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Abstract

Background: Common variable immunodeficiency is a heterogeneusirome characterized by impaired
immunoglobulin production and usually presents wétmormal quantity of peripheral B cells. Most atfes
aiming to classify these patients have mainly beensed on T cell phenotypes or B cell phenotypektheir
ability to produce protective antibodies, but itsisll a major challenge to find a suitable classifion that

includes the clinical and immunological heteroggnef these patients.

Objective: In this study, we evaluated the late stages of IBdifferentiation in a heterogeneous population of
pediatric-onset CVID patients in order to clinigaltorrelate and assess their ability to perform atomn

hypermutation and/or class switch recombination.

Methods: We performed a previously reported assayxREEHMA, to evaluate the in vivo somatic
hypermutation status. We amplified switch regiommsf genomic DNA to investigate the quality of theutlle
strand break repairs in class switch recombinapioocess in vivo. We also tested the ability to getee
immunoglobulin germline and circle transcripts dndupregulate activation-induced cytidine deamingsee

through in vitro T-dependent and T-independent @iiim

Results: Our results showed that patients could be claskiiie two groups according to their degree of
alterations in somatic hypermutation. This stredifion showed a significant association betweeiepat of
Group A -severe alteration- and the presence ofim@ctious complications. Additionally, sixty penmt of
patients presented with an increased microhomolsgge at switched regions. In vitro activation eded that

CVID patients behaved heterogeneously in termegpansiveness to T-dependent stimuli.

Conclusions: The correlation between non-infectious complicati@nd somatic hypermutation could be an
important tool for physicians to further characteripatients with CVID. This categorization wouldph¢o

improve elucidation of the complex mechanisms imedlin B cell differentiation pathways.
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Clinical Implications: Stratification of our CVID cohort according to theapacity of performing somatic

hypermutation highlighted an inverse relationshifhwon-infectious clinical complications.

Capsule Summary: Categorization of CVID patients could be usefuhypothesize the molecular defects

underlying B cell phenotype as well as on disturBezkll differentiation pathways in these patients.
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Abbreviations

Ab antibody

AICDA activation induced cytidine deaminase
CSR class switch recombination

CT circle transcripts

CVID common variable immunodeficiency
DSB double strand breaks

GLT germline

Igimmunoglobulin

NHEJ non-homologous end joining

SHM somatic hypermutation

PBM C peripheral blood mononuclear cells
TD T-dependent

Tl T-independent

Running head
SHM and CSR analysis in pediatric CVID patients
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Introduction

The hypogammaglobulinemia of at least two immunbglim isotypes characterizes the heterogeneougpgrbu
the primary immunodeficiency disorder known as canm variable immunodeficiency (CVID)
(OMIM#240500) [1-5]. These patients are particylalisceptible to recurrent infections of the respiry tract
as well as gastrointestinal system and manifest-imf@ctious complications such as autoimmunity,

gastrointestinal disorders, and lymphoprolifera{ibn5].

Despite the rarity of this condition, CVID is theost common immunodeficiency of clinical significenahose
main immunological defect, the failure of immundgiiin production, is usually associated with a narm
peripheral B cells count [1, 5]. Genetic defectsoafated with survival, differentiation and/or imnau
interactions of B cells have been proposed as beisgonsible for the pathophysiology of the dise&sweral
attempts aiming to classify CVID patients have mafocused on T cell phenotypes or B cell phenosypad
their ability to produce protective antibodies (ARB) 6, 7], but it is still a major challenge tod a suitable
classification that includes the clinical and imrological heterogeneity of these patients and thaeniable
response to treatment. The plasma level of IgG d@spredictive value in CVID since patients witlightly
decreased levels of IgG can be highly susceptiblafections and benefit from replacement with annous
gammaglobulin therapy [8]. Nevertheless, the mdecmechanisms underlying the maturation of the Ab

response triggered by natural infections and vascirave been poorly investigated in these patients.

During somatic hypermutation (SHM), point mutati@re introduced into the V region of immunoglobu(ig)
genes (both IgH as IgL), increasing Ab affinity tbe antigen, and this process is essential fogémeration of
long-lived plasma and memory B cells [9-11]. Falim the affinity-maturation process of all isotgpaf Abs
could underlie a qualitative humoral immunodeficignin previous reports, impaired SHM was assodiatgh

a high frequency of severe respiratory tract infest in a cohort of mainly adult CVID patients [12h
addition, Ab-response maturation also requiressctagitch recombination (CSR) process in whighr€gion is
replaced by a downstream Ig CH gene, resulting thange from IgM to IgG, IgA or IgE, a mechanism

involving S regions located upstream of each CHepkéor G [13].

