from activated T cells in PBMCs of STAT3 patients. Fig. S2 shows that
MoDC differentiation in vitro and TGF-B1 signaling in MoDCs are intact
in STAT3 patients. Fig. S3 shows that IL-10 treatment does not impair the
differentiation of MoDCs, but down-regulation of CD80, CD83, and CD86
is defective in MoDCs from STAT3 patients. Fig. S4 shows that suppression
of proliferation by IL-10 pretreatment is impaired in MoDCs from STAT3
patients. Fig. S5 shows that up-regulation of FOXP3, CTLA-4, and GITR
is impaired in iT,, cells co-cultured with patient IL-10-DCs. Fig. S6 shows
that MoDCs from STAT3 patients produce equivalent amounts of TGF-B1.
Fig. S7 shows the characterization of primary DCs and MoDCs from the pa-
tient with TYK2 deficiency. Online supplemental material is available at
http://www.jem.org/cgi/content/full/jem.20100799/DC1.

We thank Ms. S. Miyakoshi for assistance with cell sorting with Moflo.

This work is supported by Grants-in-Aid from the Japanese Ministry of
Education, Culture, Sports, Science and Technology (22021015 and 22390205),
Japan Science and Technology Agency, Core Research for Evolutional Science and
Technology, Research on Intractable Diseases from the Ministry of Health, Labour
and Welfare, the Uehara Foundation, the Naito Foundation, the Takeda Science
Foundation, and the Mitsubishi Foundation.

The authors have no conflicting financial interests.

Submitted: 22 April 2010
Accepted: 11 January 2011

REFERENCES

Akdis, C.A., and M. Akdis. 2009. Mechanisms and treatment of allergic
disease in the big picture of regulatory T cells. J. Allergy Clin. Immunol.
123:735-746. doi:10.1016/j.jaci.2009.02.030

Akdis, M., J. Verhagen, A. Taylor, F. Karamloo, C. Karagiannidis, R.
Crameri, S. Thunberg, G. Deniz, R. Valenta, H. Fiebig, et al. 2004.
Immune responses in healthy and allergic individuals are characterized
by a fine balance between allergen-specific T regulatory 1 and T helper
2 cells. J. Exp. Med. 199:1567-1575. doi:10.1084/jem.20032058

Akira, S. 2000. Roles of STAT3 defined by tissue-specific gene targeting.
Oncogene. 19:2607-2611. doi:10.1038/sj.onc.1203478

Amsen, D., A. Antov, and R.A. Flavell. 2009. The different faces of
Notch in T-helper-cell differentiation. Nat. Rev. Immunol. 9:116—124.
doi:10.1038/nri2488

Avery, D.T., EK. Deenick, C.S. Ma, S. Suryani, N. Simpson, G.Y. Chew,
T.D. Chan, U. Palendira, . Bustamante, S. Boisson-Dupuis, et al. 2010.
B cell-intrinsic signaling through IL-21 receptor and STAT?3 is required
for establishing long-lived antibody responses in humans. J. Exp. Med.
207:155-171. doi:10.1084/jem.20091706

Baecher-Allan, C., E. Wolf, and D.A. Hafler. 2006. MHC class II expres-
sion identifies functionally distinct human regulatory T cells. J. Immunol.
176:4622-4631.

Banchereau, J., F. Brere, C. Caux, J. Davoust, S. Lebecque, Y.J. Liu,
B. Pulendran, and K. Palucka. 2000. Immunobiology of den-
dritic cells. Annu. Rev. Immunol. 18:767-811. doi:10.1146/annurev.
immunol.18.1.767

Bellinghausen, I., B. Klostermann, J. Knop, and J. Saloga. 2003. Human
CD4+CD25+ T cells derived from the majority of atopic donors are
able to suppress TH1 and TH2 cytokine production. J. Allergy Clin.
Immunol. 111:862-868. doi:10.1067/mai.2003.1412

Bennett, C.L., J. Christie, F. Ramsdell, M.E. Brunkow, PJ. Ferguson, L.
Whitesell, T.E. Kelly, F.T. Saulsbury, P.F. Chance, and H.D. Ochs.
2001. The immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat.
Genet, 27:20-21. doi:10.1038/83713

Bettelli, E., Y. Carrier, W. Gao, T. Kom, T.B. Strom, M. Oukka, HL.
Weiner, and V.K. Kuchroo. 2006. Reciprocal developmental pathways
for the generation of pathogenic effector TH17 and regulatory T cells.
Nature. 441:235-238. doi:10.1038/nature04753

Borish, L., A. Aarons, J. Rumbyrt, P. Cvietusa, ]. Negr, and S.
Wenzel. 1996. Interleukin-10 regulation in normal subjects and
patients with asthma. J. Allergy Clin. Immunol. 97:1288-1296.
doi:10.1016/50091-6749(96)70197-5

14 of 24

TEM ROUGH GALLEY PROOF

Brand, S. 2009. Crohn’s disease: Th1, Th17 or both? The change of a
paradigm: new immunological and genetic insights implicate Th17
cells in the pathogenesis of Crohn’s disease. Gut. 58:1152-1167.
doi:10.1136/gut.2008.163667

Chen, W., W. Jin, N. Hardegen, K.J. Lei, L. Li, N. Marinos, G. McGrady, and
S.M. Wahl. 2003. Conversion of peripheral CD4*CD25~ naive T cells
to CD4*CD25" regulatory T cells by TGF-B induction of transcription
factor Foxp3. J. Exp. Med. 198:1875-1886. doi:10.1084/jem.20030152

Coombes, J.L., K.R. Siddiqui, C.V. Arancibia-Circamo, J. Hall, C.M. Sun,
Y. Belkaid, and F. Powrie. 2007. A functionally specialized population
of mucosal CD103* DCs induces Foxp3* regulatory T cells via a TGF-
B- and retinoic acid—dependent mechanism. J. Exp. Med. 204:1757-
1764. doi:10.1084/jem.20070590

Corinti, S., C. Albanesi, A. la Sala, S. Pastore, and G. Girolomoni. 2001.
Regulatory activity of autocrine IL-10 on dendritic cell functions. J.
Immunol. 166:4312-4318.

