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Key Points

• We created the first transgenic
mouse model recapitulating
the early pathologic features
of Randall-type heavy chain
deposition disease.

• Production of a truncated
immunoglobulin heavy chain
heightens plasma cell
sensitivity to bortezomib via
a terminal unfolded protein
response.

Randall-type heavy chain deposition disease (HCDD) is a rare disorder characterized by

glomerular and peritubular amorphous deposits of a truncated monoclonal immuno-

globulin heavy chain (HC) bearing a deletion of the first constant domain (CH1). We

created a transgenic mousemodel of HCDD using targeted insertion in the immunoglob-

ulink locusofahumanHCextracted fromaHCDDpatient.Ourstrategyallows theefficient

expression of the humanHC inmouseB and plasma cells, and conditional deletion of the

CH1 domain reproduces the major event underlying HCDD. We show that the deletion of

the CH1 domain dramatically reduced serum HC levels. Strikingly, even with very low

serum level of truncatedmonoclonal HC, histologic studies revealed typical Randall-type

renal lesions that were absent in mice expressing the complete human HC. Bortezomib-

based treatment resulted in a strongdecrease of renal deposits.We further demonstrated

that this efficient response to proteasome inhibitors mostly relies on the presence of the

isolated truncated HC that sensitizes plasma cells to bortezomib through an elevated

unfolded protein response (UPR). This new transgenic model of HCDD efficiently reca-

pitulates the pathophysiologic features of the disease and demonstrates that the renal

damage inHCDDrelieson theproductionof an isolated truncatedHC,which, in theabsenceof aLCpartner,displaysahighpropensity

to aggregate even at very lowconcentration. It also brings new insights into the efficacy of proteasome inhibitor-based therapy in this

pathology. (Blood. 2015;126(6):757-765)

Introduction

Tissue deposition of amonoclonal immunoglobulin fragment frequently
complicates plasma cell disorders.1,2 Among the wide spectrum of renal
diseases associatedwithmonoclonal gammopathies, Randall-typemono-
clonal immunoglobulin deposition disease (MIDD) is a multisystemic
disorder with prominent renal manifestations including glomerular
proteinuria and renal failure.1,3-5 Kidney lesions in MIDD are charac-
terized by nonamyloid amorphous linear deposits of a monoclonal im-
munoglobulin fragment along tubular, and in most cases, vascular and
glomerular basement membranes (BMs). Nodular glomerulosclerosis
and diffuse thickening of tubular BMs are commonly observed.3,6 The
most frequent type ofMIDD is related to deposition ofmonoclonal light
chain (LC) (LCDD), mostly of the k isotype, but deposits composed of
monoclonal heavy chain (HC) only (HCDD) or of light and heavy chain
(LHCDD) have been also described.3,7 Most reported cases of HCDD
were characterized by gHC deposits.4,5,8-11

The mechanisms involved in the deposition of monoclonal Ig frag-
ments in MIDD remain poorly understood. Structural peculiarities of

the V domains of nephrotoxic LCs in LCDD have been suggested
to govern their propensity to form insoluble aggregates that precipitate
in extracellular spaces, including the presence of hydrophobic resi-
dues in the solvent-exposed complementary determining region,
N-glycosylation, or small protein truncation.7,12-16 Few studies also
revealed a striking elevated isoelectric point of LCDD LCs compared
with other pathogenic LCs, whichmay facilitate interactions with anionic
proteoglycans of renal basement membranes.17,18 In HCDD, the most
strikingmolecular characteristicof thepathogenicHCis thedeletionof the
first constant (CH1) domain, invariably found by immunofluores-
cence studies of kidney biopsies and molecular studies of bone
marrow.8,9,11,19 In the absence of LC association, deletion of the CH1
domain appears to be a prerequisite for the secretion of an isolated HC,
precluding its retention in the endoplasmic reticulum (ER) by the
interaction with the GRP78/Bip chaperone.20-22 The V domain also
plays a critical role in the pathogenesis of HCDD. Indeed, to date, HC
tissue deposition has never been reported in HC disease, a condition
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associated with various lymphoproliferative disorders and character-
ized by a partial or complete deletion of the VH domain.23

