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Background: Live viral vaccines are generally contraindicated in patients with combined
immunodeficiency including cartilage-hair hypoplasia (CHH); however, they may be
tolerated in milder syndromes. We evaluated the safety and efficacy of live viral vaccines
in patients with CHH.

Methods: We analyzed hospital and immunization records of 104 patients with CHH
and measured serum antibodies to measles, mumps, rubella, and varicella zoster virus
(VZV) in all patients who agreed to blood sampling (n = 50). We conducted a clinical
trial (ClinicalTrials.gov identifier: NCT02383797) of live VZV vaccine on five subjects with
CHH who lacked varicella history, had no clinical symptoms of immunodeficiency, and
were seronegative for VZV; humoral and cellular immunologic responses were assessed
post-immunization.

Results: A large proportion of patients have been immunized with live viral vaccines,
including measles-mumps-rubella (MMR) (n = 40, 38%) and VZV (n = 10, 10%) vaccines,
with no serious adverse events. Of the 50 patients tested for antibodies, previous
immunization has been documented with MMR (n = 22), rubella (n = 2) and measles
(n = 1) vaccines. Patients with CHH demonstrated seropositivity rates of 96%/75%/91%
to measles, mumps and rubella, respectively, measured at a medium of 24 years post-
immunization. Clinical trial participants developed humoral and cellular responses to VZV
vaccine. One trial participant developed post-immunization rash and knee swelling, both
resolved without treatment.
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Conclusion: No serious adverse events have been recorded after immunization with
live viral vaccines in Finnish patients with CHH. Patients generate humoral and cellular
immune response to live viral vaccines. Immunization with live vaccines may be
considered in selected CHH patients with no or clinically mild immunodeficiency.

Keywords: clinical trial, combined immunodeficiency, immunization, MMR, RMRP, vaccination, varicella
zoster virus

INTRODUCTION

Cartilage-hair hypoplasia (CHH, MIM #250250) is a rare
skeletal dysplasia with combined immunodeficiency. CHH
is caused by mutations in the RMRP gene, encoding the
RNA component of the mitochondrial RNA-processing
endoribonuclease RNase MPR (1). Impaired RMRP functioning
results in cell cycle disturbances, altered telomere biology
and changes in gene regulation (2–4). Patients with CHH
demonstrate highly variable degree of immune defect,
ranging from asymptomatic lymphopenia to severe combined
immunodeficiency necessitating hematopoietic stem cell
transplantation (5, 6).

The first report on CHH among the Amish described fatal
outcomes after varicella zoster virus (VZV) primary infection (7).
Since then, several CHH patients with severe varicella, but not
fatalities, have been reported (8–12). In the large Finnish case
series published in 1990s, only two out of 56 patients with a
history of varicella had required hospitalization (13). In a more
recent Amish series of 25 patients, neither antiviral medications
nor hospitalizations were needed for varicella (14).

Patients with CHH can develop fatal complications after
administration of live viral vaccines against smallpox or polio (15,
16). The development of humoral or cellular response after live
vaccine administration has not been previously assessed in CHH.
CD4+ cells producing interferon gamma (IFN-γ) contribute
significantly to the immunity from VZV, and measurement of
IFN-γ response represents a simple method for evaluation of
VZV-specific cellular immunity (17, 18).

Live vaccines are generally contraindicated in patients with
combined immunodeficiency, although they can be tolerated
in milder syndromes (19). Measles-mumps-rubella (MMR) and
VZV vaccines are safe in children with partial DiGeorge
syndrome who have CD4 + T cell counts of ≥500 cells/mm3

(19). In children infected with human immunodeficiency virus,
live vaccines are considered safe if CD4 + T cell count is >200
cells/mm3 or >15% (19).

In order to enable evidence-based decisions on the
immunization of patients with CHH, we collected clinical
data on the course of live-vaccine preventable diseases and
analyzed vaccination and serologic data for the administered
live viral vaccines in a large cohort of Finnish CHH patients,
and then conducted a clinical trial with live VZV vaccine in this
patient population.

Abbreviations: CHH, cartilage-hair hypoplasia; IFN-γ, interferon gamma; MMR,
measles, mumps, rubella; PBMC, peripheral blood mononuclear cells; VZV,
varicella oster virus.

MATERIALS AND METHODS

The study protocol and the clinical trial (ClinicalTrials.gov
identifier: NCT02383797, registered on March 9, 2015) were
approved by the Institutional Ethics Committee at Helsinki
University Hospital and University of Helsinki, Finland.
Additional approval for the clinical trial was obtained from the
Finnish Medicines Agency (FIMEA). The study was conducted
in accordance with the Declaration of Helsinki and national and
institutional standards. All participants and/or caregivers signed
informed consents.

