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Aberrant activity of the glycoprotein 130 130/JAK/STAT3 (gp130/JAK/STAT3) signaling axis is

a recurrent event in inflammation and cancer. In particular, it is associated with a wide range of
hematological malignancies, including multiple myeloma and leukemia. Novel targeted therapies
have only been successful for some subtypes of these malignancies, underlining the need for
developing robust mouse models to better dissect the role of this pathway in specific tumorigenic
processes. Here, we investigated the role of selective gp130/JAK/STAT3 activation by generating

a conditional mouse model. This model targeted constitutively active, cell-autonomous gp130
activity to B cells, as well as to the entire hematopoietic system. We found that regardless of

the timing of activation in B cells, constitutively active gp130 signaling resulted in the formation
specifically of mature B cell ymphomas and plasma cell disorders with full penetrance, only

with different latencies, where infiltrating CD138* cells were a dominant feature in every tumor.
Furthermore, constitutively active gp130 signaling in all adult hematopoietic cells also led to the
development specifically of largely mature, aggressive B cell cancers, again with a high penetrance
of CD138* tumors. Importantly, gp130 activity abrogated the differentiation block induced by a B
cell-targeted Myc transgene and resulted in a complete penetrance of the gp130-associated, CD138*,
mature B cell lymphoma phenotype. Thus, gp130 signaling selectively provides a strong growth
and differentiation advantage for mature B cells and directs lymphomagenesis specifically toward
terminally differentiated B cell cancers.

Introduction

Interleukin 6 (IL-6) is a pleiotropic cytokine various cell types secrete during infection, inflammation,
and cancer. IL-6 binds to the IL-6 receptor (IL-6R) to form an inactive IL-6/IL-6R complex that asso-
ciates with the membrane glycoprotein 130 (gp130), which is ubiquitously expressed and functions
as the signal-transducing receptor partner of the IL-6R (1). Downstream signaling induced by IL-6/
IL-6R/gp130 is crucial for regulating B cell and T cell responses and for coordinated activity of both
the innate and adaptive immune systems. Accordingly, IL-6/IL-6R/gp130 activity fulfills both homeo-
static functions as well as crucial proinflammatory actions during pathogen infection (2). Also, gp130
complexes with other IL-6-type cytokine receptors, thereby initiating several key intracellular signal-
ing pathways, including the PI3K/AKT, MAPK, and JAK/STAT3 pathways, to regulate many cellu-
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lar processes. For example, the consequence of STAT3 activation is the context-dependent expression
of a cast of target genes that mediate physiological functions, including regulation of cell proliferation
and differentiation, cell migration, cell survival, and angiogenesis (3—7). As a consequence of these
diverse functions, aberrant signaling downstream of gp130 has been associated with a wide variety of
diseases, including rheumatoid arthritis (8) and a range of hematological malignancies (reviewed in
ref. 9). Therefore, a detailed mechanistic understanding of gp130’s diverse functions in specific cell
types could have direct clinical implications.

IL-6 was initially described as “B cell differentiation factor” based on its importance for B cell differ-
entiation as well as proliferation and immunoglobulin (Ig) production by plasma cells (10, 11). Multiple
gp130 signaling cytokines induce proliferation of B cells (12—-14), and consistently, mice with mutations in
gp130-mediated signaling and IL-6—deficient mice are impaired in developing germinal centers (GCs) and
generate defective antibody responses (15-17). These effects are mediated by STAT3, which is activated
by IL-6 and IL-21 to enhance expression of B cell lymphoma 6 and induce the generation of T follicular
helper cells, both mandatory for a functional GC reaction. STAT3 activation also regulates the expression
of the transcription factor B lymphocyte-induced maturation protein 1 (Blimp1), which promotes terminal
differentiation of B cells into long-lived plasma cells that produce high amounts of Ig (18). Consistently,
C57BL/6 mice overexpressing IL-6 develop plasmacytosis (19); however, plasma cell tumors (plasmacyto-
mas) are seen only on a BALB/c genetic background (20). This strain-specific phenomenon is mediated by
mutations in the INK4a/ARF locus, which supports lymphoma- and myelomagenesis (21). Thus, alterna-
tive in vivo models are needed for characterizing the mechanisms of lymphoma and myeloma pathogenesis
seen in patients and for providing novel tools for testing therapies.

We previously developed an in vivo tool to study the role of membrane-independent activation of
STAT3, which is seen in many neoplastic diseases. This tool, leucine zipper plus gp130 (L-gp130), has the
entire extracellular portion of gp130 replaced with the dimerizing human c-Jun leucine zipper sequence,
thereby forcing gp130 dimerization, resulting in cell-autonomous and constitutive activation of associated
intracellular signaling independent of cytokine stimulation (22). A bone marrow (BM) transduction-trans-
plantation model of L-gp130 in vivo developed a malignancy mimicking human multiple myeloma (MM)
(23), a plasma cell neoplasm that originates in the BM (24). However, whole-BM infection can also acti-
vate the proinflammatory pathway downstream of active STAT3, which was linked to tumorigenesis. The
importance of IL-6/IL-6R/gp130 downstream signaling in lymphoid cell malignancies, such as large cell
lymphoma and Hodgkin lymphoma, is also supported by oncogenic aberrations resulting in STAT3 activa-
tion, as well as activating mutations in JAKs and STAT3 (25-27).

