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Essential cell-extrinsic requirement for PDIAG6 in
lymphoid and myeloid development

Jin Huk Choi*?@®, Xue Zhong!, Zhao Zhang, Lijing Su?, William McAlpine!®, Takuma Misawa', Tzu-Chieh Liao, Xiaoming Zhan?, Jamie Russell'®,
Sara Ludwig!, Xiaohong Li, Miao Tang?, Priscilla Anderton'®, Eva Marie Y. Moresco'®, and Bruce Beutler'®

In a forward genetic screen of N-ethyl-N-nitrosourea (ENU)-induced mutant mice for aberrant immune function, we identified
mice with a syndromic disorder marked by growth retardation, diabetes, premature death, and severe lymphoid and myeloid
hypoplasia together with diminished T cell-independent (TI) antibody responses. The causative mutation was in Pdia6, an
essential gene encoding protein disulfide isomerase A6 (PDIA6), an oxidoreductase that functions in nascent protein folding in
the endoplasmic reticulum. The immune deficiency caused by the Pdia6 mutation was, with the exception of a residual T cell
developmental defect, completely rescued in irradiated wild-type recipients of PDIA6-deficient bone marrow cells, both in
the absence or presence of competition. The viable hypomorphic allele uncovered in these studies reveals an essential role for
PDIAG6 in hematopoiesis, but one extrinsic to cells of the hematopoietic lineage. We show evidence that this role is in the proper

folding of Wnt3a, BAFF, IL-7, and perhaps other factors produced by the extra-hematopoietic compartment that contribute
to the development and lineage commitment of hematopoietic cells.

Introduction

Lifelong generation of blood and immune cells from hemato-
poietic stem cells (HSCs) depends on the organized expression of
lineage-specific transcriptional programs, and extrinsic regula-
tion through cellular or molecular components of the microen-
vironment that support homeostasis of HSCs and immune cells
(Osawa et al., 1996; Sawai et al., 2016). While many of the tran-
scription factors that dictate lineage commitment are known,
extra-hematopoietic factors that contribute to the maintenance of
HSCs and lymphoid/myeloid survival have only begun to be elu-
cidated (Anthony and Link, 2014; Lee et al., 2017).

Protein disulfide isomerase A6 (PDIA6), also known as ER
protein 5 (P5 or ERP5), is an oxidoreductase that exhibits en-
zymatic properties similar to other protein disulfide isomerases
(PDIs), catalyzing oxidation, reduction, and isomerization of
disulfide bonds during nascent protein folding (Kikuchi et al.,
2002; Laurindo et al., 2012). PDIA6 functions as an attenuator of
the unfolded protein response by inhibiting aggregation of
misfolded proteins in the ER (Eletto et al., 2014). Furthermore, at
the cell surface, PDIA6 physically associates with the integrin B3
subunit to promote platelet activation after stimulation (Jordan
et al., 2005; Passam et al., 2015). Although its enzymatic role in
protein folding has been extensively studied, the physiological
requirements for PDIA6 in vivo have remained largely obscure.

In this study, we observed that PDIA6 is critical for organism
survival, growth, and insulin biosynthesis, as well as for the
development of HSCs and all lymphoid/myeloid lineages in
mice. In this latter role, the critical function of PDIA6 is exer-
cised chiefly in the extra-hematopoietic compartment.

Results and discussion

To identify novel regulators of adaptive immunity and/or me-
tabolism, we performed a forward genetic screen in mice car-
rying N-ethyl-N-nitrosourea (ENU)-induced mutations. Among
the phenovariants discovered, several mice from a single pedi-
gree exhibited reduced body weights (Fig. 1 A) and diminished
T cell-independent (TI) antibody responses to NP-Ficoll com-
pared with WT littermates (Fig. 1 B). The mice also exhibited
moderately decreased T cell-dependent antibody responses to
aluminum hydroxide (alum)-precipitated OVA (OVA/alum;
Fig. 1 C). The phenotype, named braum, was transmitted as a
recessive trait. By pedigree mapping, the braum phenotype was
correlated with a mutation in Pdia6 (Fig. 1 D). The braum mu-
tation, present in the affected pedigree, resulted in a valine (V)
to alanine (A) substitution at position 32 (V32A) in the first
thioredoxin domain of the PDIA6 protein (Fig. 1 E), which was
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Figure 1. The braum phenotype. (A) Body weights of 12-wk-old braum mice and WT littermates (n = 3-9 mice/genotype). (B and C) TI (B) and T cell-
dependent (C) antibody responses after immunization with NP-Ficoll and OVA/alum, respectively, in 12-wk-old braum mice and WT littermates (n = 3-9 mice/
genotype). Data presented as absorbance at 450 nm. (D) Manhattan plot showing P values for linkage of the body weight phenotype to mutations in the braum
pedigree calculated using a recessive model of inheritance. The -logyo P values (y axis) are plotted vs. the chromosomal positions of mutations (x axis) identified
in the affected pedigree. Horizontal red or pink lines represent thresholds of P = 0.05 with or without Bonferroni correction, respectively. (E) Protein domains
of mouse PDIA6 (445 aa in length). The location of the braum mutation, which results in V32A in PDIA6, is highlighted in red. (F) Enlarged view of the hy-
drophobic pocket surrounding V32 of mouse PDIA6 (PDB ID: 2DML). The side chains of the hydrophobic residues are shown in sticks. Left panel: The V32 side
chain (green) makes hydrophobic contacts (dashed lines) with the surrounding residue side chains, especially A85, Y26, and A74. Right panel: V32 mutated to A
(magenta) using the PyMol mutagenesis function. (G) PDIA6 expression in tissue lysates from 10-wk-old braum homozygotes and WT littermates. (H) The
catalytic reduction of insulin in the presence of dithiothreitol by WT and mutant (V32A) PDIA6 proteins determined by fluorescence-based assay (n = 4-6
samples/group). Data are normalized to PDI activity of WT PDIA6. (I and J) Photograph of male braum/- mouse (1) and body weight (J) of braum/- and WT
littermates at 12 wk of age (n = 8-15 mice/genotype). (Kand L) TI (K) and T cell-dependent (L) antibody responses after immunization with NP-Ficoll and OVA/
alum, respectively, in 10-wk-old braum/- mice and littermates with indicated genotype (n = 4-15 mice/group). Data presented as absorbance at 450 nm. Data
points represent individual mice (A-C and J-L). P values were determined by one-way ANOVA with Dunnett’s multiple comparisons test (A-C, H, and J-L). Data
are representative of one (A-C, G, and J) or two independent experiments (H, K, and L). Error bars indicate SD. *, P < 0.05; ***, P < 0.001. REF, homozygous for
C57BL/6J Pdia6 reference allele; HET, heterozygous for Pdia6 reference allele and braum allele; VAR, homozygous for Pdia6 braum allele; SP, signal peptide.

