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Introduction

Summary

B cells orchestrate pro-survival and pro-apoptotic inputs during unfolded
protein response (UPR) to translate, fold, sort, secrete and recycle
immunoglobulins. In common variable immunodeficiency (CVID) patients,
activated B cells are predisposed to an overload of abnormally processed,
misfolded immunoglobulins. Using highly accurate transcript measure-
ments, we show that expression of UPR genes and immunoglobulin chains
differs qualitatively and quantitatively during the first 4 h of chemically
induced UPR in B cells from CVID patients and a healthy subject. We
tested thapsigargin or tunicamycin as stressors and 4-phenylbutyrate,
dimethyl sulfoxide and tauroursodeoxycholic acid as chemical chaperones.
We found an early and robust decrease of the UPR upon endoplasmic
reticulum (ER) stress in CVID patient cells compared to the healthy control
consistent with the disease phenotype. The chemical chaperones increased
the UPR in the CVID patient cells in response to the stressors, suggesting
that misfolded immunoglobulins were stabilized. We suggest that the AMP-
dependent transcription factor alpha branch of the UPR is disturbed in
CVID patients, underlying the observed expression behavior.

Keywords: chaperones, common variable immunodeficiency, human B cells,
regulatory circuits, unfolded protein response

for DNA damage-inducible transcript 3 protein (CHOP),
a multi-functional transcription factor involved in ER stress

Activated B lymphocytes have to respond to increased
rates of protein translation, folding and secretion without
activating cell death related to stress of the endoplasmic
reticulum (ER) [1,2]. Unfolded proteins are sensed by
three ER resident sensors: serine/threonine-protein kinase/
endoribonuclease IRElae (IREla), eukaryotic translation
initiation factor 2-alpha kinase 3 (PERK) and cyclic AMP-
dependent transcription factor alpha ATF-6a (ATF6),
that are responsible for initiating the unfolded protein
response (UPR) via three branches.

ATF6a activates transcription of several ER chaperones
and co-chaperones, including binding immunoglobulin
protein (BiP), also known as glucose-regulated protein 78
(GRP78, kDa or HSPA5), GRP94, GRP170, calreticulin
(CALR) and ERdj3 (DnaJ homolog subfamily B member
11) [3,4]. ATF6a also contributes to transcription of ER
degradation-enhancing alpha-mannosidase-like protein
1 (EDEM1) and C/EBP-homologous protein, or DDIT3

responses and apoptosis.

IREla is a dual protein kinase-endoribonuclease that,
among other functions, splices Xbpl mRNA, resulting in
the active form of X-box binding protein 1 (XBP1) and
inducing the expression of co-chaperone ERdj4 (Dna]
homolog subfamily B member 9). Through its endoribo-
nuclease domain, IREla performs regulated IRE1-
dependent decay of mRNA (RIDD), inhibiting translation
of several mRNA targets, including XBP1 and apoptosis
effector death receptor 5 [DR5 or tumor necrosis factor
(TNF) receptor superfamily member 10B] [5]. PERK acti-
vation increases the translation rate of cyclic ATF4, which
co-regulates transcription of Hspa5 and Chop [6].

Evidence suggests that plasma cells present a ‘physiologi-
cal’ UPR, contrasting to a canonical, stress-induced UPR
[7-9]. In B cells, an early expansion of both the metabolic
capacity of the ER and the secretory machinery must be
achieved to accommodate the massive production of
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immunoglobulins that follows their activation [7,10,11].
Unsurprisingly, immunoglobulin chains folding and assem-
bly therefore depend upon several ER chaperones and
co-chaperones under the control of transcription factor
ATF6q, such as HSPAS/BiP [12,13], GRP94 [14], GRP170
[15] and ERdj3 [16]. Spliced XBP1 is required for antibody
production in vivo, as well as terminal differentiation of
B cells into plasma cells [17]. In mouse, XBP1 is induced
by interleukin (IL)-4, a cytokine involved in survival of
B cells, and induces expression of IL-6, a cytokine involved
in plasma cell differentiation. Accumulation of immuno-
globulin (Ig)M precedes Xbpl mRNA splicing by IREla
in these cells, and thus UPR is considered a required
step for complete B cell differentiation [10].