Advanced mature B cell malignancies, including MM, represent a wide range of frequent cancers
and are still considered incurable for many patients. Despite significant progress in understanding the
pathogenesis of these malignancies, novel targeted therapies have been successful for only some suben-
tities and specific scenarios (28). To develop alternative preclinical models, we here generated a mouse
model on a C57BL/6 background where conditional L-gp130 activation was directed to the hemato-
poietic system at different developmental stages. Activation of aberrant gp130/JAK/STATS3 signaling
at distinct stages of B cell development generated mice with a range of highly aggressive, mature B cell
lymphomas and plasmacytoma with full penetrance. These mice presented signaling pathway signa-
tures closely mimicking advanced human B cell malignancies that could be used as preclinical models
to better evaluate candidate therapies.

Results
An in vivo model for conditional gp130 activation. We generated a mouse model to study the in vivo effects of aber-
rant activity of IL-6/1L-6R/gp130/JAK/STAT3 signaling. We designed a transgene that allows conditional
expression of L-gp130 by generating a ROSA26 knockin mouse strain where compound L-gp130 and Zoan-
thus sp. green fluorescent protein (ZsGreen) expression from the chicken—-actin promoter with CMV—-imme-
diate early enhancer (CAG) promoter is prevented by a locus of recombination by Cre—flanked (JoxP-flanked)
and a locus of recombination by Dre—flanked (rox-flanked) stop cassette (Figure 1A). Crossing these mice to
deleter Dre mice removed the rox-flanked stop cassette in the germline, thereby generating a Cre-dependent
L-gp130 allele. Clone C6 was selected for generation of the L-gp/30 mouse strain (Figure 1B).

To test whether Cre-mediated L-gp/30 activation resulted in activation of gp130 downstream signal-
ing, murine embryonic fibroblasts (MEFs) from E13.5 L-gp130"* embryos were infected with a retrovi-
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rus encoding Cre recombinase (Cre-IRES-YFP). C57BL/6 WT MEFs infected with a retrovirus encoding
either L-gp130 (L-gpI30-IRES-GFP, positive control) or GFP control (MSCV-IRES-GFP, MIG, negative
control) as well as L-gp130"* MEFs infected with MIG were used as controls. L-gp130 expression activated
STAT3 (measured as phospho-STAT3) as compared with the negative control (Figure 1, C and D).

Constant gp130 signaling promotes B cell differentiation and the GC reaction. To investigate whether forced
activation of gp130 downstream signaling pathways promotes B cell differentiation and proliferation, L-gp-
130"+ mice were bred to CD19Cre*/~ mice, targeting L-gp130 expression specifically to B lymphocytes (29).
CDI19Cre*’~ L-gp130"* (CDI19 L-gp) and L-gp130"* (L-gp) control mice were sacrificed at the age of 6 weeks
and further analyzed. Immunoblot analysis of purified B cells revealed L-gp130 expression and subsequent
aberrant STAT3 activation in B cells derived from CDI19 L-gp mice (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.128435DS1). Gross physical
examination did not show any obvious pathology, and spleens did not differ in weight between groups
(Supplemental Figure 1B). Moreover, histological examination of spleens and BM displayed largely unal-
tered morphology and cellularity (Supplemental Figure 1C), and absolute white blood cell (WBC) numbers
were comparable (Supplemental Figure 1D). Analysis of the T cell (CD3*) and B cell (B220*) compart-
ments in BM, spleen, and peripheral blood (PB) of young CDI9 L-gp and age-matched L-gp control mice
by flow cytometry revealed no significant changes in T and B cell frequencies (Supplemental Figure 1E).

We next investigated the consequences of constitutive gp130 activation in B cells in more detail. Sup-
plemental Figure 2 shows the flow cytometry gating strategy used throughout this study. Flow cytometry
analysis displayed a significant increase of mature IgD* B cells in the PB, spleen, and BM in young CD19
L-gp mice compared with controls, in which IgM* B cells representing an immature stage of B cell differen-
tiation were increased (Figure 2A).

Mining publicly available data for STAT3 targets during B cell development, we identified the high-
est expression in plasmablasts and plasma cells in accordance with high STAT3 activity, while STAT3
expression itself diminished during late B cell differentiation. IL-6/JAK/STATS3 signaling activity was
highest in plasma cells and memory B cells (Figure 2B). To investigate differences in B cells derived from
either young CDI19 L-gp or control mice, we performed RNA sequencing (RNA-Seq) followed by a prin-
cipal component analysis (PCA). This analysis revealed that L-gp130—expressing B cells clustered differ-
ently from control B cells (Figure 2, C and D, and Supplemental Figure 1F). Specifically, B cells from
young CDI9 L-gp mice displayed a significant activation of IL-6/JAK/STAT3, PI3K/AKT/mTOR,
WNT, Myc, as well as B cell receptor (BCR) and NF-«B signaling, which we defined as the “L-gp130
signature” (Figure 2E and Supplemental Methods). To determine whether this signature was also present
in humans, we investigated distinct B cell stages during late differentiation. We found this L-gp130 signa-
ture most prominent in human GC B cells (Supplemental Figure 1G).

Altogether, these results link constitutively activated gp130 signaling in B cells with several pathways
associated with STAT3 and B cell proliferation, B cell differentiation, and BCR signaling activity.