predicted to be damaging by PolyPhen-2 (score = 1.000; Adzhubei  throughout the body. Decreased levels of PDIA6 protein were
et al,, 2010). We examined the structural effect of the braum detected in mice carrying the V32A mutation compared with WT
mutation by modeling a V32A mutation in PDIA6 (PDB ID: 2DML)  littermates, suggesting that the braum mutation impairs protein
using PyMol2.2 software. Analysis of the hydrophobic pocket stability (Fig. 1 G). However, the mutant PDIA6 protein was found
surrounding V32 in mouse PDIA6 showed hydrophobic contacts to possess isomerase activity at an average level ~97% of that
between V32 and the side chains of A85, Y26, and A74 (Fig. 1F, measured for the molar equivalent of the WT PDIA6 protein
left). However, when V32 was mutated to an A (V32A), the dis-  (Fig. 1 H).

tances between the mutated A32 and A85/Y26/A74 increased To date, PDIA6-deficient or -mutant mice have not been
(Fig. 1 F, right), which is predicted to impair hydrophobic inter- phenotypically characterized. A CRISPR/Cas9 knockout allele
actions and induce conformational changes impacting protein of Pdia6 yielded no homozygous pups, leading us to conclude
function. Immunoblotting showed that PDIA6 is widely expressed  that complete ablation of this gene causes prenatal lethality
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Figure 2. Altered glucose metabolism caused by a Pdia6 mutation in mice. (A, B, and G-J) Serum glucose (A), insulin (B), IGF-1 (G), leptin (H), adiponectin
(1), and triglyceride (J) in 12-wk-old mice after a 6-h fast (n = 4-16 mice/genotype). (C) Ins2 transcript levels normalized to Gapdh mRNA in pancreases of braum/-
mice and WT littermates at 12 wk of age (n = 3-5 mice/genotype). (D) Lysates of pancreases isolated from 12-wk-old braum/- mice and WT littermates were
immunoblotted using antibodies against insulin and PDIA6. GAPDH was used as a loading control. (E) Insulin tolerance test. Blood glucose was measured at the
indicated times after i.p. insulin injection in 12-wk-old mice (n = 5-7 mice/genotype). (F) Representative hematoxylin and eosin staining of braum/- and WT
littermate pancreases at 12 wk of age (n = 3 mice/genotype). Data points represent individual mice (A, B, and G-J). P values were determined by Student’s t test.
Data are representative of one (E) or two independent experiments (A-D and F-). Error bars indicate SD. **, P < 0.0; ***, P < 0.001.

(P < 0.0001; ¥ test; n = 62 mice: 20 Pdia6*/*, 42 Pdia6*/~). We
then crossed braum heterozygotes (Pdia6?**™/*) with CRISPR/
Cas9-targeted Pdia6 heterozygotes (Pdia6'/-), which were
phenotypically normal in both cases, to generate Pdia6 com-
pound heterozygotes (Pdia6®*“™/-; hereafter braum/-) with
simple heterozygosity for all residual ENU-induced mutations.
Offspring with the braum/- genotype were born at expected
Mendelian frequencies (P = 0.50, y> test; n = 104 mice:
31 Pdia6*/*, 53 Pdia6*/~ or Pdia6tr®wm/* 20 Pdia6P®*m/-), The
braum/- mice showed reduced body sizes and weights (Fig. 1, I
and J, respectively), and diminished TI and T cell-dependent
antibody responses to NP-Ficoll and OVA/alum immunization
(Fig. 1, K and L, respectively) compared with WT littermates,
conclusively establishing the hypomorphic nature of the
Pdiagbreum mutation and its causative relationship with the
observed phenotype in braum/- mice.

Significantly elevated fasting blood glucose levels were de-
tected in the braum/- mice as early as 4-6 wk of age (Fig. 2 A);
thereafter, the hyperglycemia persisted and braum/- mice died
by 3-4 mo of age. We found that the braum/- mice had signifi-
cantly lower serum insulin concentrations compared with WT
littermates (Fig. 2 B). Misfolded proinsulin is a putative PDIA6
substrate during ER-associated degradation (Gorasia et al.,
2016), and silencing of PDIA6 in cell lines disinhibited the en-
donuclease activity of IRE-1 toward insulin transcripts (Eletto
et al., 2016). Consistent with the latter finding, we confirmed a
dramatic decrease in Ins2 mRNA and pro-/mature-insulin levels
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in the braum/- pancreas by quantitative PCR and immunoblot,
respectively (Fig. 2, C and D). Similar to a model of type 1 dia-
betes, the nonobese diabetic mouse (Makino et al., 1980), we
found that braum/- mice showed insulin resistance compared
with WT littermates in insulin tolerance tests (Fig. 2 E). How-
ever, pancreases from braum/- mice did not show marked his-
topathological changes in islet architecture compared with those
from WT littermates (Fig. 2 F). Furthermore, decreased amounts
of IGF-1 (Fig. 2 G), adipokines (Fig. 2, H and I), and triglycerides
(Fig. 2 J) were detected in braum/- serum. These data demon-
strate that altered glucose metabolism, insulin biosynthesis, and
adaptive immune responses all result from reduced function of
PDIA6 in mice.

