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Capsulesummary

In our cohort of individuals with cartilage-hairyplasia 1) over 25% of patients manifest clinical

combined immunodeficiency and they have lower COBB8+ and recent thymic emigrantunts;

2) specific antibody deficiency may exist; 3) low IgG2 levels associate with severe varicella.
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immunoglobulin subclasses; memory B cells; RMRP; specific antibody deficiency; varicella.
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To the Editor:

Cartilage-hair hypoplasia (CHH) is a chondrodysplagth variable immunodeficiency.
Patients’ immunologic and clinical phenotypes aghly variable and correlate weakly. Most
previous studies have involved only children, dmelduality of immune function in CHH adults
remains largely unknown. In addition, paucity ofadexists regarding T and B cell subpopulations
and specific antibody responses in CHH. Here wertem the clinical and immunological
phenotype in a large group of Finnish children addlts with CHH.

We invited all 110 living Finnish patients with gaitally confirmed CHH. Fifty-six
individuals (19 males, 37 females, median age&4ge 0.7-68 years) agreed to participate, with
informed consent. The study protocol was approwethée Institutional Research Ethics
Committee. Clinical data were collected, and latmgatests performed (ségpendix E1 in the
Online Repository for methods). Correlations between laboratory pa@tars and clinical
manifestations were analyzed with the Fisher’s etest, the Mann-Whitney or the Kruskall-Wallis
tests and regression analysis, as appropriate.

All patients were homozygous (n=43) or compouneiwatygous (n=13) for theMRP
g.70A>G mutationTable | describes clinical features. We grouped patiesitsaaing: 1) no
symptoms/signs of immunodeficiency (n=15, 27%)etures of humoral immunodeficiency only
(n=26, 46%) and 3) features of combined immunodsiy (CID, n=15, 27%) (semble| for
definitions).

Laboratory findings are presentedrigure | andTables E1 andE2 in theOnline
Repository. Common pattern of abnormalities in the B and T sghpopulationsTable E2 in the
Online Repository) included: 1) decreased CD3+CD4+CD45RA+CD31+ rettegmic emigrants
(RTE), naive CD4+ and CD8+ cells; 2) increased activated CD4+, central memory CD4+ and
effector memory CD8+ cells; 3) normal CD4+CD25""CD127°" regulatory T cells; 4) decreased

naive, tansitional and CD19+CD27+ memory B cells; 5) increased activated
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CD21°“cD38°"CD19+ cells. The reduced counts of rapidly proéifarg cells (naive T, RTE, and
B) support a disturbed cell cycle as an importathpgenic mechanismThe pattern of
abnormalities in B cell subpopulations indicateell production and germinal center defect, while
decreased CD27+ B cells suggest defective maturatisurvivat.

Pre-existing tetanus toxoid antibody levels werewe.1 IU/ml in only 3/43 patients
(Table E1 in theOnline Repository). Seven out of eight (88%) patients who agreaet¢eive
Pneumovax® vaccine demonstrated specific antibedigidncy (SAD) (sedable E3 in theOnline
Repository). Clinical features of the seven subjects with SABluded rhinosinusitis (n=6), OM
(n=5), warts (n=3), malignancies (n=3; lymphoma, basal cell carcinoma, uterus carcinoma), severe
varicella requiring hospitalization (n=2) and reeumt herpes simplex virus infection (n=1). Patients
with SAD showed clinical signs of humoral (n=2) arainbined (n=4) immunodeficiency. SAD
may therefore be a marker of more severe diseabeaatine responses should be routinely studied
after infancy.

Patients with no clinical signs of immunodeficierstyowed no specific pattern of
laboratory abnormalities. No correlation was obsdrvetween history of pneumonia or
rhinosinusitis and immunologic defects. Genotypmertht correlate with any clinical or laboratory
parameter.