Activation of gp130 signaling in B cells results in mature B cell malignancies. Having identified that activa-
tion of gp130/JAK/STATS3 signaling via B cell-specific L-gp130 expression increased the percentage of
mature B cells in young CD!/9 L-gp mice, we monitored an aging cohort. CD/9 L-gp mice showed deterio-
ration of health at a median of 151 days and were sacrificed in accordance with animal investigation reg-
ulations. CD19Cre*’~ (CD19) as well as L-gp control mice did not develop disease signs within the observed
time frame (Figure 3A). The visible disease pattern comprised mainly tumors originating from the mes-
enteric lymph nodes (LNs), splenomegaly, and occasionally axillary as well as inguinally enlarged LNs.
To investigate the exact cause of illness, CD19 L-gp mice underwent whole-body necropsy and extended
flow cytometric analysis of hematopoietic organs (Supplemental Figure 2). B cell-specific activation of
gp130 downstream signaling resulted in B cell malignancies with a penetrance of 100%. When analyzing
the mesenteric nodal tumors, the compartment of highest tumor manifestation, 2 subtypes of ZsGreen*
B cell disorders were identified in this cohort as depicted in Figure 3B: the first was identified as a plasma
cell (PC) disorder characterized by the presence of CD138"CD19" cells. The second represented CD19*
B cell tumors characterized by strong IgD expression and was therefore termed mature B cell lymphoma
(Mature). The 2 remaining mice were defined as having B cell lymphoma (Other). Fractions of the 3 B
cell cancers identified are shown in Figure 3C. Flow cytometric results were confirmed by histological
and immunohistochemical analyses, where the tumors arising could also be divided into 2 major groups.
Importantly, CD138" PCs were present in tumors of all subgroups (Figure 3D), indicating a possible con-
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Figure 1. In vivo model for conditional gp130 activation. (A) Strategy to insert the floxed L-gp130-2A-ZsGreen cassette under the control of the CAG
promoter into the mouse ROSA26 locus. The targeted locus is depicted before and after homologous recombination. EcoRl sites within the targeted
genomic region are indicated. Amp, ampicillin resistance gene; CAG, chicken-B-actin promoter with CMV-immediate early enhancer; DTA, diphtheria toxin
fragment A; LAH, long arm of homology; L-gp130, leucine zipper plus glycoprotein 130; loxP, locus of recombination by Cre; neo, neomycin resistance gene;
rox, locus of recombination by Dre; SAH, short arm of homology; SV-40, simian virus 40; WSS, Westphal stop sequence; ZsGreen, Zoanthus sp. green
fluorescent protein. (B) Southern blot analysis of targeted embryonic stem cell clones. The EcoRI-Pacl external probe was used to screen EcoRI-digested
clonal DNA via Southern blot. Besides the 15.6-kb WT band, a 7.1-kb targeted band appeared in correctly targeted clones. To verify single integration, a
radioactively labelled probe was removed from the Southern blot membrane, which was reprobed with internal neo probe showing a single 71-kb band in
single integrated clones. Clone C6 was selected for generation of the L-gp730 mouse strain. (C) MEFs of indicated genotypes (symbols) were infected with
the designated virus(es) and sorted for GFP/YFP positivity. Depicted is the mRNA expression for L-gp130 and gp130 relative to GAPDH. Shown are means *
SEM. (D) Immunoblot analysis of MEFs from C using the indicated antibodies. L-gp130 was detected using a gp130 antibody.

tinuum within the L-gp130-induced disease with malignant transformation occurring at various stages
of B cell development. The transcription factor Pax5 is expressed in B cells from the pro-B cell to the
mature B cell stage but is absent in terminally differentiated PCs (30). Immunohistochemistry revealed
Pax5 staining in the Mature phenotype whereas tumors of the PC phenotype lacked Pax5 (Figure 3D). In
line with results from flow cytometry (Figure 3B), staining for IgM was barely present in the Mature and
PC phenotypes (Figure 3D). Other organs, i.e., spleen and BM, of diseased mice were also infiltrated by
transformed cells (Supplemental Figure 3A). However, we saw a difference in cells infiltrating the different
organs when comparing diseased mice of the PC and the Mature phenotypes. Besides infiltrating mes-
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Figure 2. Activated gp130 signaling promotes B cell differentiation and signaling associated with oncogenic pathways. (A) Flow cytometry analysis of
PB, spleen, and BM reveal a significant accumulation of mature IgD* B cells within the ZsGreen* population of CD79 L-gp mice while L-gp controls present
with an immature IgM* phenotype (n = 3). *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001 as determined by 2-tailed Student’s t test. Shown
are means + SEM. (B) Heatmap depicting the expression of STAT3 target genes among various stages of B cell development. The upper part of the panel
illustrates the respective cell type as well as results for mere STAT3 expression (third row from top) as opposed to STAT3 activity and IL-6/JAK/STAT3 path-
way activity (top and second row from top, respectively) as determined by single-sample gene set enrichment analysis. (C) Volcano plot illustrating results
from a differential gene expression analysis between CD19* splenocytes isolated from WT and young CD19 L-gp mice. The top 15 up- (blue) and downreg-
ulated (red) genes are labeled. Positive log, fold changes indicate higher levels in WT splenocytes. A total of 2094 differentially expressed genes (DEGs)
were identified at an FDR < 0.05. (D) PCA of RNA-Seq gene expression profiles obtained by isolating CD19* splenocytes from WT (blue) and young C019
L-gp (red) mice, respectively. (E) Heatmap depicting single-sample gene set enrichment results as normalized enrichment scores (NESs) for the indicated
pathways and their distribution between CD19* splenocytes isolated from WT (blue) and young CD19 L-gp (red) mice. All pathways shown are differentially

enriched at an FDR < 0.1.