Clinical and Laboratory Data
Clinical data, including data on live-vaccine preventable diseases,
were obtained from the patients directly, as well as retrospectively
from health records, as part of our previous studies exploring
characteristics and natural course of CHH in the Finnish cohort
(5, 13, 20, 21). Only provider-recorded data in the patients’
immunization certificates were considered reliable and were
included in the analysis of immunizations. The researchers had
access to data on all hospitalizations of the study patients,
beginning from 1969, via the Health Registers described in detail
previously (21).

Serum samples were obtained from patients during clinical
visits as part of our previous study (5). All patients who agreed
to blood sampling were included, except those with ongoing
immunoglobulin replacement therapy. The patients were not
selected on the basis of the history of live-vaccine preventable
diseases or immunization with live vaccines. Samples were
analyzed by enzyme immunoassays for the presence of antibodies
to measles, mumps, rubella, and VZVs. Reference values of the
local laboratory (HUSLAB) were applied, and the titers were
considered protective if over 15 EIU for rubella and VZVs, while
for antibodies against measles and mumps viruses, qualitative
assays were used.

Clinical Trial of Live Varicella Vaccine
We conducted an open-label clinical trial on live VZV vaccine
(Figure 1). Of the 120 patients with CHH in the Finnish Skeletal
Dysplasia Register, we recruited five patients. Inclusion criteria
were: (1) genetically confirmed CHH, (2) age >12 months, and
(3) no history of varicella. Exclusion criteria were (1) history
of immunization against VZV, (2) positive serum antibodies for
VZV, (3) low CD4 + T cell counts (<15% or <200 cells/mm3),
(4) clinical signs of severe immunodeficiency, or (5) ongoing
immunoglobulin replacement therapy.

In 2015–2017, all recruited patients were given one or two
doses of Varilrix R©, a live-attenuated VZV Oka strain vaccine,
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FIGURE 1 | Recruitment to the clinical trial of safety and efficacy of live varicella zoster virus vaccine in patients with cartilage-hair hypoplasia.

subcutaneously, by the nurses in the health care facilities. One
dose contained at least 103.3 plaque forming units of VZV.
A second dose was administered if the serologic response after
primary immunization was negative.

Blood samples were drawn pre-immunization and 4-6 weeks
post-immunization for evaluation of humoral and cellular
responses. Humoral responses were assessed by measurement
of serum VZV-specific antibodies by enzyme immunoassay in
HUSLAB. Cellular responses were assessed by elispot using
cryopreserved peripheral blood mononuclear cells (PBMC).
Control PBMC samples were obtained from (1) healthy adult
volunteers with a history of varicella disease, (2) CHH families,
healthy siblings who had been immunized against varicella, and
3) one patient with CHH and a history of varicella.

Peripheral blood mononuclear cells were isolated from
heparinized blood samples by Ficoll centrifugation. The isolated
cells were counted and frozen in RPMI1640 cell culture medium
containing 10% heat-inactivated human male serum (Innovative
Research, Peary Court Novi, MI, United States) and 10%
Dimethyl sulfoxide. Freezing of the isolated PBMCs to −80◦C
was done gradually in a temperature-controlled way in 1.8 ml
cryotubes using isopropanol-filled cryofreezing containers. The
next day the frozen cells were transferred to automated liquid
nitrogen freezer (AGA, Finland) for long term storage at
−180◦C until use.

Peripheral blood mononuclear cells from patients with CHH
and controls were subjected to IFN-γ elispot antigen response
analysis (3420-4HST-2, MabTech, Nacka Strand, Sweden). The
elispot was performed according to manufacturer’s protocol with
24 h stimulation with VZV antigen preparation (PR-BA104, Jena

Bioscience, Löbstedter, Germany). Shortly, thawed PBMC were
cultured on IFN-γ elispot strips in CTL-test medium (CTLT-
010, Cellular Technology Limited, OH, United States) in 5%
CO2 humidified incubator at 37◦C. For antigen response, cells
in triplicate wells were stimulated with 2 ug of VZV antigen
and compared to CTL-test only negative controls. MabTech anti-
CD3 (1:1000) was used as positive control to TCR-stimulant for
T cells. The IFN-γ spots were made visible with streptavidin-
HRP enzymatic assay (3420-4HST-2, MabTech) and the number
of IFN-γ spots were counted with elispot reader system (Elispot
Reader System ELRIFL04, AID, Strassberg, Germany) with
cutoff settings for a size and staining intensity of the positive
spots deriving from the corresponding positive and negative
control spots. The identity of patient and control samples
was blinded during the elispot analysis. The statistical analysis
of the elispot data (Paired-Wilcoxon) was done in RStudio
(1.25) running R (3.6.2) with packages (rstatix, ggpubr, and
tidyverse) available in r-project (cran.r-project.org). If patient
had received two doses of vaccine, the data from the sample
collected after the second dose was used in the analysis. One
sample (vaccinated healthy control) was dropped from the
data due to very low level of reactive T cells in anti-CD3
positive control.