Both processes SHM and CSR are dependent on aotiviatuced cytidine deaminase (AID) function, an
enzyme expressed in antigen-activated B cells, lng@nerates high affinity antibodies and antibodyRCS
respectively [14]. To achieve CSR, AID generateshd® strand breaks (DSBs) mainly repaired through-n

homologous end joining (NHEJ) mechanism [15] bygdittle or no sequence homology. The NHEJ maclyine
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requires a large number of factors (Ku70/Ku80, D&E, DNA ligase IV, Artemis Cernunos, etc) [16-28hd
defects in this mechanism lead to alternative paglsn(such as the use of microhomology) in attempepair
DSBs at the S junctions, as shown in patients pittnary immunodeficiencies involving defects in NH&enes

[21, 22].

In this study, we evaluated the capacity to perf@hiM and CSR ex vivo and in vitro in a populatioh o
pediatric-onset CVID patients, whose immunologarad clinical data were previously reported [23bwaing us

to propose three different subsets of CVID patients



104 M ethods

105 Patients and controls.

106 This study included twenty-five unrelated CVID patis (12 males), with a mean age of onset of symgiaf

107 5.6 years (range 1 — 14 years) and a mean agegfialis of 11.3 years (range 4 - 16.1 years). fibmsiin

108 CDA40 ligand, CD40, AID, UNG, PMS2, DCLRE1C andDNA LIG4 genes were excluded in patients presenting
109 with normal or with increased IgM levels. Patiewith decreased peripheral B cells were also exdddzn the
110  study. We considered patients as belonging tortigts(switched memory B cells >2%) or smB- (switched
111 memory B cells <2%) subgroups depending on tha&ieBimmunophenotype, according to the EUROclass
112 CVID classification [6]. These patients were poasly reported ([23] Patients Part B) and the nefimical and
113 immunological data were summarized in Table | aatld@ Il. Informed written consent was obtained friha

114 patient or parental guardian prior to participatiomccordance with the Declaration of Helsinki.

115 Twenty-two healthy donors matched for age, gentitmgales) and ethnic background were includeden th

116 study and provided written consent under a sepathates protocol for healthy donors.

117 Five cord blood samples were included as negatiwéral in the IKREHMA assay, donated after informed

118 consent was obtained from the delivering women.

119 The research protocol was approved by the intesthats review board of the Hospital Garrahan.

120 Total RNA Preparation, cDNA Synthesis

121 Total RNA was extracted from peripheral blood mamdear cells (PBMC) using TRIzol reagent (Invitroye
122 and cDNA was prepared using a first-strand cDNAtlsgsis kit (Amersham Biosciences, UK) accordinth®

123 manufacturer’s instructions.

124 RNA from memory and naive B cell subset were oleigiby using RNeasy Micro Kit (Qiagen), while cDNA

125  waspreparedvith a SuperScript™Il (Invitrogen) according to the manufacturer’s instions.

126 Human cell isolation

127 PBMC were isolated by density centrifugation ovéii@ll-Hypaque Plus (Amersham) gradient. B celsf 7
128 patients and 4 healthy donors were purified fronMEBby negative selection using the MACS B cell édimn
129 kit Il (Miltenyi Biotec). Memory and naive B celiibsets were purified from the total B cells oledinsing

130 FACSAria cell sorter (BD Biosciences) with CD27-ElTigD-PE, CD19- PE-Cy7 (all from eBioscience).
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All fractions were obtained with a purity of >95%.

Cell culturesand reagents

Cultures of PBMC or naive B cells from CVID patiewr healthy donors were performed in complete RPMI
medium supplemented with 10% (v/v) FBS (GIBCO)tHa T-dependent stimulation, cells were incubated w
CDA40L (PeproTech), 500 ng/ml and IL-4 (Scheringtiglo), 200 U/ml. CD40 was cross-linked witlud/ml
mouse 89 mAb (Schering-Plough). Mouse IgG1 mAb wittlevant binding activity (Santa Cruz
Biotechnology) was used as control. In the T-ingefemt stimulation, cells were incubated with
phosphorothioate-modified-Ecgtcgttttgtcgttitgtcgtt-3oligodeoxynucleotide-2006 (Operon Technologies),

5ug/ml and IL-10 (Peprotech), 50 ng/ml.

RT-PCR and quantitative RT-PCR

Quantification of human germling1-Cy1 or lo-Ca transcripts, switched/1-ly2—Cu or la-Cp circle transcripts,
AICDA transcript and GAPDH, was performed from td@NA extraction in 2 or 4-day culture with TRIzol
(Invitrogen). cDNA was generated by reverse trapton with Superscript I RT (Invitrogen). PCR prérs and
conditions used for standard or quantitative RT-R@RIysis were done as reported [24-26]. ResultgRdf-
PCR were normalized to ACTB mRNA and were preseatecklative expression (RE) compared with th& of

cells incubated with control antibody (Contraol).

Characterization of SHM

The IKREHMA assay was performed as previously descrih@l [

Characterization of switch recombination junctions

Genomic DNA was purified from peripheral blood sdlom patients and healthy donors using standard
methods. Amplification of &So from in vivo switched cells was performed usingraviously described nested
PCR assay [21]. The PCR-amplified switch fragmeveee gel purified (GE Healthcare), cloned into &EpGT
vector (Invitrogen), and sequence analysis waopadd with DNA Sequencing Analysis software (PE Wgip
Biosystems) on ABI 3130 (Applied Biosystems). THeRCjunctions were determined by aligning the svétth
fragment sequences with the §&54713) and &1 (L191219) or 82 (AF030305). Analysis of microhomology

usage and mutation pattern at the CSR junctiongpedermed as described previously [21, 27].