Patients with clinically suggested CID showed dased median CD3+, CD8+ and RTE
counts (sedable E4 in theOnline Repository). Of these parameters, RTE counts demonstrated the
strongest trend towards significance in multiplgression analysis (p=0.094, B coefficient -
15.628). Lymphocyte proliferative responses weltegpeoformed, since previous studies have
demonstrated that they are abnormal in the majofipatients and show no correlation with
clinical manifestations in CHH

Lower median 1gG2 concentrations (1\M381.96 g/l, p=0.016) were observed in patients
who required hospitalization for VZV infection. Foaut of five hospitalized patients (80%) were

lgG2 deficient (IgG2 range 0.55-1.47 g/l) compangtth O out of 37 (24%) non-hospitalized
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patients (p=0.011). In multiple regression analysmy low 1gG2 showed a trend towards
significance (p=0.055, B coefficient -1.734). Tiesaciation between IgG2 deficiency and severe
varicella has been described previotistyiggesting that CHH patients with low IgG2 shdugd
regarded at risk for severe VZV infection. Howevbese findings require validation in further
studies, as low IgG2 may only represent a markermbre profound immunodeficiency.

We then analyzed laboratory results in variousgagaps: children <18 years (n=15), young
adults 18-44 years (n=23) and adults >45 years@n¢skeTable E4 in theOnline Repository).
Patients aged >45 years demonstrated higher néltespgl CD4+ cell counts, as well as higher
median IgA, IgG and IgG2 levels than younger pasieim addition, children showed higher
CD19+ cell counts and lower median concentratidreobodies to tetanus toxoid than adult
patients. While lower immunoglobulin and vaccinélardy levels in pediatric patients may reflect
slow maturation of immune system, lower CD19+ aigghér CD4+ cell numbers in CHH adults
deserve further studies. As mortality due to irifees and malignancies is increased in CHH
patients surviving into adulthood represent indinals with milder disease. Furthermore, while
someRMRP gene mutations induce a more severe immunode€igiethe predominance of
g.70A>G mutation in Finnish patients can resulnitder presentations.

Consistent with previous repottsneasured laboratory values correlated poorly st}
assessed symptoms and despite clearly abnormahtabpindices, few patients developed serious
complications. Worldwide, of the 30 subjects witHIC and hematopoietic stem cell transplantation
(HSCT) whose genotype has been reported, onlyairms were homozygous for g.70A>G
mutatiorf'"®° Only one Finnish child with CHH, homozygote fof@A>G mutation, has required
HSCT for severe hypoplastic anemia - not for imnuefiency. Thus selection of patients who
would benefit from HSCT based on routinely avaialalboratory parameters is highly cumbersome
in a cohort carrying predominantRMRP g.70A>G mutations.

The major limitation of this study is the retrospee nature of clinical data. Inclusion of

only living patients left out those with CHH whochdied of cancer or severe infections. Another
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limitation is the use of a single laboratory measuent per patient. Results of immunologic tests
fluctuate over time and predicting any clinical csibased on cross-sectional laboratory values
remains challenging.

The observed high number of asymptomatic patiemdsradividuals with clinical signs of
humoral immunodeficiency only should be interpretgtth caution, as clinical features may occur
and cumulate with time. Follow-up studies shoulkkas the applicability of clinical and
immunological phenotype correlations, including pa¢ential to predict a more severe course
(CID) in patients with lower CD3+, CD8+ and RTE otal

In summary, we demonstrated that approximatelyfoagh of the surviving Finnish
patients with CHH included in this study manifestéidical signs of CID, while another fourth
showed no signs of immunodeficiency despite lalboyatmmunologic abnormalities. This is the
first report describing high prevalence of SAD anspecific pattern of abnormalitiesinBand T

cell compartments in patients with CHH.
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Tablel. Clinical features of the 56 patients with cagéahair hypoplasia.

Clinical feature

Proportion
of patients

Comments

Clinical humoral
immunodeficiency

26/56 (46%)

Defined as otitis media and/or rhinasitis requiring surgical
interventions, sepsis, pneumonia and/or bronclsecta

Clinical combined
immunodeficiency

15/56 (27%)

Defined as a history of severe waesyment and/or severe herpe
virus infections, malignancy and/or autoimmunitythaclinical signs
of humoral immunodeficiency.