enteric nodal tumors, CD138*CD19~ also often manifested within the BM while the spleens were hardly
infiltrated by these cells of the PC phenotype (Supplemental Figure 3B, left). In the Mature phenotype,
however, CD19*IgD"* B cells were seen equally in BM and spleens in addition to infiltrating mesenteric
nodal tumors (Supplemental Figure 3B, right). A CD138*CD19* plasmablastic cell population hardly
occurred in sick CD19 L-gp mice, with only 5 out of the 48 analyzed animals (i.e., 10.4%) displaying infil-
tration of this population. However, CD138*CD19* plasmablastic cells were seen only in the spleen and
sometimes BM of these diseased mice at low percentages and were missing in the nodal tumors (Supple-
mental Figure 3C). In addition to phenotypic analysis by flow cytometry, we further assessed the clonality
status in the diseased animals. Whereas only 31.3% of mice that were assigned to the PC group showed
serum electrophoresis indicative of monoclonal gammopathy, more than half (55.3%) of all mice with a
Mature phenotype presented with this characteristic (Figure 3E). In accordance with clonality analysis of
mesenteric nodal tumors by VDJ-PCR revealing that the majority were monoclonal (Figure 3F), analysis
of Ig serum levels showed frequently elevated IgG levels in mice of both phenotypes within the CD19 L-gp
cohort (Supplemental Figure 3D). This was also observed when performing RNA-Seq analysis for expres-
sion of Ig heavy constant gamma chains that encode for the IgG isotypes (Supplemental Figure 3E). In
addition, pronounced differences were also seen for expression of the remaining heavy chains defining
the IgA, IgD, and IgM isotypes (Supplemental Figure 3E). Light chain constant region gene expression
revealed a shift toward higher x and lower A gene expression in the CD19 L-gp mice of both phenotypes
as compared with WT controls (Supplemental Figure 3F). Serial transplantation of tumor cells from sick
mice with a PC phenotype into sublethally irradiated syngeneic recipients resulted in disease reestablish-
ment with reproduction of the CD138* phenotype (Supplemental Figure 3, G and H).

Thus, activation of constitutive gp130 signaling very early during B cell development resulted in mature
B cell neoplasms and PC disorders with 100% penetrance.

gp130 activation during or after GC B cell differentiation results in delayed transformation. Activating L-gp130
in B cells using CDI19Cre led to mature B cell lymphoma and PC cancers. To identify the precise role of
activated gp130 signaling in B cell transformation, we next took advantage of additional mouse strains that
allow conditional gene activation within the GC and toward the PC stage, namely Cy/Cre mice (31) and
PRDMICre (referred to as Blimp1Cre) (32), respectively. As previously seen in CDI9 L-gp mice, both CyICre*’~
L-gp130"* (Cy1 L-gp) as well as BlimpICre*’~ L-gp130"* (BlimpI L-gp) mice frequently developed a consuming
disease and presented with mesenteric nodal tumors. The estimated median survival for Cy/ L-gp mice was
629 days (Figure 4A), whereas Blimpl L-gp mice died significantly earlier (median survival 329 days, Figure
4B). In addition to the PC and Mature phenotype in diseased CD19 L-gp mice, an additional phenotype was
found in CyI L-gp with accumulation of CD19*GL7" GC B cells, thus termed GC phenotype (Figure 4C).
Figure 4D shows the distribution of the 3 phenotypes within the Cy/ L-gp cohort. Diseased Blimpl L-gp mice
presented with PC and Mature phenotypes, affirming that B cell transformation occurred subsequent to the
GC reaction upon activation of gp130/JAK/STAT3 (Figure 4, E and F). Immunohistochemical analysis
of tumors from diseased Cy! L-gp and Blimpl L-gp mice of the PC phenotype revealed high infiltration of
CD138" cells (Figure 4G). CD138" cells were also seen in GC tumors from Cy! L-gp mice when stained for
immunohistochemical analysis. However, the infiltration rate of these cells in the GC phenotype of Cy! L-gp
mice was considerably lower as compared with the PC phenotype (Figure 4G). Other organs, i.e., spleen and
BM, of diseased mice were also infiltrated by tumor cells (Supplemental Figure 4A), most of them to a lesser
extent (Supplemental Figure 4B). Several mice of both genotypes showed serum gammopathy indicating Ig
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Figure 3. Activation of gp130 signaling targeted to B cells results in B cell malignancies. (A) Kaplan-Meier curve showing survival of CD19 L-gp
mice (n = 60) in comparison with C079 (n = 17) and L-gp (n = 18) controls. CO79 L-gp mice showed a median survival of 151 days, while controls did
not show any signs of malignancy during the observed time frame. (****P < 0.0001, Mantel-Cox test). (B) Flow cytometric gating strategy applied
on mesenteric nodal tumors for the 2 major phenotypes arising in C079 L-gp mice. After exclusion of propidium iodide-positive (PI*) dead cells, the
gate was set for ZsGreen* cells to include all cells with activated JAK/STAT3 signaling. The first group was defined by CD19°CD138" staining as a
plasma cell (PC) phenotype and the second as a CD19*IgD* mature B cell (Mature) phenotype. (C) Distribution of the spectrum of B cell malignancies
in diseased CD19 L-gp mice as determined by flow cytometry. The majority of diseased mice accounted for the PC or Mature phenotype, while 2
animals died of another B cell condition defined as Other; 48 mice were analyzed. (D) Histological and immunohistochemical analysis of 1 repre-
sentative mesenteric nodal tumor of each indicated phenotype arising in (079 L-gp mice. Note that CD138* cells are present in both phenotypes.
Original magnification, x400. At least 10 mice per phenotype were analyzed. (E) Serum protein electrophoresis from representative diseased CD19
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L-gp mice indicative of monoclonal gammopathy. A total of 31 mice were analyzed. Red and blue arrows point to the increased gamma-fraction, the
characteristic of monoclonal gammopathy (“M-spike”). (F) Clonality analysis from CD138* isolated tumor DNA of CD19 L-gp mice. Most tumors were
monoclonal and only some represented an oligoclonal disease. O, oligoclonal control; M, monoclonal control.
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production (Supplemental Figure 4C). Accordingly, we detected significantly elevated IgG levels in Cyl L-gp
mice compared with L-gp controls while IgM levels were similar between groups (Supplemental Figure 4D).
These data confirm the development of terminally differentiated B cell cancers by oncogenic gp130 activa-
tion at the GC or post-GC stage. Because constant L-gp130-induced signaling mainly activates IL-6/JAK/
STAT3, we interrogated publicly available gene expression data sets to analyze the activity of signaling in
diverse disease stages of MM in comparison with monoclonal gammopathy of undetermined significance
(MGUS) and normal PCs. We thereby found the IL-6/JAK/STAT3 signature most prominent in patients
suffering from relapsed MM (Supplemental Figure 5).