All patients/caregivers were instructed to report any adverse
reactions immediately to the researchers and were additionally
contacted by phone 4–6 weeks post-immunization to record
potential adverse events. In addition, patient records of all clinical
trial participants were assessed at the time of writing (3–5 years
post-immunization) to check for possible long-term adverse
events or breakthrough VZV infection.
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RESULTS

Cohort Description
Of the identified 120 patients with CHH in Finland, informed
consent for the use of clinical and laboratory data was obtained
from 104 patients during our previous studies (Figure 1). All
patients were either homozygous or compound heterozygous for
the g.71A > G RMRP mutation.

The clinical characteristics of this cohort have been reported
in our recent publication (20), According to our clinical
immunodeficiency categorization (21) and based on data on
childhood symptoms available in 103/104 patients, 62 patients
were classified as clinically asymptomatic, another 28 individuals
demonstrated symptoms of humoral immunodeficiency with
recurrent respiratory tract infections and/or sepsis, and the
remaining 13 patients were regarded as having combined
immunodeficiency in childhood, based on the additional features
of autoimmunity or opportunistic infections. During lifetime,
twelve patients had received immunoglobulin replacement
therapy and one patient had undergone a hematopoietic stem
cell transplant. Retrospective laboratory data demonstrated
lymphopenia in 36/83 (43%) patients in childhood and in 37/74
(50%) patients in adulthood.

Live-Vaccine Preventable Diseases in
Patients With CHH
A significant number of patients reported history of measles
(n = 32), mumps (n = 24) and/or rubella (n = 18) (Table 1),
that, in the majority of patients, was also confirmed from the
hospital records. All cases occurred in unvaccinated patients,
prior to the 1980s, and had been diagnosed clinically. No
hospitalizations were linked to measles, mumps, or rubella. Also,
no long-term complications have been documented, including no
cases of measles-associated subacute sclerosing panencephalitis
or rubella-associated granulomatous skin lesions.

A history of varicella was reported in 73 patients with
CHH. In addition, five more patients were seropositive for VZV

despite negative clinical history. Of these 78 patients, seven
were hospitalized for varicella due to severe disease, at least
two of whom had concomitant pneumonia, all seven recovered.
In addition, nine more patients were treated with acyclovir
immediately after the onset of rash, which successfully prevented
the severe course of varicella, and eight more individuals were
administered VZV-specific immunoglobulin after a contact with
varicella and did not develop disease.

Immunization With Live Viral Vaccines in
Patients With CHH
Historically, measles vaccine was used in Finland in 1975–1982,
rubella vaccine in 1975–1988, and MMR vaccine has been used
since 1982. Written evidence of immunization was available in
90/104 patients, and the majority of them (96%, 86/90) have
been vaccinated with one or more live vaccines (Table 1). No
hospitalizations or serious complications were reported after any
live vaccine administration, not even after immunization against
smallpox, polio and yellow fever.

For measles-containing vaccines, one patient received the
first dose in adulthood, otherwise primary immunization was
performed in childhood, at median age of 1.7 years (range 1.1–
12.6 years).

Prior to the initiation of our clinical trial, we were aware of
five patients with CHH successfully immunized with live VZV
vaccine during the second year of life, with no adverse events.

Serology for Measles, Mumps, Rubella,
and Varicella in Patients With CHH
Of the 50 patients tested for antibodies against measles (n = 50),
mumps (n = 48), rubella (n = 48), and varicella (n = 50)
viruses, previous immunization has been documented with MMR
(n = 22), VZV (n = 9), rubella (n = 2) and measles (n = 1) vaccines.

For varicella, all patients with a history of disease or
immunization showed durable humoral response with 100%
(44/44) of seropositivity when tested (Table 2). For measles, 100%
(15/15) of patients with a history of disease had measurable

TABLE 1 | Live vaccine preventable disease history, live vaccine immunization history and serological testing in 104 patients with CHH.

Disease Vaccine Clinical history of
disease (n)

Written evidence of
immunization (n)

Complications
post-immunization (n)

Positive serologya

[n/tested (%)]

Measles Measles 32 12 0 44/50 (88)

Mumps Mumps 24 NA NA 33/48 (69)

Rubella Rubella 18 8 0 40/48 (83)

MMR NA 40 0 NA

Polio Sabin 0 37 0 n/a

Rota virus Rota virus n/a 2 0 n/a

Smallpox Smallpox 0 22 0 n/a

Tuberculosis BCG 1 78 0 n/a

Varicella VZVb 73 10 1c 49/50 (98)d

Yellow fever Yellow fever 0 1 0 n/a

BCG bacillus Calmette–Guérin vaccine, MMR measles, mumps and rubella combined vaccine, n number of patients, n/a not accessed, NA not applicable, VZV varicella
zoster virus. aPost-vaccination serology results only were reported in those immunized against varicella. bPatients enrolled in the clinical trial were also included.
cComplications are described in detail under the section Clinical trial of live varicella zoster virus vaccine in patients with CHH. dSeronegative patient had no history
of varicella or VZV vaccine administration, but deceased before enrollment into VZV vaccine clinical trial.
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TABLE 2 | Results of antibody measurements for measles, mumps, rubella (MMR)
and varicella zoster viruses from serum samples of patients with cartilage-hair
hypoplasia.

