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m B cells play a major role in antigen presentation and antibody production in the development
of autoimmune diseases, and some of these diseases disproportionally occur in females.

* Increas-ed hur‘rfan B'Ce_" Moreover, immune responses tend to be stronger in female vs male humans and mice.
reconstitution is seen in
female compared to
male mice in multiple
humanized mouse
models.

Because it is challenging to distinguish intrinsic from extrinsic influences on human immune
responses, we used a personalized immune (PI) humanized mouse model, in which immune
systems were generated de novo from adult human hematopoietic stem cells (HSCs) in
immunodeficient mice. We assessed the effect of recipient sex and of donor autoimmune
diseases (type 1 diabetes [T1D] and rheumatoid arthritis [RA]) on human B-cell development

* The PI mouse model in PI mice. We observed that human B-cell levels were increased in female recipients

recapitulates HSC-
intrinsic autoimmune
defects from T1D and
RA bone marrow
donors.

regardless of the source of human HSCs or the strain of immunodeficient recipient mice.
Moreover, mice injected with T1D- or RA-derived HSCs displayed B-cell abnormalities
compared with healthy control HSC-derived mice, including altered B-cell levels, increased
proportions of mature B cells and reduced CD19 expression. Our study revealed an
HSC-extrinsic effect of recipient sex on human B-cell reconstitution. Moreover, the PI
humanized mouse model revealed HSC-intrinsic defects in central B-cell tolerance that
recapitulated those in patients with autoimmune diseases. These results demonstrate the
utility of humanized mouse models as a tool to better understand human immune cell
development and regulation.

Introduction

Humanized mouse models have been used as tools for studying the development and function of human
immune cells' 2 in a controlled system in which environmental factors (eg, food, microorganisms) are the
same for all mice. We recently modified a humanized mouse model that involves transplanting human
fetal thymus tissue and fetal liver (FL)—derived hematopoietic stem cells (HSCs) to immunodeficient
mice*® to allow the study of immune development in HSCs from adults.'® We have termed this the
personalized immune (Pl) mouse model. By reconstituting immunodeficient mice with bone marrow
(BM)-derived HSCs from adults with established disease, we aimed to identify HSC-intrinsic
abnormalities in immune regulation and development because some autoimmune diseases are
transferable by HSCs.''"® Therefore, underlying immunoregulatory defects could potentially be
dissected in this model.
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The development and role of autoantibodies in disease progression
has highlighted the central involvement of B cells in autoimmune
disease.'” Type 1 diabetic (T1D) patients demonstrate impaired
B-cell homeostasis in peripheral blood (PB),'® and both T1D and
rheumatoid arthritis (RA) patients show defects in central and
peripheral B-cell tolerance.'®?® The central role of B cells has
become especially clear since the introduction of B-cell depletion by
rituximab therapy,?’ which was beneficial in the treatment of RA,>?
reduced diabetes in CD20 Tg-NOD mice,?® and preserved B-cell
function in newly diagnosed humans for 1 year.* We now report on
our use of the Pl mouse model to determine whether abnormalities in
B-cell development can be identified and therefore could provide a
model to understand the HSC-intrinsic underpinnings of disease.

Several autoimmune diseases show increased prevalence in
females compared with males. For example, RA is more common
in females before the age of 50 years®® with autoantibodies
directed against immunoglobulin G (IgG) regions (rheumatoid
factor) and citrullinated proteins appearing well before disease
onset.?® For T1D, which has similar incidence in males and
females,?” female patients show higher glutamic acid decarbox-
ylase antibody levels compared with age-matched male patients.?®
Thus, we examined the impact of the sex of recipient mice on B-cell
development and function in humanized mice. Furthermore, we
have compared B-cell development and autoreactivity in Pl mice
constructed from HSCs of healthy, T1D, and RA donors and
evaluated the impact of BM donor and recipient sex. Our data
indicate that female mice support higher human immune cell
production than males, largely because of increased B-cell
reconstitution. Similar effects were seen in humanized NS
(NOD.CB17- Prkdc®¥/J) and NSG (NOD.Cg-Prkdcs l12rg™""Vi/Sz))
mice injected with BM- or FL-derived CD34™" cells. Adjusting CD34*
cell numbers commensurate with weight did not abolish the decrease
in B-cell production in males. Importantly, peripheral B-cell reconstitu-
tion in Pl mice was greater when the HSCs were obtained from
patients with T1D than from healthy controls (HCs). Finally, defects in
central tolerance in T1D and RA were recapitulated in BM of Pl mice,
demonstrating the utility of this model for dissecting genetically
predetermined HSC-intrinsic abnormalities in B-cell development.