To further characterize the immunological defect caused by
the Pdia6é mutation, we immunophenotyped mice by complete
blood cell count testing and flow cytometry analysis of lymphoid
and myeloid cells in blood and spleen. The braum/- mice had
reduced numbers of white blood cells, lymphocytes, monocytes,
and platelets; neutrophil numbers were normal (Fig. 3 A). Gross
examination of lymphoid organs showed that, unlike young
braum/- mice, adult braum/- mice had hypoplastic thymi and
spleens (Fig. 3 B). Quantitation of cell numbers (Fig. 3 C) and
flow cytometry analysis of blood cells (Fig. 3 D) showed that
cytopenia in the braum/- mice was age-dependent and pro-
gressed after 6 wk of age. In addition, the frequencies of natural
killer (NK) and NK1.1* T cells (Fig. 3 E) were significantly re-
duced in braum/- mice compared with WT littermates. The
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Figure 3. Severe immune deficiency caused by a Pdia6 mutation in mice. (A) Whole blood cell counts of white blood cells, lymphocytes, monocytes,
platelets, and neutrophils in 12-wk-old braum/- and WT littermates (n = 8-16 mice/genotype). (B) Representative photographs of spleen and thymus isolated
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from 4- or 12-wk-old braum/- and WT littermates. (C) Thymocyte and splenocyte counts from 6- or 12-wk-old braum/- and WT littermates (n = 5-8 mice/
genotype). (D) Frequency of B220* cells plotted versus frequency of CD3* T cells in peripheral blood from 6- or 12-wk-old braum/- and WT littermates (n =
4-14 mice/group). (E) Frequency of peripheral blood NK and NK1.1* T cells from 12-wk-old braum/- and WT littermates (n = 8-15 mice/genotype).
(F) Numbers of B cell subsets in bone marrow, spleen, and peritoneal cavity of 12-wk-old braum/- and WT littermates (n = 4-7 mice/genotype). (G-L)
Representative flow cytometry plots showing B cell development in the bone marrow (G and H), spleen (I-K), and peritoneal cavity (L) from 12-wk-old braum/-
and WT littermates. Each B cell subset was gated as follows: pre-pro B: B220'°%BP-1-CD24', pro-B: B220°"BP-1-CD24*, pre-B: B220°*BP-1*CD24", im-
mature B (Imm.): B220*IgM*IgD~, transitional B (Trans.): B220*IgMMigh|gD!ow, mature recirculating B: B220*IgD*IgM*, T1: B220*CD93*IgM"ehCD23~, T2:
B220*CD93*IgMMe"CD23*, marginal zone precursor (MZP): B220*CD93-IgM*CD21*CD23"eh, T3: B220*CD93*IgM°“CD23*, follicular B (FOB):
B220*CD93-IgM*CD21*CD23"e", marginal zone B (MZB): B220*CD93-IgM*CD21*CD23'°%, B2: B220*CD19*, B1l: B220°%CD19* (n = 4-7 mice/genotype).
(M and N) Percentages (M) and numbers (N) of thymocytes in 12-wk-old braum/- and WT littermates (n = 8 mice/genotype). (O) Flow-cytometry analysis of
CD44 expression (mean fluorescence intensity, MFI) on splenic CD4* and CD8* T cells in 12-wk-old braum/- and WT littermates (n = 8-15 mice/genotype).
(P) Numbers of CD11c* and CD11b* myeloid cells in the spleen of 12-wk-old braum/- and WT littermates (n = 8 mice/genotype). (Q-U) Representative flow
cytometry plots (Q-T) and quantitative analysis (U) of the HSC and progenitor populations in the bone marrow of braum/- and WT littermates (n = 5 mice/
genotype). Data points represent individual mice (A, C-F, N-P, and U). P values were determined by Student’s t test. Numbers adjacent to outlined areas or
in quadrants indicate percent cells in each (G-M and Q-T). Data are representative of three independent experiments (A-U). Error bars indicate SD. *, P <
0.05; **, P < 0.01; ***, P < 0.001. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-macrophage progenitor; LT,

long-term; MEP, megakaryocyte-erythrocyte progenitor; MPP, multipotent progenitor; ST, short-term.

braum/- mice had reduced numbers of B cell progenitors in the
bone marrow beginning at the prepro-B stage, a defect in the
pro-B to pre-B transition, and very few cells progressed to the
immature B stage (Fig. 3, F and G). Although the frequency
of mature recirculating B cells in the bone marrow appeared
increased in braum/- mice compared with WT littermates
(Fig. 3 H), the total numbers were decreased (Fig. 3 F). In the
spleen, braum/- mice had one tenth the normal number of
B220* cells, largely due to a lack of transitional and follicular
B cell subsets (Fig. 3, F, I, and K). The frequencies of marginal
zone precursors and marginal zone B cells in the spleen ap-
peared increased in braum/- mice compared with WT litter-
mates, but the total numbers were also decreased (Fig. 3, F, J,
and K). However, the total number of B-1 cells in the peritoneal
cavity was not affected in braum/- mice compared with WT
littermates (Fig. 3, F and L). The braum/- mice had abnormal
frequencies of thymocyte subsets as indicated by increased
double negative cells with a concomitant decrease in double
positive cells compared with WT littermates (Fig. 3 M); how-
ever, total numbers of each subset were significantly decreased
(Fig. 3 N). The expression of surface glycoprotein CD44 was
increased in braum/- mice compared with WT littermates
(Fig. 3 0). Furthermore, braum/- mice had significantly fewer
CDllc* or CD11b* myeloid cells compared with WT mice (Fig. 3
P). Collectively, these data demonstrate that PDIA6 is essential
for lymphoid and myeloid development.

Lymphocytes and myeloid cells originate from hematopoietic
stem and progenitor cells in the bone marrow. Since the braum/-
mice exhibited both lymphoid and myeloid development defects,
we suspected a fault in the hematopoietic stem and progenitor
cells. We found a decrease in the proportion of LSK* cells in the
braum/- mice (Fig. 3, Q and U). The composition of the LSK*
compartment was significantly altered in braum/- bone marrow,
resulting in a reduction in multipotent progenitors and a con-
comitant increase in long-term and short-term HSCs compared
with WT mice (Fig. 3, R and U). A significant reduction in common
lymphoid progenitors was also observed in the braum/- mice
(Fig. 3, S and U). In addition, braum/- bone marrow showed altered
LK* cell composition caused by a reduction in common myeloid
progenitors and an increase in megakaryocyte-erythrocyte
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progenitors and granulocyte-macrophage progenitors (Fig. 3, T
and U). These findings suggest that PDIA6 deficiency affects
hematopoietic cell development from early stages of commit-
ment to hematopoietic lineages.

