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The unfolded protein response (UPR) signaling pathway reg-
ulates the functional capacity of the endoplasmic reticulum for
protein folding. Beyond a role for UPR signaling during terminal
differentiation of mature B cells to antibody-secreting plasma
cells, the status or importance of UPR signaling during hemato-
poiesis has not been explored, due in part to difficulties in iso-
lating sufficient quantities of cells at developmentally interme-
diate stages required for biochemical analysis. Following
reconstitution of irradiated mice with hematopoietic cells car-
rying a fluorescent UPR reporter construct, we found that IRE1
nuclease activity for XBP1 splicing is active at early stages of T-
and B-lymphocyte differentiation: in bone marrow pro-B cells
and in CD4*CD8" double positive thymic T cells. IRE1 was not
active in B cells at later stages. In T cells, IRE activity was not
detected in the more mature CD4* T-cell population but was
active in the CD8™ cytotoxic T-cell population. Multiple signals
are likely to be involved in activating IRE1 during lymphocyte
differentiation, including rearrangement of antigen receptor
genes. Our results show that reporter-transduced hematopoi-
etic stem cells provide a quick and easy means to identify UPR
signaling component activation in physiological settings.

Pluripotent stem cells are constantly faced with critical deci-
sions between self-renewal and starting to differentiate into vari-
ous cell types (1, 2). Commitment of differentiating stem cells
toward the various lineages is influenced by many factors, includ-
ing microenvironment and external cues that are integrated into
signaling pathways regulating transcriptional programs and pro-
tein production. Hematopoietic stem cells (HSC)? that differenti-
ate into the erythroid, myeloid, or lymphoid lineages, primarily in
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the bone marrow of vertebrate adults, undergo dramatic changes
in cellular architecture during differentiation to functionally spe-
cialized cells. For cells that are specialized for protein secretion,
such changes include the creation of extraordinary protein proc-
essing and secretory apparatus. The unfolded protein response
(UPR) is a conserved signal transduction pathway that in response
to endoplasmic reticulum (ER) stress enables cells to increase the
protein folding capacity of the ER, the major cellular compartment
for folding and maturation of secreted and membrane proteins, by
increasing the transcription of genes involved in protein folding. In
addition, UPR activation also increases expression of genes
involved in ER membrane biosynthesis, presumably resulting in
ER expansion. Thus, UPR signaling may play a role in the differen-
tiation of HSC. In fact, an importance for the UPR signaling com-
ponents IRE1 and XBP1 has been demonstrated during the termi-
nal differentiation of activated B lymphocytes (B cells) to
immunoglobulin-secreting plasma cells (3—6).

In mammalian cells, three ER transmembrane components,
IRE1, PERK, and ATF®6, serve to monitor ER protein folding
needs and initiate UPR activation (7-10). In addition to its ER
luminal sensor domain, IRE1 (inositol-requiring enzyme 1a), a
type I ER transmembrane protein. is particularly unique for
containing both kinase and sequence-specific endoribonucle-
ase (RNase) activities (11-15). Upon sensing ER demand for
protein folding capacity, often referred to as ER stress, initial
steps of IRE1 activation include oligomerization and autophos-
phorylation. Despite efforts, IRE1 itself remains the only known
substrate for IRE1 kinase activity. Rather, evidence suggests
that the IRE1 kinase activity functions to regulate activation of
the IRE1 RNase activity, which cleaves an intron (the UPR
intron) from mRNA coding for a key UPR-specific transcrip-
tion factor (XBP1 in mammalian cells, HAC1 in yeast) (5, 6, 16,
19). The subsequently spliced forms of XBPI and HACI mRNA
produce a potent UPR-specific transcription factor, and thus
splicings are critical steps in UPR signaling and regulation.