Methods

Animals and human tissues and cells

NS and NSG mice were obtained from The Jackson Laboratory.
NSG pig cytokine transgenic (NSG-pct) mice that produced porcine
cytokines (interleukin-3, granulocyte-macrophage colony-stimulating
factor, and stem cell factor) were developed by crossing NOD/SCID-pct
mice?® (The Jackson Laboratory) with NSG mice. On the basis of
studies to be reported elsewhere that demonstrated improved
myeloid but not B-cell reconstitution in these animals, NSG-pct
recipients were used in some Pl mouse experiments and were
internally controlled by using the same type of recipients for HC- and
autoimmune patient-derived cohorts in each experiment. All mice
were maintained under specific pathogen-free conditions, and all
experiments were performed under approved protocols from the
Columbia University Institutional Animal Care and Use Committee.

Human fetal thymus and liver tissues (gestational age, 17 to 20
weeks) were obtained from Advanced Biosciences Resources. Fetal
thymus fragments were cryopreserved in 10% dimethyl sulfoxide
(Sigma-Aldrich) and 90% human AB serum (Gemini Bio Products)."®
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FL fragments were treated for 20 minutes at 37°C with 100 pg/mL
of Liberase (Roche) to obtain a cell suspension. Human CD34 " cells
were purified from FL or BM by density gradient centrifugation
(Histopaque-1077, Sigma) followed by positive immunomagnetic
selection using anti-human CD34 microbeads (Miltenyi Biotec)
according to the manufacturer's instructions. Cells were either frozen
or injected immediately. BM aspirates from T1D, RA, and HC
volunteers were recruited by the Center for Translational Immunology
Human Studies Core, the Naomi Berrie Diabetes Center, or the
Division of Rheumatology at Columbia University Medical Center. All
human samples were collected under protocols approved by the
Institutional Review Board of Columbia University Medical Center in
accordance with the Declaration of Helsinki.

Human tissue transplantation

Six- to 12-week old mice were sublethally irradiated (1.2 Gy for
NSG-pct, 1.5 Gy for NSG, and 2.4 Gy for NS mice) with X-rays.
Human fetal thymus fragments of about 1 mm® were implanted
beneath the kidney capsule and 1 X 10° to 2.6 X 10° human
CD34™ cells were injected either IV or directly into the bone cavity.
For the latter, a 26-gauge needle was used to create a hole in the
tibia, followed by injection of 15 to 25 pL of cells using a 27-gauge
needle (Hamilton). Recipient mice were treated IV with 400 pg of
anti-human CD2 monoclonal antibody BTI-322 or LO-CD2%*°
(produced at Bio X Cell, Inc) on days 0, 7, and 14. NS mice
received a total of 8 injections of anti-asialo GM1 serum (Wako Pure
Chemicals), given every 5 days. Human HC and T1D or RA BM
donors were matched with fetal thymus for autoimmune disease-
associated class Il HLA DR3, DR4, or DQ8 alleles (supplemental
Table 1).

Cell staining and sorting and B-cell tolerance analysis

B cells were purified from PB of human donors and from the
spleens of Pl mice. Single CD19"CD21°CD10*IgM"CD27™ new
emigrant/transitional B cells were sorted on a FACSAria cell sorter
(BD Biosciences) into 96-well polymerase chain reaction plates.
Expression cloning and antibody reactivity was tested as previously
described.®’

Statistical analysis

Statistical analysis and comparisons were performed with Graph-
Pad Prism 6.0 (GraphPad Software). All data are expressed
as average =* standard error of mean. The nonparametric
Mann-Whitney U test was used to compare groups at individual
time points for each cell population. One-way analysis of variance
(ANOVA) with post hoc Tukey test was performed to compare
3 groups. Two-way ANOVA was used to resolve overall effects
between transplant groups over time. When 2-way ANOVA was
significant, Sidak’s multiple comparison test was run. P < .05 was
considered to be statistically significant.

