN1 gene and very few patients were reported to be

symptomatic (8).

In the last few years, innovative methods of SMA treatment

have been developed based on the change in SMN2 gene

splicing or on delivering a correct copy of the SMN1 gene to

cells (gene therapy). They dramatically altered SMA prognosis.

However, the results of treatment correlate strongly with the

disease duration. Early treatment of SMA seems to be crucial

for maximizing therapeutic effects. The best results have been

obtained in patients treated presymptomatically. Newborn

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2022.890860
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Kotulska et al. 10.3389/fneur.2022.890860

FIGURE 2

Pathway of SMA patient identified in the NBS program in Poland.

FIGURE 3

Vaccination calendar in Poland in 2021.

Frontiers inNeurology 03 frontiersin.org

https://doi.org/10.3389/fneur.2022.890860
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Kotulska et al. 10.3389/fneur.2022.890860

screening (NBS) seems to be the best solution to guarantee an

early diagnosis of SMA (9). In Europe, the European Alliance for

Newborn Screening in Spinal Muscular Atrophy demanded that

by 2025, newborn screening programs in all European countries

should include a test for SMA for all newborn children (https://

www.sma-europe.eu/newborn-screening-in-sma). This goal is

achieved in an increasing number of countries (10). Starting in

April 2022, all newborns in Poland are tested for SMA.

Currently, three therapies are approved for SMA:

nusinersen, risdiplam, and onasemnogene abeparvovec.

Nusinersen (Spinraza
R©
) was the first disease-modifying

treatment approved by EMA and FDA for SMA patients

regardless of their age, SMA type, functional status, and the

number of SMN2 gene copies. Nusinersen is an antisense

oligonucleotide modulating SMN2 splicing (11, 12) to

increase the inclusion of exon 7 into the mRNA and enhance

the production of full-length SMN protein. The drug is

administered intrathecally every 4 months by lumbar puncture.

Risdiplam (Evrysdi
R©
) is another SMN2 mRNA splicing

modifier approved for the treatment of SMA in patients 2

months of age and older (in the EU) or without age limits (in

the USA), with a clinical diagnosis of type 1, type 2, and type 3

SMAor with one to four SMN2 copies (13, 14). It is administered

orally in daily doses.

Onasemnogene abeparvovec (Zolgensma
R©
) is a gene

replacement therapy approved by EMA for the treatment of

patients with 5q SMA with a bi-allelic mutation in the SMN1

gene and a clinical diagnosis of SMA type 1, or patients with

5q SMA with a bi-allelic mutation in the SMN1 gene and

up to three copies of the SMN2 gene, who weigh 2.6–21.0 kg.

Onasemnogene abeparvovec is administered with intravenous

infusion in a single dose.

Given that currently, the lower age limit for risdiplam

therapy is 2 months of life, only onasemnogene abeparvovec or

nusinersen may be used in newborns with SMA identified in the

NBS in European countries. Due to the administration once in a

patient’s life, gene therapy is getting more and more frequently

used as a first-choice treatment for SMA newborns and infants.

However, onasemnogene abeparvovec contains a viral vector

and requires concomitant steroid therapy, thus its interference

with the vaccine scheduling in newborns and young infants

might be challenging. In some countries, including Poland,

Brazil, and Russia, all newborns receive the live Bacille

Calmette-Guérin (BCG) vaccine against tuberculosis within

the first 3 days of life [13]; https://www.who.int/teams/health-

product-policy-and-standards/standards-and-specifications/

vaccines-quality/bcg]. In many other countries, including China

and the United Kingdom, BCG vaccine is recommended for

selected populations or in some regions [[14], World Health

Organization, BCG immunization coverage estimates by WHO

region. Global Health Observatory data repository (15)].

Moreover, gene therapy cannot be administered immediately

after the diagnosis of SMA is confirmed, as the anti-AAV-9

antibodies titer must be checked and the proper dose of

onasemnogene abeparvovec must be ordered individually.

In this article, we address the challenges of gene therapy

administration in newborns with SMA identified in newborn

screening in countries where the live BCG vaccine is still in

routine use in newborns. We will use the example of Poland,

where the vaccine is obligatory and the newborn screening

program is fully operational and cover the whole country with

a population of about 39 million.