Seminal studies by Herrera and colleagues have highlighted a
specific phenotypic modification of mesangial cells on exposure to
LCDD LCs.24-29 These changes appeared similar to those observed in
diabetic nephropathy, which features glomerular lesions close to those
observed in MIDD.30,31 LCDD LCs were shown to induce the pro-
duction of transforming growth factor b and platelet-derived growth
factor b, leading to an increased production of extracellular matrix
(ECM) proteins including the unconventional tenascin-C together
with an inhibition of the matrix metalloproteinase 7 production/
activity.25-28,30,32,33 This profound ECM remodeling is supposed to
contribute, together with the monoclonal immunoglobulin deposits,
to the pattern of nodular glomerulosclerosis frequently observed in
MIDD. However, it remains difficult to depict the pathophysiologic
mechanisms involved in MIDD in the absence of reliable in vivo
experimental models. We previously developed models in which
secreting cells producing pathogenic human LCs (isolated from
patients with either LCDD or renal Fanconi syndrome) were grafted
to mice. These models featured renal lesions similar to those ob-
served in the respective patients, validating the reproducibility of the
human diseases in mice and the specific involvement of the V domains
in the propensity for tissue deposition.34,35 However, the poor general
condition and short survival of animals due to rapid tumor growth
prevented full characterization and therapeutic investigations. To over-
come these problems, we recently created a transgenic mouse model
overexpressing a humanLC froma patientwith LC-associated Fanconi
syndrome.36We targeted insertion of the human LC gene in the mouse
k locus, allowing a continuous high production of the LC plasma cells.
Thismodel accurately reproduced the pathologic features of the disease
and permitted physiologic explorations due to the otherwise good
general condition of the animals.

In the present study, we used a similar strategy to generate a
transgenic model of Randall-type MIDD by targeted insertion in the
k locus of a g1HC gene isolated from a patient with HCDD. Our
knock-in design allowed a conditional Cre-mediated deletion of the
CH1domain, reproducing themajor event underlying the production
of a pathogenic truncated HC. Beside the tissue deposition of the
monoclonal human HC accurately reproducing the early events of
the disease, this model also allowed exploration of the effect of the
production of an isolated truncated monoclonal HC by plasma cells.

Materials and methods

Mice

Gene targeting into themurine Igk locuswasperformedaspreviouslydescribed.36

Briefly, thegenecoding the secreted formofahumanmonoclonalg1HCextracted
from a patient with HCDD was introduced in place of the mouse Jk segments
(Figure 1). The step-by-step procedure to reconstitute the complete human
gHC, comprising afloxedCH1 domain, is detailed in the supplementalMethods
available on the BloodWeb site, and primers are listed in supplemental Table 1.
DH-LMP2Amice37were kindly provided byS.Casola (IFOM,Milan, Italy).All
the protocols used were approved by our institutional review board for animal
experimentation (Comité Régional d’Ethique de l’Expérimentation Animale du
Limousin). Animals were maintained in pathogen-free conditions and analyzed
at 6 months of age except when otherwise stated.

In vivo treatment, surgery, and biochemical parameters

Unilateral nephrectomy was performed on 8-week-old mice as previously
described.38 The removed kidneys were collected, and nephrectomized mice

were euthanized 4 months later. Bortezomib (Velcade; Janssen Cilag) and cy-
clophosphamide (Endoxan; Baxter) (2 mg/kg) were injected subcutaneously at
the indicated times. We used a bortezomib dose of 0.75 mg/kg per injection,
whichwas previously shown to efficiently deplete plasma cells in anothermouse
model,39 and which, in our hands, induced a .90% depletion of plasma cells
at 24 hours. To test the sensitivity of plasma cells to bortezomib, we set up a
protocol using 2 daily injections of a suboptimal dose (0.5mg/kg) of bortezomib,
leading to a depletion of ;70% of plasma cells in wild-type (WT) mice
(supplemental Figure 1). Mice were euthanized for analysis 24 hours after the
last injection. All injections were performed under anesthesia. Biochemical
parameters were measured on overnight urine collections, and blood samples
were obtainedby retro-orbital puncture under anesthesia.Urine concentrations of
creatinine and albumin were measured using the Creatinine Assay Kit (Abcam)
and Albumin mouse enzyme-linked immunosorbent assay kit (Abcam), respec-
tively, according to the manufacturer’s recommendations.