In summary, gp130 downstream signaling at the GC and after GC B cell stages resulted in mature B
cell cancers with an additional GC phenotype upon CyICre introduction, indicating that IL-6/IL-6R/gp130
downstream signaling is crucial for mature B cell lymphomagenesis and that associated pathways are puta-
tive targets for therapeutic interventions.

Activated gp130 abolishes the lymphoma phenotype of B cell-targeted Myc and enforces plasmacytic differentia-
tion. In healthy B cells, Myc expression triggers GC commitment: after Myc is suppressed in the GC dark
zone, an increase in Myc expression in the light zone selects B cells for reentry into the GC dark zone and
further affinity maturation (33). MYC aberrations frequently occur in GC and post-GC B cell lymphomas
and are associated with adverse outcomes (34, 35). To determine whether this mechanism is influenced by
gp130 signaling, we used Eu-Myc mice (36), where a MYC transgene is targeted to B cells, resulting in pre-B
cell lymphoid tumors. We generated triple-transgenic mice of the CD19Cre L-gp130" Eu-Myc (CD19 L-gp
Myc) genotype and control mice (CDI19 L-gp and Myc). Only 1 triple-transgenic mouse was born alive out
of 61 littermates (1.6% vs. 25% expected) but died at the age of 13 days. Consequently, we generated fetal
liver hematopoietic stem/progenitor cell (FL-HSPC) grafts from E13.5 embryos at the expected Mendelian
frequency. CD19 L-gp Myc and control FL-HSPC grafts were transplanted into lethally irradiated syngene-
ic recipient mice (Figure 5A). The median survival after transplantation was 20 days for CD19 L-gp Myc
recipients, whereas recipients of control grafts survived significantly longer (CD19 L-gp, 265 days; Myc, 277
days) (Figure 5B). Triple-transgenic animals as well as Myc controls presented with enlarged LNs and sple-
nomegaly, while CD19 L-gp controls displayed only tumors of mesenteric LNs. Flow cytometry of diseased
CD19 L-gp Myc animals revealed the same phenotype as seen in the single surviving triple-transgenic mouse,
characterized by accumulating CD19*GL7* GC B cells and CD138*CD19~ PCs (Figure 5, C and D). The
Myc group succumbed to an immature B cell disease characterized by CD19*IgM*IgD" surface expression,
while mature B cell subsets were completely absent (Figure 5, C and D). In contrast, the CD19 L-gp group
developed a mature B cell disorder characterized by an accumulation of IgD* B cells (Figure 5D). Flow
cytometric results were confirmed by immunohistochemical staining of tumor material from CDI9 L-gp
Myc as well as CDI19 L-gp and Myc control mice. CDI9 L-gp Myc-transplanted animals displayed intensive
CD138 staining while lacking B220 expression whereas CD19 L-gp controls stained positive for both mark-
ers. In Myc controls, CD138" staining was completely absent (Figure 5E). In contrast with Myc controls,
CDI19 L-gp Myc—as well as CD19 L-gp—transplanted mice showed only minor Myc and Pax5 staining (Figure
5E). Although dying significantly later, Myc controls demonstrated higher expression of the proliferation
marker Ki67 in nodal tumor cells than CD19 L-gp Myc tumors (Figure 5E). Tumor infiltration was also iden-
tified in spleens and BM of diseased mice of all genotypes (Supplemental Figure 6).

Thus, activation of gp130 downstream signaling solely in B cells dominantly progresses the pro-/pre-B
cell lymphoma phenotype characteristics of Eu-Myc mice toward a mature B cell/PC disorder. These data
further support a key role of gp130 signaling in plasmacytoma and myeloma pathogenesis.

gp130 activation in HSPCs results in a highly aggressive B cell malignancy. Data presented heretofore indicated that
activated constitutive gp130 signaling at distinct stages of B cell development drives differentiation of late B cells
and ultimately leads to highly aggressive mature B cell lymphomas and PC tumors. However, JAK/STAT3 acti-
vation is a recurrent event in other hematopoietic neoplasms (reviewed in refs. 37, 38). Therefore, to ultimately
test the significance of constitutive gp130 activation for promoting mature B cell lymphoma and plasmacytoma,
we targeted genetic activation of the L-gp130 transgene to the entire hematopoietic system using VavICre (39, 40).
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Figure 4. gp130 activation during or after GC B cell differentia-
tion results in lymphoma and plasmacytoma. (A) Kaplan-Meier
curve showing survival of Cy7 L-gp mice (n = 50) in comparison
with CyT (n =7) and L-gp (n = 12) controls. The median survival