To distinguish between hematopoietic and extra-
hematopoietic origins of the immune cell defects, we recon-
stituted irradiated WT (CD45.1) or Rag2~/~ (CD45.2) recipients
with unmixed WT (CD45.2), braum/- (CD45.2), or a 1:1 mixture
of braum/- (CD45.2) and WT (CD45.1) bone marrow cells. In the
absence or presence of competition, bone marrow cells from
braum/- mice repopulated B220*, NK, and CD11c* myeloid cells
in the spleen of irradiated recipients as efficiently as cells
derived from WT donors (Fig. 4, A and B). The relative pro-
portions of T cell pools in mixed chimeras showed that braum/-
-derived cells were at a mild competitive disadvantage in
repopulating SP4 and SP8 cells in the thymus and periphery
compared with cells derived from WT donors (Fig. 4, C and D).
In contrast to the B cell development defects observed in the
bone marrow of braum/- mice (Fig. 3, G and H), braum/- B cell
progenitors in the bone marrow of irradiated WT recipient
mice showed substantial rescue of the pre-pro B > pro-B > pre-B
transitions (Fig. 4 E). In addition, irradiated WT recipients re-
constituted with braum/- bone marrow mounted TI antibody
responses comparable to those of irradiated WT recipients
engrafted with WT bone marrow (Fig. 4 F). These data indicate
that the effects of reduced function of PDIA6 on lymphoid and
myeloid development are non-cell-autonomous.

We also investigated effects of extra-hematopoietic PDIA6
function on T cell proliferation and homeostasis. To test this, we
measured the OVA-induced proliferation of OVA-specific OT-II
T cells transferred into either braum/- or WT littermates. In
contrast to OT-II cells transferred to WT recipients, OT-II T cells
transferred into braum/- hosts showed significant proliferation
defects after OVA injection as measured by number of divisions
and counts of OT-II cells that underwent proliferation in host
spleen (Fig. 4 G and Fig. S1). To test whether a cell-intrinsic
proliferation defect affected braum/- T cells, we measured
in vivo T cell survival and proliferative responses of CellTrace
Far Red dye-labeled WT or braum/- T cells injected into sub-
lethally irradiated WT recipients. As a control, unirradiated
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Figure 4. Pdia6 mutant mice exhibit a cell-extrinsic failure of lymphocyte development. (A-E) Repopulation of lymphocytes in the blood (A and B),
thymus (C and D), and bone marrow (E) 12 wk after reconstitution of irradiated WT mice (CD45.1 or CD45.2) with braum/- (CD45.2) or WT (C57BL/6J; CD45.1)
bone marrow, or Rag2~/ recipients with a 1:1 mixture of braum/- (CD45.2) and WT (CD45.1) bone marrow (n = 8 mice/genotype). Numbers adjacent to outlined
areas or in quadrants (A, C, and E) indicate percent cells in each. (F) Tl antibody responses after immunization with NP-Ficoll in bone marrow chimeras 12 wk
after reconstitution. 10-wk-old braum/- mice served as controls (n = 4 or 5 mice/genotype). Data presented as absorbance at 450 nm. (G) Impaired antigen-
specific expansion of WT OT-II T cells in braum/- mice. CellTrace Far Red-labeled WT OT-II T cells (CD45.1) were adoptively transferred into WT (C57BL/6);
CD45.2) or braum/~ (CD45.2) hosts (n = 5 mice/group). Representative flow-cytometry histogram of the CellTrace Far Red dilution in braum/- and WT lit-
termates 72 h after injection of soluble OVA or sterile PBS (vehicle) as a control. (H and 1) Impaired homeostatic expansion of WT T cells in braum/- mice.
CellTrace Far Red-labeled WT or braum/- T cells were adoptively transferred into sub-lethally irradiated (IR; 8.5 Gy) braum/- or WT hosts (n = 5 mice/group).
CellTrace Far Red dilution was analyzed in the spleens of recipients 6 d after adoptive transfer. Data points represent individual mice (B, D, and F). P values

were determined by Student’s t test. Numbers adjacent to outlined areas or in quadrants indicate percent cells in each (A, C, and E). Data are representative of

two independent experiments (A-I). Error bars indicate SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Max, maximum; DN, double negative (CD4-CD8"); DP,

double positive (CD4*CD8").

recipients were injected in an identical manner. Spleens were
harvested 6 d after adoptive transfer and assessed for T cell
proliferation. CD8* and CD4* braum/- donor T cells recovered
from the irradiated recipients proliferated to a similar extent as
WT donor cells (Fig. 4 H). In contrast, proliferation of WT donor
T cells in spleens of irradiated braum/- recipients was signifi-
cantly decreased compared with proliferation in irradiated WT
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recipients (Fig. 4 I). Together, these findings demonstrate that
braum/- T cells are intrinsically capable of proliferation but that
T cell-extrinsic proliferation signals are impaired in braum/- mice.

Taking into account the known enzymatic function of PDIA6
and the metabolic and immune phenotypes observed in the
braum/- mice, we hypothesized that PDIA6 regulates the folding
of numerous proteins required for development, energy balance,
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and hematopoiesis. In the immune system, PDIA6 might be di-
rectly involved in the folding of secretory proteins produced by
extra-hematopoietic cells that play critical roles in the survival
and homeostasis of immune cells. To test this hypothesis,
we first examined whether PDIA6 might be necessary for
the folding of Wnt3a, a cysteine-rich lipoprotein produced by
stromal cells that regulates HSC self-renewal though activation
of canonical and noncanonical Wnt signaling pathways
(MacDonald et al., 2014; Reya et al., 2003; Sugimura et al., 2012).
We used CRISPR/Cas9 to knock out Pdia6 in L-Wnt3a cells that
constitutively secrete Wnt3a protein. Reduced Wnt3a expres-
sion was detected in both total cell lysate and conditioned media
from Pdia6~/~ cells compared with parental L-Wnt3a cells (Fig. 5
A), suggesting that PDIA6 is required for Wnt3a folding and
subsequent secretion.