Flow cytometry and cell sorting

Splenocyteswere isolated and stained as previously described40with appropriate
antibodies (supplemental Table 2). All the antibodies used to detect the human
gHC were directed against the Fc part of immunoglobulin (Ig)G. Intracellular
stainings were performed using the Intraprep kit (Beckman Coulter). Flow
cytometryanalyseswereperformedonaBDPharmingenLSRFortessacytometer,
and cell sorting experiments were done using a BD FACSAria III cell sorter.
Data were analyzed with BD FACSDiva software (BD Biosciences).

Pathologic studies

Kidney samples were processed for light microscopic examination, immunoflu-
orescence, and electronmicroscopic studies, as previously described.35,36 Briefly,
immunofluorescence was performed on organs included in optimal cutting tem-
perature compound and snap frozen in liquid nitrogen. Cryosections of 8 mm
were fixed with cold acetone, blocked with phosphate-buffered saline (PBS)
and 3% bovine serum albumin, and stained with appropriate antibodies (sup-
plemental Table 2). Slides were observed on an LSM 510 confocal microscope
(Zeiss). Immunoelectronmicroscopywasmade on samplesfixedwith 4%glutar-
aldehyde in PBS and embedded in resin (TAAB Labs). Ultra-thin sections were
processed for electronmicroscopystudies, incubatedwithanti–g gold–conjugated,

Figure 1. Structure of the targeted locus (not to scale). (Top) Representation of the

WT unrearranged k locus and the structure of the inserted human gHC gene replacing the

Jk region. (Middle) Resulting k locus after targeted recombination is shown. The absence

of Jk segments precludes any Igk LC rearrangement and expression. (Bottom) Cre-

mediated deletion of the CH1 domain leads to the production of a truncated g1HC as seen

in the patient. In the absence of Cre-mediated deletion, a complete gHC is produced.

Association with murine LCs is only depicted for the complete gHC (dashed boxes). The

hypothetical disulfide bound between monomers of truncated gHC is also indicated

(dashed line). Black triangles correspond to LoxP sites, and gray triangles are Frt sites.

758 BONAUD et al BLOOD, 6 AUGUST 2015 x VOLUME 126, NUMBER 6

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/6/757/1391195/757.pdf by guest on 31 M

ay 2024



and examined with a JEOL JEM-1010 electron microscope as previously
described.41 Toluidine blue-stained semithin sections were prepared and
examined by light microscopy using a Zeiss Axioplan microscope (Zeiss) as
previously described.36 Description of scores of fluorescence intensity can be
found in the supplemental Methods.

In vitro stimulations

SpleenB cellsweremagnetically enriched using theCD43depletion kit (Miltenyi
Biotec) according to the manufacturer’s recommendations and stimulated in
vitro (53 105 cell/mL) with 5mg/mL lipopolysaccharide (LPS) (InVivoGen)
for 4 days in RPMI supplemented with 10% fetal calf serum; 1 3 106 cells
were used for flow cytometry analyzes, and the remaining cells were used for
transcriptional analyzes.

Enzyme-linked immunosorbent assay

Serum were analyzed for the presence of human IgG (Fc), as previously
described.36 To reveal hybrid immunoglobulins composed of the humangHC
associated with a murine kLC, we adapted the same protocol using coating
with the anti-human IgG (Fc) and revelation with an anti-mouse kLC. For
short-termHCproduction analysis, spleen cells or 3-day stimulated cellswere
counted, washed twice in PBS, normalized for the number of CD1381

secreting cells, and plated in complete medium for 6 hours. Supernatants
were collected and dosed by enzyme-linked immunosorbent assay. All
antibodies used in the study are depicted in supplemental Table 2. Plates were
read at 405 nm with a Xenius spectrophotometer (Safas).