Curotto de Lafaille, M.A., S. Muriglan, MJ. Sunshine, Y. Lei, N.
Kutchukhidze, G.C. Furtado, A.K. Wensky, D. Olivares-Villagbmez,
and JJ. Lafaille. 2001. Hyper immunoglobulin E response in mice
with monoclonal populations of B and T lymphocytes. J. Exp. Med.
194:1349-1359. doi:10.1084/jem.194.9.1349

Curotto de Lafaille, M.A., N. Kutchukhidze, S. Shen, Y. Ding, H. Yee, and
J.J. Lafaille. 2008. Adaptive Foxp3+ regulatory T cell-dependent and
-independent control of allergic inflammation. Immunity. 29:114-126.
doi:10.1016/j.immuni.2008.05.010

Davidson, N.J., M.W. Leach, M.M. Fort, L. Thompson-Snipes, R.. Kiihn,
W. Miiller, D.J. Berg, and D.M. Rennick. 1996. T helper cell 1-type
CD4+ T cclls, but not B cclls, mediate colitis in interleukin 10-dcficient
mice. J. Exp. Med. 184:241-251. doi:10.1084/jem.184.1.241

de Beaucoudrey, L., A. Puel, O. Filipe-Santos, A. Cobat, P. Ghandil, M.
Chrabieh, J. Feinberg, H. von Bernuth, A. Samarina, L. Janniére, et
al. 2008. Mutations in STAT3 and IL12RB1 impair the development
of human IL-17-producing T cells. J. Exp. Med. 205:1543-1550.
doi:10.1084/jem.20080321

Dillon, S.R., C. Sprecher, A. Hammond, J. Bilsborough, M. Rosenfeld-
Franklin, S.R. Presnell, H.S. Haugen, M. Maurer, B. Harder, J.
Johnston, et al. 2004. Interleukin 31, a cytokine produced by acti-
vated T cells, induces dermatitis in mice. Nat. Immunol. 5:752-760.
doi:10.1038/ni1084

Enk, AH., and S.I. Katz. 1992. Early molecular events in the induction
phase of contact sensitivity. Proc. Natl. Acad. Sci. USA. 89:1398-1402.
doi:10.1073/pnas.89.4,1398 .

Enk, AH., V.L. Angeloni, M.C. Udey, and S.I. Katz. 1993. Inhibition o
Langerhans cell antigen-presenting function by IL-10. A role for IL-10
in induction of tolerance. J. Immunol. 151:2390-2398.

Fontenot, J.D., M.A. Gavin, and A.Y. Rudensky. 2003. Foxp3 programs
the development and function of CD4+CD25+ regulatory T cells. Nat.
Immunol. 4:330-336. doi:10.1038/ni904

Francis, J.N., SJ. Till, and S.R. Durham. 2003. Induction of IL-
10+CD4+CD25+ T cells by grass pollen immunotherapy. J. Allergy
Clin. Immunol. 111:1255-1261. doi:10.1067/mai.2003.1570

Francisco, L.M., V.H. Salinas, K.E. Brown, V.K. Vanguri, G.J. Freeman,
VK. Kuchroo, and A.H. Sharpe. 2009. PD-L1 regulates the develop-
ment, maintenance, and function of induced regulatory T cells. J. Exp.
Med. 206:3015-3029. doi:10.1084/jem.20090847

Glocker, E.O.,D.Kotlarz, K. Boztug, E.M. Gertz, A.A. Schiffer, F. Noyan, M.
Perro, J. Diestelhorst, A. Allroth, D. Murugan, et al. 2009. Inflammatory
bowel disease and mutations affecting the interleukin-10 receptor. N.
Engl. J. Med. 361:2033-2045. doi:10.1056/NEJM0a0907206

Grimbacher, B., A.A. Schiffer, S.M. Holland, J. Davis, J.I. Gallin, H.L.
Malech, T.P. Atkinson, B.H. Belohradsky, R.H. Buckley, F. Cossu,
et al. 1999. Genetic linkage of hyper-IgE syndrome to chromosome 4.
Am. J. Hum. Genet. 65:735-744. doi:10.1086/302547

Grimbacher, B., S.M. Holland, and J.M. Puck. 2005. Hyper-IgE syndromes.
Immunol. Rev. 203:244-250. doi:10.111I/j.0105-2896.2005.00228.x

Grindebacke, H., K. Wing, A.C. Andersson, E. Suri-Payer, S. Rak, and A.
Rudin. 2004. Defective suppression of Th2 cytokines by CD4CD25

Impaired iT,., cell genesis in hyper-IgE syndrome | Saito et al.

_62_



ROUGH GALLEY PROOF

regulatory T cells in birch allergics during birch pollen season. Clin.
Exp. Allergy. 34:1364-1372. doi:10.1111/j.1365-2222.2004.02067 .x

Hammad, H., and B.N. Lambrecht. 2008. Dendritic cells and epithelial cells:
linking innate and adaptive immunity in asthma. Nat. Rev. Immunol.
8:193-204. doi:10.1038/nri2275

Harrington, L.E., R.D. Hatton, P.R. Mangan, H. Turner, T.L. Murphy,
K.M. Murphy, and C.T. Weaver. 2005. Interleukin 17-producing
CD4+ effector T cells develop via a lineage distinct from the T helper
type 1 and 2 lineages. Nat. Immunol. 6:1123-1132. doi:10.1038/ni1254

Hawrylowicz, C.M., and A. O’Garra. 2005. Potential role of interleukin-
10-secreting regulatory T cells in allergy and asthma. Nat. Rev. Immunol.
5:271-283. doi:10.1038/nri1589

Holland, S.M., F.R. DeLeo, H.Z. Elloumi, A.P. Hsu, G. Uzel, N. Brodsky,
A.F. Freeman, A. Demjdowich, J. Davis, M.L. Tumer, et al. 2007.
STAT3 mutations in the hyper-IgE syndrome. N. Engl. J. Med.
357:1608-1619. doi:10.1056/NE]M0a073687

Hubert, P., N. Jacobs, ].H. Caberg, ]. Boniver, and P. Delvenne. 2007. The
cross-talk between dendritic and regulatory T cells: good or evil? J.
Leukoc. Biol. 82:781-794. doi:10.1189/j1b.1106694

Ivanov, LI, B.S. McKenzie, L. Zhou, C.E. Tadokoro, A. Lepelley,
JJ. Lafaille, DJ. Cua, and D.R. Littman. 2006. The orphan nu-
clear receptor RORgammat directs the differentiation program
of proinflammatory IL-17+ T helper cells. Cell. 126:1121-1133.
doi:10.1016/j.cell.2006.07.035 )

Kakkar, R., and R.T. Lee. 2008. The IL-33/ST2 pathway: therapeu-
tic target and novel biomarker. Nat. Rev. Drug Discov. 7:827-840.
doi:10.1038/nrd2660

Kapsenberg, M.L. 2003. Dendritic-cell control of pathogen-driven T-cell
polarization. Nat. Rev. Immunol. 3:984-993. doi:10.1038/nri1246

Keir, M.E., MJ. Butte, GJ. Freeman, and A.H. Sharpe. 2008. PD-1 and its
ligands in tolerance and immunity. Annu. Rev. Immunol. 26:677-704.
doi:10.1146/annurev.immunol.26.021607.090331

Kiihn, R.., J. Lohler, D. Rennick, K. Rajewsky, and W. Miiller. 1993.
Interleukin-10-deficient mice develop chronic enterocolitis. Cell.
75:263-274. doi:10.1016/0092-8674(93)80068-P

Li, M.O., Y.Y. Wan, S. Sanjabi, AK. Robertson, and R.A. Flavell.
2006. Transforming growth factor-beta regulation of immune re-
sponses. Annu. Rev. Immunol. 24:99-146. doi:10.1146/annurev.
immunol.24.021605.090737

Lim, S., E. Crawley, P. Woo, and P.J. Barnes. 1998. Haplotype associ-
ated with low interleukin-10 production in patients with severe asthma.
Lancet. 352:113. doi:10.1016/S0140-6736(98)85018-6