For its part, recognition of ER stress by PERK (eukaryotic
translation initiation factor 2« kinase) causes elF2 a phospho-
rylation, producing a general attenuation of protein translation,
presumably to reduce influx of new protein into the ER (20, 21).
ER stress is also recognized by a second UPR-specific transcrip-
tion, ATF6, a type I ER transmembrane protein (22—24). Stress
recognition by ATF6 leads to proteolytic release of its tran-
scription factor-containing cytosolic domain from the ER
membrane. Together, the coupling of these three ER proximal
stress sensors to downstream effectors produces an array of
cellular effects that promote ER functional capacity.
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In addition to IRE1, activation of ATF6 during plasma cell
differentiation has been reported, although the exact timing
and duration of activation differs from that of IRE-dependent
splicing of XBP (25). On the other hand, PERK-induced trans-
lation repression has not been observed during plasma cell dif-
ferentiation (26, 27), although the status of PERK activation
remains to be determined. The ability of UPR sensors to be
activated independently from each other is supported by our
recent findings that the activation profiles of IRE1, PERK, and
ATF6 differ from each other both in response to a single form of
ER stress and between different forms of stress (28). Thus, the
ER sensor domains of each UPR initiator may respond prefer-
entially to changes in the ER environment to provide a molec-
ular basis for “best fit” responses in physiological settings
through selective activation of the UPR signaling branches.
Although the molecular mechanisms of the luminal domain
recognition of certain ER luminal components have been pro-
posed (29 —32), little is known about the molecular basis for the
recognition of specific forms of ER stress or about how the
timing and magnitude of UPR signaling branch activation are
regulated, highlighting a need for in vivo studies designed to
gain insight into UPR regulation in physiological settings. Spe-
cifically, examination of UPR component activities during dif-
ferentiation of pluripotent HSC poses significant challenges, as
obtaining sufficient quantities of intermediate cell populations
for conventional molecular analyses are problematic.

Commonly, UPR studies have involved the use of pharmaco-
logical agents such as dithiothreitol and the glycosylation inhib-
itor tunicamycin to generate massive ER stress. Although these
agents have been invaluable for the discovery and characteriza-
tion of UPR signaling fundamentals, similar conditions are
unlikely to occur in physiological settings where the extent of
UPR activation is likely to be more subtle. Furthermore, UPR
signaling may have roles beyond regulation of protein process-
ing capacity or may function in cells unrecognized as secretory
cells. In addition, there may be cellular responses that do not
require input from each UPR signaling branch. In this regard,
the identification of cellular events dependent on UPR signaling
is an important step to understanding how UPR signaling inte-
grates into normal cell physiology. Toward this goal, we have
developed a fluorescent reporter that allows the activation of
IRE1 to be monitored in single cells. Here, in order to examine
IRE1 activation in differentiating hematopoietic cells, we have
performed bone marrow reconstitution experiments using
hematopoietic stem cells carrying this reporter. Our analysis of
mice reconstituted with reporter-carrying bone marrow cells
reveals, for the first time, IRE1 activation in developmentally
intermediate B and T lymphocytes. Demonstration and valida-
tion of this reporter-based approach will therefore facilitate the
identification of UPR functions during HSC differentiation.

MATERIALS AND METHODS

Cell Culture and UPR Induction—Chinese hamster ovary
(CHO) cells were grown in Dulbecco’s modified Eagle’s medi-
um/F12 (Cellgro) medium supplemented with 5% fetal calf
serum (Invitrogen), 100 units/ml penicillin, and 100 ug/ml
streptomycin at 37 °C in 5% CO,. The UPR was induced by
treating cells with 1 ug/ml tunicamycin for 18 h (Calbiochem).
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Transient and Stable Transfection—2.5 X 10° CHO cells
were transfected with the reporter plasmid using Effectene
transfection reagent (Invitrogen) following the manufacturer’s
instructions. To generate stable cell lines, transfected cells were
transferred to selective medium containing 600 pg/ml G418.

RNA Isolation and RT-PCR—Upon harvesting cells, RNA was
isolated using RNeasy isolation kit (Qiagen). After consecutive
DNase I treatments of isolated RNA, cDNA was prepared using a
mixture of random hexamers and poly(A) primers, followed by
PCR using the primers described in Fig. 1. PCR fragments gener-
ated from unspliced and spliced forms of XBP1-GFP mRNA and
the endogenous XBP1 mRNA were analyzed on 2% agarose gels.
Sequences of primers used for PCR reactions were MN028, TTA-
GTTCATTAATGGCTTCCAGC; MN056, CACCTGAGCCC-
CGAGGAG; X3, GGAATGAAGTGAGGCCAGTGG; GFP
reverse, CCATCGATCTTGTACAGCTCGTCCATGCCGAG.

Fluorescence-activated Cell Sorting (FACS)—Cells harvested
for FACS analysis were washed with 3 ml of PBS containing 10%
fetal bovine serum and stained with appropriate antibodies.
Dilutions of individual antibodies were determined based on
the manufacturer’s instructions. Antibodies against mouse
B220,1gM, IgD, CD5, CD43, CD11b, and hCD2 were purchased
from eBioscience. Anti-mouse CD4 and CD8 antibodies were
from BD Biosciences.