Disease Clinical history Immunized Serology
positive

[n/tested (%)]

Measles Yes: 32 Yes: 4 3/3 (100)

No/no data: 28 12/12 (100)

No/no data: 72 Yes: 39 19/20 (95)

No/no data: 34 10/15 (67)

Mumps Yes: 24 Yes: 2 1/1 (100)

No/no data: 22 11/13 (85)

No/no data: 80 Yes: 37 15/20 (75)

No/no data: 43 6/14 (43)

Rubella Yes: 18 Yes: 4 2/2 (100)

No/no data: 14 11/11 (100)

No/no data: 86 Yes: 43 18/20 (90)

No/no data: 43 9/15 (60)

Varicella Yes: 73 Yes: 0 –

No/no data 73 35/35 (100)

No/no data: 31 Yes: 10 9/9 (100)

No/no data: 21 5/6 (83)

antibodies, as had 96% (22/23) immunized patients (Table 2). For
mumps, seropositivity was observed in 86% (12/14) of patients
with a history of disease and in 75% (15/20) of immunized
patients (Table 2). For rubella, these proportions were 100%
(13/13) and 91% (20/22), respectively (Table 2). In terms
of the clinical staging of immunodeficiency, all seronegative
patients were asymptomatic, except for two patients with
combined immunodeficiency, of whom one did not develop

antibodies against measles and the other against mumps after
MMR vaccination.

Median time between the last dose of measle-containing
vaccines and serum sampling for serology was 24.6 years (range
0.3–36.9 years). This median time interval was similar for
MMR and for rubella-containing vaccines (24.7 and 24.9 years,
respectively). All five patients immunized with live VZV vaccine,
had detectable antibodies against VZV in serum 5–19 years
(median 17 years) post-immunization.

Clinical Trial of Live Varicella Zoster Virus
Vaccine in Patients With CHH
Table 3 summarizes the results of the clinical trial on live VZV
vaccine in five patients with CHH. We immunized four children
and one adult, all with clinically silent immunodeficiency.
Three patients were lymphopenic, with various abnormalities
in lymphocyte subpopulations. Lymphocyte responses to
stimulation with mitogens were normal in all patients. All five
patients had normal levels of immunoglobulin G.

None of the four immunized children developed adverse
events. All five patients are well 2.8–4.5 years post-immunization,
and no breakthrough varicella has been reported. Patient 5
reported a self-limited upper respiratory tract infection two
weeks post-immunization. He then developed a rash during the
third week post-immunization when few painless yellow-reddish
round papules and ulcers (but not vesicles) 0.5 cm in size
appeared on his abdomen, neck, and head within several
days. The rash persisted unchanged for a week and then
gradually disappeared. In addition, the patient developed
swelling and morning stiffness in his right knee three weeks post-
immunization, which did not disturb his walking and cycling.
The patient declined antiviral and anti-inflammatory therapy

TABLE 3 | Summary of the clinical trial of live varicella zoster virus vaccine in patients with cartilage-hair hypoplasia.

Patient 1 2 3 4 5

Age at primary immunization, years 1·5 2·7 6 16 45

Symptoms of combined immunodeficiency prior to immunizationa None None None None None