Lin, W., N. Truong, W.J. Grossman, D. Haribhai, C.B. Williams, J. Wang,
M.G. Martin, and T.A. Chatila. 2005. Allergic dysregulation and hyper-
immunoglobulinemia E in Foxp3 mutant mice. J. Allergy Clin. Immunol.
116:1106-1115. doi:10.1016/j.jaci.2005.08.046

Ling, E.M., T. Smith, X.D. Nguyen, C. Pridgeon, M. Dallman, J. Arbery,
V.A. Carr, and D.S. Robinson. 2004. Relation of CD4+CD25+
regulatory T-cell suppression of allergen-driven T-cell activation to
atopic status and expression of allergic disease. Lancet. 363:608-615.
doi:10.1016/50140-6736(04)15592-X

Lloyd, C.M., and C.M. Hawrylowicz. 2009. Regulatory T cells in asthma.
Immunity. 31:438-449. doi:10.1016/j.immuni.2009.08.007

Ma, C.S.,G.Y. Chew, N. Simpson, A. Priyadarshi, M. Wong, B. Grimbacher,
D.A. Fulcher, S.G. Tangye, and M.C. Cook. 2008. Dcficiency of Th17
cells in hyper IgE syndrome due to mutations in STAT3. J. Exp. Med.
205:1551-1557. doi:10.1084/jem.20080218 '

Milner, J.D., ].M. Brenchley, A. Laurence, A.F. Freeman, B.J. Hill, K.M.
Elias, Y. Kanno, C. Spalding, H.Z. Elloumi, M.L. Paulson, et al. 2008.
Impaired T(H)17 cell differentiation in subjects with autosomal dominant
hyper-IgE syndrome. Nature. 452:773-776. doi:10.1038/nature06764

Minegishi, Y. 2009. Hyper-IgE syndrome. Curr. Opin. Immunol. 21:487—
492. doi:10.1016/j.c0i.2009.07.013

Minegishi, Y., M. Saito, T. Morio, K. Watanabe, K. Agematsu, S. Tsuchiya,
H. Takada, T. Hara, N. Kawamura, T. Ariga, et al. 2006. Human ty-
rosine kinase 2 deficiency reveals its requisite roles in multiple cytokine
signals involved in innate and acquired immunity. Immunity. 25:745—
755. doi:10.1016/j.immuni.2006.09.009

JEM '

Article

Minegishi, Y., M. Saito, S. Tsuchiya, I. Tsuge, H. Takada, T. Hara, N.
Kawamura, T. Ariga, S. Pasic, O. Stojkovic, et al. 2007. Dominant-
negative mutations in the DNA-binding domain of STAT3 cause hy-
per-IgE syndrome. Nature. 448:1058-1062. doi:10.1038/nature06096

Minegishi, Y., M. Saito, M. Nagasawa, H. Takada, T. Hara, S. Tsuchiya, K.
Agematsu, M. Yamada, N. Kawamura, T. Ariga, et al. 2009. Molecular
explanation for the contradiction between systemic Th17 defect and
localized bacterial infection in hyper-IgE syndrome. J. Exp. Med.
206:1291-1301. doi:10.1084/jem.20082767

Ohkawara, B., K. Shirakabe, J. Hyodo-Miura, R. Matsuo, N. Ueno, K.
Matsumoto, and H. Shibuya. 2004. Role of the TAK1-NLK-STAT3
pathway in TGF-beta-mediated mesoderm induction. Genes Dev.
18:381-386. doi:10.1101/gad. 1166904

Ou, LS, E. Goleva, C. Hall, and D.Y. Leung. 2004. T regulatory cells in
atopic dermatitis and subversion of their activity by superantigens. J.
Allergy Clin. Immunol. 113:756-763. doi:10.1016/j.jaci.2004.01.772

Renner, E.D., S. Rylaarsdam, S. Anover-Sombke, A.L. Rack, J.
Reichenbach, J.C. Carey, Q. Zhu, A.F. Jansson, J. Barboza, L.F.
Schimke, et al. 2008. Novel signal transducer and activator of transcrip-
tion 3 (STAT3) mutations, reduced T(H)17 cell numbers, and variably
defective STAT3 phosphorylation in hyper-IgE syndrome. J. Allergy
Clin. Immunol. 122:181-187. doi:10.1016/].jaci.2008.04.037

Rubtsov, Y.P.,, and A.Y. Rudensky. 2007. TGFbeta signalling in con-
trol of T-cell-mediated self-reactivity. Nat. Rev. Immunol. 7:443—453,
doi:10.1038/nri2095

Rubtsov, Y.P., J.P. Rasmussen, E.Y. Chi, J. Fontenot, L. Castelli, X. Ye, P.
Treuting, L. Siewe, A. Roers, W.R.. Henderson]r., etal. 2008. R egulatory
T ccll-derived interleukin-10 limits inflammation at environmental in-
terfaces. Immunity. 28:546-558. doi:10.1016/j.immuni.2008.02.017

Rutella, S., S. Danese, and G. Leone. 2006. Tolerogenic dendritic
cells: ' cytokine modulation comes of age. Blood. 108:1435-1440.
doi:10.1182/blood-2006-03-006403

Sakaguchi, S., T. Yamaguchi, T. Nomura, and M. Ono. 2008.
Regulatory T cells and immune tolerance. Cell. 133:775-787.
doi:10.1016/j.cell.2008.05.009

Schulz, O., A.D. Edwards, M. Schito, ]J. Aliberti, S. Manickasingham, A.
Sher, and C. Reis e Sousa. 2000. CD40 triggering of heterodimeric IL-
12 p70 production by dendritic cells in vivo requires a microbial priming
signal. Immunity. 13:453-462. doi:10.1016/51074-7613(00)00045-5

Spencer, S.D., F. Di Marco, J. Hooley, S. Pitts-Meek, M. Bauer, A.M.
Ryan, B. Sordat, V.C. Gibbs, and M. Aguet. 1998. The orphan recep-
tor CRF2-4 is an essential subunit of the interleukin 10 receptor. J. Exp.
Med. 187:571-578. doi:10.1084/jem.187.4.571

Steinbrink, K., E. Graulich, S. Kubsch, J. Knop, and A.H. Enk. 2002.
CD4(+) and CD8(+) anergic T cells induced by interleukin-10-treated
human dendritic cells display antigen-specific suppressor activity. Blood.
99:2468-2476. doi:10.1182/blood.V99.7.2468

Steinman, R.M., D. Hawiger, and M.C. Nussenzweig. 2003. Tolerogenic
dendritic cells. Annu. Rev. Immunol. 21:685-711. doi:10.1146/annurev.
immunol.21.120601.141040

Taams, L.S., M. Vukmanovic-Stejic, J. Smith, P.J. Dunne, J.M. Fletcher,
FJ. Plunkett, S.B. Ebeling, G. Lombardi, M.H. Rustin, J.W. Bijlsma, et
al. 2002. Antigen-specific T cell suppression by human CD4+CD25+
regulatory T cells. Eur. J. Immunol. 32:1621-1630. doi:10.1002/1521-
4141(200206)32:6<1621::AID-IMMU1621>3.0.CO;2-Q