Isolation and Activation of Primary B Cells—Primary naive
splenic B cells were isolated from three pooled spleens from
C57B6 mice after osmotic lysis of erythrocytes by collecting
flow-through from CD43 magnetic beads according to the
manufacturer’s instructions (Miltenyi Biotec). B cells were acti-
vated immediately after isolation by treatment with 25 pg/ml
lipopolysaccharide (LPS) (Sigma) and 5 ng of IL-4 (Sigma). At
indicated times after incubation with LPS and IL-4, B cells were
harvested and protein lysates were prepared by lysing in Lae-
mmli buffer containing 20 mm Na,VO,.

Mouse Bone Marrow Cell Collection and Infection—The
bones were collected from the hind legs of two mice for every
mouse to be reconstituted. After removing excess tissue, cells
were flushed from bone marrow cavities with a 26-gauge nee-
dle. Upon lysis of red blood cells by addition of buffer contain-
ing 0.15 M NH,Cl, 1 mm KHCOg, 0.1 M EDTA, cells were resus-
pended in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 10% IL-3 containing culture supernatant, 10
ng/ml IL-6, and 100 ng/ml SCF (Peprotech) and cultured at 37 °C
in 5% CO.,. After a quick thaw at 37 °C, viral supernatants express-
ing the XBP1-GFP reporter gene were mixed with 10 ug/ml
DOTAP (Roche Applied Science) and incubated on ice for 10 min.
Cells were resuspended in DPTAP treated viral supernatants so
that the final concentration was 10° cells/ml. After spinning at
2600 rpm for 90 min at 30 °C, cells were resuspended in fresh
media plus cytokines and cultured overnight followed by a second
spinfection prior to reconstitution of irradiated hosts.

Irradiation and Injection—The host mice were irradiated
with 1000 rads (10 Gy) of vy irradiation. Approximately 1 X 10°
cells were washed twice with PBS and injected through the
mouse tail vein by standard procedures. Efficiencies of recon-
stitution were tested 4 weeks after injection.

Tissue Collection and Analysis—At 8 weeks after reconstitu-
tion, the mice were sacrificed using CO, asphyxiation. The
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FIGURE 1. The XBP1-GFP reporter construct for monitoring IRE1 activation. A, design of the XBP1-GFP
reporter. The human XBP1 (hXBPT) sequence flanking the UPR intron was fused to the coding sequence of GFP.
A stop codon was inserted after the hXBP1 sequence such that the GFP coding sequence is in-frame with the
translation initiation codon only when the UPR intron is spliced out. Because GFP expression occurs only from
the spliced form of the XBP1-GFP mRNA, its presence signals the activation of IRE1. A truncated XBP1 fragment
flanking the UPR intron containing only 163 bp of coding sequence (404-567) was used to minimize the
possibility of constitutive UPR induction due to ectopic expression of UPR components and thus differed from
the ERAI reporter described previously (18). B, primers used for PCR amplification of cDNA. For detection of
endogenous XBP1 mRNA, two primers (MN028 and MN056) specific to the mouse XBP1 sequence were used.
The mouse XBP1 sequences chosen for primers are far away from the UPR intron and only present in the
endogenous XBP1 sequence. For analysis of the XBP1-GFP mRNA, the X-3 and GFP reverse complementary to
hXBP1 and GFP, respectively, were used for PCR. C, XBP1 splicing during UPR induction and recovery. Splicing
of both the XBP1-GFP mRNA and endogenous XBP1 mRNA was analyzed by reverse transcription followed by
PCR using primers described in B. The UPR was induced by incubating CHO cells carrying the XBP1-GFP
reporter construct with 1 ug/ml tunicamycin for 24 h. At this point, tunicamycin was washed and replaced with
normal medium. Samples were taken for analysis of GFP expression (D) and splicing of either XBP1-GFP or
endogenous XBPT mRNA (C) during the recovery phase of the UPR. Upon PCR, unspliced and spliced XBP1
mRNA from both endogenous and reporter genes were separated with 2% agarose gel electrophoresis and
analyzed by staining with ethidium bromide. Positions of both spliced and unspliced murine XBP1 and XBP1-
GFP are indicated. D, GFP expression levels in the cell samples analyzed in C were examined using FACS. The
percent of cells with higher levels of GFP is indicated at each time point. Tm, tunicamycin.
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length XBPI mRNA, the XBP1-GFP
reporter only includes the sequence
surrounding the XBP1 UPR intron
to avoid potential effects from XBP1
protein fragment expression. How-
ever, the XBP1 sequence present in
the reporter was sufficient for IRE1-
dependent splicing of the XBP1
intron upon UPR induction. With-
out removal of the UPR intron,
mRNA generated from the reporter
stop its translation at the stop codon
placed between XBP1 and the GFP
sequence. Upon IREl-mediated
splicing of the XBP1 intron, the GFP
sequence becomes in-frame, insur-
ing GFP expression only upon cor-
rect splicing of the UPR intron
mediated by activated IRE1
(Fig. 1A).