Common variable immunodeficiency (CVID) is a clini-
cally and genetically heterogeneous group of disorders
where patients present hallmark loss of at least two immu-
noglobulin isotypes (IgG and IgA and/or IgM) and impaired
specific antibody production [18,19]. CVID are the most
prevalent cause of hypogammaglobulinemia in adults,
affecting > 1 : 25 000 [20]. The molecular defects under-
lying this hypogammaglobulinemia have different origins,
including defective molecules of B and/or T lymphocytes
such as inducible T cell stimulator (ICOS) [21], trans-
membrane activator and calcium-modulator and cyclo-
philin ligand interactor (TACI) [22], CD19 [23], B cell
activating factor receptor (BAFF-R) [24], CD20 [25] and
CD81 [26]. However, more than 80% of the CVID patients
present none of the known defects [27,28]. Previously,
we have described a CVID patient whose delayed activa-
tion of the UPR correlated with accumulation of IgM
chains inside the ER [29]. Considering that both pro-
survival and pro-apoptotic pathways are simultaneously
activated by the UPR, we aimed to explore the initial
hours of the UPR in B cells from CVID patients and
compare the results to a healthy donor’s UPR. We hypoth-
esized that quanti- and/or qualitatively distinct regulatory
circuits occur in the initial hours of UPR in CVID patients’
cells that would predispose these cells to abnormal pro-
cessing of the misfolded immunoglobulin overload fol-
lowing B cell activation. In turn, this would lead to failure
at properly folding and secreting immunoglobulins.

Here, we obtained rare B cell samples from two CVID
patients and a healthy donor and conducted controlled
experiments analyzing the early UPR with and without
the presence of chemical chaperones. As ER stressors we
used thapsigargin (Tg), a blocker of SERCA-mediated
uptake of calcium into the ER, and thus considered a
quick activator of the UPR [30]; and tunicamycin (Tm)
that inhibits N-glycosylation, and is thus considered a
slower inducer of misfolded protein accumulation [31].
As exogenous chaperones we used dimethylsulfoxide
(DMSO), phenylbutyrate (PBA) and tauroursodeoxycholic
acid (TUDCA). DMSO is a polar aprotic osmolyte

commonly used as a solvent that also has a global effect
on stabilization of protein folding and scavenging proper-
ties against reactive oxygen species [32]. DMSO is used
clinically as an anti-inflammatory agent in the treatment
of endotoxemia in horses [33]. 4-Phenylbutyrate (4-PBA)
is a short-chain fatty acid that acts as a hydrophobic
chaperone. PBA is Food and Drug Administration (FDA)-
approved for use in patients with urea-cycle disorders,
but holds potential benefits for several protein folding
diseases: type II diabetes mellitus [34], Alzheimer’s disease
[35] and Parkinson’s disease [36]. TUDCA is an acidic
steroid (bile acid) synthesized from cholesterol in the liver
that presents anti-amyloidogenic activity and modulates
apoptotic pathways [37,38]. TUDCA is a taurine conjugate
of ursodeoxycholic acid (UDCA), an FDA-approved bile
acid for treatment of primary biliary cirrhosis [39].

Our results provide first evidence that CVID patients
present an early and robust down-regulation of the regula-
tory circuits involved in UPR upon ER stress. Our data
also show that chemical chaperones are promising thera-
peutic tools in reversing such inhibitory events. We provide
models with specific predictions for mechanisms leading
to hypogammaglobulinemia in CVID patients.

Material and methods

EBV-immortalization of B cells

One peripheral blood sample was obtained from one adult
healthy donor (identified as ‘C’) and two adult patients
with CVID (‘P1’ and ‘P2’) after informed and signed
consent. Peripheral blood mononuclear cells (PBMC) were
obtained by centrifugation of the blood sample over
Isolymph” gradient (GE Healthcare, Chicago, IL, USA).
PBMC were harvested at the interface, washed three times
in phosphate-buffered saline (PBS) and immediately pro-
cessed. B cells were isolated using magnetic beads (MACS;
Miltenyi Biotech, San Diego, CA, USA), according to the
manufacturer’s protocol. Immortalization of B cells was
performed according to standard protocol using Epstein-
Barr virus (EBV) [40]. All study protocols and consent
were approved by the University of Sdao Paulo Institutional
Human Research Ethics Committee (CEPSH.090.12) and
by the Mount Sinai Institutional Review Board. Clinical
data on these donors can be found in Supporting infor-
mation, Table SI.

Cell culture of immortalized EBV-B cells
and experimental set-up

EBV-immortalized B (EBV-B) cells were cultured in RPMI-
1640 GlutaMAX media containing penicillin-streptomycin
and 10% heat-inactivated fetal bovine serum (all from
ThermoFisher Scientific, Fremont, CA, USA) at 37°C and
5% CO,. Cells were split every 3 days, and harvested for
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experiments between the third and tenth split. Cell viability
was determined by Trypan blue staining using an auto-
matic counter Countess II (ThermoFisher Scientific). The
cells were plated as triplicates at 3 x 10° cells/well
(96 round-bottomed wells per plate) in media containing
chemical chaperones (final concentrations were 1 mM
PBA, 5 mM TUDCA or 1 mM DMSO (all from Sigma,
St Louis, MO, USA) and/or ER stressors at final concen-
trations of 1 pM Tg or 10 pg/ml Tm (both from Sigma).
Cells were stimulated for 1, 2, 3 and 4 h or left untreated.
Refer to Fig. 1b for the experimental design.