Trautmann, A., M. Akdis, D. Kleemann, F. Altznauer, H.U. Simon, T.
Graeve, M. Noll, E.B. Brocker, K. Blaser, and C.A. Akdis. 2000. T
cell-mediated Fas-induced keratinocyte apoptosis plays a key patho-
genetic role in eczematous dermatitis. J. Clin. Invest. 106:25-35.
doi:10.1172/JCI9199

Umetsu, D.T., and R.H. DeKruyff. 2006. The regulation of allergy
and asthma. JImmunol. Rev. 212:238-255. doi:10.1111/5.0105-
2896.2006.00413.x

Veldhoen, M., R J. Hocking, C.J. Atkins, R.M. Locksley, and B. Stockinger.
2006. TGFbeta in the context of an inflammatory cytokine milieu sup-
ports de novo differentiation of IL-17-producing T cells. Immunity.
24:179-189. doi:10.1016/j.immuni.2006.01.001

15 of 24

_63_



JEM

Vissers, J.L., B.C. van Esch, G.A. Hofman, M.L. Kapsenberg, F.R. Weller,
and AJ. van Oosterhout. 2004. Allergen immunotherapy induces a sup-
pressive memory response mediated by IL-10 in a mouse asthma model. J.
Allergy Clin. Immunol. 113:1204-1210. doi:10.1016/j.jaci.2004.02.041

Wang, Y.H., P. Angkasekwinai, N. Lu, K.S. Voo, K. Arima, S. Hanabuchi,
A. Hippe, CJ. Corrigan, C. Dong, B. Homey, et al. 2007. IL-25
augments type 2 immune responses by enhancing the expansion and
functions of TSLP-DC-activated Th2 memory cells. J. Exp. Med.
204:1837-1847. doi:10.1084/jem.20070406

Wildin, R.S., F. Ramsdell, ]. Peake, F. Faravelli, J.L. Casanova, N. Buist,
E. Levy-Lahad, M. Mazzella, O. Goulet, L. Perroni, et al. 2001. X-
linked neonatal diabetes mellitus, enteropathy and endocrinopathy syn-
drome is the human equivalent of mouse scurfy. Nat. Genet. 27:18-20.
doi:10.1038/83707

16 of 24

ROUGH GALLEY PROOF

Yamazaki, S., K. Inaba, K.V. Tarbell, and R.M. Steinman. 2006a. Dendritic
cells expand antigen-specific Foxp3+ CD25+ CD4+ regulatory T cells
including suppressors of alloreactivity. Immunol. Rev. 212:314-329.
doi:10.1111/j.0105-2896.2006.00422 x

Yamazaki, S., M. Patel, A. Harper, A. Bonito, H. Fukuyama, M. Pack, K.V.
Tarbell, M. Talmor, J.V. Ravetch, K. Inaba, and R.M. Steinman. 2006b.
Effective expansion of alloantigen-specific Foxp3+ CD25+ CD4+ regu-
latory T cells by dendritic cells during the mixed leukocyte reaction. Proc.
Natl. Acad. Sci. USA. 103:2758-2763. doi:10.1073/pnas.0510606103

Zheng, S.G., ]. Wang, P. Wang, ].D. Gray, and D.A. Horwitz. 2007.
IL-2 is essential for TGF-beta to convert naive CD4+CD25- cells to
CD25+Foxp3+ regulatory T cells and for expansion of these cells. J.
Immunol. 178:2018-2027.

Zheng, Y., and A.Y. Rudensky. 2007. Foxp3 in control of the regulatory T
cell lineage. Nat. Immunol. 8:457-462. doi:10.1038/ni1455

Impaired iT,.g cell genesis in hyper-IgE syndrome | Saito et al.

_64_



SUPPLEMENTAL MATERIAL

Saito et al., http://www.jem.org/cgi/content/full/jem.20100799/DC1

259, _Ns o5 NS

4] © f )
o .

+ * . O 4

iy *+, .

Z s . E 3 ‘e 3
Loy — 2|7
+ b4 e +v 2 .
< . a

o 1

O .0

N 04 x 0+

° Control STAT3 Control STAT3
+ 0-CD3+0-CD28

o =

« 0-CD3+0-CD28

A o-CD3+4-CD28
- = IFN-y+o-IL4  IL-4+0-IFN+
0 12 0.33) 3.4 .
2 Control
0.02
0 1.2 0.40 3.1
3 STAT3
¥ ' "1 0.15
=
IFN-y
B 10 .- - 150 el 120
E . — b =
= =100 :. o® £
g 5 o . % —. E,
T | T T oS v o5
z : *% _ll 0 0 * ‘T
L oplaee’ g = ol g =
Control STAT3 Control STAT3 Control STAT3
NS * *
% 30 . 1.25 f o 1.5
£ iy aga = . -~ T :
gzo o‘ o & %0.8 :.: o E 1.0 .o e
Il ° S04l so0sf 3.
v ° ‘T
L) _x;i:?__&_. = 0 ol _, = '9§'Q pend
. Control STAT3 Control STAT3 Control STAT3
Figure S1. Normal Th1 and Th2 differentiation from naive CD4* T cells but increased Th2 cytokine production from activated T cells in

PBMCs of STAT3 patients. (A) Intracellular staining with mAbs against [FN-y and IL-4 was performed on naive CD4+ T cells from control subjects and
STAT3 patients either left unstimulated or stimulated with mAbs against CD3 and anti-CD28, alone or in combination with IFN-y and anti-IL-4 mAb or
IL-4 and anti-IFN-y mAb. The percentages of IFN-y- and IL-4-producing cells are shown. Representative dot plots from a control subject and a STAT3
patient are shown on the left, and pooled data from eight control subjects and eight STAT3 patients showing percentages of CD4*IFN-y* cells and

CD4+IL-4+ cells are on the right. (B) Naive CD4* T cells from eight control subjects and eight STAT3 patients were stimulated with anti-CD3/CD28 mAbs,