Validation of the XBP1-GFP
reporter was carried out in a cul-
tured cell line as well as in mouse
primary splenic B cells. Upon stable
transfection of the reporter in CHO
cells, GFP expression during tunica-
mycin treatment was correlated
with the extent of splicing of the
UPR intron from XBP1/GFP mRNA
in splicing assays. Tunicamycin is a
glycosylation inhibitor and well
characterized to induce UPR upon
incubation with tissue culture cells.
Splicing was assayed by reverse
transcription of cellular RNA fol-
lowed by PCR amplification with
primers unique to the reporter
sequence (Fig. 1, B and C). In addi-
tion, PCR primers complementary
to the sequence unique to endoge-
nous XBP1 showed that the extent
of reporter splicing was similar to
that of endogenous XBP1 mRNA
(Fig. 1C). These results confirm that
the XBP1 fragment of the reporter
containing the UPR intron is suffi-

bone marrow was collected as described above. The spleen,
thymus, and lymph nodes were collected using common surgi-
cal techniques and homogenized in separate wells of a 6-well
dish containing 4 ml of PBS. After a brief spin (1,200 rpm for 10
min at 4 °C), cells were resuspended in 1 ml of cold PBS on ice.
After lysing the red blood cells as described above, cells were
resuspended to 107 cells/ml in PBS for staining.

RESULTS

To monitor IRE1 activation status in single cells, we con-
structed a reporter gene by fusing human XBP1 sequence to
green fluorescent protein (Fig. 14, GFP). In contrast to full-
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cient to promote UPR-dependent splicing by IRE1. XBP1 splic-
ing was further examined during recovery from UPR activation,
following removal and washout of tunicamycin. In this case,
splicing of endogenous and reporter XBP1 genes continued for
an extended period before returning to basal levels (Fig. 1C).
Because tunicamycin blocks an early step of protein glycosyla-
tion, continued splicing of XBP1 presumably reflects sustained
levels of unfolded protein that remain high until oligosaccha-
rides are replenished.

In addition, GFP expression was examined for fluorescence
by FACS. Under normal growth conditions, XBP1/GFP-trans-
fected CHO cells showed basal fluorescence similar to CHO
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FIGURE 2. Behavior of the XBP1-GFP reporter during terminal differentiation of mouse splenic primary B
cells. A, retroviral expression construct containing the XBP1-GFP reporter. The XBP1-GFP sequence was placed
under a strong viral promoter in the long terminal repeats (LTR). For selection of cells carrying the reporter
gene, the human CD2 (hCD2) coding sequence was inserted at the 3'-end of the XBP1-GFP sequence. mRNA
transcripts produced from this construct contain bicistronic coding regions for XBP1-GFP and hCD2. Transla-
tion of hCD2 is mediated by an internal ribosome entry site (IRES) and is independent of upstream XBP1-GFP
translation. B, activation states of multiple UPR components during primary B-cell terminal differentiation
induced by treatment with IL-4 and LPS. The lysates prepared from each time point were immunoblotted with
antibodies against p50 XBP1 (coded the spliced form of XBP1), p5S0ATF6 (the activated form of ATF6), the ER
chaperone BiP, and IgG. Levels of B-actin are shown as a loading control. C, FACS analysis of B cells incubated
with IL-4 and LPS for 72 h. hCD2-positive cells (22.6%) were analyzed for GFP expression. More than half the
reporter-carrying cells expressed significant levels of GFP (60.2%). Among the GFP-expressing B cells, half the
population (49.6%) were B220'°" and Syn-1*. Down-regulation of B220 and up-regulation of Syn-1 are well
characterized markers of terminally differentiated plasma cells, and thus this population of cells represents
terminally differentiated B cells. Cells with lower expression levels of GFP (39.5%) were mostly B220" but
Syn-1'°"/ne9 B cells representing undifferentiated B cells.