Cell growth quantification

EBV-B cells were plated as duplicates in parallel plates
and kept at 37°C and 5% CO, for up to 11 days to
characterize their growth pattern. Incorporation of bro-
modeoxyuridine (BrdU) was measured using the Cell
Proliferation Biotrak enzyme-linked immunosorbent assay
(ELISA) system (GE Healthcare), according to the manu-
facturer’s instructions. Samples were assayed in technical
duplicates, and readings were pooled for averaging and
standard deviation (s.d.) calculation.

Microscopy

One million EBV-B cells were washed twice in cold PBS
and fixed with cold acetone for 5 min. Cells were blocked
with T-PBS-1% bovine serum albumin (BSA)-22-3 mg/ml
glycine at room temperature for 30 min, followed by stain-
ing with anti-human immunoglobulin (Ig)M (Abcam,
Cambridge, UK; ab772) for 1 h at room temperature.
Secondary staining used anti-mouse IgG-Alexa Fluor 488
(Abcam; ab150109) for 1 h at room temperature in the
dark. Images were acquired in an In Cell Analyzer 2200
(GE Healthcare).

Transcript quantification

For quantification of specific transcripts of interest, we
used a high-throughput platform based on TagMan tech-
nology [Applied Biosystems, Carlsbad, CA, USA; TagMan
OpenArray real-time-polymerase chain reaction (RT-PCR)
system; ThermoFisher Scientific]. EBV-B cells were seeded
in quadruplicate plates so that during the processing of
a given time-point only one plate was manipulated at room
temperature, while the remaining plates were left in the
incubator undisturbed. All treatments and time-points were
performed in triplicate. Samples containing 3 x 10> EBV-B
cells that received treatments with ER stressors and/or
chemical chaperones for 0, 1, 2, 3 or 4 h were harvested
in RNAlater (ThermoFisher Scientific) and kept at —20°C
until processing. Total RNA was isolated using Purelink
Mini (ThermoFisher Scientific) and kept at —80°C until
further processing. Purified RNA was qualified and quanti-
fied by spectrometry in a Nanodrop and by fluorimetry

UPR rescue by chaperones in B cells from CVID patients

in a Qubit, respectively (both equipments by ThermoFisher
Scientific). When needed, RNA was precipitated by standard
protocol using sodium acetate, glycogen and isopropanol.
All RNA samples were normalized to 30 ng/ul before
proceeding. cDNA was generated using 300 ng of total
RNA and the high-capacity RNA-to-cDNA kit (Ther-
moFisher Scientific), following the manufacturer’s instruc-
tions. cDNA was kept at —20°C until further processing.
Thirty-three nL of PCR mixture (TagMan OpenArray
RT-PCR master mix, ThermoFisher Scientific) were loaded
into custom-made TagMan OpenArray slides by an auto-
mated system (Accufill; ThermoFisher Scientific) and ampli-
fied in triplicate reactions for quantification of specific
transcripts using a QuantStudio 12K Flex RT-PCR System
(ThermoFisher Scientific) for up to 40 cycles. Images of
the microarray slides before and after amplification were
visually inspected to ensure homogeneous amplification of
wells. TagMan OpenArray primers were custom-made by
ThermoFisher Scientific, and validated previously by the
manufacturer for specificity and efficiency of amplification.
Genes access numbers can be found in Supporting infor-
mation, Table S2. Xbp1 primers amplified a 60 bases region
on the exons 3 and 4 boundary, thus amplifying both the
unspliced and spliced forms of the transcripts.

Quality control and data analysis

Amplification curves (nine curves per gene in each treat-
ment condition) were visually inspected for slope, fluo-
rescence intensity, cathode-ray tubes (CRTs), outliers,
aberrant replicates and for stability of Gapdh expression.
Each curve was contrasted individually against the quality
data of its original RNA. Target DC_ values were normal-
ized against Gapdh DC_ levels. Replicates were averaged
and filtered for standard error (s.e.) < 0-5 for removal of
low-abundance measurements. A ratio of treated/untreated
was calculated, log,-transformed and a t-test was applied.
Only those ratios whose s.e. were < 0-5 and that were
significantly different (P < 0-05) from untreated controls
in at least two time-points were considered relevant. These
rules resulted in a high-confidence data set. Heat-maps
were built using treated/untreated values and boundaries
of £ 0-58 (on log base 2 scale).