Transcriptional analysis

Total RNA was extracted using TRI Reagent (Ambion). Reverse transcrip-
tion was performed using the high-capacity cDNA reverse transcription kit
(Applied Biosystems) on 3mg of total RNA,with random hexamers. Relative
quantificationwas performedwithTaqManUniversal or SYBRGreenMaster
Mix (AppliedBiosystems) on cDNAsamples (20 ng per reaction). Quantification
of the gene of interest was analyzed by the DCt method with Gapdh used as the
housekeeper gene. TaqMan probes for Gapdh (Mm99999915_g1), CHOP
(Mm01135937_g1),Herp (Mm01249592_m1), andBiP (Mm01333324_g1)
were used. For Xbp1, a polymerase chain reaction assay amplifying both the
unspliced (u) and spliced (s) forms of Xbp1 was performed. Ratios of Xbp1s/
Xbp1uwere calculated by scanning the blots andmeasuring the relative density of
eachbandusing ImageJ software.Theglyceraldehyde-3-phosphatedehydrogenase
gene was used as an internal loading control, and the primers are depicted in
supplemental Table 1.

Statistical analysis

The statistical tests used to evaluate differences between variables were done
using Prism GraphPad software (GraphPad Software). P values between
variables were determined using the unpaired Student t test. P , .05 was
considered significant.

Results

Generation and characterization of transgenic mice expressing

complete and truncated human monoclonal g1HC

A genetically reconstituted gene encoding the VDJ sequence from
a patient with HCDD associated with the complete secreted form of the
human g1 constant region was inserted in the murine k locus to force
expression of the humang1HC throughoutB-cell differentiation (CH11

mice). To generate a truncated gHC similar to that extracted from the
patient,weflanked theCH1 sequencewith 2 loxP sites, allowing itsCre-
mediated deletion (CH12 mice) (Figure 1; supplemental Figure 2A).
About half of the CH11 and CH12 plasma cells were shown to express
the human gHC together with a murine immunoglobulin (Figure 2A;
supplemental Figure 2B). We further crossed these mice with the

DH-LMP2Amice inwhich theHC locuswas invalidatedby the targeted
insertion of the Epstein-Barr virus protein LMP2A that mimics B-cell
receptor signaling and allows complete B-cell development.37 We
recently showed that DH-LMP2A mice feature increased plasma cell
differentiation despite the absence of endogenousHCs.40Consequently,
DH-CH12 and DH-CH11 mice closely recapitulate the features of
a monoclonal gammopathy with an elevated number of plasma cells
producing the human monoclonal gHC in the absence of endogenous
murine HC (Figure 2B). Of note, the percentage of plasma cells is
equivalent in all DH strains (Figure 2B), and only about 50% of plasma
cells coexpressed a murine kLC (supplemental Figure 2B). In sera,
human gHC rates weremore elevated in CH11 than in DH-CH11mice
[5830 6 452 mg/mL (mean 6 standard error of the meain [SEM]) vs
29496451mg/mL, respectively; Figure 2B). This resultmay be related
to the absence of endogenous LCs in ;50% of plasma cells in DH
mice (supplemental Figure 2B) that likely precludes the secretion of
the isolated HC due to intracellular retention by the chaperone protein
BiP.20,42,43 Cre-mediated deletion of the CH1 domain resulted in the
production of the expected truncated human g1HC (supplemental
Figure 2A). Strikingly, this deletion was associated with a massive
decreaseof serumhumangHCs inbothCH12 (24.7361.1mg/mL)and
DH-CH12mice (34.886 8.8mg/mL) (Figure 2B), which was partially
due to a defective secretion by plasma cells as observed by dosage of
human gHCs in supernatants of 6-hour cultures of either spleen cells
or 3-day LPS-stimulated B cells (Figure 2C). We detected only traces
of human gHC in urines in both CH11 and CH12mice (supplemental
Figure 2C), showing that the low level in sera is not due to an increased
renal excretion. Similarly to previous observations,11,20 we readily de-
tected hybrid immunoglobulins composed of the truncated humangHC
associatedwith amurine LC (supplemental Figure 2D). However, in the
absence of available standards, it remained difficult to precisely evaluate
the proportion of these noncovalently linked HC/LC immunoglobulins
compared with free HC.