Furthermore, GFP expression was
in good correlation with splicing of
the UPR intron from both endoge-
nous and reporter XBP1 genes dur-
ing the recovery phase and ulti-
mately went back to the basal
fluorescent level.

Next, XBP1-GFP reporter behav-
ior was tested during the in vitro dif-
ferentiation of activated splenic B
cells to antibody-secreting plasma
cells, a system in which XBP1 has
been reported to undergo splicing
(5, 33, 34). The XBP1-GFP reporter
was introduced into mature B cells
isolated from adult mouse spleens
using a retroviral expression system
(Fig. 2A). At 72 h after incubation
with IL-4 and LPS, a majority of cul-
tured B cells had differentiated into
plasma cells, based on expression of
the well established plasma cell sur-
face markers B220, Syndecan-1
(Syn-1), CD69, and B7 (supplemen-
tal Fig. S1). Analyses of endogenous
XBP1 activation and other UPR
components during the 72-h incu-
bation period correlated with
increased cellular Ig heavy chain
(Fig. 2B). Furthermore, both the
kinetics and extent of XBP1 activa-
tion we observed are consistent with
previous reports of splenic B-cell
differentiation induced by either
LPS, IL-4, or anti-CD40 alone or
combination (26, 33, 34).

Based on cell surface markers,
three distinct populations of cells
were observed at 72 h after culture
with IL-4 and LPS, fully differenti-
ated, partially differentiated, and
undifferentiated (Fig. 2C). In the
retroviral transduction plasmid
used for these experiments, the
XBP1-GEFP reporter sequence is fol-
lowed by the coding sequence for
the human cell surface protein CD2
(hCD2), such that reporter tran-
scription produces a bicistronic

cells without reporter (Fig. 1D, panel 1, —UPR). Treatment of
XBP1/GFP-CHO cells with tunicamycin caused increased flu-
orescence in a significant proportion of cells (Fig. 1D, panel 2,
+UPR). Similarly, increased fluorescence was observed in
XBP1/GFP-CHO cells treated with thapsigargin, an inhibitor of
ER-localized Ca®"-dependent ATPase (data not shown). The
observed heterogeneity in fluorescence levels presumably
reflects cell populations carrying different copy numbers of
reporter as well as differences due to reporter integration sites.
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mRNA containing both XBP1-GFP and hCD2. An internal
ribosome entry site on this transcript assures expression of
hCD2 protein regardless of the splicing state of XBP1-GFP.
Thus, selection for hCD2™ cells allowed us to limit our subse-
quent analyses only to reporter-expressing cells.

Among the hCD2™ cell population (22.6%), ~60% of cells
expressed significant levels of GFP resulting from XBP1-GFP
mRNA splicing (Fig. 2C), and ~50% of these GFP-expressing
cells expressed relatively high levels of Syn-1 and have down-
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FIGURE 3.The XBP1-GFP reporter becomes activated during early B-cell developmental stages in bone marrow. Bone marrow B cells derived from donor
hematopoietic stem cells were stained with B-cell surface markers, including B220, CD43, IgM, and IgD, to classify them into different developmental stages.
After gating on hCD2-positive donor cells, expression of GFP in each developmental stage was analyzed and is shown in red. As a control, reconstitution
experiments using donor bone marrow cells infected with a reporter containing only hCD2, but no XBP-GFP sequences, were carried out. Fluorescence
detected in each cell type isolated from these control reconstitution experiments is shown in blue. Schematic representations of some developmental events

characteristic to each of the B-cell developmental stages are shown.

regulated B220 (cells inside small boxes shown in FACS
data). In contrast, GFP cells (~40% of hCD2™" cells) were
Syn-ll"“’ negative indicative of undifferentiated mature B cells.
Thus, these results show that XBP1-GFP splicing correlates
with B-cell differentiation and remains unspliced in undifferen-
tiated cells. Furthermore, GFP expression in plasma cells cor-
responded to the appearance of the spliced form of endogenous
p50 XBP1 protein (Fig. 2B).