Network reconstruction

Regulatory circuits were built using BioTapestry version
7.1 software [41,42]. Networks show only those elements
assayed in this study. For canonical representation of the
UPR refer to Fig. 1c. Inputs and outputs of indicated genes
are color-coded according to their upstream origin (yellow
for ATF6, red for PERK, blue for IREla and green for
sXBP1). Orange lines indicate those elements whose expres-
sion depends on inputs from both ATF6 and PERK path-
ways. Linkages substantiated by cis-regulatory data are
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indicated by diamonds colored according to the strength
of the experimental evidence: blue diamonds for expression
studies using gain/loss of function, pink diamonds for
binding affinity assays and orange diamonds for promoter
analysis in vivo. A green bar represents post-transcriptional
modification of Xbpl mRNA. A yellow bar represents
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Fig. 1. Defective immunoglobulin folding in common variable immunodeficiency (CVID) patients. (a) Membrane-bound IgM (green) expression by
fluorescence microscopy. Healthy donor (c) cells are shown in the left panel and patients’ cells (P1 and P2, middle and right panels, respectively) are
shown at x100 magnification. (b) Schematic illustration of the experimental design. Thapsigargin (Tg) and tunicamycin (Tm) elicit endoplasmic
reticulum (ER), triggering three branches of the unfolded protein response (UPR). Exogenous chemical chaperones act upon different effector
elements of the UPR, counterbalancing pro-apoptotic and deleterious pathways. All treatments were performed in biological triplicates. mRNA
abundances for 13 UPR genes and four proteostatic stimuli were measured (in technical triplicates) using Tagman in an open array platform. Genes
with significant (P < 0-05 or less) expression changes were extracted. (c) Canonical regulatory network for the UPR in mature human B cells. This
network shows only those elements assayed in this study. This regulatory circuit was inferred from current literature and considers only
immunoglobulin (Ig)M as proteostatic stimulus for clarity. Inputs and outputs of indicated genes are color-coded according to their upstream origin
[yellow for activating transcription factor 6 (ATF6), red for eukaryotic translation initiation factor 2-alpha kinase 3 (PERK), blue for serine/
threonine-protein kinase/endoribonuclease (IREla) and green for spliced X-box binding protein 1 (sXBP1)]. Orange lines indicate elements whose
expression depends on inputs from both ATF6 (yellow) and PERK (red) pathways. Linkages substantiated by cis-regulatory data are indicated by
diamonds colored according to strength of the experimental evidence: blue diamonds for expression studies using gain/loss of function, pink
diamonds for binding affinity assays and orange diamonds for promoter analysis in vivo. A green bar represents post-transcriptional modification of
Xbpl mRNA. A yellow bar represents post-translational modification of ATF6 protein. # (OR) and & (AND) are Boolean rules governing input
elements in specific promoters. Bold gene = active expression. Bold gene + thick line = up-regulated expression compared to untreated control. Gray
gene + gray line = down-regulated expression compared to untreated control.

<

<

of each patients experimental regulatory network, refer to
Supporting information, Movies (a-g) for average (CVID
patients minus healthy control), (h-n) for healthy control,
(o—u) for patient P1 and (v-y) for patient P2.

Data availability

All transcriptomics data generated in this study have been
deposited in NCBI's Gene Expression Omnibus (GEO
Series Accession number GSE126201).

Results

EBV immortalization did not inhibit surface IgM
expression of mature B cells from CVID patients

We tested if infection with EBV inhibited surface IgM
expression by B cells from one healthy donor (C) and
two CVID patients (P1 and P2). Expression of monomeric
IgM in the B cell surface was heterogeneous in CVID
patients (Fig. la, middle and right panels). Healthy donor
EBV-B cells, in contrast, were uniformly positive with dis-
tinct surface staining for IgM (Fig. 1a, left panel). Both
patients presented lower levels of serum IgG and IgM at
the time of CVID diagnosis despite the number of cir-
culating B cells being within the normal range (Supporting
information, Table S1). EBV-B cells from CVID patients
presented lower growth rates over 11 days (Supporting
information, Fig. S1a, middle and right panels) when com-
pared to EBV-B from a healthy donor (Supporting infor-
mation, Fig. Sla, left panel), consistent with ex-vivo data
from the same patients (Supporting information, Table S1).

Chemical chaperones have a positive effect on the
expression of most UPR targets

To investigate the impact of ER stressors and chaperones
on first hours of the response, we subjected these EBV-B
cell lines to a time-course experiment. Cells were left

untreated or stressed with 1 uM Tg or 10 pug/ml Tm in
the presence or absence of 1 mM 4-PBA, 1 mM DMSO
or 5 mM TUDCA. Cells were assayed at time-points 0, 1,
2, 3 and 4 h, and transcripts for UPR-related targets and
immunoglobulin heavy (p and y) and light (A and «)
chains were quantified. The high quality of our data set
was confirmed by analysis of housekeeping genes and three
technical replicates for each biological sample. Refer to Fig.
1b for experimental design and Fig. 1c for canonical rep-
resentation of UPR elements.