Truncated human gHC recapitulates the renal lesions of HCDD

in mouse

We further carried out pathologic studies of kidney sections from
6-month-old mice. Despite the low serum level of human-truncated
g1HCs in mice, immunofluorescence studies revealed typical linear
HC deposits along the glomerular, vascular, and tubular BMs in
CH12 (supplemental Figure 3A) and DH-CH12 kidneys (Figure 3A).
These deposits were more pronounced in DH-CH12 than in CH12

kidneys (scores5 3.66 0.19 [mean6 SEM] vs 1.756 0.48, respec-
tively; Figure 3B) and were not stained with anti-mouse kLC (supple-
mental Figure 3A). Linear vascular g1HC deposits were also observed
in lung and liver (supplemental Figure 3B). Immunoglobulin deposits
were not observed in WT, DH, or DH-CH11 kidneys, demonstrating
the specific pathogenicity of the truncated HC (Figure 3A-B). Discrete
nonlinear depositswere observed in someCH11glomeruli, likely related
to immune complexes deposits because they partially colocalized with
murine kLC (supplemental Figure 3A) and were absent in DH-CH11

mice that lack murine immunoglobulin. Antibodies specific for human
gHC domains confirmed the absence of the CH1 domain in deposits,
whereas similar staining patterns were observed with the anti-gCH2 and
anti-human IgG conjugates (supplemental Figure 3C). Due to higher
deposit scores, further studies were carried out in DH-CH12 mice and
compared with DH mice as control, except when indicated. Linear
glomerular and peritubular g1HC deposits were detectable in kidneys
of 2-month-old mice and increased up to 6 months (supplemental
Figure 3D). We did not observe a significant increase in renal deposits
either in 12- (supplemental Figure 3D) and 18-month-old mice (not
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shown) or in mice unilaterally nephrectomized at 2 months of age and
euthanized 4 months later (supplemental Figure 3D). Immunoelectron
microscopy studies confirmed the presence of nonorganized linear
deposits along tubular and glomerular BMs, which stained with the
anti-humangHCgold-labeledantibody, similar to thoseobserved in the
patient’s kidney biopsy samples (Figure 3C-D). Finally, toluidine blue
staining revealed a faint diffuse thickening of medullary tubular and
glomerular BMs, as well as in the mesangium, with no evidence of
nodular glomerulosclerosis (Figure 3E), even in 18-month-old mice or
unilaterally nephrectomized mice (data not shown).

HCDD mice show early signs of glomerulosclerosis but no

renal dysfunction

The increasedproductionbymesangial cellsofECMproteins including
laminin, collagen type IV, fribronectin, and,more specifically, tenascin-C
is a hallmark of early glomerular changes in LCDD.25,28 We therefore
investigated the potential glomerular accumulation of tenascin-C in
DH-CH12 kidneys. Immunofluorescence studies revealed a signif-
icant (P 5 .0002) increase in tenascin-C in DH-CH12 compared with
controlDHkidneys (scores52.1160.22vs0.6760.11;mean6SEM;
Figure 4A; supplemental Figure 3D). Because HCDD usually manifests
with glomerular proteinuria, we compared the urine albumin/creatinine
ratioofDHandDH-CH12mice.Weobservedno significant difference

despite a trend toward the increase inDH-CH12mice comparedwith
DHmice (85606 1575 vs 22 3306 8283; mean6 SEM; Figure 4B).

Inhibition of kidney HC deposits on hematologic treatment

To validate the usefulness of our MIDD model for therapeutic in-
vestigations, we treated 5-month-old CH12 mice for 5 weeks using
2 injections of cyclophosphamide followed by repeated injections
of bortezomib (Figure 5A), with the aim of reducing the production
of the pathogenic human gHC. This treatment was inspired by the
CyBorD (cyclophosphamide, bortezomib, dexamethasone) combi-
nation, which is widely used in the various disorders associated with
monoclonal gammopathies.5,44-47 Cyclophosphamide was shown to
efficiently depleteB cells and to lower serumhumangHC (supplemental
Figure 4A-B), and further repeated additions of bortezomib maintained
a low level of human gHC compared with nontreated mice (sup-
plemental Figure 4B). After 5 weeks of treatment, animals were
euthainzedandanalyzed forkidneydeposits.Weobservedasignificant
inhibition of HC deposits in kidneys of treated mice compared with
nontreated mice (scores 5 2.214 6 0.3058 vs 0.8333 6 0.2472;
mean6 SEM; P5 .0056; Figure 5B). Although incomplete, recovery
of kidney lesions correlated with partial hematologic response, as
illustrated by persistence of detectable low serum level of human
gHC (supplemental Figure 4B).