Following these initial experiments to validate the utility of
our XBP1-GFP reporter, we reasoned that our ability to detect
IRE1 RNase activity in small cell populations would be of value
in examining whether IRE1 is activated during earlier stages of
hematopoiesis. Thus, we examined reporter expression in
reporter-transduced murine HSCs during their development in
irradiated hosts. HSCs from mouse bone marrow were infected
with a retroviral vector carrying the XBP1-GFP reporter gene
and transferred into recipient mice previously irradiated to
eliminate endogenous HSC. Injected HSC home to bone mar-
row of recipient mice where they undergo differentiation into
the various hematopoietic lineages and eventually populate the
periphery. In control experiments, donor bone marrow stem
cells were infected with an otherwise identical retroviral vector
lacking the XBP1-GFP reporter sequence. Because of inherent
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differences between individual mice, each bone marrow trans-
plant experiment was performed with three mice reconstituted
with reporter-transduced HSC and three control reconstitu-
tion mice and all subsequent analyses were performed sepa-
rately with each mouse. We repeated these procedures two
additional times (total of three independent bone marrow
reconstitution experiments), using freshly transduced donor
HSC with the reporter each time. At 8 weeks post cell transfer,
donor-derived hCD2™ cells were isolated from recipient thymus,
spleen, and bone marrow and analyzed for GFP expression.
Although cells from any of the hematopoietic lineage could be
examined for GFP expression at this point, we limited our analysis
to cells of the B-cell and T-cell lineages, classified by developmen-
tal stage-specific surface markers, as our initial experiments dem-
onstrating the usefulness of the reporter-carrying HSC. For the
B-cell lineage, markers included B220, CD43, IgD, and IgM (Fig. 3).
Selection for only hCD2™ cells insured the donor origin of ana-
lyzed cells. GFP expression levels in each cell population (Fig. 3, red
line) were compared with those from mice reconstituted only with
control bone marrow cells (blue).

hCD2-positive cells were grouped based on their expression
of B220and CD43. GFP expressionin B220~/CD43" and B220™"
CD43" bone marrow populations, representing developmen-
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Spleen three sets of experiments, each with

three experimental and three con-

laM- IgM+ IgM+ IgM+ trol mice. Freshly transduced bone

Ig:I_’32-0+ %zl‘:lz_m Eﬁﬂ&v E%zf" marrow cells were used as donors

. . _ " for each experimental set. Similar
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results were obtained both within
each experimental set and between
each experimental set. Our results
therefore are consistent with IRE1
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FIGURE 4. The XBP1-GFP reporter was turned off at later stages of B-cell development in spleen. GFP

activation during two distinct
GFP phases of B-cell development: at the
pro-B-cell stage during which pre-
cursors commit to the B-cell lineage
and during the terminal differentia-
tion of mature B cells to plasma
cells. Although our classifications of
B and T cells into developmental
stages are somewhat coarse, they
provide a foundation for future
higher resolution analysis.

We next asked whether IRE1 acti-
vation occurs in developing cells of
the T-lymphoid lineage by examin-
ing reporter activation in cells
obtained from both thymus and
spleen of recipient mice (Fig. 5).
Immature T cells migrate from bone
marrow to thymus, where as
CD4 CD8™ cells (double negative)
development continues through the

+ + iy
expression in reconstituted splenic B cells is shown at various developmental stages. Splenic B cells derived CD47CD8™ (double positive) stage
from donor stem cells carrying the reporter construct (hCD2-positive cells) were classified into various devel-  and, later, to mature single positive
opmental stages based on the cell surface expression of IgM, B220, IgD, and CD21. In each developmental + — - +
stage derived from the XBP1-GFP reporter-containing stem cells, the levels of fluorescence were analyzed by CD47CD8 " or CD4 CD8" T cells.
FACS (shown in light gray) and compared with similar analyses from the control reconstitution (shown in black). Thus, cells from each stage were

tally early stages, was at least 10-fold higher than similar
populations isolated from control mice (Fig. 3). [gM ~B220™
CD43"~ and IgM "B220"IgD ™ cell populations, indicative of
early pre-B cells, also expressed GFP above control popula-
tions. In contrast, only minimal GFP expression was
observed in more developed populations, including IgM ™
B2207CD43 ", IgM "B220"8"CD43 ", IgM "B220"IgD ~, and
IgM*B220*IgD™ B cells. Together, these results show that
the XBP1-GFP reporter was spliced early in B-cell
development.