Newborn screening program:
Practices in Poland

In Poland, neonatal screening tests have been conducted

since 1965, when newborn tests for phenylketonuria were

initiated. Currently, the National Newborn Screening Program

includes 30 diseases, therein congenital hypothyroidism,

phenylketonuria, cystic fibrosis, congenital adrenal hyperplasia,

biotinidase deficit congenital metabolism defects (a total of 23

disease entities), and spinal muscular atrophy. The screening

program is financed by the Ministry of Health and coordinated

centrally by the Institute of Mother and Child (Warsaw). There

are two dedicated laboratories performing the tests.

The newborn screening program for SMA (NBS-SMA) was

implemented inMarch 2021 in one region and since then further

regions were subsequently included. In April 2022, the whole

Poland was covered with NBS for SMA. The NBS-SMA is the

first test that is solely based on genetic analysis that aims to

identify individuals with homozygous deletion of exon 7 in the

SMN1 gene.

Standard dry blood spots, which are also collected for

metabolic and biochemical analyses on ≈3rd day after delivery,

are used for DNA extraction. The test is based on PCR and then

the multiplex ligation probe dependent amplification (MLPA)

method is used to confirm the presence of SMN1 exon 7

homozygous deletion and to assess the number of SMN2 copies.

This method is routinely used in the diagnosis of patients

with the suspicion of spinal muscular atrophy. Till the end

of September 2022, 49 SMA patients were identified in the

Polish NBS-SMA program. The initial screening result was

obtained, on average, on the 9th day of life (range: 7–13), and

the diagnostic result was obtained on Day 15 (range: 11–19)

(personal data of Prof. Monika Gos).

From the genetic diagnosis to
treatment implementation: Patient’s
pathway

In Poland, the treatment of SMA is reimbursed and centrally

coordinated by the National Healthcare System (NFZ). The

national board is responsible for the inclusion and exclusion
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of patients and for the evaluation of the treatment program.

According to the recommendations of the board (https://

www.czd.pl/strony/dzialalnosc-kliniczna/zespoly/zespol-

koordynacyjny-ds-leczenia-chorych-na-rdzeniowy-zanik-

miesni), the genetic laboratory should immediately inform the

SMA center nearest to the place when the patient lives about

the positive test results. The family should be invited to be seen

by the pediatric neurologist within two working days. During

the initial visit, the neurological and pediatric examination

should be performed and the blood sample for the confirmatory

genetic test should be obtained. Additionally, a blood test for

AAV9 antibodies in all patients potentially eligible for gene

therapy is recommended. In symptomatic cases, especially

newborns presenting with swallowing or breathing problems,

it is recommended to start the treatment before the results

of the confirmatory genetic test are available. The results of

the confirmatory test are usually known within 2–7 days and

such delay might expose the patients to the unnecessary risk of

significant deterioration (4, 16).

In asymptomatic children, a confirmatory test is mandatory,

and the treatment should be introduced only after the SMA

diagnosis is definite. Currently, nusinersen, risdiplam, and

onasemnogene abeparvovec are reimbursed for SMA treatment

in Poland. Nusinersen is widely available for all SMA patients,

regardless of their symptoms, age, and the number of SMN2 gene

copies. Risdiplam is available only for patients aged 2 months or

more, so it cannot be used in newborns. Moreover, currently, in

Poland, risdiplam is reimbursed only in patients who cannot be

treated with nusinersen. Onasemnogen abeparvovec is available

for all SMA patients tested in the newborn screening program,

presymptomatic or asymptomatic, aged up to 6 months, and

having not more than 3 SMN2 gene copies. Patients with

severe SMA symptoms, especially breathing or swallowing

problems, and whose CHOP-INTEND score is below 13

are excluded.

There are controversies on the timing of treatment

of presymptomatic patients with four SMN2 gene copies.

Currently, more experts recommend immediate treatment (17).

According to the Polish recommendations, both immediate

treatment and watch-and wait strategy can be considered.

However, if the watchful waiting is chosen, the patient should

be seen by a pediatric neurologist at least every month in the

first year of life. All treatment options should be discussed with

the family.