Laboratory parameters prior to immunization

Total lymphocyte count, cells/mm3 2112 3020 960 1210 1590

CD3 + T cell count, cells/mm3 1150 2240 580 810 1200

CD4 + T cell count, cells/mm3 827 1482 294 543 625

CD8 + T cell count, cells/mm3 140 530 110 140 590

CD19 + B cell count, cells/mm3 290 580 120 130 160

CD16/56 + NK cell count, cells/mm3 310 110 170 90 160

Lymphocyte response to stimulation with PHA Normal Normal Normal Normal Normal

Number of vaccine doses 2 2 1 2 1

Time interval between vaccine doses, months 6 6 n/a 4.5 n/a

VZV-specific immunoglobulin G after the first dose neg neg pos neg pos

VZV-specific immunoglobulin G after the second dose pos pos NA pos NA

Cellular response by elispot after the first dose neg pos pos pos pos

Cellular response by elispot after the second dose pos n/a NA pos NA

Vaccine adverse events None None None None Yesb

Numbers in bold represent cell counts below the normal range for age. n/a not available, NA – not applicable, neg – negative, PHA – phytohemagglutinin, pos – positive,
VZV – varicella zoster virus. a Including severe or opportunistic infections, autoimmunity, or malignancy. bPost-immunization adverse events (rash and knee swelling) are
described in detail in text.
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FIGURE 2 | Varicella zoster virus antigen response in CHH patient samples.
Peripheral blood mononuclear cells of naïve and post-vaccine paired patient
samples showed statistically significant induction of cellular immunity in
interferon-γ elispot antigen assay. The level of induction (mean, black lines)
was similar to a single healthy control.

and reported no complaints on the follow-up seven weeks
post-immunization. There was no viremia at the time of rash,
confirmed by negative blood VZV nucleic acid testing.

Three patients who did not develop measurable humoral
response after the first vaccine dose demonstrated seroconversion
after the second immunization. All patients also demonstrated
the development of cellular response post-immunization when
measured by elispot, 4/5 after the first vaccine dose (Figure 2).

DISCUSSION

This is the first study describing the administration of live viral
vaccines in a large cohort of patients with CHH. We demonstrate
the safety and efficacy of MMR and VZV vaccines in this
patient population, based on the retrospective data on provider-
recorded immunizations, absence of breakthrough infections or
hospitalizations linked to immunizations, as well as the durable
serologic response. We also present the results of a clinical trial
of live VZV vaccine in patients with CHH, which showed the
generation of both humoral and cellular immune responses.
Among the participants of our clinical trial, the incidence of
varicella-like post-vaccination rash was 20% (1/5), compared
with the reported rates of 0–7% in healthy individuals (22).

Prior to the 1980s, when MMR immunization was introduced
in Finland, many patients with CHH had contracted MMR-
diseases with uneventful course. This is in line with the generally
milder immunodeficiency phenotype in Finnish individuals with
CHH who rarely develop severe opportunistic infections (21).
However, varicella clearly is an exception, as many patients
with CHH suffer from prolonged rash and fever and some
develop pneumonia and require hospitalization (13). Many
patients with CHH are pre-emptively treated with acyclovir and
given VZV immunoglobulin for the post-exposure prophylaxis.
Immunization against VZV may obviate the need for prophylaxis,
antiviral treatment and hospitalizations. The same considerations
can be applied to the MMR vaccine.

Patients with CHH mount robust humoral immune
response to measles and varicella (both natural infection
and immunization), which remains measurable for decades.
Antibodies to mumps either do not develop or wane over time
in a significant proportion (14–25%) of patients with CHH,
raising the concern about insufficient immunity against mumps.
Also, rarely, patients with CHH may not develop seropositivity
for rubella after MMR administration. Therefore, antibody
measurement should be routinely used to assess vaccination
responses in patients with CHH and booster doses should be
given in case of insufficient immunity.

The pattern of seropositivity to MMR and VZV in patients
with CHH are similar to those in healthy individuals, with good
responses to measles, varicella and rubella, but lower rates of
seropositivity to mumps (23, 24). However, in our clinical trial
of VZV vaccine, 60% (3/5) of participants failed to develop
antibodies against VZV after the single vaccine dose, while in
healthy children this proportion is 24% (25).

This is the first study describing the production of IFN-γ
in stimulated PBMC from patients with CHH. Our assessment
of cellular response to VZV vaccine demonstrate that patients
with CHH develop cellular immunity probably comparable to
healthy immunized controls. The comparison was problematic
due to the small number of healthy immunized controls.
Antibodies are essential to neutralize pathogens in extracellular
space. However, cellular immunity is critical for controlling
and containing intracellular pathogens, especially viruses with
the ability to form latency, such as VZV. Thus, the protection
against VZV is provided by multitude of simultaneously acting
immunological mechanisms (26). Here, we observed clear
cellular responses in two CHH patients after the first vaccine
dose despite no development of antibodies to VZV. This may
be explained by delayed antibody production consistent with
combined immunodeficiency in CHH. The activation of cellular
response against VZV in CHH patients suggests that these
individuals may have sufficient immune protection against VZV
despite the decreased humoral response. Our data support the
recommendation of two doses of VZV vaccine, not single dose, to
ensure optimal immune response of both, humoral and cellular,
arms of the immune system.

Although there were no reported long-term consequences
of live vaccines in our cohort, clinicians and patients should
be aware of the risk of delayed development of vaccine-strain
rubella virus-associated skin granulomas in patients with CHH
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(27). In addition, there were no reactivation of vaccine-strain
VZV in our patients, possibly reflecting the effective cellular
immunity against VZV. However, such a reactivation, occurring
even years after primary immunization, and accompanied by
central nervous system infection, has been described, both in
immunocompetent and immunocompromised adolescents (28).