”n

Pneumonia
recurrent
hospitalization

11/56 (20%)
4/11 (36%)
5/11 (45%)

Bronchiectasis

10/34 (29%)

Diagnosed on lung higolution computed tomography.

Sinusitis 33/56 (59%)
sinus surgery 21/33 (64%

Otitis media 41/56 (73%)
tympanostomy 16/41 (39%

Sepsis 3/56 (5%)

History of warts
warts at the time of visi
severe warts

19/56 (34%)
14/19 (74%
2/19 (11%)

Out of two patients with severe warts, one undetyartial
amputation of the toe with warts for suspected gmalhcy and
another had protracted history of wide-spread warts

Varicella 42/56 (75%) |History of varicella or positive serology for vaglta-zoster virus.
hospitalization 5/42 (12%)

Boils 3/56 (5%)
recurrent 2/3 (67%)

Mucocutaneous herpes
simplex virus infection

2/56 (4%)

One patient had required continuous asicprophylaxis for 15 yrs
for recurrent skin herpes simplex virus infections.

Allergy

23/56 (41%)

History of allergic rhinoconjctivitis.

Malignancy
lymphoma
basal cell carcinoma on
other

9/56 (16%)
219 (22%)

ly 5/9 (56%)
219 (22%)

Other malignancies included uterus carcinoma ingatEnt and
vocal cord carcinoma in another.

Autoimmunity

1/56 (2%)

Juvenile idiopathic arthsiti

Prophylactic antibiotics

7/56 (13%)

Sulfamethoxa#imimethoprim or azithromycin, commenced for
recurrent infections or lymphopenia.

Immunoglobulin substitutio

7/56 (13%)

In four patients treatment was still oing at the time of the study.

11



185 “Figurelegends

186

187 Figurel. Selected immunologic features in 56 patients wétttilage-hair hypoplasia. All laboratory
188 values are shown as medians. Patients are groypegkeband the number of subjects is shown in
189 each age group.
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Table E1. Immunologic features in patients with cartilagerthypoplasia. Cell counts are reported
as cells x181, immunoglobulin levels and C3 and C4 complenmarhponents concentrations are

given in g/l. Local laboratory or previously pulbiesi reference values were adoptéed.

Laboratory Normal Patients Median (range)  Patientswith Patientswith

parameter valuesin tested, n decr eased incr eased
adults* counts/levels, n (%) countdlevels, n (%)

WBC 3.4-8.2 56 5.65 (1.2-12.0) 7 (13%) 7 (13%)

Neutrophils 1.5-6.7 56 3.68 (0.28-8.4) 4 (7%) 519%

Eosinophils 0.03-0.44 40 0.20 (0.01-1.45) 1 (3%) (5%)

TLC 1.3-3.6 56 1.31 (0.26-3.84) 31 (55%) 0

CD3+ cells 0.85-2.28 55 0.92 (0.16-4.45) 25 (45%) (4%)

CDA4+ cells 0.458-1.4065 0.55 (0.12-3.83) 24 (44%) 0

RTE cells 0.024-0.8282 0.03 (0.00-0.56) 27 (52%) 0

CD8+ cells 0.24-0.98 55 0.28 (0.04-1.72) 25 (45%) (4D)

CD19+ cells 0.12-0.43 55 0.12 (0.00-1.29) 37 (67%) 0

CD27+IgD+ cells0.009-0.088%1 0.008 (0.000-0.0449 (57%) 0

CD27+IgD- cells| 0.013-0.1231 0.098 (0.000-0.06434 (67%) 0

CD16/56+ cells = 0.08-0.57 55 0.19 (0.05-0.63) 4 (7%) 0

lgG 6.8-15.0 50 10.45 (4.20-15.90) 1 (2%) 2 (4%)

lgG2 1.50-6.40 50 1.89 (0.27-4.56) 13 (26%) 0

lgG3 0.20-1.63 @ 50 0.44 (0.07-1.20) 8 (16%) 0

lgG4 0.08-1.40 55 0.09 (0.00-0.92) 23 (46%) 0

IgA 0.52-4.84 55 1.83 (0.00-7.49) 2 (4%) 3 (5%)