About onasemnogene abeparvovec

Onasemnogene abeparvovec contains a full-length

functional copy of the human SMN gene and a non-replicating

recombinant adeno-associated virus serotype 9 (AAV9) vector

(18). The clinical efficacy and safety profile of the drug was

demonstrated in several clinical trials, starting from the

AVXS-101-CL-101 or START study, which was an open-label,

phase 1/2a trial conducted to establish the dose of gene therapy

in infants with the clinical diagnosis of SMA1 (18–20). The

SPR1NT (NCT03505099) study was a multicenter, open-

label, phase 3, a trial evaluating the safety and efficacy of

onasemnogene abeparvovec in presymptomatic SMA infants

who have two to three copies of the SMN2 gene. All infants were

alive and did not require mechanical ventilation at a mean age of

14.8 months. In the cohort of 14 patients with two SMN2 copies,

the mean increase in CHOP INTEND score was 15.7 points at 9

months after dosing (21, 22). In the three SMN2 copies cohort,

8 out of 15 patients achieved the primary efficacy endpoint of

independent standing. The remaining seven patients who had

not achieved this milestone were all younger than 16.9 months

of age.

Onasemnogene abeparvovec is administered in a single

intravenous administration. The recommended dose is 1.1 ×

1014 vector genomes per kilogram (vg/kg) of body weight (18,

23).

Adverse events of gene therapy include acute liver injury,

elevated troponin I, and transient thrombocytopenia and are

related to the immunological response to the vector (24, 25).

To alleviate them, steroid therapy should be given 1-day before

gene therapy administration and continued for at least 30 days. If

the liver functions are unremarkable, steroids should be tapered

off over the next 28 days. The recommended dose of steroids

is equivalent to oral prednisolone at 1 mg/kg/day but may

be increased to 2 mg/kg/day if the patient does not respond

adequately to the lower dose. Recently, severe thrombotic

microangiopathy (TMA) as a side effect was reported in five

onasemnogene abeparvovec recipients (26, 27). Two of them

had infections, and both had recently been vaccinated.

Currently, European experts recommend using gene therapy

in SMA patients weighing up to 13.5 kg and aged <6 months,

ideally in the presymptomatic stage of the disease (28).

Obligatory BCG vaccines in
newborns

Bacille Calmette-Guérin vaccine against tuberculosis is

one of the oldest immunizations still in routine use in many

countries (29). Currently, according to WHO and UNICEF

data, the global coverage of BCG vaccination in 1 year

olds is about 84% (https://immunizationdata.who.int/pages/

coverage/BCG.html?CODE=Global&YEAR=). Usually, it is

given at birth (30, 31). It is a live vaccine, exerting several

non-specific immunomodulatory and anti-inflammatory effects

(32). However, BCG is a highly attenuated vaccine, and even

in children with substantial risk factors, including severe

immunodeficiency, interleukin-12 defects, granulomatous

disease, HIV infection, cancer, or malnutrition, it is associated

with a low risk of disseminated infection (about 1%) (33, 34).

One of the most important adverse events of the BCG vaccine

is BCG-itis or generalized dissemination of vaccine-attenuated
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bovine mycobacteria. It is a potentially severe, but rare and

treatable condition (35).

Gene therapy in BCG
recipients—existing guidelines

Currently, there is no data available on the use of

gene therapy and concomitant steroids in children who

received live BCG vaccines. FDA (https://www.fda.gov/

media/126109/download) recommends adjusting a patient’s

vaccination schedule to accommodate concomitant

corticosteroid administration before and following

onasemnogene abeparvovec infusion (36). Specifically,

vaccines, such as measles, mumps, rubella (MMR), and

varicella, are contraindicated for patients on a substantially

immunosuppressive steroid dose (i.e., ≥2 weeks of daily

receipt of 20mg or 2 mg/kg body weight of prednisone

or equivalent) (29). Similar recommendations have been

recently published by a group of experts (37). According to

this opinion, scheduled and seasonal vaccination of patients

should be adjusted to accommodate concomitant prednisolone

administration (ideally a minimum of 2 weeks before infusion).

However, in the USA and many other countries where clinical

trials with onasemnogene abeparvovec were conducted,

the vaccination schedule does not include mandatory BCG

immunization in newborns (38, 39), so the FDA and the group

of experts did not address this issue at all. Medscape service

includes BCG vaccine live to the list of contraindications for

onasemnogene abeparvovec, stating that live vaccines should

be avoided for at least 1 month when initiating high dose

systemic corticosteroids (https://reference.medscape.com/drug/

zolgensma-onasemnogene-abeparvovec-1000314#3). The BCG

vaccine is the only live one that is commonly administered in

children at birth before the genetic test results are available.

Therefore, in children identified in the newborn screening

program, only the BCG vaccine might be associated with

significant safety concerns.