Following early development in bone marrow, developing B
cells migrate to populate the spleen, where they undergo fur-
ther maturation. To examine reporter splicing past pre-B-cell
stages, we analyzed splenic B cells in reconstituted mice (Fig. 4).
In cells maturing to IgM or IgD surface expression, we observed
no concomitant expression of GFP, confirming that XBP1 slic-
ing was limited to earlier developmental stages. Furthermore,
GFP expression was insignificant in mature B-cell populations.
including B220*CD21'" follicular B cells and B220*CD21*
marginal zone B cells (Fig. 4).

Together, our analysis of bone marrow and splenic B cells
showed that XBP1-GFP reporter splicing occurred early in
lymphoid development at pro-B-cell stages. We performed

JUNE 27, 2008-VOLUME 283-NUMBER 26 33230

characterized by expression of
appropriate surface markers and analyzed for GFP expression
(Fig. 5A). Cells at the earliest stage of development examined,
the CD4~ CD8™ population, showed levels of GFP expression only
slightly higher than of double negative T cells from control hosts.
On the other hand, GFP expression was significant in the CD4™"
CD8™" double positive population, indicating IRE1 activation had
occurred in these cells. A role for UPR signaling during T-cell
development has not been reported previously. These findings
suggest that IRE1 activation may play a role during the “commit-
ment stages” of T-cell development where both CD4 and CD8
appear on the cell surface. Cells may activate UPR (or, only IRE1) in
anticipation of a pending need for protein-processing capacity.
Later in T-cell development, we found that GFP expression
remained significant in both CD4"CD8~ and CD4~CD8" cells
(Fig. 5A). Expression of GFP in normal mouse thymic T cells,
which are ~80% double positive, confirmed endogenous splicing
of XBP1 mRNA (data not shown).

Both CD4"CD8™ and CD4~CD8* T cells exit the thymus to
populate peripheral lymphoid tissues, including spleen. Thus,
mature T cells from spleen can be considered as being more
“mature” than thymic T cells, and examination of splenic T cells
would reveal the status of IRE1 in late stage T cells. We found
minimal expression of GFP in splenic CD4"CD8™ cells, similar to
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FIGURE 5. GFP expression levels in reconstituted thymic and splenic T
cells. T cells isolated from the reconstituted thymus (A) and spleen (B) were
stained with anti-CD4 and -CD8 antibodies. GFP levels in each T-cell type
derived from the reconstitution experiments (shown in light gray) were com-
pared with those derived from the control reconstitution experiments
(shown in black) as described above.

CD4"CD8 splenic cells from control hosts, suggesting that activ-
ity of IRE1 in the less mature double positive cells is deactivated as
cells undergo further maturation. In curious contrast, however,
GFP expression in splenic CD4~CD8™ T cells was strong (Fig. 5B).
Our findings suggest the exciting possibility that the UPR may play
arole in such cell fate decisions.

DISCUSSION

In summary, reconstitution experiments with bone marrow
stem cells carrying the XBP1-GFP reporter revealed IRE1 activa-
tion in differentiating cells of the T- and B-lymphoid lineages. In
the B lineage, IRE1 was active in pro-B cells (and a small pre-B cell
population) and, as previously reported, during the differentiation
of activated mature B cells to antibody-secreting plasma cells. In
the T lineage, IRE1 was activated in both thymic CD4"CD8* dou-
ble positive cells and in splenic CD4~CD8* cells. In contrast to
plasma cell differentiation, where facilitating ER expansion to
accommodate massive antibody secretion provides a satisfying
conceptual reason for UPR activation, reasons for IRE1 activation
in earlier stages of B-cell development or during T-cell develop-
ment are not immediately obvious. In this regard, it is interesting
to note our recent findings describing a role for IRE1 in cytokinesis
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in the budding yeast Saccharomyces cerevisiae (35). As for early B
or T cells, cytokinesis is not associated with a global increase in
protein secretion or membrane protein expression, although
localization of a specific cell cycle component(s) to the site of cyto-
kinesis may require some increase in secretory capacity. Unlike
pharmacological agents often used for experimental induction of
UPR signaling, endogenous signals imposing protein-processing
demand on the ER may be less obvious (3— 6). It is noteworthy that
our reporter has allowed us to identify IRE1 activation at discrete
stages of lymphoid cell development without prior knowledge, set-
ting the stage for further investigation. Similar analyses can there-
fore be applied to score IRE1 activation in other developing HSC.