Laboratory parameters do not correlate with clinical
severity or prognosis in CHH (21), and our study reports
successful immunization of lymphopenic patients, therefore mild
lymphopenia itself should not be an absolute contraindication
for live vaccine administration in CHH. Clinicians can utilize
laboratory criteria used in the management of patients with
human immunodeficiency virus infection or patients with partial
DiGeorge syndrome to make decisions on immunization in
patients with CHH. Importantly, all vaccinated patients in our
clinical trial demonstrated normal lymphocyte proliferation
responses to mitogens prior to immunization. Immunization
may be considered in clinically asymptomatic patients
with CHH or those with mild recurrent respiratory tract
infections and no other clinical features of immunodeficiency.
However, individuals considered for the immunization should
be selected cautiously and the qualitative assessment of
lymphocyte subsets and function should be performed prior to
immunization. Even though several patients with clinical features
of combined immunodeficiency have been immunized with
MMR successfully, we advise against live vaccine administration
to these patients.

The strengths of our study are (1) the large number of
patients for whom clinical and laboratory data were available,
(2) written evidence of immunization in the majority of the
study participants, (3) long-term follow-up data and assessment
of serologic response to immunization in the long-term, as well as
(4) assessment of both, humoral and cellular immune responses
in a clinical trial. The drawbacks of our clinical trial include
small sample size and relatively short follow-up time, calling for
further studies with longer follow-up to evaluate the efficacy and
long-term safety of VZV vaccine.

In conclusion, we provide retrospective and prospective
data on the safety and efficacy of live viral vaccines in
Finnish patients with CHH. Immunization with live vaccines
should be considered in selected CHH patients with clinically
mild immunodeficiency.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/supplementary material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Ethics Committee at the Helsinki
University Hospital and University of Helsinki, Finland. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

SV, PK, and OM planned the study. SV, PK, LK, and MG carried
out a clinical trial. JH and HS prepared PBMC for further analysis.
EK and IK planned and performed the elispot analysis. SV drafted
the manuscript. All authors contributed to the writing and critical
review of the manuscript and approved the final version.

FUNDING

This work was supported by the Sigrid Jusélius Foundation to
OM, the Academy of Finland to OM, the Folkhälsan Research
Foundation to OM, the Novo Nordisk Foundation to OM,
the Helsinki University Hospital Research Funds to OM, the
Swedish Childhood Cancer Foundation to OM, the Foundation
for Pediatric Research to OM, and the Doctoral School in Health
Sciences at the University of Helsinki to SV.

ACKNOWLEDGMENTS

We thank laboratory assistants Maria Kiikeri and Sinikka Tsupari
for their help with PBMC separation. We are thankful to all the
patients who participated in this study.

REFERENCES
1. Ridanpaa M, Van Eenennaam H, Pelin K, Chadwick R, Johnson C, Yuan B,

et al. Mutations in the RNA component of RNase MRP cause a pleiotropic
human disease, cartilage-hair hypoplasia. Cell. (2001) 104:195–203. doi: 10.
1016/S0092-8674(01)00205-7

2. Thiel CT, Horn D, Zabel B, Ekici AB, Salinas K, Gebhart E, et al. Severely
incapacitating mutations in patients with extreme short stature identify RNA-
processing endoribonuclease RMRP as an essential cell growth regulator. Am
J Hum Genet. (2005) 77:795–806. doi: 10.1086/497708

3. Kostjukovits S, Degerman S, Pekkinen M, Klemetti P, Landfors M, Roos G,
et al. Decreased telomere length in children with cartilage-hair hypoplasia. J
Med Genet. (2017) 54:365–70. doi: 10.1136/jmedgenet-2016-104279

4. Rogler LE, Kosmyna B, Moskowitz D, Bebawee R, Rahimzadeh J, Kutchko
K, et al. Small RNAs derived from lncRNA RNase MRP have gene-silencing

activity relevant to human cartilage-hair hypoplasia. Hum Mol Genet. (2014)
23:368–82. doi: 10.1093/hmg/ddt427

5. Kostjukovits S, Klemetti P, Valta H, Martelius T, Notarangelo LD, Seppanen
M, et al. Analysis of clinical and immunologic phenotype in a large cohort
of children and adults with cartilage-hair hypoplasia. J Allergy Clin Immunol.
(2017) 140:612-4.e5. doi: 10.1016/j.jaci.2017.02.016

6. Ip W, Gaspar HB, Kleta R, Chanudet E, Bacchelli C, Pitts A, et al.
Variable phenotype of severe immunodeficiencies associated with RMRP gene
mutations. J Clin Immunol. (2015) 35:147–57. doi: 10.1007/s10875-015-
0135-7

7. McKusick VA, Eldridge R, Hostetler JA, Ruangwit U, Egeland JA. Dwarfism
in the amish. Ii. Cartilage-hair hypoplasia. Bullet Johns Hopk Hosp. (1965)
116:285–326.