The recommendations of the Polish
Vaccinology Association

During the development of the inclusion of gene therapy

in the Polish SMA treatment program, the Polish Vaccinology

Association was asked for an opinion on the possible adjustment

of the vaccination calendar in SMA children receiving gene

therapy. Considering that diagnosis of SMA in children

tested in the newborn screening program in Poland is

established very early (before the age of 2 weeks in many

cases), the issue of the BCG vaccine emerged. The Polish

Vaccinology Association discussed the schedule of vaccines

and gene therapy in SMA children in Poland (for Polish text

see: http://ptwakc.org.pl/2021/08/31/stanowisko-zarzadu-

polskiego-towarzystwa-wakcynologii-w-sprawie-szczepien-

bcg-w-zwiazku-z-wprowadzeniem-terapii-genowej-sma/).

The schedule of mandatory vaccinations for children in

Poland is presented on Figure 1. According to their opinion,

onasemnogene abeparvovec does not include replication-

competent virus and it should not be considered as “a sort of live

vaccine”. In this context, determining the interval between gene

therapy and immunization should be based on the dose and

duration of steroid use. The dose of corticosteroids converted

to prednisone at a dose >2 mg/kg or a daily dose >20mg for

more than 14 days is considered immunosuppressive. Before

gene therapy, it cannot be predicted if the patient requires a

high dose of steroids or not. Therefore, The Polish Vaccinology

Association recommends a minimum 2-week interval between

the administration of the BCG vaccine and gene therapy

combined with corticosteroid therapy.

The Polish Vaccinology Association released also

recommendations on vaccinations in children who received

gene therapy for SMA. Rotavirus vaccination in children on

immunosuppressive therapy may be associated with a higher

risk than the likelihood of natural disease. Therefore, it should

not be recommended to administer this vaccine to patients

receiving gene therapy and steroids. The administration

of the MMR vaccine to patients following gene therapy

should be postponed. The interval between completion

of immunosuppressive treatment with corticosteroids and

administration of MMR vaccine should not be <30 days. Since

killed vaccines are not associated with any additional risk for

patients receiving such immunosuppression, the schedule of

killed vaccines does not need to be changed. However, the

attenuation of the immune response to the vaccination can

be expected. Infants with SMA should receive vaccines with a

cell-free pertussis component, preferably a high-conjugation

“5-in-1” or “6-in-1” vaccines.

To sum up, the Polish Vaccinology Association

recommended as follows:

• BCG Vaccinations in all Infants in the first Days of Their

Life Before BeingDischarged From theHospital, According

to the Recommendations Contained in the PSO for 2021.

• Early Treatment of the SMA Should not be Postponed

in BCG Vaccination Recipients, as the Benefits of

Treatment Outweigh the Risks Associated With Possible

Complications of BCG Vaccination.

• A Minimum 2-Week Interval Between the Administration

of BCG Vaccine and Gene Therapy Combined With

Corticosteroid Therapy.

• An Extended Clinical Workout in the Event of Disturbing

Symptoms After Gene Therapy Administration in an Infant

Vaccinated With the BCG

• Infants Receiving Gene Therapy Should be Vaccinated

With Inactivated Vaccines According to Their Schedule.
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• Inactivated Vaccines Should Also be Considered in

Children Receiving Immunosuppressive Treatment.

Infants With SMA, Similarly to Other Children With

Neurologic Disease, Should Receive Vaccines With a Cell-

Free Pertussis Component, Preferably a High-Conjugation

“5-in-1” or “6-in-1” Vaccines.

• Live (Attenuated) Vaccines Should be Postponed

Until Corticosteroids Therapy Is Tapered off. The

Need for the Rotavirus Vaccination in Children

Receiving Immunosuppressive Treatment Should be

Discussed Individually, as There Is an Increased Risk

of Complications.

• The Decision on Vaccinations and Their Timing Should

be Made Individually in Children Receiving Gene Therapy

and Steroids.

The timing of vaccinations and associated restrictions for

gene therapy in newborns in Poland are shown in Figure 2.

Practical considerations on gene
therapy timing in patients identified
in the newborn screening program

Recent clinical practice indicates that in Poland the positive

result of NBS is usually known in patients aged 10–14 days. At

this moment, the possible treatment options should be discussed

with the parents/caregivers, considering the neurological status

of the patient, the risks and benefits of the therapies, their

availability, and the vaccine schedule. In symptomatic newborns

and in those who have up to 3 copies of the SMN2 gene,

the therapy should not be deferred. Out of the three therapies

in SMA, only nusinersen and onasemnogene abeparvovec are

currently approved by EMA in newborns.