B cell development and homeostasis are supported by
B cell-activating factor (BAFF) produced by stromal and vari-
ous myeloid cells together with tonic signaling through the
B cell receptor (Kraus et al., 2004; Mackay et al., 2003). It has
been suggested that BAFF production by myeloid cells alone is
not sufficient to support normal B cell survival, emphasizing
the importance of BAFF production by extra-hematopoietic
cells (e.g., stromal cells; Gorelik et al., 2003). Full-length
BAFF contains three cysteine residues, two of which, Cys232
and Cys245 in B-strands E and F, respectively, form a disulfide
bridge. A third cysteine residue (Cysl46) is located at the N
terminus of B-strand A and is not disulfide bonded (Chen et al.,
2004; Karpusas et al., 2002). Consistent with previous reports,
we confirmed that Rag2~/~ and Ighm~/~ mice, which lack B cells,
had high serum BAFF levels (Fig. 5 B). Interestingly, we found
that braum/- mice had comparable levels of serum BAFF to WT
littermates, although they have severe B cell deficiency (Fig. 5
B). To examine if the extra-hematopoietic compartment of
braum/- mice had BAFF production defects, we sublethally ir-
radiated braum/- mice or WT littermates to induce transient
lympho- and myelopenia. As expected, irradiation resulted in
elevated serum BAFF levels in WT mice compared with unir-
radiated WT mice (Fig. 5 B). Irradiation also resulted in ele-
vated serum BAFF levels in the braum/- mice compared with
unirradiated braum/- mice; however, the level was signifi-
cantly lower than that in irradiated WT mice (Fig. 5 B). In ad-
dition, significantly lower serum BAFF levels were detected in
braum/-;Rag2~/~ mice compared with +/+;Rag2~/~ mice (Fig. 5
C). Expression of FLAG-tagged BAFF transiently transfected
into Pdia6~/~ L-Wnt3a cells was reduced compared with that in
similarly transfected parental L-Wnt3a cells (Fig. 5 D). These re-
sults provide evidence that mutation of PDIA6 significantly im-
pairs BAFF production in the extra-hematopoietic compartment.

Homeostatic expansion cues delivered predominantly by
cytokines IL-7 and IL-15 produced by stromal and thymic epi-
thelial cells together with weak tonic signaling through the T cell
receptor and self-MHC/peptide ligands are critical for T cell
survival (Ernst et al., 1999; Tan et al., 2001). Besides its essential
function in T cell development, IL-7 also plays a key role in the
proliferation and survival of B cell progenitors during develop-
ment (Corfe and Paige, 2012). Mature IL-7 and -15 contain
cysteine residues (Cosenza et al., 1997; Fehniger and Caligiuri,
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2001), and it has been reported that reduction with B-
mercaptoethanol causes loss of IL-7/15 biological activity, sug-
gesting that intramolecular disulfide bonds play a role in their
activity (Henney, 1989). The T cell-extrinsic homeostatic pro-
liferation defects observed in irradiated braum/- recipients
(Fig. 4, H and I) suggest that reduced function of PDIA6 impairs
secreted signals from stromal cells and/or thymic epithelial
cells (Hara et al., 2012), possibly IL-7 or IL-15, by causing their
misfolding. To test this hypothesis, we measured IL-7 levels in
the bone marrow of braum/- mice. Consistent with elevated
serum BAFF levels induced in irradiated mice (Fig. 5, B and C),
irradiation resulted in elevated IL-7 levels in WT mice
compared with unirradiated WT mice (Fig. 5 E). Although
braum/- mice have severe lympho- and myelopenia (Fig. 2),
unirradiated braum/- mice had IL-7 levels comparable to un-
irradiated WT mice (Fig. 5 E). However, IL-7 levels in irradiated
braum/- mice were significantly lower than those in irradiated
WT mice. Furthermore, transient transfection of Pdia6~/-
L-Wnt3a cells or their parental cells with a plasmid encoding
FLAG-tagged IL-7 resulted in decreased levels of IL-7 expression
in Pdia6~/~ cells compared with parental L-Wnt3a cells (Fig. 5 F).
Together, these data support the idea that mutation of Pdia6
results in impairments in the folding of IL-7, which is necessary
for hematopoiesis.

Next, we investigated the effect of PDIA6 mutation on the
bioactivity of BAFF and IL-7 in braum/- mice. We measured
the proliferative response of CellTrace Far Red dye-labeled
WT naive B cells (CD45.1) transferred into either unirradiated
braum/- or WT littermates (CD45.2). In contrast to WT B cells
transferred to WT recipients, the B cells transferred into braum/-
hosts showed significant proliferation defects as measured by
frequency and CellTrace Far Red dilution in cells that underwent
proliferation in host spleens (Fig. 5, G and H, respectively).
Considering the comparable BAFF (Fig. 5 B) and IL-7 (Fig. 5 E)
concentrations in the serum of unirradiated braum/- mice and
unirradiated WT littermates, the significant proliferation defect
of WT naive B cells in braum/- hosts strongly suggests that the
PDIA6 mutation impairs bioactivity of BAFF, IL-7 and perhaps
other factors produced by the extra-hematopoietic compartment
that contribute to the homeostasis of B cells.