Figure 2. Characterization of the murine model of HCDD. (A) Splenocytes from 6-month-old WT, CH11, or CH12 (top) and DH, DH-CH11, or DH-CH12 (bottom) mice

were stained with the indicated antibodies and analyzed by flow cytometry. Representative results from 3 independent experiments with $2 mice of each strain are shown.

Numbers indicate percentages of plasma cells on biparametric graphs and human gHC-positive plasma cells on histograms. (B) Serum human gHC production from 8- to

12-week-old mice. Each dot represents an individual mouse. Results are expressed in log scale as mean6SEM (mg/mL; n5 9-14 per group in$3 independent experiments; ns, not

significant; ***P, .001). (C) Human gHC production in supernatants of 6-hour cultures of nonstimulated spleen cells (left) and 3-day LPS stimulated B cells (right). Plated cell counts

were normalized on the number of secreting CD1381 cells. Means 6 SEM (ng/mL) are shown (n 5 4 per strain in 2 independent experiments; *P , .05; ***P , .001).
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Truncated gHC-producing plasma cells display exacerbated ER

stress and are highly sensitive to proteasome inhibition

Several recent case reports havehighlighted the efficiencyofbortezomib-
based treatments inHCDD.5,48We then sought to determinewhether the
production of an isolated truncated gHC could influence the fate of
plasma cells on proteasome inhibitor treatment. Spleen plasma cell count

was performed in WT, DH, and DH-CH12mice after 2 daily injections
of bortezomib (0.5 mg/kg) and compared with nontreated mice from
the corresponding strains. At posttreatment day 3, we observed a more
efficient depletion of plasma cells in DH-CH12 than inWT or DHmice
(Figure 6A-B; supplemental Figure 5). We then hypothesized that
the increased effect of bortezomib could be related to an exacerbated
ER stress induced by the production of an isolated truncated gHC.

Figure 3. HCDD transgenic mice reproduce human kidney lesions. (A) Immunofluorescence microscopy on DH, DH-CH11, or DH-CH12 kidney sections with an anti-human

gHC-fluorescein isothiocyanate. Fluorescence and differential interference contrast are merged. Original magnification,3400. Note the intense linear staining of tubular and glomerular

BMs and in the mesangium of the DH-CH12 kidney. (B) Deposit intensity based on immunofluorescence studies of kidney sections. Each dot represents a score of fluorescence from

an individual kidney as described in Materials and Methods. Means 6 SEM are shown (n 5 6-9 mice in 3 independent experiments; ***P , .001). (C) Electron micrograph of kidney

from a DH-CH12 mouse showing finely granular electron-dense deposits along the inner part of the lamina densa of a glomerular-capillary BMs (arrows). Original magnification, 320

000; scale bar is indicated. (D) Immunoelectron microscopy on kidney from a DH-CH12mouse (top) and a renal biopsy of the corresponding HCDD patient (bottom). Note the presence

of anti–gHC-conjugated gold particles along the BMs in both patient and mice kidneys. Original magnification, 350 000; scale bars are indicated. (E) Toluidine blue staining showing

a faint diffuse thickening of tubular BMs in the outer medulla (left) and glomerular BMs (arrows). Deposits are also observed in the mesangium (star). Original magnification, 3600.
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We analyzed the transcriptional expression of ER stress markers
Chop, BiP/GRP78, HERP, and Xbp1s in 4-day LPS-stimulated
B cells, a condition known to induce differentiation toward secreting
plasmablasts.40As previously described,40we observed an increased
plasmablast differentiation in DH mice compared with WT but also
with DH-CH12 mice (supplemental Figure 6A-B). These differences
seem to be due to an intrinsic higher propensity to terminal differen-
tiation of DH cells and not to an increased apoptosis of WT and
DH-CH12 cells during LPS stimulation (supplemental Figure 6C).
Compared with WT cells that produce complete immunoglobulins,
or DH cells producing either no immunoglobulin or isolated LCs
(supplemental Figure 2B), we observed a significant increase in several
ERstressmarkers in stimulatedBcells ofDH-CH12mice (Figure 6C-D),
including BiP, Xbp1s, or the proapoptotic transcription factor Chop
known to be repressed during normal plasma cell differentiation.49

The increase in Xbp1s and Chop was further confirmed in sorted
plasma cells of DH-CH12 mice compared with WT or DH mice
(Figure 6C-D). No significant difference was detected in WT vs DH
mice either in sorted plasma cells or in stimulated B cells.