of CyT L-gp compound mice was 629 days. Controls did not show
any signs of malignancy during the observed time frame (*P =
0.0109, Mantel-Cox test). (B) Kaplan-Meier curve showing surviv-
al of Blimp1 L-gp mice (n = 19) in comparison with Blimp1 (n = 11)
and L-gp (n = 12) controls. The median survival of Blimp1 L-gp
mice was 329 days. Controls did not show any signs of disease
during the observed time frame (****P < 0.0001, Mantel-Cox
test). (C) Flow cytometric analysis from mesenteric nodal tumors
of diseased Cy7 L-gp mice identified 3 cohorts: CD19-CD138* (PC,
left), CD19*IgD* mature B cell (Mature, middle), and CD19*GL7*
GC B cells (GC, right). Shown is the analysis of mesenteric nodal
tumor material from 1 representative animal per phenotype. At
least 3 mice per group were analyzed. (D) Distribution of the 3
types of B cell malignancies in diseased Cy7 L-gp mice. (E) Flow
cytometric analysis from diseased Blimp1 L-gp mice identified

a CD19-CD138* (PC) phenotype (left) and a CD19*IgD* mature

B cell phenotype (Mature, right). Shown is the analysis of
mesenteric nodal tumor material from 1 representative animal
per phenotype. At least 3 mice per phenotype were analyzed.

(F) Distribution of the 2 types of B cell malignancies in diseased
Blimp1 L-gp mice. (G) Histological and immunohistochemical
analysis of 1 representative mesenteric nodal tumor from Blimp1
L-gp (left) and Cy7 L-gp (middle and right) mice. Tumors with

the PC phenotype showed high infiltration of malignant cells
positive for CD138 (left and middle). The GC phenotype displays
only minor infiltration of CD138* cells (right). At least 3 mice per
genotype were analyzed. Original magnification, x400.
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Figure 5. Activated gp130 abolishes the lymphoma phenotype of B cell-targeted Myc by enforcing plasmacytic differentiation. (A) Schematic of
the CD19 L-gp Myc fetal liver cell (FLC) transplantation. FLCs from triple-transgenic CD19 L-gp Myc embryos as well as from CD19 L-gp and Myc controls
were isolated at day 13.5 of embryonic development. Then, 1.2 x 10° FLCs with 0.2 x 10° Ly5.1 BM support cells were transplanted into lethally irradiated
C57BL/6 recipients. The mice were sacrificed upon disease onset and whole-body necropsy was performed. The data shown are from 1 representative
experiment from a group size of n = 6 animals each. (B) Kaplan-Meier curve revealing a significantly shorter survival of mice transplanted with FLCs
from CD19 L-gp Myc as compared with controls (n = 6 mice per group) (***P = 0.003, Mantel-Cox test). (C) Flow cytometric analysis of tumors. Tumors
from CD19 L-gp Myc FLC-transplanted animals showed an accumulation of CD19-CD138* PCs whereas this population was absent in C079 L-gp and Myc
control mice. At least 3 mice per genotype were analyzed. Shown are representative analyses. (D) Analysis of organ infiltration in C019 L-gp Myc, CD19
L-gp, and Myc FLC-transplanted animals by distinct B cell populations as assessed by flow cytometry. Data are shown as mean percentage + SEM
assessed from at least 3 mice per genotype. *P < 0.05, **P < 0.005, ****P < 0.0001 by 2-way ANOVA test. (E) Histology and immunohistochemistry
from nodal tumor material of 1 representative animal per group. CD19 L-gp Myc-transplanted mice showed high positivity for CD138 staining while
lacking B220 expression, whereas CD138* cells are completely absent in the Myc control. The highest Myc, Pax5, and Ki67 expression was seen in Myc
controls. Depicted in the figures are results obtained from analysis of the inguinal and mesenteric LNs, respectively; 3 mice per genotype were ana-
lyzed. Original magnification, x400.

VaviCre*’~ L-gp130"* (Vavl L-gp) mice rapidly deteriorated in their general condition and were sacrificed.
The median survival was 53 days (Figure 6A). Whole-body necropsy displayed brittle bones, enlarged LNs,
and splenomegaly, indicative of an aggressive hematopoietic disorder. Examination of PB from diseased Vav!
L-gp mice revealed a significant increase in WBC numbers (Figure 6B), with all subtypes in the PB, LNs,
spleen, and BM characterized by ZsGreen expression, indicative of activation of gp130 signaling in the entire
hematopoietic system (Supplemental Figure 7A). Accordingly, transcript analysis revealed L-gp130 expres-
sion and excessive STAT3 activation in splenocytes derived from Vav L-gp mice, while endogenous gp130 was
nearly absent (Supplemental Figure 7B). However, no significant differences in the frequency of BM HSPCs
were seen in diseased mice compared to age-matched controls by means of Lin Scal*c-KIT* and Lin™S-
cal c-KIT* (multipotent progenitors) compartments (Supplemental Figure 7C). Flow cytometry analysis of
LNs showed that the B cell compartment of these mice consisted of immature and pro-/pre-B cells (Figure 6,
C and D) as well as mature IgD* B cells (Figure 6, C and E). Histological analysis revealed different B cell sub-
populations in spleen and LNs of Vav! L-gp mice: morphologically 1 resembled an aggressive B cell malignan-
cy while the other represented a PC disorder (Figure 6F). Immunohistochemistry and flow cytometry showed
scattered infiltration of T cells into LNs (Supplemental Figure 7, D and E). However, the main pathological
feature was the massive accumulation of CD138* PCs and B220*Pax5* B cells (Figure 6F and Supplemental
Figure 7E). The PC disorder in Vav! L-gp mice was also supported by the presence of gammopathy in 100%
of tested animals, however only to a moderate extent (Supplemental Figure 7, F and G). These findings are
supported by results obtained from RNA-Seq analysis of Ig heavy chain constant regions (Supplemental Fig-
ure 7H). Assessment of light chain constant region gene expression revealed significantly lower A gene profiles
in Vavl L-gp mice compared with WT controls (Supplemental Figure 7I).