and the concentration of IFN-v, IL-5, and IL-13 in the culture supernatants was measured by ELISA. Pooled data from eight control subjects and eight
STAT3 patients are shown. (C) PBMCs from eight control subjects and eight STAT3 patients were stimulated, and the concentration of IFN-y, IL-5, and IL-
13 was measured as in B. Pooled data from eight control subjects and eight STAT3 patients are shown. Data are representative of at least two indepen-
dent experiments performed in triplicate. (A-C) Horizontal bars indicate mean values. *, P < 0.05.
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Figure S2. MoDC differentiation in vitro and TGF-B1 signaling in MoDCs are intact in STAT3 patients. (A) Representative forward and side
light scatter (FSC and SSC, respectively) profile of immature DCs from a control subject and a STAT3 patient. (B) Representative histograms of CD1a ex-
pression on immature DCs are at the top, and summary data from eight control subjects and eight STAT3 patients showing mean fluorescence intensity
(MFI) of CD1a expression are at the bottom. Dashed line indicates staining with an isotype-matched control mAb. (C) Representative histograms of CD8O0,
CD83, and CD86 expression on immature MoDCs (—) and LPS-matured MoDCs (LPS) from a control (Cont) subject and a STAT3 patient are shown at the
top, and summary data (n = 8 each) showing AMFI, LPS stimulated minus immature, are at the bottom. Dashed lines indicate staining with isotype-
matched control mAbs. (D) Representative histograms of FITC-dextran uptake by immature (—) and LPS-matured (LPS) MoDCs from a control subject and
a STAT3 patient are shown at the top, and summary data (n = 8 each) showing AMFI, cultures in 37°C minus cultures in 4°C, are at the bottom. Data are
representative of at least two independent experiments. (E) Immature DCs from a control subject and a STAT3 patient were stimulated with TGF-B1 for 4
h, and the amount of CDH1 (E-cadherin) and IRF8, TGF-B-responsive genes, was evaluated by Q-PCR. Data shown were normalized to HPRT levels, and
the expression level in unstimulated control cells was defined as 1.0. Representative data are shown at the top, and summary data showing fold increase
(n = 8 each) are at the bottom. Data are representative of two independent experiments. Graphs show mean + SD. (B-E) Horizontal bars indicate mean
values.*, P < 0.05.
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Figure $3. IL-10 treatment does not impair the differentiation of MoDCs, but down-regulation of CD80, CD83, and CD86 is defective in
MoDCs from STAT3 patients. (A) Representative forward and side scatter (FSC and SSC, respectively) profile of IL-10-treated MoDCs. (B) Representative
histograms of CD1a expression on IL-10-DCs from a control (Cont) subject and a STAT3 patient. Dashed lines indicate the staining with isotype-matched
control mAb. Representative histograms are on the left, and summary data (n = 8 each) showing mean fluorescence intensity (MFI) of CD1a expression
are on the right. Data are representative of at least two independent experiments. (C) Representative histograms of CD80, CD83, and CD86 expression on
LPS-matured DCs (LPS) and LPS-matured MoDCs after prior treatment with IL-10 (IL-10 — LPS) from a control subject and a STAT3 patient. Dashed lines
indicate staining with isotype-matched control mAbs. Summary data (n = 8 each) showing AMFI, LPS matured minus IL-10 — LPS DCs, of CD80, CD83,
and CD86 are on the bottom. Data are representative of at least two independent experiments. (B and C) Horizontal bars indicate mean values. **, P <
0.01;** P < 0.001.
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Data are representative of at least two independent experiments. Horizontal bars indicate mean values. *, P < 0.05; **, P < 0.01.

JEM

_69_

S5



fae
o
)
L |
&
=

Ag3,0-
<@ BTGFp1
Z 8o
E g
‘\d)
W
©
Ego
<= "~ Control STAT3
NS
4- >
=) .
Z g
= g2{=+v ——
ﬁ-i-a . * .
ég | * °
=L

0+—
Control STAT3

vs)

o = *
«WPS 1

5.
*
:4'
E .
o 3 1 . .
S -
SN
o2 * ..
0 . T . *
—1- ° * 0 ®
wv-g-o o0
'S4

Control ~ STAT3
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Clinical Features and Outcome of Patients With
IRAK-4 and MyD88 Deficiency
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Abstract: Autosomal recessive interleukin-1 receptor-associated ki-
nase (IRAK)-4 and myeloid differentiation factor (MyD)88 deficiencies
impair Toll-like receptor (TLR)- and interleukin-1 receptor-mediated
immunity. We documented the clinical features and outcome of 48
patients with IRAK-4 deficiency and 12 patients with MyD88 deficiency,
from 37 kindreds in 15 countries.

The clinical features of IRAK-4 and MyDB8 deficiency were indis-
tinguishable. There were no severe viral, parasitic, and fungal diseases,
and the range of bacterial infections was narrow. Noninvasive bacterial
infections occurred in 52 patients, with a high incidence of infections of
the upper respiratory tract and the skin, mostly caused by Psendomonas
aeruginosa and Staplylococcus aureus, respectively. The leading threat
was invasive pneumococcal disease, documented in 41 patients (68%)
and causing 72 documented invasive infections (52.2%). P aeruginosa
and Staph. aureus documented invasive infections also occurred (16.7%
and 16%, respectively, in 13 and 13 patients, respectively). Systemic
signs of inflammation were usually weak or delayed. The first invasive
infection occurred before the age of 2 years in 53 (88.3%) and in the
neonatal period'in 19 (32.7%) patients. Multiple or recurrent invasive
infections were observed in most survivors (n = 36/50, 72%).

Clinical outcome was poor, with 24 deaths, in 10 cases during the first
invasive episode and in 16 cases of invasive pneumococcal disease.
However, no death and invasive infectious disease were reported in
patients after the age of 8 years and 14 years, respectively. Antibiotic

prophylaxis (n = 34), antipnenmocaccal vaccination (n=31), and/orIgG
infusion (n = 19), when instituted, had a beneficial impact on patients
until the teenage years, with no seemingly detectable impact thereafter.

IRAK-4 and MyDB8 deficiencies predispose patients to recurrent
life-threatening bacterial diseases, such as invasive pneumococcal dis-
ease in particular, in infancy and early childhood, with weak signs of
inflammation. Patients and families should be informed of the risk of
developing life-threatening infections; empiric antibacterial treatment
and immediate medical consultation are strongly recommended in cases
of suspected infection or moderate fever. Prophylactic measures in
childhood are beneficial, until spontaneous improvement occurs in
adolescence.

(Medictne 2010;89: 403—425)
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INTRODUCTION

utosomal recessive interleukin-1 receptor-associated kinase

(IRAK)4 and myeloid differentiation factor (MyD)88
deficiencies are recently described primary immunodeficien-
cies. 3847 MyD?88 is a key cytosolic adapter molecule, providing
a bridge from Toll-like receptors (TLRs) and interleukin-1
recepiors (IL-1Rs) to the IRAK complex, which consists of 2
active kinases ((RAK-1 and IRAK-4) and 2 noncafalytic sub-
units (IRAK-2 and IRAK-3/M). MyD88 interacts with TLRs
and IL-1Rs via a shared Toll and IL-1R (TIR) domain. The
MyD88- and IRAK-4-dependent TIR pathway leads to the
synthesis of inﬂmnmatory cytokines, such as IL-1§3, IL-6, IL-8,
tumor necrosis factor (TNF)-, interferon (IFN)-o/B, and IFN- }\‘
at least after TLR7, TLRS, and TLR9 stimulation (Figure 1),
MyD88 and IRAK-4 deficiencies can thus be comndered pheno-
copies with respect to their immunologic phenotype.*’ Blood
leukocym denved from MyD88- and IRAK~4-deficient patients
display i responses tomost of the TLR and IL-1R agonists
tmted.-"a-" All human TLRs other than TLR3 use both MyD88
and IRAK-4.4>® This pathway is also used by a number of IL-
IRs, including IL-IR, IL-18R, and IL-33Ra (ST2).*'7 (unpub-
lished data) It is unknown whether other TIR-containing IL-1Rs,
such as IL-1Rrp-2, SIGIRR/TIRS, TIGIRR 1, and TIGIRR-2/IL-
IRAPL, use MyD88 and IRAK-4."*! IL-1ce and IL-33 may
also exert nltemahve, intracellular effects leading to transcrip-
tional regulation.'” To our knowledge, no mutation affecting the
MyD88-independent IL-IR pathway has yet been identified. An
alternative, MyD88-independent but TRIF-dependent pathway
can be tnggercd by TLR-3 and TLR-4. The alternative TLR-3
pathway is impaired in patients with UNC-93B and TLR-3 dcﬁ-
ciencies, whose alternative TLR-4 pathway is not affected.!’-*
. By contrast, mutations in NEMO and IKBA genes are associated
with a much breader sngmlmg defect, including both the classical
and alternative pathways.”