In symptomatic cases, treatment should be initiated

immediately. In asymptomatic children, a confirmatory test is

mandatory, and the treatment should be introduced only after

SMA diagnosis is definite. If gene therapy is considered, the

anti AAV9 antibodies level should be examined prior to the

treatment. Currently, in Poland, it takes 2 to maximum 3 days

to get the result of the test. Given that the sample can be taken

together with the DNA sample for the confirmatory genetic test,

it does not produce any extra delay in the asymptomatic patient’s

treatment (Figure 3). However, in symptomatic children it is

associated with deferral, so in these cases, immediate treatment

with nusinersen should be considered and discussed with

the caregivers.

According to the opinion of the Polish Vaccinology

Association, steroids should not be started earlier than 14 days

after BCG vaccination. It means that if the patient received the

BCG vaccine at the age of 1 day, steroids could be administered

on Day 15 as the earliest. Accordingly, the earliest age to

administer gene therapy is Day 16.

Conclusion

The newborn screening program offers a unique

opportunity to treat SMA in its presymptomatic stage. However,

in the era of more than one available disease-modifying therapy,

NBS raises also new challenges, including the choice of optimal

treatment in newborns and the timing of therapy.

In this article, we addressed the possible use of gene therapy

in newborns who received live BCG vaccination. Considering

the schedule of vaccines and the timing of SMA diagnosis in

the NBS, gene therapy administration is feasible, especially in

presymptomatic newborns. However, further efforts should be

made to establish the long-term efficacy and safety of both gene

therapy and immunizations in SMA patients.
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10. Dangouloff T, Vrščaj E, Servais L, Osredkar D, SMA NBS World Study
Group. Newborn screening programs for spinal muscular atrophy worldwide:
where we stand and where to go. Neuromuscul Disord. (2021) 31:574–
82. doi: 10.1016/j.nmd.2021.03.007

11. Finkel RS, Chiriboga CA, Vajsar J, Day JW, Montes J, De Vivo
DC, et al. Treatment of infantile-onset spinal muscular atrophy with
nusinersen: a phase 2, open-label, dose-escalation study. Lancet. (2016)
388:3017–26. doi: 10.1016/S0140-6736(16)31408-8

12. Chiriboga CA, Swoboda KJ, Darras BT, Iannaccone ST, Montes J,
De Vivo DC, et al. Results from a phase 1 study of nusinersen (ISIS-
SMN(Rx)) in children with spinal muscular atrophy. Neurology. (2016) 86:890–
7. doi: 10.1212/WNL.0000000000002445

13. Baranello G, Darras BT, Day JW, Deconinck N, Klein A, Masson R, et al.
Risdiplam in type 1 spinal muscular atrophy. N Engl J Med. (2021) 384:915–
23. doi: 10.1056/NEJMoa2009965

14. Dhillon S. Risdiplam: first approval. Drugs. (2020) 80:1853–
8. doi: 10.1007/s40265-020-01410-z

15. Global Health Observatory data repository. BCG Immunization Coverage
Estimates by WHO Region. (2018). Available online at: https://apps.who.int/gho/
data/view.main.81500?lang=en

16. Schwartz O, Kölbel H, Blaschek A, Gläser D, Burggraf S, Röschinger W, et al.
Spinal Muscular Atrophy - Is Newborn Screening Too Late for Children with Two
SMN2 Copies? J Neuromuscul Dis. (2022) 9:389–96. doi: 10.3233/JND-220789

17. Glascock J, Sampson J, Connolly AM, Darras BT, Day JW, Finkel R,
et al. Revised recommendations for the treatment of infants diagnosed with
spinal muscular atrophy via newborn screening who have 4 copies of SMN2. J
Neuromuscul Dis. (2020) 7:97–100. doi: 10.3233/JND-190468

18. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW,
et al. Single-dose gene-replacement therapy for spinal muscular atrophy. N Engl J
Med. (2017) 377:1713–22. doi: 10.1056/NEJMoa1706198

19. Mendell JR, Al-Zaidy SALehman KJ, McColly M, Lowes LP, Alfano
LN, et al. Five-year extension results of the phase 1 START trial of
onasemnogene abeparvovec in spinal muscular atrophy. JAMA Neurol. (2021)
78:834–41. doi: 10.1136/thorax-2020-BTSabstracts.17