These results are consistent with a dominant gp130 downstream signaling mechanism that enforces the
development of B cell cancers even when activated at the HSPC stage.

Independent of the time point of activation during hematopoietic and B cell differentiation, all Cre
L-gp compound mice succumbed to tumors of B cell origin. RNA-Seq analysis from tumors revealed
clustering of VavI L-gp and CD19 L-gp mice (Supplemental Figure 8A). Comparison of CD19 L-gp tumors
of the Mature and PC phenotypes displayed strong activation of WNT, BCR, and NF-«B signaling and
expression of gp130 downstream targets (Supplemental Figure 8B). Vavi L-gp tumors, however, showed
activation of all downstream cascades activated by IL-6/gp130 signaling (Supplemental Figure 8B).

Discussion

Tumor formation in all B cell Cre-transgenic models and a B cell tumor phenotype in VavCre mice strongly
supports the prominent role of gp130 signaling in mature B cell lymphomas, in particular MM (reviewed
in ref. 41). Accordingly, and in support of the functional relevance and in vivo data, IL-6-transgenic mice
on a C57BL/6 background exhibited plasmacytosis with infiltration into the spleen and LNs (19), whereas
monoclonal and transplantable plasmacytomas developed only in IL-6 transgenic BALB/c mice (20). Sev-
eral MM models are based on activation of the IL-6/IL-6R axis (23, 42, 43), underscoring its importance
in proliferation and malignant transformation of late B cells. These MM mouse models are limited because
of their late disease onset or low penetrance. For example, expression of Myc in the GC using activa-
tion-induced deaminase led to MM development after 2 years (44), while IL-6—transgenic BALB/c mice
succumbed to MM with a penetrance of only 40% at 12 months of age (45). Transgenic mice expressing
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Figure 6. Conditional gp130 activation in hematopoietic stem/progenitor cells results in a highly aggressive B cell malignancy. (A) Kaplan-Meier curve
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of 53 days. Controls did not show any signs of malignancy within the observed time frame (****P < 0.0001, Mantel-Cox test). (B) WBC analysis of PB in
diseased Vav1 L-gp mice (n = 27) in comparison with normal Vav1 (n = 5) and L-gp (n = 6) controls (*P < 0.05, 2-tailed Student’s t test). Shown are means +
SEM. (C) Flow cytometric analysis of diseased Vav1 L-gp mice (n = 11 analyzed) for distinct B cell subsets. Cells were gated for PI"ZsGreen* living cells. Shown
is the LN sample of 1 representative animal. Pro-/pre- and immature B cells (left) were present, while a small fraction of CD138* PCs was seen (middle). The
CD19* B cell population was identified as a mature IgD* differentiation state (right). (D) Quantitative analysis of LN infiltration by the distinct B cell subsets
as shown in C from n = 11 mice. Bars represent the mean percentage + SEM. The previous gate was set on ZsGreen* living cells. (E) Quantitative analysis of
LN infiltration by the distinct B cell subsets as shown in C from n =11 mice. Bars represent the mean percentage + SEM. The previous gate was on ZsGreen*
living B cells. (F) Histological and immunohistochemical analysis from spleen (left) and LN (right) of a representative diseased Vav1 L-gp mouse. H&E
staining revealed high infiltration of tumor cells into both organs (upper row). The lower rows show B220* and CD138* expression; 11 mice were analyzed.
Original magnification, x400.

high levels of XBP1, a transcription factor important for terminal B cell differentiation, mainly developed
MGUS, and only few progressed into MM later in life (46).

In contrast with a previous study using L-gp/30 in a BM transduction-transplantation model in BAL-
B/c mice, which are prone to developing PC disorders because of a mutation in the INK4a/ARF locus lead-
ing to partial disability of the tumor suppressor protein p16™4 (21), here we used a C57BL/6 genetic back-
ground. The development of a similar disease under these circumstances strongly supports a central role for
gp130 signaling in mature B cell disorders, in particular MM. Altogether, the herein-presented condition-
al-knockin model for L-gp130 bears several advantages over published mouse models. First, it comes on the
frequently used C57BL/6 background, allowing the generation of pure background compound transgenic
mice in the context of targeted transgene activation, irrespective of mutations in the /NK4a/ARF locus.
Second, the model is targeted to B cells and eliminates the putative proinflammatory activation caused by
STAT?3 activation upon whole-BM infection. Third, L-gp130 BM and manifest tumors are transplantable,

insight.jci.org  https://doi.org/10.1172/jci.insight.128435 12


https://doi.org/10.1172/jci.insight.128435

. RESEARCH ARTICLE

allowing additional gene editing of FL. and BM cells in vitro with subsequent syngeneic transplantation.
Fourth, beyond the context of tumor pathogenesis, it allows targeting of gp130/JAK/STAT3 activation to
specific cellular components or tissues that are involved in inflammation and immunity, e.g., in arthritis (8).

At the time of diagnosis, 90% of MM patients present with monoclonal gammopathy protein in the
serum or urine (47). In this study of a potentially novel gp130-driven mouse model, only one-third of mice
with the PC phenotype but more than half of mice assigned to the Mature group showed this characteris-
tic. Future studies are required to dissect these phenotypic differences in L-gp130—derived tumors. It has,
however, been identified in various studies of human B cell lymphomas that paraproteins were produced
not only in MM but also in subtypes of mature B cell lymphoma, including plasmablastic lymphoma, and
in diffuse large B cell lymphoma (48-50).