Discussion

We characterized thefirst transgenic murinemodel of humanMIDD.
Using an established strategy of gene targeting in the k locus,36 we
introduced a sequence coding a human g1HC from a patient with
Randall-type HCDD. HCDD is characterized by tissue deposition,
mostly in the kidney, of an isolated truncated monoclonal HC that
lacks the CH1 domain but invariably displays a complete VH domain.
Then, we analyzed mice producing an artificially reconstituted com-
plete humang1HCcomprising theCH1domain and itsCH1-truncated
counterpart. We demonstrated that mice secreting full-length gHC,
which efficiently associates with murine LCs, did not show any ev-
idence of glomerular and tubular lesions. By contrast, deletion of the
CH1 domain led to the progressive appearance of the hallmark renal
pathologic changes in HCDD, eg, amorphous linear deposits of the
isolatedgHCalong tubular andglomerularBMsand in themesangium.
The absence of glomerular proteinuria and glomerulosclerosis, 2
frequent features of HCDD, was probably related the mixed genetic

background of the transgenic mice because both C57BL/6 and 129/Sv
mice were shown to be highly resistant in models of nephron reduction
or diabetic nephropathy.50-52 Whether backcrossing of our HCDD
mouse model to nephropathy-prone genetic background like DBA/2J
could overcome this issue remains to be confirmed.51 Nevertheless,
gHC deposits were accompanied by glomerular accumulation of
tenascin-C, a typical marker of ECM remodeling that precedes devel-
opment of nodular glomeruloscerosis in LCDD.28 Consequently, our
model remains relevant to accurately study in vivo the early phenotypic
modifications of mesangial cells (induction of transforming growth
factor b, matrix metalloproteinase 7 activity, etc)25,27-29 and to test new
therapeutic approaches to prevent glomerular injury in MIDD.

It was previously demonstrated that the ER resident chaperone
protein BiP/GRP78 retains free HC by stable interaction with the CH1
domain, until a LC displaces this association and allows secretion of an
entire immunoglobulin.42 Monoclonal gHC lacking the CH1 domain
was consequently supposed to be freely secreted by plasma cells.20-22

Accordingly, isolatedHCs produced by plasma cells in human diseases

Figure 4. Tenascin-C accumulation and kidney function. (A) Comparison of

tenascin-C accumulation in glomeruli by immunofluorescence studies of kidney

sections. Each dot represents the score of fluorescence from an individual kidney.

Means6 SEM are shown (n5 6-9 mice in 3 independent experiments; ***P , .001).

(B) Urine albumin to creatinine ratio was measured on overnight urine samples from

DH and DH-CH12 mice. Each dot represents the result from an individual mouse.

Values are indicated in ng/mL (albumin) per nmol/mL (creatinine). Means6 SEM are

shown (n 5 9-12 mice; ns, not significant).

Figure 5. Hematologic treatment reduces the onset of kidney deposits. (A)

Therapeutic protocol applied to deplete B and plasma cells in CH12 mice. (B) (Upper)

Representative immunofluorescence on kidney sections of treated or nontreated CH12

mice with an anti-human gHC-fluorescein isothiocyanate. Original magnification, 3400.