IgM 0.36-2.84 55 0.90 (0.20-3.06) 7 (13%) 1 (2%)

C3 0.5-1.5 43 1.11 (0.67-1.55) 0 1 (2%)

C4 0.12-0.42 43 0.21 (0.12-0.34) 0 0

Antibodies to >0.11U/ml 43 2.00 (0.05-6.30) 3 (7%) not applicable

tetanus toxoid

Ilg immunoglobulin, n number, RTE recent thymic eraigs CD3+CD4+CD45RA+CD31+ cells,

TLC total lymphocyte counts, WBC white blood cells.
* in children age-specific normative data were used

! Boldt A, Borte S, Fricke S, Kentouche K, EmmrichBerte M, Kahlenberg F, Sack U. Eight-
color immunophenotyping of T-, B-, and NK-cell sopolations for characterization of chronic
immunodeficiencies. Cytometry B Clin Cytom 2014 N&6(3):191-206.
% Driessen GJ, van Zelm MC, van Hagen PM, Hartwig NG M, Warris A, de Vries E,

Barendregt BH, et al. B-cell replication historydasomatic hypermutation status identify distinct

pathophysiologic backgrounds in common variable imadeficiency. Blood 2011 Dec
22;118(26):6814-23.3
3 Schatorjé EJ, Gemen EF, Driessen GJ, LeuvenimanJHout RW, de Vries E. Paediatric

reference values for the peripheral T cell companinScand J Immunol 2012 Apr;75(4):436-44.

* Shearer WT, Rosenblatt HM, Gelman RS, OyomopitBIReger S, Stiehm ER, Wara DW,

Douglas SD. et al; Pediatric AIDS Clinical Trialsd@p. Lymphocyte subsets in healthy children
from birth through 18 years of age: the PediatriD@ Clinical Trials Group P1009 study. J Allergy

Clin Immunol 2003 Nov;112(5):973-80.
®Vlug A, Nieuwenhuys EJ, van Eyk RVW, Geertzen HGMn Houte AJ. Nephelometric

measurements of human IgG subclasses and thaiemegeranges. Ann Biol Clin 1994;52, 561.




Table E2. Subpopulations of B and T cells in randomly siedldd 2 patients with cartilage-hair hypoplasia. @ared with other individuals in our
cohort, this group of patients differed only by Ewnedian number of CD16/56+ cells (0.12 vs 0.2s 340”7/, p=0.002).