Statistical analysis
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The statistical analysis of results was performét $tudents two tailed tests using the PRISM software,

Spearman two tail test or one way ANOVA followedDynnett's multiple comparison post test. The
frequencies of non-infectious complications amdrgdroups were compared using @ie-square test
(GraphPad Software Inc.). Other statistical anaysere performed usinghi-square test with SPSS 15.0 for

Windows.
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Results

B-cells of CVID patientscarry significantly diminished SHM

To evaluate the SHM levels in peripheral cells fromn patients we performed an assay developed bigisen
et al [12]. This assay is based on cleavage bgtaaton enzyme of a hotspot in the rearrangeé 27
transcripts (IgREHMA, restriction enzyme hot-spot mutation ass8yjefly, somatic mutations in the
restriction sites of the most commonly used lighdin geneA27) abrogate cutting with a specific enzyme.
The variability observed in our healthy control gpaemained within the levels previously reporteidjgre 1A

and 1B, [12]) which did not seem to be modifieddmyor age above 2 years old.

The comparison of our CVID patient group with tleahhy donor group revealed a significant diffeeeirc

mutations of the WA27 gene (Figure 1A and 1B) (Student's two tatlésbst, p <0.0001). At the same time a
heterogeneous behavior in undergoing SHM couldidserved in the pediatric CVID population (Figure 4ad
1B) and this heterogeneity correlates with the @etage of switched memory B cells (Figure 1C) (&pea r =

0.68, p=0.0002) but not with total memory B celts non-switched memory B cells (data not shown).

Almost all of the patients (24/25) showed decreasddes of SHM (Table I). Based on these resutelevant
cut-off could optimize the distinction of patiemsdth clinical complication and/or reduced switch@mory B
cell. Thus, we established two subgroups of patievith altered SHM: Group A with less than -3 stamnd
deviation (SD) respect to the healthy control gr¢ap8% of mutated fraction of 8A27) and Group B with
values ranging between -2 and -3 SD compared Wwéthealthy control grou18 % and <28% of the mutated

fraction) (Table ). Only one patient (P25) hadued above the reference interval of our healthyrobgroup.

We can see that 88% of the patients in group Al@¢had a low number of switched memory B cells¥%¥2
belonging to the so called smB- group of EUROc(aeg Materials) who also showed clinical complimasi or
more severe presentation of the disease, i.e. &@nts with autoimmunity, splenomegaly or granwudsnfell
into this group (Table ). On the other hand, #haf 8 patients in the group B presented CD27+ B ¢wital
memory B cells) above 5% of peripheral B lymphosytnd 6 of them remained thus far, free of noadtibus
complications (Table ). Interestingly, we foundignificant association between patients of Groupmdl the

presence of non-infectious complications with respe patients of Group B (p<0.08hi-square test).

In spite of this strong correlation between SHM¢cdl immunophenotype and clinical presentationjepat25
had reference values of mutated fraction @A¥7, developed autoimmunity and presented switchechory B
cells below 2% (Figure 1B and Table I).An importéssue is whether the values of hot-spot mutatairiained

10
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from PBMC are comparable with those from particlBacell subsets, i.e. memory B cells. For this psg we
FACS-sorted CD27+ B cells and performed IgkREHMAalgsis from 7 patients (P8, P11; P12, P17, P18, P20
and P23) presenting with more than 2 % of switchmetnory B cells, more than 10 % of total memory Bsce

and also from 4 healthy donors. The analysis shawatthese patients, who initially showed reduesels of
mutated fractions of ¥A27, continued so on memory B cells (Figure 1D)eikthough the mutation rate could

be higher in the switched memory B-cell populatiorrespect to non-switched memory B-cells, everepid

with a comparable switched memory B-cells to Heatonors (P20 and P23) showed a marked decrease of
SHM frequency (Figure 1D). Overall, SHM frequenciasged below the reference interval in CVID pdsen

even when the analysis was performed specificallpémory B cells.

Studies of CSR

CVID patientsdemostrate increased microhomology usage

To investigate the quality of the DSB repairs irnvimo CSR process, we amplifiegiSa regions from genomic
DNA of patients and controls by using a previoudgcribed nested PCR [21]. Despite the low leveeoum
IgA in our patients, Sa fragments could be amplified, even if with deceshgitensity than in healthy donors
(data not shown). Therefore, to assess the nafusaitched junctions, we cloned and sequenced 18&0S
fragments from 20 CVID pediatric patients (see €dbl and 53 fragments from 10 healthy controlg(Ffe 2).
All of the switched fragment sequences were unigue thus represented independent CSR events. Rdure

shows some of the more representative aligned segadrom patients and controls.