Given such a broad and profound immunologic phenotype,
we would expect the clinical infectious phenotype of IRAK-4
and MyD88 deficiencies to be extremely severe. However,
available clinical data for 45 patients with MyD88 and IRAK-4
deficiencies suggest instead a narrow susceptibility to invasive
bacterial infections, mostly caused by gram-positive bacteria,

such as Streptococcus pneumoniae and Staphylococcus .aureus
in particular, with rare infections caused by gram-negative bac-
teria, such as Pseudomonas aeruginosa and Shigella sonnei.'*
25263849 Both MyD88- and IRAK-4-deficient patients seem to
have normal resistance to common fungi, parasites, viruses, and
to a large fraction of bacteria. Moreover, although 16 of the 45
reported patients died in childhood, the clinical features of the
survivors seemed to improve with age 58!2:14-16,18-2023-27.30,32,

384452 The clinical history of these patients seems otherwise
unremarkable, with the exception of a late detachment of the
umbilical cord, reported in 2 patients.*

This clinical information, however, is based principally on
the description of individual case reports and small series of
patients, with a single large series of 28 individuals.2’ Moreover,
most publications, including that dealing with the large serm,z;
have focused on the genotype and cellular phenotype of patients,
providing little clinical information—infectious and immuno-
logic information in particular. To our knowledge, the actual
clinical presentation of patients with MyD88 and IRAK-4 defi-
ciency and their overall immunologic evaluation have yet to be
described. The nature and severity of the infectious diseases to
which these patients are susceptible and the impact of prophy-
laxis and age on clinical outcome have not been described. The
impact of these defects on the development and function of
the myeloid and lymphoid cell subsets also remains to be char-
acterized. We therefore undertook a detailed and thorough
description of the clinical features and outcome of an interna-
tional series of patients with MyD88 or IRAK-4 deficiency.

PATIENTS AND METHODS

Subjects and Kindreds

The current study was conducted in accordance with the
Helsinki Declaration, with informed consent obtained from each
patient or the patient’s family. The study was approved by the
local ethics committee of Necker-Enfants Malades Hospital,
Paris, France. A detailed questionnaire was completed by the
physicians caring for the patients with MyD88 and IRAK-4
deficiencies and sent to 2 of the authors (CP and HvB) for
thorough review. During follow-up, communications were sent
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IRAK-4- and MyD88-Deficient Patients

IRAK-4

OO SRR

FIGURE 1. Schematic representation of TIRs signaling pathway. MyD88 interacts with TLRs and IL-1Rs through a shared TIR domain.
MyD88 is a key cytosolic adapter molecule, providing a bridge from TLRs and IL-1Rs to the 2 active kinases IRAK-4 and IRAK-1. IRAK-4
and IRAK-1 then activate at least the 2 signaling NF-kB and MAPK pathways. The MyD88- and IRAK-4-dependent TIR pathway leads
among others to the synthesis of inflammatory cytokines, such as IL-18, IL-6, IL-8, TNF-w, and to IFN-a/B and IFN-), at least for TLR7,
TLR8 and TLR9. The MyD88- and IRAK-4-independent TIR pathway uses TRIF pathway after stimulation of TLR3 and TLR4, This

pathway is important for IFN-a and IFN-B production.

to confirm clinical information, including the prevalence, clin-
ical presentation, and histologic features of noninvasive infec-
tions, such as ofitis media, dermatitis, lymphadenitis, and
necrotizing pharyngitis. Clinical and laboratory data were col-
lected for the patients from their birth until December 2009, or
until their death if they died before this date.

Activation by TLR Agonists and Cytokine
Determinations

The activation of cells in whole-blood samples and the levels
of TNF-a and IL-6 secretion were determined by enzyme-linked
immunosorbent assay (ELISA), as previously described.?> Gran-
ulocytes were isolated by Ficoll density gradient centrifugation,
activated with TLR agonists, stained with anti-CD62L-FITC (BD)
antibody, and analyzed by flow cytometry, as previously de-
scribed.*® Twenty kindreds with IRAK-4 deficiency and the 6
kindreds with MyD88 deficiency were explored in our laboratory,
by 1 or by both exploratory methods. The remaining 11 kindreds
with IRAK-4 deficiency were identified by other teams,

Sequencing Analysis

Genomic DNA was isolated by phenol/chloroforn extrac-
tion. RNA was isolated with Trizol (GibcoBRL Life Teshnolo-
gies, Invitrogen SARL). Genomic DNA and cDNAs for IRAK4
and MYD88 were amplified, sequenced, and analyzed on an ABI
Prism 3700 apparatus (BigDye Terminator sequencing kit, Ap-
plied Biosystems), as previously described.?® Twenty kindreds
with IRAK-4 deficiency and the 6 kindreds with MyD88 defi-

" © 2010 Lippincott Williams & Wilkins

ciency were identified in our laboratory by sequencing analysis.
The remaining 11 kindreds with IRAK-4 deficiency were iden-
tified by other teams.

Western Blotting

Proteins for Western blotting were extracted from periph-
eral blood mononuclear cells, Epstein-Barr virus-transformed B
cells, and SV40-transformed fibroblasts. Western blots were
probed with rabbit antibodies against IRAK-4 (Tularik and Cell
Signaling Technology), MyD88 (CSA-510, Stressgen), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa
Cruz Biotechnology; Inc.).

Immunologic Investigations

Immunologic investigations were based on those described
in previous studies and/or the questionnaires sent to physicians,
Lymphocyte subsets were determined by routine flow cytometry.
Serum levels of the IgM, IgA, IgG, and IgG subclasses were
assessed by standard nephelometry techniques. Total IgG anti-
body levels against multiple pneumococcal serotypes (23 sero-
types),”** levels of IgG against Haemophilus influenzae PRP
antigens, tetanus toxoid, and diphtheria were assessed by stan-
dard ELISA techniques. We carried out a prospective study in
9 IRAK 4-deficient patients, for whom antibody titers against
serotype-specific pneumococcal capsular polysaccharides were
determined, as previously described, before and after immuni-
zation with nonconjugate antipneumococcal vaccine.?>*® The
United States Pneumococcal Reference Serum Lot 89-SF was
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FIGURE 2. Pedigrees of the 31 kindreds identified with IRAK4 deficiency. Each kindred with IRAK-4 deficiency is designated by a
capital letter (A-E1) each generation is designated by a Roman numeral (I-1V), and each individual is designated by an Arabic numeral
{from left to right). Patients with a clinical phenotype are indicated by closed symbols, Patients with confirmed IRAK-4 deficiency but
no clinical phenotype as yet are indicated by an open square or circle divided by a black line. In each family, the proband isindicated by an
arrow. Individuals whose genetic status could not be evaluated are indicated by “E?”.
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used as a reference. We determined IgG concentrations against
serotype 3 (a strong immunogen), serotypes 4, 14, and 19F
(intermediate immunogens), and serotypes 6B, 9N, and 18C
(weak immunogens). A normal response is defined as an in-
crease in antibody titers by a factor of at least 3. All antibody
determinations were performed before or several months after
the end of immunoglobulin treatment.