Flow cytometry markers | Cell group Units Reference values| F F F F F M M M F F M F
in adults"? 16yr | 18yr 23yr 26yr 26yr 39yr 44yr 45yr | 45yr 51yr 58yr 67yr
CD3+ T cells cells x10 | 0.85-2.28 0.60 046 056 0.16 0.76 0.94 1.20 046 0.89 0.94 0.93 3.01
CD4-CD8- DNT % of CD3+ nla 10 04 05 07 04 0402 04 04 05 nla 04
CD4+CD8+ % of CD3+ 0.3-3.3 06 03 04 04 03 0AK2 03 22 05 nla 10
TCR-o/p+ % of CD3+ 88.1-97.8 811 886 983 921 929 991 92.8 88.6 99.1 975 n/a 99.0
TCR-y/5+ % of CD3+ 1.9-11.7 188 110 16 78 70 08 7.2 11.0 09 25 n/a 09
CD4+CD23'9"CD127°" Regulatory % of CD3+ 2.8-6.4 47 40 30 36 592335 40 58 6.2 nla 22
CD4+ cells x1&1  0.458-1.406 0.401 0.324 0.342 0.123 0.615 0.401 0.625 0.324 0.708 0.691 0.765 1.287
CD45RA+CCR7+ Naive CD4+ % of CD4+ 20.5-54.8 166 105 91 49 |90 172 26.1 105 13 258 nla 25
HLA-DR+CD38- Activated CD4+ | % of CD4+ 2.4-9.6 122 144 228 180 148 276 230 144 307 7.6 nla 257
CD45RA-CCR7+ CD4+ TCM % of CD4+ 8.4-32.8 575 496 534 542 563 389 444 496 550 579 nla 511
CD45RA-CCR7- CD4+ TEM % of CD4+ 19.9-52.4 25.2 37.36.6 39.3 344 418 285 374 42360 nla 422
CD45RA+CCRY- Effector memory | % of CD4+ 1.4-17.0 07 26 09 16 03 |21 10 26 14 |02 nla 41
CD4+
CD8+ cells x1&1 | 0.24-0.98 0.13 010 021 0.03 011 013 0.59 010 0.19 023 015 1.72
CD45RA+CCR7+ Naive CD8+ % of CD8+ 18.8-71.0 20838 64 84 221 102 07 138 70 191 n/a 21
HLA-DR+CD38- Activated CD8+ = % of CD8+ 3.8-32.4 1120.9 159 5.0 159 238 175 209 21.0 24.6 n/a .7 30
CD45RA-CCR7+ CD8+ TCM % of CD8+ 1.2-7.3 1.1 6.1 91 92 196 45 10 6.1 148 246 nla 6.8
CD45RA-CCR7- CD8+ TEM % of CD8+ 14.6-63.0 31.0 38844 47.2 39.0762 228 386 26.1 451 nla 453
CD45RA+CCR7- Effector memory % of CD8+ 4.5-33.7 371 415 402 351 194 9.0 754 415 521 11.1 nla 458
CD8+
CD19+ B cells cells x 0.12-0.43 0.12 008 0.12 0.01 0.14 0.12 0.16 0.08 0.14 0.14 0.03 0.07
CD27-IgD+IgM+ Naive % of CD19+43.2-82.4 55.7 230 n/a 854 406 61.3 836 230 406 315 60.7 419
CD21°“CD38"" Activated % of CD19+0.8-7.7 317 329 n/a 263 136 216 114 329 173 246 194 324
CD27+IgD+ Marginal zone like % of CD19%.2-30.8 25,1 96 nla 55 92 1186 96 115 82 149 9.2
CD27+IgD- Switched memory % of CD196.5-29.2 6.5 327 nla <20 262 142 7.3 327 27.8 413 12.0 312
CD38++IgM+ Transitional % of CD199.6-3.5 24 13 nla 55 70 27 /33 13 18 16 29 14
CD38++IgM- Plasmablasts % of CD193:.4-3.6 0.7 |61 |n/a |nla 08 04 00 61 09 06 <0203

DNT double negative T cells, F female, M male,mdaavailable, TCM central memory T cells, TCR T oeceptor, TEM effector memory T cells, yr years.
* local laboratory reference values
Numbers irbold anditalics represent decreased and increased values reghectiv
! Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, &r E, et al. The EUROclass trial: defining subgsoimpcommon variable immunodeficiency. Blood 2088 J

1;111(1):77-85.

Boldt A, Borte S, Fricke S, Kentouche K, EmmrigtBirte M, et al. Eight-color immunophenotypingTef B-, and NK-cell subpopulations for characteiiza of
chronic immunodeficiencies. Cytometry B Clin Cytom 2014 May;86(3):191-206.



Table E3. Antibody response to Pneumovax® in eight adultk wartilage-hair hypoplasia,
measured with fluoroimmunoassdgom samples before and 3-8 weeks after immurtinati

N|Age [Sex|S1 S4 S5 S6B |S7F |[S9V |S14 |S18C|S19F |S23F |Total
(yrs) number of
reactive
serotypes

1|23 F | <0.02 |<0.024/0.47 0.047 |0.12 |<0.014/0.15 |[<0.02 |0.065 |<0.018|1/10
0.024 |0.058 |0.27 0.033 |0.26 |<0.014/0.08 |<0.02|0.087 |2