8. Lux SE, Johnston RB Jr., August CS, Say B, Penchaszadeh VB, Rosen
FS, et al. Chronic neutropenia and abnormal cellular immunity in

Frontiers in Immunology | www.frontiersin.org 7 August 2020 | Volume 11 | Article 2020

https://doi.org/10.1016/S0092-8674(01)00205-7
https://doi.org/10.1016/S0092-8674(01)00205-7
https://doi.org/10.1086/497708
https://doi.org/10.1136/jmedgenet-2016-104279
https://doi.org/10.1093/hmg/ddt427
https://doi.org/10.1016/j.jaci.2017.02.016
https://doi.org/10.1007/s10875-015-0135-7
https://doi.org/10.1007/s10875-015-0135-7
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02020 August 9, 2020 Time: 12:9 # 8

Vakkilainen et al. Live Vaccines in Cartilage-Hair Hypoplasia

cartilage-hair hypoplasia. New Engl J Med. (1970) 282:231–6. doi: 10.1056/
NEJM197001292820501

9. Eisner JM, Russell M. Cartilage hair hypoplasia and multiple basal cell
carcinomas. J Am Acad Dermatol. (2006) 54(Suppl. 2):S8–10. doi: 10.1016/
j.jaad.2005.03.055

10. Bacchetta J, Ranchin B, Brunet AS, Bouvier R, Duquesne A, Edery P,
et al. Autoimmune hypoparathyroidism in a 12-year-old girl with McKusick
cartilage hair hypoplasia. Pediatr Nephrol (Berlin Germany). (2009) 24:2449–
53. doi: 10.1007/s00467-009-1256-0

11. Horn J, Schlesier M, Warnatz K, Prasse A, Superti-Furga A, Peter HH, et al.
Fatal adult-onset antibody deficiency syndrome in a patient with cartilage hair
hypoplasia. Hum Immunol. (2010) 71:916–9. doi: 10.1016/j.humimm.2010.
06.002

12. Vatanavicharn N, Visitsunthorn N, Pho-iam T, Jirapongsananuruk O, Pacharn
P, Chokephaibulkit K, et al. An infant with cartilage-hair hypoplasia due to
a novel homozygous mutation in the promoter region of the RMRP gene
associated with chondrodysplasia and severe immunodeficiency. J Appl Genet.
(2010) 51:523–8. doi: 10.1007/BF03208884

13. Makitie O, Kaitila I. Cartilage-hair hypoplasia–clinical manifestations in 108
Finnish patients. Eur J Pediatr. (1993) 152:211–7. doi: 10.1007/BF01956147

14. Rider NL, Morton DH, Puffenberger E, Hendrickson CL, Robinson DL,
Strauss KA. Immunologic and clinical features of 25 Amish patients with
RMRP 70 A–>G cartilage hair hypoplasia.Clin Immunol (Orlando Fla). (2009)
131:119–28. doi: 10.1016/j.clim.2008.11.001

15. Pierce GF, Polmar SH. Lymphocyte dysfunction in cartilage-hair hypoplasia:
evidence for an intrinsic defect in cellular proliferation. J Immunol. (1982)
129:570–5.

16. Saulsbury FT, Winkelstein JA, Davis LE, Hsu SH, D’Souza BJ, Gutcher GR,
et al. Combined immunodeficiency and vaccine-related poliomyelitis in a
child with cartilage-hair hypoplasia. J Pediatr. (1975) 86:868–72. doi: 10.1016/
S0022-3476(75)80216-2

17. Otani N, Baba K, Okuno T. Interferon-gamma release assay: a simple method
for detection of varicella-zoster virus-specific cell-mediated immunity. J
Immunol Methods. (2009) 351:71–4. doi: 10.1016/j.jim.2009.09.010

18. Smith JG, Liu X, Kaufhold RM, Clair J, Caulfield MJ. Development and
validation of a gamma interferon ELISPOT assay for quantitation of cellular
immune responses to varicella-zoster virus. Clin Diagn Labor Immunol. (2001)
8:871–9. doi: 10.1128/CDLI.8.5.871-879.2001

19. Sobh A, Bonilla FA. Vaccination in primary immunodeficiency disorders. J
Allergy Clin Immunol Pract. (2016) 4:1066–75. doi: 10.1016/j.jaip.2016.09.012

20. Vakkilainen S, Makitie R, Klemetti P, Valta H, Taskinen M, Husebye ES,
et al. A wide spectrum of autoimmune manifestations and other symptoms

suggesting immune dysregulation in patients with cartilage-hair hypoplasia.
Front Immunol. (2018) 9:2468. doi: 10.3389/fimmu.2018.02468