IL-6/1L-6R/gp130 signaling is crucial for normal B cell differentiation and function, including the produc-
tion of Ig by terminally differentiated PCs (11). In our study, enhanced signaling of this axis within the B cell lin-
eage of young mice therefore resulted in an accumulation of mature B cell subsets, which then led to the activa-
tion of IL-6/JAK/STAT3, PI3K/AKT/mTOR, WNT, MYC, as well as BCR and NF-kB signaling pathways.

Immunization of mice expressing a dominant-negative form of gp130 led to a loss of antigen-specific anti-
body production without affecting GC development (51). This observation was partly supported by a study on
immunized IL-6—deficient mice that presented with lower antigen-specific antibody titers but were additionally
impaired in the formation of a normal GC. Thus, in the absence of IL-6, size and volume of GC B cells were
severely diminished (17). These 2 studies point to the importance of IL-6/gp130 signaling for a functional GC
reaction and subsequent Ig production by PCs. Here, we find that constitutive activation of gp130 signaling in
the GC by means of CyICre frequently resulted in an accumulation of CD19*GL7* GC B cells.

Although activation of gp130/JAK/STAT3 signaling occurs later in B cell differentiation in Blimp-
1Cre than in CylCre mice, a much shorter median survival was observed in the former, and tumor devel-
opment was not restricted only to the PC phenotype. This might be explained by the fact that Blimp1
not only is expressed in B cells leaving the GC but also plays a role in the terminal differentiation of
other cell subsets (52), and therefore gp130/JAK/STAT3 signaling in these mice is not restricted only
to late B cells. However, even in Blimpl L-gp mice, we saw the development of mature B cell diseases,
including plasmacytoma, confirming the prominent role this pathway plays in B cells and their malig-
nant transformation. Future studies on the Blimpl L-gp cross will be needed that concentrate on the
detailed characterization of this genotype.

In summary, we found that enforced B cell differentiation upon targeted gp130 signaling resulted in
mature B cell lymphoma and plasmacytomas and was sufficient to completely abrogate activity of a B cell-
targeted Myc transgene. Gp130 signaling thus provides a selective growth and differentiation advantage for
mature B cells and directs lymphomagenesis toward terminally differentiated B cell cancers.

Methods
Preparation and culture of MEF5. Preparation and culture of MEFs has been described elsewhere (53). Retroviral
infection and analysis including primers used (Supplemental Table 1) is described in the Supplemental Methods.

Mice and transplantation experiments. All animal experiments were performed in accordance with Fed-
eration of European Laboratory Animal Science Associations (FELASA) guidelines and with the region-
al animal ethics committee approval (Regierung von Oberbayern, Munich, Germany). All strains used
throughout this study were on a pure C57BL/6 background. The novel L-gp130 mouse line was generated
by Mona Al-Maarri and Frank Thomas Wunderlich (Max Planck Institute for Metabolism Research, Cen-
ter for Endocrinology, Preventive Medicine and Diabetes, Cologne, Germany), and Cre-transgenic strains
were purchased from The Jackson Laboratory. Although for transplantation experiments only female mice
were taken as recipients, both male and female mice were used for all the other investigations. Detailed
information on mouse experiments is given in the Supplemental Methods.

Flow cytometry. Cells were stained in PBS (Thermo Fisher Scientific) containing 0.5% BSA (Carl
Roth GmbH), and fluorescently labeled antibodies were used at 1:200 to 1:600 dilutions. Viability dis-
tinction was realized by staining with PI. Fluorescently labeled antibodies for extracellular staining are
provided in the Supplemental Methods.

Histopathological analysis and immunohistochemistry. Tissue samples were fixed in 4% formaldehyde for
24-48 hours, paraffin embedded, sectioned, and stained using H&E. Antibodies used for immunohisto-
chemistry are listed in the Supplemental Methods.
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Isolation of genomic DNA from tumor material. Genomic DNA was isolated from tumor/tissue samples
using the DNeasy Blood & Tissue Kit according to the manufacturer’s instructions (Qiagen), followed by
analysis of IgH rearrangements as described in the Supplemental Methods.

RNA isolation from tumor material for RNA-Seq. RNA was isolated from samples with an infiltration of
greater than 60% ZsGreen* tumor cells using the RNeasy Plus Mini Kit (Qiagen) according to the manufac-
turer’s protocols. Where infiltration rate was lower, CD19* cells were collected by magnetic-activated cell
sorting (MACS), and RNA was isolated thereafter followed by RNA-Seq and analysis of gene expression
data as described in the Supplemental Methods.

Data deposition. The RNA-Seq data reported in this study are available from the National Center for
Biotechnology Information’s Gene Expression Omnibus with accession code GSE132148.

Statistics. All statistical tests were performed using the statistical functions of Excel (Microsoft) or
GraphPad Prism 7. All values are expressed as mean + SEM, and a P value less than 0.05 was consid-
ered significant (*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < (0.0001). The 2-tailed Student’s
t test was used to compare quantitative data between 2 independent samples. When comparing 3 or
more groups, a 2-way ANOVA statistical test was used to analyze the differences between group means
followed by Tukey’s test. Survival analyses were performed using the Mantel-Cox test.

Study approval. All mice were bred and maintained in the animal facility of Technische Universitdt
Miinchen under specific pathogen—free conditions. Animal experiments were performed in accordance
with the FELASA guidelines and with approval from the regional animal ethics committee (Regierung von
Oberbayern, Munich, Germany).
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