Heat-maps (Fig. 2) of the mRNA levels, expressed as
a ratio of treated/untreated (in log base 2 scale), showed
a dynamic response to ER stress by all three cell lineages,
whereby some genes showed down- or up-regulation start-
ing as early as 1 h upon challenge. Changes were con-
sidered significant if the P-value was < 0-05 in at least
two time-points or < 0-01 at one time-point.

Most UPR-related genes were down-regulated, and more
so in CVID patients than the healthy control. Patient P2
presented the most intense down-regulation after ER stress-
ors treatment for all UPR-related genes, but Hspa5 after
treatment with Tm and all UPR genes but Hspa5 and Grp94
after Tg treatment (Fig. 2 and Supporting information, Table
S3). Patient P1 had a less intense response when compared
to patient P2, but also down-regulated most UPR-genes,
except for genes Calr, Dr5, Erdj3, Grp94, Irela, Rtcb (RNA
2%3’-cyclic phosphate and 5-OH ligase) and Sill after Tg
treatment. In contrast, only Hspa5 and Xbpl were signifi-
cantly down-regulated (P < 0-01) after Tm treatment (Fig.
2 and Supporting information, Table S3).

Healthy donor cells down-regulated only Hspa5, Chop
and Irela after Tg treatment. Tg treatment caused sig-
nificant upregulation (P < 0-01) of Erdj3. Tm treatment
appeared to have broader effects with significant decrease
in all UPR genes, but Dr5, Edeml, Grp94, Irela, Rtcb
and Sill in healthy cells (Fig. 2 and Supporting informa-
tion, Table S3).
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Fig. 2. Differential regulation of unfolded protein response (UPR) genes upon endoplasmic reticulum (ER) and chemical chaperones treatment.

Relative changes in RNA abundance expressed as a ratio of treated/untreated [in log base 2 scale) for 17 genes (rows) in biological triplicates and

technical triplicates after 1,2, 3 and 4 h of thapsigargin (Tg) or tunicamycin (Tm)], in the presence or absence of chaperones 4-phenylbutyrate
(4-PBA), dimethylsulfoxide (DMSO) or tauroursodeoxycholic acid (TUDCA). Time-points are labeled ‘E’ (early) and T’ (intermediate).

When used without the ER stressors, all chaperones
(4-PBA, DMSO and TUDCA) had little effect on expres-
sion of UPR-related genes when compared to untreated
cells (Fig. 2 and Supporting information, Table S3). A
significant effect was observed only in the up-regulation
of Calr and Grp94 in healthy cells (Fig. 2 and Supporting
information, Table S3). In patient P2 cells, 4-PBA caused
significant down-expression of genes Chop, Erdj4, Sill and
Xbpl when compared to untreated cells. It caused up-
regulation of Dr5 (P < 0-01). Calr presented up-regulation
during the first 2 h wunder 4-PBA, followed by

down-regulation. No significant effects were observed with
DMSO alone in both healthy and patients’ cells (Fig. 2
and Supporting information, Table S3). For TUDCA alone,
significant down-regulation was observed in healthy cells
with all UPR-related genes but Chop, Rtcb, Sill and Xbpl
(Fig. 2 and Supporting information, Table $3). Only Xbp1
was significantly down-regulated in patient P1 cells treated
with  TUDCA. TUDCA caused increased expression
(P < 0-01) of Rtcb and Sill in patient P1. DMSO and
TUDCA treatments, alone or in combination with Tg, were
not performed in patient P2 due to insufficient cell yields.
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When associated with ER stressor Tg, 4-PBA dampened
both down- and up-regulation of UPR targets caused by
the stressor (Fig. 2 and Supporting information, Table
S3). Significant decreases were found for Chop, Dr5, Edem]1,
Erdj3 and Irela in healthy cells. We also observed up-
regulation of Calr at 3 h (P < 0-01). In patient P1 cells,
4-PBA dampened down-regulation caused by Tg of Hspa5,
Chop, Edem1 and Xbpl. For patient P2 cells, the presence
of 4-PBA dampened down-regulation of most UPR targets
(P < 0-01), except Hspa5, Grpl70, Grp94 and Rtcb.

When in combination with Tg, DMSO affected the
expression of more genes in patient P1 compared to healthy
cells (Fig. 2 and Supporting information, Table S3). In
healthy cells, the presence of DMSO and Tg increased
down-regulation significantly for Hspa5, Chop, Dr5, Edem1
and Irela genes. Sill increased expression (P < 0-01) under
DMSO and Tg association. In patient P1 cells, the pres-
ence of DMSO increased the response to Tg: Hspa5, Calr,
Chop, Edeml, Erdj3, Erdj4, Grp94, Irela and Xbpl were
down-regulated significantly (P < 0-01).