We also examined protein abundance between braum/- and
WT B cells, and tested if the changes can be regulated by the WT
extra-hematopoietic environment by performing quantitative
analyses of proteins using liquid chromatography with tandem
mass spectrometry (LC-MS/MS). Among the 1,335 candidate
proteins identified, 11 proteins implicated in immune cell de-
velopment were reduced by 50% or more in braum/- B cells
compared with those from WT littermates (Fig. 5 I and Data S1).
We examined relative expression of seven of these proteins
(BANK1, DOCKS8, LYN, CDC42, STATI, TAPI, and FoxPl) in
braum/- B cells by immunoblot, which showed reductions of
BANK, DOCKS, LYN, STATI, and FoxP1 (Fig. S2). Next, we ex-
amined whether expression of these proteins could be rescued in
B cells that developed in a PDIA6-competent extra-hematopoietic
environment. We reconstituted irradiated Rag2~/~ recipients
with WT or braum/- bone marrow cells and then isolated B cells
for immunoblot analysis. We found that comparable levels of
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Figure 5. Impaired production of secreted signals by Pdia6 mutant extra-hematopoietic cells. (A) Immunoblot analysis of Wnt3a in conditioned media
(CM) and total cell lysates (TCL) of WT or Pdia6=/~ L-Wnt-3A fibroblasts generated by the CRISPR/Cas9 system. a-Tubulin was used as loading control.
(B) Serum BAFF concentration in 12-wk-old braum/- and WT littermates before and 7 d after sublethal irradiation (8.5 Gy; n = 6-12 mice/group). Sera from 12-
wk-old Rag2~/~ and Ighm~/~ mice were used as positive controls. (C) Serum BAFF concentration in 12-wk-old braum/-, +/+;Rag2™"~, braum/-;Rag2~~, and WT
littermates (n = 4-8 mice/genotype). (E) IL-7 level in bone marrow of unirradiated or sub-lethally irradiated (8.5 Gy) 8-wk-old braum/~ and WT littermates (n =
4-12 mice/group). (D and F) Constructs encoding FLAG-tagged BAFF (D), or IL-7 (F) were transfected into Pdia6~/~ or parental L-Wnt3a cells. Total cell lysates
were immunoblotted using the indicated antibodies. GAPDH was used as a loading control. (G and H) Impaired homeostatic expansion of WT B cells in braum/-
mice. CellTrace Far Red-labeled WT naive B cells (CD45.1) were adoptively transferred into unirradiated braum/- or WT hosts (n = 5-8 mice/genotype).
Frequency (G) and CellTrace Far Red dilution (H) were analyzed in the spleens of recipients 14 d after adoptive transfer. Numbers adjacent to outlined areas
indicate percent cells in each (G). (I) Comparative analysis of protein abundance in splenic B cells isolated from braum/- and WT littermates identified by LC-
MS/MS. (J) Immunoblot analysis of STATL, FoxP1, and PDIAG in lysates of B cells isolated from braum/- mice, WT littermates, and Rag2~/~ recipients engrafted
with braum/- or WT bone marrow (n = 3-5 mice/group). GAPDH was used as loading control. Each symbol represents an individual mouse (B, C, E, and H).
P values were determined by one-way ANOVA with Dunnett’s multiple comparisons (B, C, and E) or Student’s t test (H). Data are representative of one (1), two
(E, G, H, and)), three (B and C), or five (A, D, and F) independent experiments. Error bars indicate SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant.
EV, empty vector.

STATI and FoxPl were expressed in braum/- or WT B cells re-
populated in irradiated Rag2~/- recipients (Fig. 5 J). This result
suggests that the extra-hematopoietic function of PDIA6 is re-
quired for expression of multiple proteins that play critical roles
in B cell survival and homeostasis.

Here we showed that deficiency of PDIA6 causes growth
retardation, impaired insulin biosynthesis, and diabetes in mice.
In addition, our findings demonstrate that PDIA6, operating in
the extra-hematopoietic compartment, is necessary for lym-
phoid and myeloid development. We have shown evidence that
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PDIA6 is needed for oxidative folding of proteins produced in the
extra-hematopoietic compartment, such Wnt3a, BAFF, and IL-7.
We note that Peyer’s patches and mesenteric lymph nodes were
intact in adult braum/- mice, although other lymph nodes were
smaller than those in WT mice; these findings indicate that
braum/- mice are not completely devoid of IL-7 signaling during
the fetal period. Moreover, this example supports the idea that a
combined deficiency rather than the lack of a single factor is
likely responsible for the phenotypes observed in braum/- mice.
T cell-intrinsic PDIA6 function was also necessary to support the
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expansion of braum/- T cells in response to homeostatic stimuli,
in that braum/--derived hematopoietic cells were at a mild dis-
advantage in repopulating thymocytes and peripheral T cells
compared with WT cells in irradiated WT or Rag2~/~ recipients.
Analysis of the braum/- T cell proteome should provide insight
into the cell-intrinsic function of PDIA6 in T cell development
and homeostasis. In view of the strong conservation between
human and mouse PDIA6 orthologues (95% identity, Fig. S3) and
the function of PDIA6 described in this study, we consider it
likely that the same mechanism operates in humans. PDIA6
mutation may be considered as a possible etiology in unex-
plained syndromic immunodeficiency diseases in which severe
diabetes is seen in the context of lymphoid and myeloid
hypoplasia.

Materials and methods

Mice

8-10-wk-old pure C57BL/6] background males purchased from
The Jackson Laboratory were mutagenized with ENU. Muta-
genized GO males were bred to C57BL/6] females, and the re-
sulting G1 males were crossed to C57BL/6] females to produce G2
mice. G2 females were backcrossed to their Gl sires to yield G3
mice, which were screened for phenotypes. Whole-exome se-
quencing and mapping were performed as described previously
(Wang et al,, 2015). Heterozygous Pdiaé knockout (Pdia6*/-)
mice were generated using the CRISPR/Cas9 system with Pdia6
(5'-ACCGCTGACTGCTAGAAAGA-3') small base-pairing guide
RNA (Ran et al., 2013). Compound heterozygous mice for the
braum and null alleles (braum/-) were generated by breeding.
C57BL/6.SJL (CD45.1), Rag2~/-, Ighm™/-, and Tg(TcraTcrb)425Chn
(OT-II) transgenic mice were purchased from The Jackson Lab-
oratory. All experiments in this study were approved by the
University of Texas Southwestern Medical Center Institutional
Animal Care and Use Committee.

Immunization

10-wk-old G3 or braum/- mice and WT littermates were im-
munized with OVA/alum (200 ug; Invivogen) on day 0 (i.m.)
and the TI antigen NP5,-AECM-Ficoll (50 pg; Biosearch Tech-
nologies) on day 8 (i.p.) as previously described (Arnold et al.,
2012). 6 d after NP5o-AECM-Ficoll immunization, blood was
collected for ELISA.