Statistical Analysis

Infection-free status and survival curves as a function of
age were estimated by the Kaplan-Meier method, and, when
necessary, curves were compared by log-rank tests.

RESULTS

Description of Patients and Kindreds
We sludlcd 48 patients (26 male and 22 female patients) from
31 kindreds with IRAK-4 deficiency (kindred A to E1)%%1%
14-16,18,2023-25,27,30.32,38:44 (hresent report) and 12 patients (7 male
and 5 female patients) from 6 kindreds with MyD88 deficiency
(kindred a to £)* (present report) (Figures 2 and 3; Table 1). This
series includes all 45 patients (36 IRAK-4 and 9 MyD88) described
in previous reports (24 and 5 kindreds, respectively) and 15 newly
diagnosed patients (12 IRAK-4 and 3 MyD88 patients, corre-
sponding to 7 kindreds and 1 kindred, respectively). In all probands,
diagnosis was based on the detection of homozygous or compound
heterozygous mutations in IRAK4 or MYD88 accompanied by a
lack of production of IL-6 by whole blood or of CD62L shedding
from _granulocytes following activation with TLR/IL-IRs ago-
nists 3449 Jn addition, 16 relatives were found to be homozygous
or compound heterozygous for mutations in [IRAK4 or MYDS8.
Finally, 7 sibs who had died of bacterial infection were considered
to have IRAK-4 or MyD88 deficiency retrospectwely, by mference
from the personal and familial hlstory .
The parents were consanguineous in 7 of the 37 kmdreds
Up to 18 cases were sporadic, whereas 42 cases were familial
(19 kindreds). The 37 families originated from 15 countries on

a
| i
E? 1
| O
1 2 1
i 5— 1’
1 /Iﬁi
| . | .
Lo =0
1 2 1 2
I i— _ﬁ
r’m 0 Far T

{RAK-4- and MyD88-Deficient Patients

4 continents, including North America (Canada, El Salvador,
United States), Asia (Isracl, Japan, Saudi Arabia, Turkey),
Australia, and Europe (France, Hungary, Portugal, Setbia,
Slovenia, Spain, United Kingdom). Most patients and their
families were living in their countries of origin, with the ex-
ception of a Portuguese family living in France, a Serbian family
living in Switzerland, a Turkish family living in Germany, and a
family from El Salvador living in the United States (Figure 4;
Table 1).

IRAK4 and MYD88 Mutations

Patients with IRAK~4 deficiency were homozygous in 17
kindreds, whereas those from 14 other kindreds were compound
heterozygous for IRAK4 mutations (Table 1). One seemingly
homozygous patient (B-P2) was actually compound heterozy-
gous for the Q293X mutation, inherited from his mother, and for
a large de novo deletion (designated BAC210N13del) encom-
passing the IRAK4 gene.2 Two other patients from the same
family (I-P11 and 1-P12) had 1 parent who did not carry the
mutant allele. Not enough material was available to explore the
IRAK4 locus further in deceased patients P11 and P12 from
kindred 1.* Two of the newly identified mutations were nonsense
mutations (R183X and Y430X), 1 was a splice mutation (1126-1 -
G>T), 2 were frameshift insertions and deletions '(43insA and
897_900delCAT), and 2 were missense mutations (M1V and
G298D). All the mutations other than the missense mutations
were predicted to be loss-of-expression and loss-of-function,
as they create a premature termination codon or delete a large
segment of the gene. The M1V mutation affecting the initiation
codon was also likely to be severely deleterious. No IRAK-4
protein was detected in the patient bearing the M1V/1188+
520A>G mutant alleles, whereas the patient bearing the G298D
mutation at compound hetcrozygous state (G298D/Q293X) did
produce IRAK-4 protein in peripheral blood mononuclear cells
and in B cell lines, All the previously reported rhutations are
loss-of-expression,”® with the exception of the R12C and 831+
5G>T mutant alleles in patient TP31 which are assoclahed with

residual IRAK-4 protein production.?
'
. 00O D—"—o
2 1 2 1 2
1 2 2 x ;3 4
/ P3 P4 ps /" pe P7

FIGURE 3. Pedlgrees of the 6 kindreds with MyD88 deficiency identified. Each kindred with MyD88 deficiency is designated by a
lower case letter (a-f); each generation is designated by a Roman numeral (I-1V), and each individual is designated by an Arabic
numeral (from left to right). Patients with a clinical phenotype are indicated by closed symbols, In each family, the proband is indicated
by an arrow. Individuals whose genetic status could not be evaluated are indicated by “E?".
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FIGURE 4. Countries of origin of the 31 kindreds with IRAK-4 deficiency and the 6 kindreds with MyD88 deficiency identified.
The number of patients identified in each country is indicated.

Patients with MyD88 deficiency from 5 kindreds were
homozygous, and 1 patient (b-P2) was compound heterozy-
. gous.* Two MyD88 mutant allcles were found to be associated
with the production of very small amounts of a nonfunctional
protein (E65del and L106P), whereas the R209C mutant allele
was associated with the quantitatively normal production of a
nonfunctional protein.*® (The mutation numbering has been
adjusted from the original report [reference 49] to correspond to
the dominant ATG initiation in the new reference sequence of
GenBank [NM 001172567.1, GI 289546502].).
N : _ b

Immunologic Investigations :

We analyzed blood leukocyte subsets in 29 patients with
IRAK-4 deficiency and 10 patients with MyD88 deficiency. We:
previously showed that monocyte and dendritic cell subsets were
present in normal numbers in 3 patients with IRAK-4 deficiency.>*
Tcell subsets, including CD4 and CD8 T cells, were also present
* in normal numbers (24 patients with IRAK-4 deficiency and 6
.with MyD88. deficiency. tested) (Tables 2 and 3). T célls prolif-
erated normally in response to the mitogen phytohemagglutinin,
CD3-specific antibodies, and recall antigéns in vitro (12 patients
with IRAK-4 deficiency and 3 with MyD88 deficiency tested).