Among all experimental conditions tested, the presence
of ER stressors and/or chaperones was associated with
increased expression of immunoglobulin p heavy chain
(Ighm). The only exceptions were observed with DMSO
alone in healthy cells and Tm in patient P2 cells, where
we observed a tendency, but no significant change.

Extreme down-regulation of Hspa5 and Xbp1 in CVID
cells during early phase of UPR

Chaperone Hspa5, transcription factor Xbpl and immu-
noglobulin heavy chain p (Ighm) were the genes most
intensely affected in our experimental setup. Hspa5 and
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UPR rescue by chaperones in B cells from CVID patients

Xbpl suffered considerable down-regulation in the initial
hours upon ER stress, regardless if induced by Tg or Tm
(Fig. 3a for Tg and 3B for Tm, left and middle panels).
Patients P1 (Fig. 3a, gray bars) and P2 (Fig. 3a, black
bars) showed stronger inhibition of Hspa5 and Xbpl,
reaching —1-6- and -1-4-folds for Hspa5, and -1-4and
—1-3folds for Xbpl, respectively, after 4 h of ER stress
caused by Tg.

Patient P2 was the most responsive cell line to Tm,
presenting the strongest inhibition of transcription of
Hspa5 (-2-fold), Xbpl (-1-5-fold) and Ighm (—54-fold)
in response to 4 h of treatment with this ER stressor
(Fig. 3b, black bars).

Expression of Ighm (u heavy chain of immunoglobulin)
seemed to be unaffected by ER stressors in healthy (black
bar) and P1 (gray bar) cells (Fig. 3a, right panels and
Supporting information, Fig. S2c). Expression of Ighm in
patient P2 (Fig. 3a, right panel, black bar) was down-regulated
in all treatments. The highest levels of inhibition were found
when these cells were stressed with Tm (Fig. 3b,
right panel, black bar). Patient P2 presented the highest
expression of Ighm in the initial hours after Tg, Tm, 4-PBA
and Tg + 4-PBA treatments, peaking at 2 h, but followed
by a rapid decrease in transcripts levels (Supporting infor-
mation, Fig. S2¢). For the complete time-course on Hspa5,
Xbpl and Ighm refer to Supporting information, Fig. S2.

Discussion

Building highly accurate and quantitative regulatory net-
works in mammals pose large challenges due mainly to
complexity of the regulatory logic and technical limitations
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Fig. 3. Down-regulation of Hspa5 and Xbp1 during UPR. Hspa5 (left panels), Xbp1 (middle panels) and Ighm (right panels) RNA abundance
expressed as a ratio of treated/untreated (in log base 2 scale) at 4 h after treatment with thapsigargin (a) or tunicamycin (b) in the presence or absence
of chaperones [4-phenylbutyrate (4-PBA) or dimethylsulfoxide (DMSO)] of Epstein-Barr virus (EBV)-B cells from a healthy donor (c, black bars) and
two common variable immunodeficiency (CVID) patients (P1 and P2, red and blue bars, respectively). *P < 0-05, **P < 0-01. For complete time—

courses and P-values refer to Supporting information, Fig. S2 and Table S3, respectively.
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in manipulation of mammalian systems [43,44]. Here we
used high-quality measurement of mRNA expression levels
of key UPR and immunoglobulin genes. Importantly, the
measurements were performed in B cells derived from a
healthy subject and CVID patients, providing an important
data set from a model as close to the clinical phenotype
as possible.

We mapped the results to the signaling network for the
UPR (Fig. 4). Unexpectedly, they revealed an early inhibi-
tion of UPR in all cells, which was even more extreme in
patient cells. Treatment with chemical chaperones reversed
the early inhibition and activated the UPR in both patient
and healthy cells, suggesting that chemical chaperones might
be of value in helping hypogammaglobulinemic patients fold
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Fig. 4. Putative regulatory networks for the unfolded protein response in mature human B cells, 4 h after endoplasmic reticulum (ER) stress and/or
chemical chaperones treatment. These regulatory circuits were inferred from the gene expression data and consider only immunoglobulin (Ig)M as
proteostatic stimulus. Inputs and outputs of indicated genes are color coded according to their upstream origin [yellow for activating transcription
factor 6 (ATF6), red for eukaryotic translation initiation factor 2-alpha kinase 3 (PERK), blue for serine/threonine-protein kinase/endoribonuclease
(IREla) and green for spliced X-box binding protein 1 (sXBP1)]. Orange lines indicate those elements whose expression depends on inputs from both
ATF6 (yellow) and PERK (red) pathways. Linkages substantiated by cis-regulatory data from literature are indicated by diamonds colored according to
strength of the experimental evidence: blue diamonds for expression studies using gain/loss of function, pink diamonds for binding affinity assays and
orange diamonds for promoter analysis in vivo. A green bar represents post-transcriptional modification of XbpI mRNA. A yellow bar represents
post-translational modification of ATF6 protein. # (OR) and & (AND) are Boolean rules governing input elements in specific promoters. Bold