20. Mendell J, Finkel R, Mercuri E, Strauss K, Day J, Kleyn A, et al. Long-Term
Follow-up (LTFU) of onasemnogene abeparvovec gene therapy in Spinal Muscular
Atrophy. In:2021 Muscular Dystrophy Association Virtual Clinical and Scientific
Conference. (2021). Available online at: https://www.mda.org/conferences/2021-
clinical-and-scientific-conference

21. Strauss K, Farrar M, Muntoni F, Saito K, Mendell J, Servais L, et al.
Onasemnogene abeparvovec gene therapy in presymptomatic spinal muscular
atrophy (SMA): SPR1NT study update in children with three copies of SMN2.

In: 2021 Muscular Dystrophy Association Virtual Clinical and Scientific Conference
March 15-16. (2021). Available online at: https://www.mda.org/conferences/2021-
clinical-and-scientific-conference

22. Strauss K, Farrar MA, Munton F, Saito K, Mendell J, Servais L, et al.
Onasemnogene abeparvovec gene therapy in presymptomatic spinal muscular
atrophy (SMA): SPR1NT study update in children with two copies of SMN2. In:
2021 Muscular Dystrophy Association Virtual Clinical and Scientific Conference
March 15-16. (2021). Available online at: https://www.mda.org/conferences/2021-
clinical-and-scientific-conference

23. Al-Zaidy S, Pickard AS, Kotha K, Alfano LN, Lowes L, Paul G, et al. Health
outcomes in spinal muscular atrophy type 1 following AVXS-101 gene replacement
therapy. Pediatr Pulmonol. (2019) 54:179–85. doi: 10.1002/ppul.24203

24. Al-Zaidy SA, Kolb SJ, Lowes L, Alfano LN, Shell R, Church KR,
et al. AVXS-101 (Onasemnogene Abeparvovec) for SMA1: comparative study
with a prospective natural history cohort. J Neuromuscul Dis. (2019) 6:307–
17. doi: 10.3233/JND-190403

25. Chand D, Mohr F, McMillan H, Tukov FF, Montgomery K, Kleyn A, et al.
Hepatotoxicity following administration of onasemnogene abeparvovec (AVXS-
101) for the treatment of spinal muscular atrophy. J Hepatol. (2021) 74:560–
6. doi: 10.1016/j.jhep.2020.11.001

26. Chand DH, Zaidman C, Arya K, Millner R, Farrar MA, Mackie
FE, et al. Thrombotic microangiopathy following onasemnogene abeparvovec
for spinal muscular atrophy: a case series. J Pediatr. (2021) 231:265–
8. doi: 10.1016/j.jpeds.2020.11.054

27. Prabhu N, Saylam E, Louis C, Moss M, Millner R, Douglass D, et al.
ThromboticMicroangiopathy (TMA): a potential adverse reaction post Zolgensma
(onasemnogene abeparvovec-xioi) therapy for Spinal Muscular Atrophy (SMA)
(5483). Neurology. (2020) 94(Supplement 15):5483.

28. Kirschner J, Butoianu N, Goemans N, Haberlova J, Kostera-Pruszczyk A,
Mercuri E, et al. European ad-hoc consensus statement on gene replacement
therapy for spinal muscular atrophy. Eur J Paediatr Neurol. (2020) 28:38–
43. doi: 10.1016/j.ejpn.2020.07.001

29. Marshall GS. The Vaccine Handbook: A Practical Guide for Clinicians. 7th ed.
San Juan: Professional Communications, Inc. ISBN: 978-1-943236-31-2 (2018).

30. Trunz BB, Fine P, Dye C. Effect of BCG, vaccination on
childhood tuberculous meningitis and miliary tuberculosis worldwide:
a meta-analysis and assessment of cost-effectiveness. Lancet. (2006)
367:1173–80 doi: 10.1016/S0140-6736(06)68507-3

31. Dockrell HM, Smith SG. What have we learnt about BCG vaccination in the
last 20 years? Front Immunol. (2017) 8:1134. doi: 10.3389/fimmu.2017.01134

32. Bannister S, Kim B, Domínguez-Andrés J, Kilic G, Ansell B, Neeland
MR, et al. Neonatal BCG vaccination is associated with a long-term
DNA methylation signature in circulating monocytes. Sci Adv. (2022)
8:eabn4002. doi: 10.1126/sciadv.abn4002

33. Lamm DL, Steg A, Boccon-Gibod L, Morales A, Hanna MG Jr, Pagano
F, et al. Complications of Bacillus Calmette-Guerin immunotherapy: review of
2602 patients and comparison of chemotherapy complications. Prog Clin Biol Res.
(1989) 310:335–55.