IgM, IgG, and IgA Ievels were normal for age in 15 IRAK-
4-deficient and in 3 MyD88-deficient patients, and high in 12

IRAK-4-deficient and 4 MyD88-deficient patients. Among these
patients, S patients with IRAK-4 deficiency and 2 with MyD88
deficiency had very high IgG4 levels. IgG level was low in 1
IRAK-4-deficient patient (U-P32) and 1 MyD88-deficient patient
(d-P5). Two IRAK-4-deficient patients had high levels of IgM
(P13, VP34). In particular, IgE levels were high in 14
IRAK-4-deficient patients and in 3 MyD88-deficient patients,
with a total of 26 patients evaluated (Tables 4-6). The highest

IgE-levels in IRAK4- and MyD88-deficient patients were, how-

410 | www.md-journal.com

ever, not as high as those in patients with STAT3 or DOCKS8
deficiency, with the exception of 1 patient with IRAK4 deficiency
(A-P1)3453 Antibody responses to protein antigens (tetanus
toxoid, poliovirus and/or diphtheria) were normal in the 17 IRAK-
4-deficient and 2 MyD88-deficient patients tested. Six of the 13
IRAK4-deficient (A-P1, F-P7, J-P15, O-P24, S-P30, V-P34)
and all 5 MyD88-deficient (b-P2, ¢-P3, ¢-P4, e-P9, a-P10)
patients tested had detectable IgG antibodies against pneumo-
coccus afer infection and/or immunization with conjugate or
nonconjugate vaccines. The antibody response (serotypes 3, 4,
6B, 9N, 14, 18C, 19F) to glycans following nonconjugated
pneumococcal vaccine was impaired in 5 (B-P2, G-P8, K-P17, K-
P18, R-P28) of the 9 IRAK-4-deficient pafients explored. Three
IRAK-4-deficient patients (H-P10, O-P24, W-P36) received con-
jugated and nonconjugated pneumococcal vaccine, and the
response to vaccination was in the normal range in 2 of these
patients (O-P24, W-P36), at least at the time points 1 and 5 months
after the last booster vaccination. One IRAK-4-deficient patienit
(S-P30) received only conjugated pneumococcal vaccine, and the
response to immunization was normal. Unforfunately, we found no
correlation between the presence or absence of antipneumococcal
antibodies and the occurrence of invasive pneumococcal disease,
The antibody response to conjugated H. influenzae type b vaccine
was normal in the 13 IRAK-4-deficient patients and 1 MyD88-
deficient patient explored. One IRAK-4-deficient patient (X-
P37) who developed meningitis caused by H. influenzae type b
had antibodies against H. influenzae type b after infection. The
production of IgM allo-hemagglutinins directed against erythro-
cyte AB antigens was impaired in 3 of the 10 IRAK~4-deficient
and in 1 of the 3 MyD88-deficient patients explored (Tables 4-6).
Finally, the counts of CD16-positive and CD56-positive
NK cells were normal in the 19 IRAK-4-deficient and 6 MyD88-
deficient patients tested (Tables 2 and 3). There thus seemed to

© 2010 Llppim-:or! Williams & Wilkins
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TABLE 3. Immunologic Investigation: Blood Lymphocyte Subsets and T-Cell Proliferation in MyD88-Deficient Patients*

Patients P1 P10 P2  Normal Values P6 P9 Normal Values P8 - P4  Normal Values
(age) I0mo 15mo 2yr 3mo2yr 25yr 3yr 2-6yr 7yr 8yr 6-12 yr
Lymph., 10°/uL 55 24 (349 332 2.3-54) 243 (1.9-3.7
T cells, %
CD3 69 64 (53-84) 68 64 (56-76) 47 77 (60-76)
Cbh4 39 39 (31-64) 35 39 (2847) 25 43 (3147
CD8 22 27 (12-30) 33 25 (16-30) 22 27. (18-35)
CD45RA/CD4 79 (64-95) (53-86) 46 (46-77)
CD45R0O/CD4 25 . . 59
NK cells, % 5 20 4-18) 7 11.5 4-17) 26 4 4-17)
B cells; % 27 24 18 (6-41) 23 17.5 (14-33) 17 18 (13-27)
Prolif. x 10 3cpm
CD3 46 - (>30) 56 (>30)
PHA 175.5 (>50) 50 113 (>50)
PPD 42 (>10) 103 c10)
Candidin 1.0 10) 152 10)
Tetanus 26.0 ¢10) 21 10)

*Data given as total lymphocyte counts and percentages of T cells, NK cells, and B cells. Age-specific normal values are shown in parentheses.
Proliferative responses to OKT3 (50 ng/mL) ("CD3"), the mitogen PHA, and various antigens (PPD, candidin, tetanus) are listed.

be no overt defect of leukocyte development in IRAK-4- and
MyD88-deficient patients. Antigen-specific T- and B-cell re-
sponses seemed to be normal, as detected with these routine
immunologic evaluations, with 2 notable exceptions. First, the
glycan-specific IgG and IgM antibody response against at least
pneumococcal and AB glycans was impaired in half of the
patients tested. Second, serum IgG4 and IgE levels were high in
up to 35% (n = 7/20) and 65% (n = 17/26), respectively, of the
* patients tested (both were high in 4 patients). Nevertheless, none
of the MyD88- and IRAK-4-deficient patients in this cohort
suffered from allergic asthma, and a chronic eczematous skin
discase was reported only in patient F-7. A survey is underway to
assess laboratory and clinical manifestation of allergy in patients

with MyD88 and IRAK4 deficiency (Gallego and Picard, un-
‘published data).

Invasive Bacterial Infections

Invasive bacterial disease (InvBD) is defined here as clini-
cal diseasé¢ due to the presence of a disease-causing bacterium
in 2 normally sterile fluid or tissue. There were 114 reported
episodes of InvBD in 48 IRAK-4-deficient patients (n = 2.38
episodes per patient; range, 0~10), including meningitis (47 epi-
sodes, 41.2% of all invasive episodes), sepsis (including bacter-
emia, septicemia, and shock; 26 episodes, 22.8%), arthritis (17
episodes, 14.9%), osteomyelitis (7 episades, 6.1%), and deep inner
organ/tissue abscesses (17 episodes, 14.9%) (Figure 5). Deep-seated

TABLE 4. Immunologic Investigation: Ig Levels and Humoral Responses to Recall Antigens-and to Glycans in IRAK-4-Deficient

Patients*

Normal Normal
Patients P6 P22 P40 P26 P46 Values P5 P10 P23 P30 P32 P38 P43 P11 P39 Values
(age) - 2mo 3mo 3mo 6mo 9mo (3-9 mo) Iyr 1yr 1yr lyr 1yr 1y lyr 2yr 2yr (1-3y)
Serum Tg (g/L)
IgG 57 245 738 568 3.84 (2.35-5.49) 54 114 89 169 221 455 138 17 631 (3.35-8.96)
1gG1 4 137 NA 72 13.05 8.17 (>3)
IgG2 i 030 . ) NA 1.26 2.09 2,01 (>030)
IgG3 007  NA 0.20 0.68 09 (>0.12)
1gG4 0.03 . NA 0.28 0.41 <03 (<1)
IgA 06 016 025 0.14 03 (0.12-0.62) 02 034 047 109 026 034 086 09 025 (0.27-1.22)
IgM 06 051 063 0.40 033 (0.34-0.95) LI 102 111 098 043 033 227 20 0.52 (0.58-1.53)
IgE (kU/L) 19 203 (<15 129 801 257 138 382 198 (<40)
Specific antibodies .
Antitetanus 0.21 (>0.1 TU/mL) 012 115 032 >0.1 (>0.1 TU/mL)
Poliovirus (>40) (>40)
Diphtheria 0.12 (>0.1 IU/mL) 026 0.7 (>0.1 IU/mL)
S. pneumoniae (>0.3 pg/mL) <0.3 2.04 (>0.3 pg/mL)
H. influenzae b 0.31 (>0.15 pgfmL) >9 0.56 0.16 (>0.15 pg/mL)
Allohemagglutinin NA 1/16 1/8)

*Serum immunoglobulin levels and titers for specific antibodies. Age-specific normal values are shown in parentheses.
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