gene = active expression. Bold gene + thick line = up-regulated expression compared to untreated control. Gray gene + gray line = down-regulated
expression compared to untreated control. (a-g) Regulatory networks for the unfolded protein response (UPR) in mature human B cells (patients
average minus healthy control) at 4 h after ER stress with Tg (a), Tm (b), in the presence 4-PBA [c,d (Tg+PBA)], dimethylsulfoxide [DMSO) (e,f)
(Tg+DMSO)] or tauroursodeoxycholic acid (TUDCA)(g), according to experimental data from this study.
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Fig. 4. Continued

their own immunoglobulins and preventing the deleterious
effects of a chronically overloaded ER.

Further, we examined the possibly delayed activation
of the UPR in B cells from a CVID patient, as reported
by previous studies [29]. Delayed UPR in that patient
resulted in an accumulation of unfolded immunoglobulin
chains in the ER and failure at secreting properly folded
IgM. However, what the mechanisms behind such delayed
UPR activation were and how common and reversible
the defect is among patients with CVID remained unknown.

To investigate the generality of this delayed UPR
activation, we examined a new pair of CVID patients
(P1 and P2) and a control subject (C). Both P1 and
P2 presented low levels of serum IgM and IgG, but
none of the described mutations involved in CVID
pathogenesis ~ [Cunningham-Rundles,  unpublished;
[45,46]). Besides the hallmark low levels of serum

immunoglobulins, the clinical symptoms were somewhat
divergent between the patients, as it is commonly seen
in CVID patients (Supporting information, Table S1).

B cells from both CVID patients had a slower rate of
proliferation when compared to B cells from a healthy
donor (Supporting information, Fig. Sla), similarly to
what we observed previously [29]. Immortalization of B
cells by infection with EBV did not disrupt the ability
of these cells to translate and export IgM to the cell’s
surface (Fig. la). Both patients presented lower levels of
serum IgG and IgM at the time of CVID diagnosis despite
presenting numbers of circulating B cells within the nor-
mal range (Supporting information, Table S1). These results
indicate that immortalization by EBV infection did not
change the phenotype of CVID patients’ B cells, which
remained capable of expressing IgM in the cell
surface.
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One drawback of our experimental set-up is the fact
that we immortalized B cells with EBV to yield workable
numbers of B cells from CVID patients. Immortalized
cells are intrinsically more resistant to stress than primary
cells, and several viruses have been shown to modulate
the PERK branch of UPR in mammalian cells, including
EBV itself [47-50]. However, comparison with a healthy
control should account for such biases. Furthermore, Xbp1
mRNA splicing is considered a reporter for the level of
ER stress [51]. Xbpl mRNA splicing was not detected by
RT-PCR in the absence of exogenous stress in cells from
both patients (Supporting information, Fig. S1b). This
suggests that IREla is not chronically activated in these
cells under untreated conditions.

Our most unexpected finding was the down-regulation
of several UPR targets as early as 1 h after treatment
with ER stressors (Figs 2 and 3, Supporting information,
Fig. S2 and Table S3). Such repression was observed across
all three cell lines, but showed stronger intensity in the
cell lines derived from CVID patients. To our knowledge,
only one other data set on UPR targets have found similar
results at the RNA levels and showed down-regulation of
the PERK branch and of overall ER stress-related com-
ponents in HeLa cells between 1 and 16 h after treatment
with 2-5 mM dithiothreitol (DTT) [52,53].

Up-regulation of UPR targets marks activation of the
UPR [8,10]. However, these studies focused on later time-
points of the response, starting measurements 6-8 h after
ER stress, contrasting with our study. It is possible that
cells present an initial down-regulation of UPR targets in
the initial hours of response, recovering (or not) their expres-
sion at later time-points. Inability to recover from initial
down-regulation of the UPR might be a pathogenesis mecha-
nism in some CVID patients or even in other diseases.

Figure 4 and Supporting information, Movies (GIF files)
show the regulatory circuits generated by the patients’
experimental data. They provide novel predictions to be
further explored in CVID patients. Notably, despite
observed down-regulation of UPR genes, housekeeping
and Ighm genes remained active under ER stress. Patient
P1 transcribed most UPR targets in the presence of exog-
enous chaperones (Fig. 2 and Supporting information,
Movies Q, S and U), suggesting that overall transcriptional
regulation is intact.