21. Vakkilainen S, Taskinen M, Klemetti P, Pukkala E, Mäkitie O. A 30-year
prospective follow-up study reveals risk factors for early death in cartilage-
hair hypoplasia. Front Immunol. (2019) 10:1581. doi: 10.3389/fimmu.2019.
01581

22. Kreth HW, Lee BW, Kosuwon P, Salazar J, Gloriani-Barzaga N, Bock HL,
et al. Sixteen years of global experience with the first refrigerator-stable
varicella vaccine (Varilrix). BioDrugs. (2008) 22:387–402. doi: 10.2165/
0063030-200822060-00005

23. Fedeli U, Zanetti C, Saia B. Susceptibility of healthcare workers to measles,
mumps rubella and varicella. J Hosp Infect. (2002) 51:133–5. doi: 10.1053/
jhin.2002.1222

24. Kennedy RB, Ovsyannikova IG, Thomas A, Larrabee BR, Rubin S, Poland GA.
Differential durability of immune responses to measles and mumps following
MMR vaccination. Vaccine. (2019) 37:1775–84. doi: 10.1016/j.vaccine.2019.
02.030

25. Michalik DE, Steinberg SP, LaRussa PS, Edwards KM, Wright PF, Arvin AM,
et al. Primary vaccine failure after 1 Dose of varicella vaccine in healthy
children. J Infect Dis. (2008) 197:944–9. doi: 10.1086/529043

26. Slifka MK, Amanna IJ. Role of multivalency and antigenic threshold in
generating protective antibody responses. Front Immunol. (2019) 10:956. doi:
10.3389/fimmu.2019.00956

27. Buchbinder D, Hauck F, Albert MH, Rack A, Bakhtiar S, Shcherbina A,
et al. Rubella virus-associated cutaneous granulomatous disease: a unique
complication in immune-deficient patients, not limited to DNA repair
disorders. J Clin Immunol. (2019) 39:81–9. doi: 10.1007/s10875-018-0581-0

28. Harrington WE, Mató S, Burroughs L, Carpenter PA, Gershon A, Schmid DS,
et al. Vaccine oka varicella meningitis in two adolescents. Pediatrics. (2019)
144:e20191522. doi: 10.1542/peds.2019-1522

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Vakkilainen, Kleino, Honkanen, Salo, Kainulainen, Gräsbeck,
Kekäläinen, Mäkitie and Klemetti. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 2020

https://doi.org/10.1056/NEJM197001292820501
https://doi.org/10.1056/NEJM197001292820501
https://doi.org/10.1016/j.jaad.2005.03.055
https://doi.org/10.1016/j.jaad.2005.03.055
https://doi.org/10.1007/s00467-009-1256-0
https://doi.org/10.1016/j.humimm.2010.06.002
https://doi.org/10.1016/j.humimm.2010.06.002
https://doi.org/10.1007/BF03208884
https://doi.org/10.1007/BF01956147
https://doi.org/10.1016/j.clim.2008.11.001
https://doi.org/10.1016/S0022-3476(75)80216-2
https://doi.org/10.1016/S0022-3476(75)80216-2
https://doi.org/10.1016/j.jim.2009.09.010
https://doi.org/10.1128/CDLI.8.5.871-879.2001
https://doi.org/10.1016/j.jaip.2016.09.012
https://doi.org/10.3389/fimmu.2018.02468
https://doi.org/10.3389/fimmu.2019.01581
https://doi.org/10.3389/fimmu.2019.01581
https://doi.org/10.2165/0063030-200822060-00005
https://doi.org/10.2165/0063030-200822060-00005
https://doi.org/10.1053/jhin.2002.1222
https://doi.org/10.1053/jhin.2002.1222
https://doi.org/10.1016/j.vaccine.2019.02.030
https://doi.org/10.1016/j.vaccine.2019.02.030
https://doi.org/10.1086/529043
https://doi.org/10.3389/fimmu.2019.00956
https://doi.org/10.3389/fimmu.2019.00956
https://doi.org/10.1007/s10875-018-0581-0
https://doi.org/10.1542/peds.2019-1522
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Safety and Efficacy of Live Viral Vaccines in Patients With Cartilage-Hair Hypoplasia
	Introduction
	Materials and Methods
	Clinical and Laboratory Data
	Clinical Trial of Live Varicella Vaccine

	Results
	Cohort Description
	Live-Vaccine Preventable Diseases in Patients With CHH
	Immunization With Live Viral Vaccines in Patients With CHH
	Serology for Measles, Mumps, Rubella, and Varicella in Patients With CHH
	Clinical Trial of Live Varicella Zoster Virus Vaccine in Patients With CHH

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