Homozygous deletion of IRE1 is lethal to murine embryos
(36, 37), but fetal liver cells isolated from irel "~ embryos con-
tain CD43"B220" B-cell precursors. In these same experi-
ments, very few CD437B220" and B220"IgM™ were found
(27), suggesting a critical role for IRE1 at this stage of differen-
tiation and that without IRE1, cells are unable to differentiate
beyond the CD43"B200" pro-B-cell stage. Thus, our results
here showing that IRE1 is activated in CD437B220™" are con-
sistent with previous results and predict that conditional knock
out of IRE1 in bone marrow hematopoietic stem cells would
result in blockade of B-cell development at the pro-B stage and
blockade of T-cell development at the CD4~ CD8" double neg-
ative stage.

Among the interesting questions these findings raise is the
reason for IRE1 activation in developing T and B cells. For both
early B and T cells, reporter activation does not appear to cor-
relate with an unusual increase in secreted or membrane pro-
teins. This is in contrast to terminal differentiation of mature B
cellsinto antibody-secreting plasma cells where IRE1 activation
appears to anticipate the massive increase in antibody produc-
tion. In developing early B cells for example, there is constant
expression of stage-specific cell surface markers (38 —41). At
first glance then, a simple increase in expression of secretory
proteins or cell surface markers would seem unlikely to be the
primary cause of IRE1 activation. For T cells, when double pos-
itive cells mature to single positive CD4" and CD8™ cells, they
acquire specific functional capabilities. CD4 " “helper” cells can
secrete cytokines upon antigen stimulation and begin to
express accessory molecules such as CD40, which facilitates
interaction with B cells (38-41). Single positive CD8"
“cytotoxic ” cells express proteins that lyse antigen-presenting
cells. The mechanisms by which CD4" and CD8™ cells acquire
such specialized functions are not well understood. Because
antigens are destroyed by direct lysis of antigen-presenting
cells, timely release or secretion of lytic enzymes from CD8™
cytotoxic T cells upon antigen binding may be critical. CD8* T
cells may prepare for rapid enzyme release or secretion by
inducing increases in ER protein-handling capacity.

In addition, interestingly, the transition of both pro-B to pre-B
cellsand CD4~CD8™~ double negative to CD4"CD8™" double pos-
itive T cells involves similar molecular events, including the
expression of stage-specific cell surface proteins and V(D)] antigen
receptor gene rearrangements (38—41). In particular, for both
types of cells expression of developmentally critical pre-B- and
pre-T-cell receptors takes place. Both pre-B- and pre-T-cell recep-
tors share similar functions, inhibiting further heavy chain (for B
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cells) or B chain (for T cells) recombination and proliferation of
pre-B or pre-T cells. Furthermore, stimulation of multiple « light
chain (B cells) or « chain (T cells) recombination events occurs,
leading to both positive and negative selection of lymphocytes.
During these selection periods, cell surface expression of different
forms of k light chains or « chains is generated by “trial and error”
recombination. Lymphocytes expressing antigen receptor binding
tightly to self-antigens are eliminated, whereas those with low
avidity for major histocompatibility proteins are selected for fur-
ther expansion. Thus, activation of IRE1 or the entire UPR path-
way may facilitate these selections and could therefore be a part of
the developmental program that insures proper maturation of B
and T lymphocytes. An alternate possibility is that IRE1 signaling
plays a role in V(D)]J antigen receptor gene rearrangements them-
selves, for example, through association with the SAGA histone
acetyltransferase complex. Curiously, IRE1 was found to be asso-
ciated with the ADAS5 transcription activator, part of the SAGA
complexes (42).

In addition, throughout development, a variety of growth
factors and cytokines are required for differentiation into
mature cells. As shown in other systems, such factors could also
induce Irel activation and other UPR components in certain
cell types (17, 43— 48). A further cause for IRE1 or UPR activa-
tion may be to support cell proliferation (clonal expansion) that
follows antigen receptor gene rearrangement in B and T cells.
Our recent identification of a role for IRE1 during cytokinesis in
normal yeast may support this idea (35).

Our results suggest involvement of the IRE1 branch of the UPR
signaling pathway during T- and B-cell development. It will be also
informative to examine activation of additional UPR sensors,
ATEF6 and PERK, by similar methods. Such studies would likely
provide insights into the functional similarities and differences
between the UPR signaling branches and how ATF6, IRE1, and
PERK coordinate their activities in physiological settings.

Acknowledgment—We thank members of the Niwa laboratory for dis-
cussion and critical comments on the manuscript.
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