(Lower) Comparison of deposit intensity in kidney sections of treated vs nontreated CH12

mice. Each dot represents the score of fluorescence from an individual kidney. Means 6

SEM are shown (n 5 6-7 mice in 2 independent experiments; **P , .01).
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(HC disease andHCDD) are invariably characterized by the absence of
the CH1 domain. However, in our model, the deletion of the CH1
domain led to a massive decrease of circulating gHC, partially due to
a defective secretion by plasma cells. Whether a defective interaction
between CH1-truncated gHCs and the neonatal Fc receptor (FcRn),
known to protect IgG from degradation, could further explain this
result remains to be explored.53 As previously hypothesized, another
nonexclusive possibility could be related to the high avidity for BMs
of truncated HCs.11,54 In any case, this observation correlates with
the low serum level of monoclonal HC usually observed in HCDD
patients, making difficult both diagnostic assessment and evaluation
of treatment efficacy in this disease.31 It also demonstrates the strik-
ingnephrotoxic effect of circulating truncatedHCs featuring an entireV
domain.

Finally, our model showed that plasma cells producing a truncated
gHC are more sensitive to bortezomib treatment than their WT

counterpart producing complete immunoglobulins. Accumulating
evidence has linked protein synthesis to the responsiveness of
proteasome inhibitors in multiple myeloma.55-58 Moreover, protea-
some inhibitors were shown to trigger the protein kinase RNA-like
endoplasmic reticulum kinase-dependent branch of the unfolded
protein response and CHOP, leading to a terminal ER stress response
due to accumulation of unfolded proteins.57-59 Here, we demonstrated
that isolated truncatedgHCs are poorly secreted by plasma cells,which
in turn, are intrinsically and basically stressed as observed by over-
expression of CHOP and XBP1s. We then hypothesize that truncated
gHCs, due to their incomplete assembly11,20 and/or their high propensity
to aggregate, may represent exquisite substrates to trigger ER stress,
lowering the threshold for terminal unfolded protein response on
proteasome inhibitor treatments.58 This could explain the efficacy of
bortezomib-based regimens in HCDD.5,48 Further investigations
should be conducted to accurately decipher the mechanisms leading

Figure 6. Plasma cells producing a truncated gHC are

highly sensitive to bortezomib. (A) Absolute number of

spleen plasma cells in nontreated and bortezomib-treated

mice. Each dot represents a mouse and numbers indicate

the overall means of fold decrease in each strain (n 5 8-17

mice). (B) Fold decrease of spleen plasma cells on 48 hours

of bortezomib treatment. Each dot represents the fold

decrease of plasma cell number (CD1381/B220low cells) in

an independent experiment with $2 treated and 2 nontreated

mice. Means 6 SEM are shown (n 5 4-6 independent

experiments; **P , .01; ***P , .001). (C) Quantitative

transcriptional analysis of ER stress markers in (left)

4-day LPS-stimulated B cells and (right) sorted CD1381

spleen plasma cells from DH (white bars), WT (light gray

bars), and DH-CH12 (dark gray bars) mice. Results are

means 6 SEM of 3 independent experiments with (B) 2 mice

of each strain and (C) 2 experiments of sorted plasma cells.

ns, not significant; *P , .05; **P , .01; ***P , .001). (D)

Gel electrophoresis of reverse transcriptase-polymerase

chain reaction detecting full-length unspliced (u) and

spliced (s) forms of Xbp1 in 4-day (upper) LPS-stimulated

B cells and (lower) sorted CD1381 spleen plasma cells

from WT, DH, or DH-CH12 mice. Numbers indicate the

ratios of Xbp1s/Xbp1u. (Lower right) An example of quanti-

fication of band intensities is shown. The upper unspecific

band was excluded from the calculation. Glyceraldehyde-

3-phosphate dehydrogenase was used as a loading control. L,

100-bp ladder.
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to ER stress in plasma cells producing truncated HCs. In a broader
view, the intrinsic toxicity for plasma cells of immunoglobulin fragments
prone to misfolding and aggregation deserves to be explored in other
monoclonal immunoglobulin-related diseases including light chain
(AL) amyloidosis and LCDD, in which preliminary studies suggest
that bortezomib-based therapy has a strong impact on renal and patient
outcomes.44,60-62 Transgenic mouse models could be of invaluable
interest to explore this issue.36

Altogether, thepresent transgenicmousemodelofHCDDaccurately
recapitulates the early steps of the human pathology and represents
a valuable tool to explore the mechanisms that govern toxicity of
truncated HCs and the sequential events leading to glomerular injury
in MIDD. It also raises new perspectives to test innovative thera-
peutic approaches.
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