Globally, we observed a clear decrease in the ptigpoof blunt junctions (0O bp of homology) in o@VID
cohort in comparison to controls. Indeed, a sigaift increase of sequences presenting 7 to 9 bp
microhomology usage was observed in patients evidm mwore than 10 bp homology on the junction repair

compared to healthy donors (p <0.001 and p <0.§(dectivelyChi-square test, Figure 2B).

Overall, our results showed a significant increiasthe extent of donor-acceptor homology qr$ joints in
CVID patients with respect to healthy controls watimean perfect sequence homology of 6.9 + 5.3 l6¢pMID
patients vs 2.3 + 3.5 bp in healthy controls (PO801 Student's two tailedtest) (Figure 2B and C). The
increase in microhomology usage was found in 1hef20 evaluated patients (60 %) (Table 1) andtrobshe
Su-Sa joints from these patients were flanked by impariepeats (see the dashed line boxes in Figure 2A)
Eleven of the 12 patients displaying abnormal ntioroology usage had less than 2% of switched meiBory

cells (Table 11). The remaining eight patients madstatistical differences with respect to the oangroup and

11
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four of them presented with more than 10% of tatamory B cells (CD19+ CD27+) (Table Il). In spitetbis
increased microhomology usage, no significant daason with clinical non-infectious complicationsas

observed betweesbnormal andnormal microhomology usage subgroups of patients (p=@CBbsquare test).

Altogether, we found a significant correlation beem the media of microhomology usage in each patied
the proportion of switched memory B cells (FigurB)2(Spearman r = -0.72, p=0.0003), this significant
difference was not noted when compared with Igdgdr serum levels before substitution with intravaso
gammaglobulin (data not shown). These results atdi@ CSR deficiency in an important group of pasie

likely associated with a defective repair of swijghctions.

Analysisof T-dependent (TD) and T-independent (T1) stimulation further characterize patient subgroups

In an attempt to localize the precise step of tBR@efect, we tested the ability to generate geer(GLT) (IH-
CH), circle (CT) (IH-Qu) transcripts and to upregulate AICDA in PBMC befand after being activated in vitro
with TD (CD40L and IL-4) and Tl (CpG and IL-10) stilli in 15 patients (P1, P2, P3, P4, P6, P8, P3, P12,

P15, P17, P18, P23, P24 and P25) and 5 healthyslono

Healthy donors’ PBMC showed an increase in the esgion of GL71 (ly1-Cyl), CTyl (ly-Cp) (Figure 3B)
along with an upregulation of AICDA measured by RCR and gRT-PCR (Figure 3A and B) after TD stimuli
(similar results were observed by Tl stimulatiomtad not shown). By contrast, none of the CVID pufie
showed GL¥1, CTyl and AICDA transcripts upregulation by Tl stimwdind they behaved heterogeneously in

terms of responsiveness to TD stimuli (Figure 34 8.

To limit possible effects on transcript inductionedto the presence of memory B cells, naive B a#tained
from 6 patients with more than 10% of total mema8ryells (P8, P11, P12, P17, P18 and P23) and from 4
healthy donors were activated in vitro as previpusgscribed (Figure 3C and D). We observed sinésults
through TI stimulation in naive B cells with respée that observed in PBMC. However, through TDnsti
patient 23 and patient 18 showed less upregulatfigkiCDA along with a lack of expression of Gk End CTu

transcripts (Figure 3D), as well as with GlITand C¥1 expression (data not shown).

Taking these results into account, three subgroumpee delineated: subgroup 1, lacking response to TD
stimulation (P1, P2, P3, P4, P6, P9, P11, P15 &&); Bubgroup 2, no expressing GLTs but retainihGB¥A
activation (P17, P18 and P23); and subgroup 3, stypav similar behavior to the healthy controls (P&2, and

P24).

12



250 Discussion

251 In the recent years, the analysis of several Igcidgicies have made it possible to describe madecul
252 mechanisms underlying CSR and SHM pathways, whiehkay elements in the maturation of Abs responses
253 [28]. However, functional defects in the ability perform CSR may or may not be associated withfactlén

254 SHM [22, 29, 30]. Among the genetic alterationsridicausing defects on CSR and SHM are those causing
255 HIGM syndromes, such as deficienciesQi»40 andCD40L [31, 32], AICDA [33] or UNG genes [34], which
256 helped to understand the essential role of thedeamles in B cells for both mechanisms. Thus thesof the

257 ability of B cells to perform SHM and CSR in prigdmmunodeficiencies could help to identify new teins

258 involved either in one or in both pathways [7, 34-4

259 In the present study by evaluating the qualitathgpects of the Abs produced by patients with CVIB w
260 described SHM and/or CSR defects in our cohortedfigiric patients. Indeed, even if in our cohortegorted
261 [6, 7] low or absent switched memory B cells havanty been associated with secondary complicatitiis,
262 does not seem consistently related to the abiityigger CSR. Thus, intrinsic CSR events remainealffected
263 in both; patients presenting (P12 and P18) or faxkiP24) switched memory B cells and non-infectidirscal
264 complications. Likewise, by pointing out specifimpairments in Ab production we can attempt to catieg
265 CVID patients in order to guide the search for rgametic targets and correlate treatment basedepalitiical

266 course of each category..