Similarly, patient P2 increased significantly (P < 0-01)
the expression of Calr and Dr5 in the initial 2 h of Tg
stress (Fig. 2 and Supporting information, Movie V).
However, Sill, Grp170 and Chop were consistently off in
all treatments in this patient (Fig. 2 and Supporting infor-
mation, Movies V-Y). This finding suggests inactive pro-
moter regions or insufficient ATF6, their activator.
Consistently, PBA increased expression of ATF6 targets
(Chop and Calr) in patient P1 but not in P2 (Fig. 2, and
Supporting information, Movies Q and X, respectively).

UPR rescue by chaperones in B cells from CVID patients

Further, patient P2 did not display Xbp1 splicing, even
after extreme stress caused by DTT (Supporting informa-
tion, Fig. S1b). As XBP1 is an early master regulator of
the UPR, it is conceivable that patient P2 fails to splice
Xbpl mRNA which, in consequence, down-regulates
expression of several compartments of the UPR.
Transcription of immunoglobulin chains is also down-
regulated in this patient (Figs 2 and 3, and Supporting
information, Fig. S2¢), perhaps as a last attempt of the
cell to prevent protein overload into an unresponsive ER.

We show the canonical regulatory circuit that underlies
the UPR in mammalian cells in Fig. 1c. Information within
each cell flows from the upper left corner towards the
lower right corner of the chart [41,54]. The circuit was
inferred from literature that provided experimental evidence
for interactions between individual genes/proteins during
the UPR, focuses on genes in our study and includes
only IgM as proteostatic stimulus for clarity.

Next we showed the modified circuit as derived from
each sample’s data in Fig. 4 for average (patients minus
control) and Supporting information, Movies for complete
time-courses of individual cell lines and treatments. Our
data show that upon ER stress induced by drugs Tg or
Tm, the number of UPR genes down-regulated in B cells
from CVID patients is larger than those down-regulated
in the healthy control (Fig. 4a,b; Supporting information,
Movies A, B, H and I). This finding suggests that early
and intense down-regulation of UPR genes in the patients’
cells might contribute to insufficient immunoglobulin fold-
ing and export at later time-points.

A striking finding from these regulatory circuits is that
some genes are off regardless of their upstream element
being on: in both CVID patients’ cells, Calr and Erdj3
are off (Supporting information, Movies O-Y), indicating
possible negative regulatory element(s). The patients could
over-express such negative regulatory element(s) as the
mechanism behind their early down-regulation of the UPR.

Further, we found that all tested chemical chaperones
(4-PBA, DMSO and especially TUDCA) had a positive
impact on expression of Ighm (IgM heavy chain) (Figs 2
and 3, Supporting information, Fig. S2¢). This finding is
new, and points to a potential use of these chemical
chaperones for treatment of a subgroup of CVID patients,
namely those with UPR abnormalities.

In sum, published findings and our new findings sup-
port early down-regulation of the UPR in some patients
[29,55], caused probably by non-lethal defects of the UPR.
Such a non-lethal defect was recently described for SEC61A1
in B cells from patients with primary hypogammaglobu-
linemia [56]. In comparison, our regulatory circuits point
to disturbances in the ATF6 branch, and to the existence
of not-yet-identified negative regulators of calreticulin and
ERdj3. These findings suggest that a subgroup of hypogam-
maglobulinemia patients shows a delayed transcriptional
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response to ER stress, resulting in failure to homeostasis
and subsequent immunoglobulin secretion, providing new
insights into the molecular basis of the disease.
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Supporting Information

Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:

Fig. S1. Defective Xbpl splicing in P2 cells, but not PI.
(a) Cells quantification by BrdU incorporation over 11 days
in culture without treatments. (b) Xbpl mRNA splicing was
not detected by RT-PCR in the absence of DTT in cells from
both patients. In the presence of DTT, only P1 was capable
of splicing Xbpl mRNA

Fig. S2. Complete time-courses for Hspa5, Xbpl and Ighm
during UPR. Hspa5 (a), Xbp1 (b), and Ighm (c) RNA abun-
dance expressed as a ratio of Treated / Untreated (in log base
2 scale) at 1,2, 3, and 4 hours after thapsigargin (Tg) or tuni-
camycin (Tm, insert box) in the presence or absence of chap-
erones 4-PBA, DMSO, or TUDCA in B cells from a healthy
donor (C, black line) or two CVID patients (P1 and P2, red
and blue lines, respectively). *P < 0-05, **P < 0-01.

Table S1. Clinical data on patients that originated the cell
lineages used in this study

Table S2. TagMan OpenArray primers for transcript quan-
tification. Primers are custom-made by ThermoFisher.
Sequences protected by patent.

Table S3. Strict quality control rules resulted in a high-confi-
dence dataset: p values for different treatments
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