34. Organon Teknika Corporation LLC. BCG Vaccine USP Insert. Durham, NC:
Organon Teknika Corporation LLC (2018).

35. Shrot S, Barkai G, Ben-Shlush A, SoudakM. BCGitis and BCGosis in children
with primary immunodeficiency—imaging characteristics. Pediatr Radiol. (2016)
46:237–45. doi: 10.1007/s00247-015-3464-z

36. Kroger A, Bahta L, Hunter P. General Best Practice Guidelines for
Immunization. Best Practices Guidance of the Advisory Committee on Immunization
Practices (ACIP). (2022). Available online at: https://www.cdc.gov/vaccines/hcp/
acip-recs/general-recs/downloads/general-recs.pdf (accessed October 25, 2022).

37. Kichula EA, Proud CM, Farrar MA, Kwon JM, Saito K, Desguerre I, et al.
Expert recommendations and clinical considerations in the use of onasemnogene
abeparvovec gene therapy for spinal muscular atrophy. Muscle Nerve. (2021)
64:413–27. doi: 10.1002/mus.27363

38. Zwerling A, Behr MA, Verma A, Brewer TF, Menzies D, Pai M.
The BCG World Atlas: a database of global BCG vaccination policies
and practices. PLoS Med. (2011) 8:e1001012. doi: 10.1371/journal.pmed.
1001012

39. Liao Q, Zheng Y, Wang Y, Ye L, Liu X, Jiao W, et al.
Effectiveness of Bacillus Calmette-Guérin vaccination against severe
childhood tuberculosis in China: a case-based, multicenter retrospective
study. Int J Inf Dis. (2022) 121:113–9. doi: 10.1016/j.ijid.2022.
04.023

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2022.890860
https://doi.org/10.1002/ana.24864
https://doi.org/10.1186/s13023-017-0671-8
https://doi.org/10.1159/000275492
https://doi.org/10.1186/s13023-021-01783-8
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1038/gt.2017.34
https://doi.org/10.1146/annurev-genom-102319-103602~
https://doi.org/10.1016/j.nmd.2018.01.003
https://doi.org/10.1016/j.nmd.2021.08.009
https://doi.org/10.1016/j.nmd.2021.03.007
https://doi.org/10.1016/S0140-6736(16)31408-8
https://doi.org/10.1212/WNL.0000000000002445
https://doi.org/10.1056/NEJMoa2009965
https://doi.org/10.1007/s40265-020-01410-z
https://apps.who.int/gho/data/view.main.81500?lang=en
https://apps.who.int/gho/data/view.main.81500?lang=en
https://doi.org/10.3233/JND-220789
https://doi.org/10.3233/JND-190468
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1136/thorax-2020-BTSabstracts.17
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://www.mda.org/conferences/2021-clinical-and-scientific-conference
https://doi.org/10.1002/ppul.24203
https://doi.org/10.3233/JND-190403
https://doi.org/10.1016/j.jhep.2020.11.001
https://doi.org/10.1016/j.jpeds.2020.11.054
https://doi.org/10.1016/j.ejpn.2020.07.001
https://doi.org/10.1016/S0140-6736(06)68507-3
https://doi.org/10.3389/fimmu.2017.01134
https://doi.org/10.1126/sciadv.abn4002
https://doi.org/10.1007/s00247-015-3464-z
https://www.cdc.gov/vaccines/hcp/acip-recs/general-recs/downloads/general-recs.pdf
https://www.cdc.gov/vaccines/hcp/acip-recs/general-recs/downloads/general-recs.pdf
https://doi.org/10.1002/mus.27363
https://doi.org/10.1371/journal.pmed.1001012
https://doi.org/10.1016/j.ijid.2022.04.023
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Newborn screening and gene therapy in SMA: Challenges related to vaccinations
	Introduction
	Newborn screening program: Practices in Poland
	From the genetic diagnosis to treatment implementation: Patient's pathway
	About onasemnogene abeparvovec
	Obligatory BCG vaccines in newborns
	Gene therapy in BCG recipients—existing guidelines
	The recommendations of the Polish Vaccinology Association
	Practical considerations on gene therapy timing in patients identified in the newborn screening program
	Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