267  The results obtained by analyzing SHM pathway slibtimt to a greater or lesser extent, almost allDCV
268 patients had an altered SHM of the antibody lidfgic making it possible to group them into twcecaties: 1)
269  severe defectin SHM (Group A indBEHMA assay); and 2) moderate defect in SHM (GrBup IgkREHMA
270 assay) (Table 1). This assay allows the analysitheffrequency of mutated Igk transcripts in a CBRtation
271 hotspot. It is important to note that mutationshis hotspot seem to be positively selected [44] the levels of
272 mutated transcripts correlate highly with perceataffmemory B cells [12]. Indeed, in our cohorttenegeneity
273 of SHM correlated with the percentage of switchezhmary B cells. This correlation could indicate ttteg light
274  chain mutation levels might relate on the absericeamnory subpopulations, however as previously nkegkin
275 Andersen et al [12], we also found a reduced ptaporof mutated fraction on memory B cells sorteoirf
276 CVID patients. Furthermore, even patients with Emiraction of switched memory B-cells as healtlgnors
277 (P20 and P23), showed a marked decrease of SHMeney (Figure 1D). Thus, since a low number of mgmo
278 B cells cannot fully explain the results of IgkREKAMssay in our CVID patient cohort, an intrinsided# in the
279 SHM machinery should not be ruled out at leasbimes of them.
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By analyzing the clinical aspect of patients integooup of altered SHM we observed that 6/9 pagienGroup
A (severe defect in SHM) presented with autoimmursplenomegaly or granulomas (Table 1). On theeioth
hand, 6 of the 8 patients in Group B remained tlausfree of non-infectious complications (Table As an
important clinical tool, we found a significant asition between patients of Group A and the preserf non-
infectious complications with respect to patientsGooup B (p<0.05, Chi-square test). This couldeptially
make clinicians more aware of non-infectious congdlbns that are more likely to arise in a paracigroup of
patients with CVID and not exhaust valuable resesirim monitoring patients who are less likely towedep

non-infectious complications.

To further characterize CVID B cells analysis ofque switch junctions representing independent @8&hts
lead us to distinguish two groups of patients: ¢hasth a significant increase in the extent of deacceptor
homology (microhomology) at theuSso regions and those patients with switch junctiosalguences
statistically comparable to healthy donors. (Tab)eln spite of this increased microhomology usage,
significant association with clinical non-infect®eomplications were observed betweabdnormal andnormal

microhomology usage subgroups of patients (p=CRbsquare test).

The mean of microhomology usage for each patiemetaded with the percentage of switched memoryeBsc
(Figure 2D), suggesting that those patients triggelower but measurable CSR in vivo have less rexeé
donor-acceptor homology onu$a joints. By contrast, we could not find any cortela between
microhomology usage and Ig serum levels, which seenbe in accordance with the poor predictive eaii
plasma level of IgG in CVID, since even patientshvglightly decreased levels of IgG can be highigceptible

to infections [8].

In our attempt to stratify CVID patients accorditggySHM or CSR analysis no difference in infectiantol
became evident. As previously reported, the masguent clinical manifestation in this CVID cohorasv
respiratory tract infection with 43% of them pretseg upper respiratory tract infections, namelyusitis and

otitis media, and as many as 79% of patients ptiggpwith recurrent lower respiratory tract infexts [23].

Almost all of the patients in Group A according $6IM assay performance presented with failures iR CS

evaluated mechanisms (P4, P6, P7, P9, P10, P11PR43P15 and P16).

The presence of microhomology and imperfect repagsreminiscent of defects in the NHEJ repair wath
[35, 42, 43]. It is important to note that in ouVkD cohort no patient presented clinical or immugital

phenotypes reminiscent to those found in patients Wwnown DNA-repair defects. Nevertheless, normal

14



309 expression of other DNA repair proteins involvedd8R [42, 44, 45] or in repairing AID-induced less0[38,
310  46] could not be excluded. Similarly, we cannotralt a defect in a yet uncharacterized molecweled in
311 NHEJ (S regions in CSR) and/or MMR (V regions inNB}Hbr in an alternative pathway of DNA repair invetl
312 in both late differentiation processes of B cdliias been described that patients with mutatiod®¥VS2 gene
313  with impaired S region-repair have an altered patté SHM [43]. This defect, however, has been edet by
314 PMS2 sequencing in our CVID patient cohort. The imprebBNA-sequencing technologies, i.e. next generation
315 sequencing, should enable us in the near futueduttidate the possible gene defects underlyingotiserved

316 changes.