For ELISA analysis of antigen-specific IgG and IgM responses,
Nunc MaxiSorp flat-bottom 96-well microplates (Thermo Fisher
Scientific) were coated with 5 pg/ml soluble OVA (Invivogen) or
5 ug/ml soluble NP8-BSA (Biosearch Technologies) and incu-
bated at 4°C overnight. Plates were washed four times with
washing buffer (0.05% [vol/vol] Tween-20 in PBS) using a
BioTek microplate washer, then blocked with 1% (vol/vol) BSA
in PBS for 1 h at room temperature. Serum samples were serially
diluted in 1% (vol/vol) BSA, and then 1:50, 1:150, or dilutions
described in the figures were added to the prepared ELISA
plates. After a 2 h incubation, the plates were washed eight times
with washing buffer and then incubated with HRP-conjugated
goat anti-mouse IgG or IgM for 1 h at room temperature. Plates
were washed eight times with washing buffer, then developed
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with SureBlue TMB Microwell Peroxidase Substrate and TMB
Stop Solution (KPL). Absorbance was measured at 450 nm on a
Synergy Neo2 Plate Reader (BioTek). All ELISA data shown
represent the 1:150 serum dilution or that indicated in the figure.

Bone marrow chimeras

Recipient mice were lethally irradiated with 13 Gy via gamma
radiation (X-RAD 320, Precision X-Ray Inc.). The mice were
given intravenous injection of 5 x 10° bone marrow cells derived
from the tibia and femurs of the donors. For 4 wk after en-
graftment, mice were maintained on antibiotics. 12 wk after
bone marrow engraftment, the chimeras were immunized with
NP-Ficoll as described above or euthanized to assess immune
cell development in bone marrow, thymus, and spleen by
flow cytometry. Chimerism was assessed using congenic CD45
markers.

Flow cytometry

Bone marrow cells, thymocytes, splenocytes, or peripheral blood
cells were isolated, and RBC lysis buffer was added to remove the
RBCs. Cells were stained at a 1:200 dilution with 15 mouse
fluorochrome-conjugated monoclonal antibodies specific for the
following murine cell surface markers encompassing the major
immune lineages: B220, CD19, IgM, IgD, CD3e, CD4, CD5, CDllIc,
CD44, CD43, CD25, CD21, CD23, BP-1 (BD PharMingen), CD8a,
CD11b, NK1.1 (Biolegend), F4/80, and CD62L (Tonbo Bio-
sciences), and in the presence of anti-mouse CD16/32 antibody
(Tonbo Biosciences) for 1 h at 4°C. After staining, cells were
washed twice in PBS and analyzed by flow cytometry. To stain
the hematopoietic progenitor compartment, bone marrow was
isolated and stained with Alexa Fluor 700-conjugated lineage
markers (CD3, Ly-6G/6C, CD11b, B220, and Ter-119 at a 1:50
dilution; Biolegend), c-Kit, Sca-1, CD16/32, CD34, IL-7Ra (BD
PharMingen), and CD135 (Biolegend) at a 1:100 dilution for 1 h
at 4°C. After staining, cells were washed twice in PBS and an-
alyzed by flow cytometry. Data were acquired on an LSRFor-
tessa cell analyzer (BD Bioscience) and analyzed with Flow]Jo
software (Treestar).

Blood/serum chemistries and ELISA

Mice were fasted for 6 h before glucose and insulin tolerance
tests. Blood glucose was tested with the AlphaTRAK glucometer
and test strips (Zoetis). The insulin tolerance test was initiated
by i.p. injection with human insulin (0.75 U/kg; Sigma-Aldrich),
and blood glucose was measured at set time points over the next
2h (Zhang et al., 2016). ELISA kits were used to measure insulin,
leptin, adiponectin (Crystal Chem), IGF1 (R&D Systems), tri-
glyceride (Sigma-Aldrich), and BAFF (R&D Systems) in the se-
rum according to the manufacturer’s instructions. IL-7 was
detected as described previously (Osborne et al., 2011). In brief,
unirradiated or sublethally irradiated (8.5 Gy) mice were eu-
thanized, and femurs were isolated 4 d after irradiation. Mus-
cles, connective tissues, and condyles were removed by scissors.
Each femur was placed in a 1.5-ml microcentrifuge tube and
spun at 700 xg, 4°C, for 3 min to isolate bone marrow. Bone
marrow was resuspended in 100 pl PBS containing 1,000 U
Collagenase IV (Sigma-Aldrich) and incubated at 55°C for
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90 min. Cells were removed by centrifugation at 15,000 xg,
4°C, for 10 min, and the supernatant was used directly for the
IL-7 ELISA according to the manufacturer’s instructions (R&D
Systems).

Generation of PDIA6-deficient L-Wnt-3A cells

To generate the Pdia6~/~ L-Wnt-3A cell line (CRL-2647, ATCC),
cells were transfected with PX458 plasmid encoding small
base-pairing guide RNA targeting the genomic locus of mouse
Pdia6 (5'-ACCTTCTTTCTAGCAGTCAG-3'). 48 h after transfec-
tion, GFP* cells were sorted by flow cytometry and single col-
onies selected by limiting dilution assay. The single colonies
were screened and confirmed by immunoblot using a PDIA6
antibody (Proteintech).

In vivo T and B cell activation

Splenic CD45.1* OT-II T cells were purified using the EasySep
Mouse CD8* T Cell Isolation Kit (StemCell Technologies). Pu-
rities were over 95% in all experiments as tested by flow cy-
tometry. Cells were labeled with 5 pM CellTrace Far Red
(CD45.1* OT-II), and equal numbers of labeled cells (2 x 10¢)
were injected by the retro-orbital route into WT or braum/-
(CD45.2*) mice. The next day, recipients were injected with ei-
ther 100 pg soluble OVA or sterile PBS as a control. Antigen
(OVA)-specific T cell activation was analyzed based on the Far
Red intensity of dividing OT-II cells after 72 h.