2139 F 1023 0.043 |0.26 25 0.067/0.11 |0.18 |3.3 |<0.036(0.8 6/10
6 17 13 13 0.2 |0.25 |53 49 10.13 |37

3140 M [<0.02 |0.046 |<0.04 |<0,022/1.4 |<0,014{0.81 (<0,02|0.14 |0.023 |2/10
1.6 0.26 |0.082 |0.069 |2 0.33 |20 0.074 |0.28 |0.13

4|44 M |<0.02 |0.2 41 <0.0221.5 |091 |27 11 0.075 |<0.018|6/10
0.023 |15 >30 <0.022/4 8.6 24 14 1.6 0.11

5|46 F ]0.096 |<0.0241<0.04 <0.022/0.042/0.39 |0.21 |0.11 |0.048 |<0.018|5/10
0.88 0.23 |043 0.32 |0.29 |1 25 061 |0.65 |0.15

6 |58 M |<0.02 |0.047 |<0.04 |<0.022/1.6 |0.12 |[<0.062(0.15 |0.094 |<0.018|3/10
0.024 |13 0.26 <0.02212.1 |27 0.18 |0.85 |0.11 |0.23

7165 M [0.14 0.07 |03 0089 |79 |042 |049 |23 1.7 012 |7/10
3.7 0.22 |79 057 |8.6 |2.6 6.8 75 |>30 0.85

8|67 F [<0.02 |<0.024<0.04 |0.31 |0.082/<0.014{<0.0620.33 |2.8 13 3/10
0.82 <0.024/0.15 0.71 |0.2 |0.12 |0.075 |6.2 2.5 13

F female, M male, N patient’ number, S serotyps,y@ars
Numbers idold represent adequate antibody response to a speeibtype, defined as a

fourfold rise in antibody titers and post-immunieatantibody levels 0.35 pg/mi. Numbers in
the serotype columns represent pre-immunizatiopgupumber) and post-immunization (lower
number) antibody titers for each patient.

! Timby N, Hernell O, Vaarala O, Melin M, Lénnerd& Domellof M. Infections in infants fed formula
supplemented with bovine milk fat globule membradeBediatr Gastroenterol Nuy1%;60:384-9.
2 Sorensen RU, Leiva LE. Specific Antibody Deficigieith Normal Immunoglobulins. In Sullivan KE, Shie,
ER (eds) 2014, Stiehm’s Immune Deficiencies, 1itaed Academic Press, London. Page 413.




Table E4. Comparison of selected laboratory parametersiiepts with cartilage-hair
hypoplasia. Comparisons were made separately betagethree age groups and between
patients with and without CID symptoms. Only conipams with significant differences

between the subgroups are presented. Cell counteported as cells x{ immunoglobulin
levels are given in g/l.

Laboratory Children <18 |Adults 18-45 [Adults >45|Patients with Patientswithout  |p value
parameter yr (n=15)* yr (n=23)* |yr (n=18)* |symptoms of CID* |symptoms of CID*
Neutrophils 2.45n 3.91 4.36" 0.005
Naive thymic T 0.009 0.036 0.022
cells**

CD3+ cells 0.66 0.93 0.048
CD4+ cells 0.514 0.487" 0.699" 0.03¢
CD8+ cells 0.22 0.33 0.018
CD19+ cells 0.150" 0.085" 0.120 0.014
IgA 1.42n 1.80 2.75" 0.006
IgG 9.2n 10.5 11.7» 0.027
1gG2 1.25" 1.98 2.19n 0.034
Antibodies to tetanuf®.35" 3.50" 1.50 0.002
toxoid (1U/ml) F)

* Numbers in columns represent median counts/lewellse defined group of patients

** CD3+CD4+CD45RA+CD31+ cells
A Variables for which the p-value is given (pairevisomparison in the Kruskall-Wallis test)
CID combined immunodeficiency, Ilg immunoglobulinnamber, yr years

Neutrophil, CD4+ and CD19+ cell counts, IgA, Ig&dgG2 levels, as well as antibody titers to

tetanus toxoid varied significantly among patidntsage group, whereas naive thymic T cell,
CD3+ and CD8+ cell counts were significantly lowaenong patients with symptoms of CID
compared with other patients.