317 In addition, a defect in proteins activated in @t to DNA damage and suppressed in B cells Vi& Bbould
318 also be considered [47]. Although to date no animabel can support this hypothesis, the identificabf
319 genes that are directly repressed by Bcl-6 haagtened the idea of essential and specializeditinof this
320 protein in the germinal center (GC) formation [48]. Bcl-6 appears to be crucial for GC B cells emgbing the
321 high rates of proliferation required for CSR andMBHn fact, it has been shown that Bcl-6 suppreskes
322 responses of cell cycle arrest and apoptosis, rdithsuppression of p53 [50] or p21 [47]. In thénse it would
323 also be interesting to evaluate the FOXO1/AKT/P[&¢hway, which is involved in regulation of apopsosell

324 cycle arrest, differentiation and longevity of Blsg51, 52].

325 On the other hand, patients of Group B with moastatefect in SHM but correctly repairing S regigR47,
326 P18, P23 and P24), a defect in an AICDA cofactaresively involved in the activation or repair dfet V
327 regions could be considered. The existence of sofdctor of AICDA has been previously postulated il
328 no protein playing that role was identified [53]Jowever, although P24 was able to activate CSR cntde
329 events in vitro via TD stimuli, P17, P18 and P23yaronserved AICDA activation (Figure 3). Abnornteds

330 involving a first step of CSR, namely GLTs actiwaiti could underlie this condition.

331 Finally, patients 21 and 25 presented with failuré€€SR with a mildly defective SHM evoking the plogype
332 caused by mutations in the AICDA C-terminal reg[b4, 55]. A cofactor acting at AICDA C-terminal iieg,
333 specifically required for the development of CSRI aispensable for SHM, has been also suggestedobyet
334 identified [53, 56]. As an example, defects in 18-Z&dapter proteins involved in AICDA recruitmemwt $
335 regions could be evaluated in these patients [aditicularly in Patient 21 with an immunologicalgpiotype
336 reminiscent to defects in genes known to be inwblwe CSR (i.e. hyper IgM syndromes). However,

337 abnormalities inAICDA, UNG, CD40, CD40L and PMS2 were ruled out through sequence analysis.
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Furthermore, a normal expression of ICOS co-stitotyamolecule was seen by flow cytometry, ruling this

deficiency previously described in some CVID pais<ip8, 59].

Altogether molecular definition of CSR and/or SHMfekcts in CVID patients can guide future invesiimyad
aiming to further elucidate the complex mechanismelved in B cell differentiation pathways [29, ]60
Moreover clinicians could consider assessments of SHM inOCatients in view of the observed correlation

between severe impairement and non-infectious deatfns in pediatric patients with CVID.
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Figurelegends:

Figure 1: A. IgkREHMA assay, fragment length analysis by capillatgctrophoresis of cut 8A27 PCR
products. Healthy donor (HD); cord blood (CB) sampiatient 3 (P3) and patient 16 (P16). The pe&l96
and 109 bp represent the quantity afA27 fragments cleaved in one of the 2 hot-spot Fiuéstriction sites,
respectively. The peaks of 244 bp represent thentiqueof VkA27 fragments cleaved in the signal peptide
Fnu4HI site, but not cleaved in the hot spot asresequence of one or 2 mutations eliminating the4Fh sites.

B. SHM values obtained throughd@EHMA assay as a percentage of the mutated fraoti®®VID patients
(patients) and healthy donors (controls). Comparieb mean and SD for Studen't two tailedest *** p
<0.0001.C. Correlation between the percentage of mutatediéra@nd the proportion of switched memory B
cells in CVID patientsD. Mutated fractions of purified CD19+ CD27+ B celem 7 CVID patients (P) and 4

healthy donors (HD). The numbers at the top ofddues represent the proportion of switched memorcgBs.

Figure 2: A. Selected sequence of-Sa junctions from patients and controls. The recomatiam junctional
sequences are aligned witlh §above) and &or Su2 (below) reference sequences. Microhomology (jedsfe
matched sequence homology) is indicated by a balid(Bnes). Imperfect repeat was determined byiidging
the longest overlap region near the switch junchgrallowing one missmatch on either side of theakpoints
(dashed line box). TheuSand S breakpoints for each switch fragment are indicéted and ¥, respectively,
and their positions in the reference sequenceidieated above or below the arrowheads. The nurobbase
pairs involved in microhomology and imperfect retsefar each joint is shown in the bottom of eachusasce.
B. The Si-Sa switch junctions from CVID patients were compareith those from healthy donors. Statistical
analysis was performed using tlhi-square test, ** p<0,01; *** p<0,001C. Pie charts demonstrating the
microhomology usage atuSSo junctions in patients and controls. The proportarswitch junctions with a
given size of perfectly matched shot homology tidated by the size of the slicé3. Correlation between the

media of microhomology usage and the proportioswdfched memory B cells.