To assess the proliferative capacity of T cells in response to
homeostatic proliferation signals, splenic pan T cells were iso-
lated by using the mouse pan T cell isolation kit (StemCell
Technologies). Isolated T cells from braum/- or WT littermates
were stained with 5 pM CellTrace Far Red. Equal numbers of
stained cells (2 x 10%) were transferred into braum/- or WT
littermates that had been sublethally irradiated (8.5 Gy) 6 h
earlier or into unirradiated controls. 7 d after adoptive transfer,
splenocytes were prepared, surface-stained for CD3, CD4, and
CD8, and then analyzed by flow cytometry for Far Red intensity.

To assess the proliferative capacity of B cells, splenic naive
B cells (CD45.1) were isolated by using mouse CD43 MicroBeads
(Miltenyi Biotec). Isolated cells were stained with 5 pM Cell-
Trace Far Red. Two million dye-labeled cells were transferred
into braum/- or WT littermates that had been sublethally irra-
diated (8.5 Gy) 6 h earlier or into unirradiated controls (CD45.2).
14 d after adoptive transfer, splenocytes were prepared, surface-
stained for CD45.1, CD45.2, CD3, and B220, and then analyzed by
flow cytometry for Far Red intensity of dividing donor B cells.

Cell culture, transfection, and Western blot

HEK?293T, Pdia67/-, or parental L-Wnt3a cells were grown at
37°C in DMEM (Life Technologies)/10% (vol/vol) FBS (Gibco)/1%
antibiotics (Life Technologies) in 5% CO,. Transfection of FLAG-
tagged plasmids was performed using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s instructions.
36-48 h after transfection, cells were harvested in NP-40 lysis
buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% [vol/vol] NP-40, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM Na;VO,, and protease inhibitors) for
45 min at 4°C. Whole-cell lysates were analyzed using anti-FLAG
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M2 antibody (Sigma-Aldrich) using standard procedures for
Western blot analysis as described below.

For direct Western blot analysis, cells were lysed in 1% (wt/
vol) SDS (Thermo Fisher Scientific), 0.01% (wt/vol) Benzonase
(Sigma-Aldrich), and protease inhibitor cocktail (Cell Signaling
Technology) in buffer A (50 mM HEPES, 2 mM MgCl,, and
10 mM KCl). Protein concentration was measured using a bi-
cinchoninic acid assay (Pierce). 10 pg of protein was separated
on 4-12% Bris-Tris protein gels (Life Technologies), and proteins
were transferred to nitrocellulose membranes (Bio-Rad) for
45 min at 13 V. After blocking in Tris-buffered saline containing
0.05% (vol/vol) Tween-20 with 5% (wt/vol) nonfat dry milk at
room temperature for 1 h, the membrane was incubated over-
night with primary antibodies anti-insulin, anti-Pdia6, anti-
STATI, anti-FoxPl, anti-Wnt3a, anti-a-tubulin, or anti-GAPDH
(Cell Signaling Technology) at 4°C in 5% (wt/vol) nonfat dry
milk in Tris-buffered saline containing 0.05% (vol/vol) Tween-
20 with gentle rocking. The membrane was then incubated with
secondary antibody goat anti-rabbit or mouse IgG-HRP (Thermo
Fisher Scientific) for 1 h at room temperature with gentle
rocking. The chemiluminescence signal was developed using the
SuperSignal West Dura Extended Duration Substrate kit (Thermo
Fisher Scientific) and detected by a G:Box Chemi XX6 system
(Syngene).

PDI activity measurement

FLAG-tagged WT and mutant PDIA6 were produced in
HEK293T cells by transient transfection of plasmids as de-
scribed above and purified with anti-FLAG M2 agarose beads
(Sigma-Aldrich). The PROTEOSTAT PDI assay kit (Enzo Life
Sciences) was used to measure catalytic reduction of insulin by
purified PDIA6 proteins according to the manufacturer’s in-
structions. Briefly, WT PDIA6 or mutant PDIA6 was added to
insulin. Then, dithiothreitol was added to start PDI reduction
activity. The reaction was stopped by the Stop reagent, and the
insulin precipitate was fluorescently labeled with Proteostat
PDI detection reagent for 15 min. Fluorescence intensity was
measured at 500 nm excitation and 603 nm emission using a
Synergy Neo2 Plate Reader (BioTek).

Statistical analysis

The statistical significance of differences between groups was
analyzed using GraphPad by performing the indicated statistical
tests. Differences in the raw values among groups were con-
sidered statistically significant when P < 0.05. P values are de-
noted by *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant
with P > 0.05.

Online supplemental material

Fig. S1 shows impaired antigen-specific expansion of WT OT-II
T cells in braum/- mice. Fig. S2 shows immunoblot analysis of
key immune system proteins, initially identified as differentially
expressed by LC-MS/MS, in B cells isolated from braum/- and
WT littermates. Fig. S3 shows amino acid sequence alignment of
human and mouse PDIA6. Data Sl contains the list of proteins
identified by quantitative LC-MS/MS analysis of braum/- and
WT B cell lysates.
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Figure S1. Impaired antigen-specific expansion of WT OT-II T cells in braum/- mice. Number of divisions (left) and quantification of total numbers (right)
of CellTrace Far Red-labeled WT OT-II cells harvested from braum/- and WT littermates 72 h after injection of soluble OVA. Data points represent individual
mice. P values were determined by Student’s t test. Data are representative of two independent experiments with five mice per genotype. Error bars indicate

SD. **, P < 0.03; ***, P < 0.001.
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Figure S2. Confirmation of expression levels of proteins identified by quantitative LC-MS/MS analysis. Immunoblot analysis of BANK1, DOCKS, LYN,
CDC42, STAT], TAPL, FoxP1, PDIA6, and GAPDH in total cell lysates of pooled splenic B cells from 12-wk-old braum/- or WT littermates. Data are repre-

sentative of three independent experiments.
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Figure S3.  Amino acid sequence alignment of human and mouse PDIAG6. Identical residues are highlighted in red, and similar residues are highlighted in
yellow. GenBank gene accession no. for human PDIA6 is NP_001269633.1, and mouse PDIA6 is NP_082235.1.

A supplemental dataset is provided online that shows the abundance of proteins in B cells isolated from braum/- or WT littermates
identified by LC-MS/MS analysis.
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