Figure 3: A. gRT-PCR analysis of AICDA in patients and contraédis cultured for 2 or 4 days with anti-CD40
and IL-4 or CpG and IL-10, respectively. Bars reprg the mean + SEM of three independent expersnent
Data was analyzed by thé*®" method using ACTB as a reference gene, considéhiagelative expression
(RE) of AICDA mRNA from the control culture as lta8stical analysis was performed using one way AMO
followed by Dunnett's multiple comparison post tdst *** p<0.001; n = * p<0.05. HD: Healthy Donors, P=
PatientsB. Expression of AICDA,-Cyl (GLTyl), ly1-Cu (CTyl) and GAPDH (charge control) transcripts by

RT-PCR in PBMC from patients and control before gAd after (+) stimulation with CD40L and IL-4. P:
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528

Patients, C: ControlC. gRT-PCR analysis of AICDA in purified naive B ceftom 6 CVID patients and 4
healthy donors cultured for 2 or 4 days with arlfi4D and IL-4 or CpG and IL-10, respectively. Datasw
analyzed as described abow. Expression of AICDA, ¢-Co (GLTa), la-Cu (CTa) and GAPDH (charge
control) transcripts by RT-PCR in purified naivec8ls from 6 CVID patients and 1 healthy donor bef¢)

and after (+) stimulation with CD40L and IL-4. Patfents, C: Control.
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Table |

Table | SHM measured by IgkREHMA and their correlation with clinical and immunological data

Ig serum levels (g)

IgkREHM . . . . .
Ne (a) 8 A: % Switched memory Non switched EUROclass  Noninfectious  Age at the time of
SHI\.II :b) B-cells (c) memory B-cells (d) (e) complications (f) the sample (years) IgG IgA IgM
1(27) 2,8 L (0%) J (2%) smB- SPM 15,8 115 <7 18
2 (6) 3,3  (0%) L (3%) smB- 8,2 12 <7 10
3 (13) 3,5 L (0%) 3 (2%) smB- Al (TID) 15,0 62 <7 33
4 (15) 3,8 J (0%) L (2%) smB- 12,9 220 <7 49
5 (17) 4,0 L (0%) 3 (7%) smB- 13,5 193 <7 15
6 (25) 5,8 J (0%) 3 (2%) smB- SPM 15,7 42 <7 10
<
Q.
§ 7 (10) 8,6 L (0%) J (6%) smB- 10,7 135 24 26
©
8 (28) 8,7 d 2%) Norm (15%) SmB- Al ('Tpé/;'JA) 20C 17,3 29 <7 145
9 (21) 10,7 L (1%) J (5%) smB- 15,1 352 <7 17
(7]
-
E 10 (26) 10,8 L (0%) L (2%) smB- GR and SPM 15,8 162 <7 32
<
o
11 (7) 11,2 L (3%) Norm (9%) smB+ 7,8 302 <7 13
12 (9) 11,7 L (3%) ™ (19%) smB+ 9,7 293 <7 28
13 (20) 12,2 L (1%) 3 (2%) smB- Al (ITP) and SPM 13,4 391 22 30
14 (8) 12,6 3 (1%) J (3%) smB- 7,2 456 <7 19
15 (14) 13,1 L (0%) 3 (1%) smB- 12,7 495 <7 38
16 (11) 14,8 J (2%) 3 (2%) smB- 10,9 75 <7 12
17 (22) 18,5 L (3%) L (7%) smB+ 15,0 536 <7 43
18 (18) 19,1 L (5%) Norm (14%) smB+ 13,0 342 <7 18
0 19 (23) 19,2 L (3%) Norm (10%) smB+ 14,9 293 <7 25
o
2
0
& 20 (5) 19,7 J (5%) J (5%) smB+ 5,9 372 21 9
[92]
% 21 (19) 20,6 L (1%) L (5%) smB- GR 13,4 315 19 83
=
<
o 22 (12) 22,1 d (2%) Norm (9%) smB- 11,1 452 12 36
23 (4) 25,6 Norm (10%) d (7%) smB+ 4,0 312 15 28
24 (24) 26,0 3 (2%) L (0%) smB- Al (ITP) 14,9 435 11 33
25 (16) 50,5 L (1%) L (5%) smB- Al (ITP) 12,5 462 20 23
IgkREHM
" 8 Mean age at the
o N A: mean time of the
2 % SHM
o sample (years)
a (b)
>
=
3 22 Pt 10,5
I 53’1) ! (range 2,2 - 17,4)
n 14,5 +
S ’5 10,3 12,3
'E (range 2'8 - (range 4,0 - 17,3)
o

50,5)

(a) In parenthesis patient number in previous report [20]
(b) % SHM: % of mutated fraction

(c) switched memory B cells = CD19+CD27+IgD-

(d) non switched memory B cells = CD19+CD27+IgD+

(e) smB+ means < 2% of switched memory B cells; smB- means <2% switched memory B-cells

(f) Al: Autoimmunity; GR: Granulomas; SPM: Splenomegaly. ITP: Idiopathic thrombocytopenic purpura; AIHA: Autoimmune hemolytic anemia; TID: Type | Diabetes

(g) Immunoglobulin serum levels at the time of the sample (mg/dl)

(c) y (d) & = decreased number, = increased number, Norm= within normal range



Table Il

Table Il Sp-Sa junctions microhomology analysis and their correlation with clinical and immunological data

Su-Sa Perfectly matched

Switched

Non switched

N2 short homology N® of fragment memory B-cells memory B-cells EUROclass Noni.nfef:tious
(a) Su-Sa analyzed (b) () (d) complications (e)

6 12,50 + 2,65 * 11 L (0%) L (2%) smB- SPM

13 10,70 + 6,38 * 10 3 (1%) L (2%) smB- Al (ITP) and SPM
4 9,71+7,67 * 8 J (0%) L (2%) smB-

7 9,17 + 5,34 * 9 J (0%) L (6%) smB-

10 8,93+6,33 * 10 L (0%) L (2%) smB- GR and SPM
25 8,75+ 6,41 * 8 3 (1%) L (5%) smB- Al (ITP)

15 8,3316,75 * 10 L (0%) L (1%) smB-

14 7,57 5,08 * 10 L (1%) L (3%) smB-

16 7,57 2,15 * 8 3 (2%) L (2%) smB-

11 7,56 + 3,68 * 9 J (3%) Norm (9%) smB+

9 7,10 + 4,48 * 11 3 (1%) L (5%) smB-

21 7,00 + 3,92 * 8 L (1%) L (5%) smB- GR

2 6,60 * 5,46 ns 9 L (0%) L (3%) smB-

3 6,43 + 1,99 ns 9 L (0%) L (2%) smB- Al (TID)

1 6,22 + 4,38 ns 9 L (0%) L (2%) smB- SPM

24 4,89 + 4,70 ns 10 L (2%) L (0%) smB- Al (ITP)

17 4,71+5,28 ns 8 J (3%) L (7%) smB+

8 4,09 + 4,37 ns 21 3 (2%) Norm (15%) smB- Al (ITP/AIHA) and SPM
18 3,92 +5,53 ns 9 4 (5%) Norm (14%) smB+

23 1,50+ 1,76 ns 7 Norm (10%) 4 (7%) smB+

CONTROLS 2,28 + 3,52 53
PATIENTS 6,955,321 194

(a) Mean and SD from patients and controls. *p<0.0025 by two tailed Student's t test with Bonferroni correction for multiple comparisons
(the same was obtained by applying one way ANOVA followed by Dunnett's multiple comparison post test, using the control treatment as

statistical control in Dunnett's comparisons), ns: not significant. ¥p<0.005 by two tailed Student's t test.

(b) switched memory B cells = CD19+CD27+IgD-

(c) non switched memory B cells = CD19+CD27+IgD+
(d) smB+ means < 2% of switched memory B cells; smB- means <2% switched memory B-cells
(e) Al: Autoimmunity; GR: Granulomas; SPM: Splenomegaly. ITP: Idiopathic thrombocytopenic purpura; AIHA: Autoimmune hemolytic
anemia; TID: Type | Diabetes

(b) y (c) L = decreased number, "= increased number, Norm= within normal range
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Figure No. 2

Figure 2
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PATIENT 1 CAGCTCAGCCCAGCCCAGGCCAGCTTAGTH CAGCTCAGCCCAGTI:CAG TTGTTTAGTC PATIENT 7 CAGCCCAGCTTAGTCCAGCTCAGCCCZ—\GdITCAAdI ICAGCCCA@TTCAGCTCAGCTCAGCC
FEEETETEEE et e ettt rr e il [ CEEETEEEE g rrmpeerrrecd reerreer
1
Sal CAGCTCAGCCCAGCCCAGGCCAGCTTAGTPCAGCTCAGCCCAGC#CAGCITCAGCCTGGGG Sal CAGCCCAGCTTAGTCCAGCTCAGCCCAG@{TCAA&CAGCCCAGGCCAGCTCAGTACAGCT
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PATIENT 23 CCAGCTTAGTACAGCTCAGGTTAGGTCAGTTTTGCCCATCTGAGTCCATTTCTGAAAGCT PATIENT 3 GCTCAGCTCAGCCCAGCCCAGCCCAGCACAGCCCAGT I:CAGclTCAGCTCAGCCCAGTTCA
FEEETIIEEEr et (N [ O (I [ [ FEEETTTEErr ety e eyt ter rrrrrrrrernd
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7 U - y
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p(15/16bp)  5,ce p (7/8 bp) 2351
Characterization of Su-Sa junctions
Perfectly matched short homology
0 bp Total number of
- - - - 1-3 bp 4-6 bp 7-9 bp >10 bp
No insertions 1 bp insertions S fragments
Controls 16 (30,2%) 10 (18,9%) 15 (28,3%) 4 (7,6%) 5(9,4%) 3 (5.6%) 53
Patients 16 (8,2%)*** 23 (11.9%) 15 (7,7%)*** 35 (18,0%) 55 (28,4%)** 50 (25,8%)** 194
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Figure 3
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