Results

Female mice injected with adult BM CD34" cells
showed higher levels of PB B-cell reconstitution than
male recipients

To study the B-cell compartment in the Pl mouse model, we injected
NSG mice with adult BM CD34* cells obtained from 10 different

HC donors. On the same day, a piece of a partially HLA-matched
cryopreserved and thawed fetal thymus was implanted under the
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kidney capsule of the animals. As previously shown,'® human
immune cells were detectable in PB 4 weeks after transplantation
(Figure 1A). B and T cells were the main human cell populations
observed, with the former peaking around 10% of peripheral blood
mononuclear cells (PBMCs) at week 12 and then slowly declining.
In contrast, T cells increased over time. Female recipient mice
displayed higher total human chimerism than males (Figure 1B)
because of a greater percentage of CD19™ B cells in female than
male recipient PBMCs (Figure 1C). Although peripheral B-cell
reconstitution was faster and peaked at higher levels in female than
in male mice, the 2 groups became similar after week 14. T cells
were similar between female and male animals throughout the
course of the experiment (Figure 1D).

In mice euthanized 3 weeks after transplantation, the percentage
and absolute number of B cells was greater in BM of females than
males (Figure 1E-F), but no significant difference was observed
among splenocytes (supplemental Figure 1A-B). In contrast, no
difference was detected in B-cell levels of male vs female BM or
spleens at later time points (weeks 14-18) (supplemental Figure 2A-D).

Analysis of the effect of BM donor sex on human chimerism showed no
difference in total human CD45 percentage (supplemental Figure 3A)
and increased B-cell reconstitution in female compared with male
recipients of male BM HSCs (supplemental Figure 3B). Although early
B-cell reconstitution tended to be higher in female mice injected with
female vs male donor HSC:s, this difference did not achieve statistical
significance. Unfortunately, we did not have a group of male mice
injected with female HSCs to permit further comparison.

Because age-matched male mice normally weigh more than
females, we considered the possibility that the observed difference
in B-cell reconstitution could reflect the lower number of CD34"
cells injected on a per weight basis into male mice. We tested this
hypothesis in 1 experiment comparing females and males injected with
2 X 10° BM CD34" cells with males receiving 2.6 X 10° cells (males
weighed ~30% more than females). In this pilot experiment, females
showed a significantly higher frequency of human CD45" (hCD45™)
cells in PB compared with males receiving either 2 X 10° or 2.6 X 10°
CD34" cells because of an increase in the proportion of B cells
(supplemental Figure 4A-C). B-cell percentages (supplemental
Figure 4D) and numbers (supplemental Figure 4E) were similar
between females and both male groups in BM and spleen at week
20 after transplantation. This preliminary study suggests that the
increased percentage of B cells in female compared with male mice
is not the result of injection of greater number of CD34™ cells per
gram in females.

Similar male-female disparity in human B-cell
reconstitution after transplantation of FL CD34" cells

To determine whether increased peripheral B-cell chimerism in
female mice was generalizable, we compared male and female
recipient mice injected with human FL CD34™ cells and grafted
with an autologous fetal thymus fragment using both NS and
NSG recipients. Consistent with previous studies,®*%® NSG
mice showed higher levels of human PB chimerism than NS mice
(Figure 2A vs 2C), peaking at 50% vs 12% hCD45™" cells among
PBMCs respectively, at week 18. B cells in the NSG mice
receiving FL CD34™ cells were greater than those in mice
reconstituted with adult BM CD34 ™ cells (Figure 1A). Neverthe-
less, for both NSG (Figure 2B) and NS (Figure 2D) recipients of
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FL CD34" cells, the percentage of circulating B cells was
increased in female compared with male mice. As in the Pl mouse
model, B-cell frequencies converged in females and males after
week 12. BM and spleen analysis at weeks 20 to 22 revealed no
difference in B-cell number (Figure 2E-F) or percentage (supple-
mental Figure 5A-B) between female and male recipients. Human
IgM was present in serum of both NSG and NS mice 20 weeks after
transplantation at similar level in females and males (supplemental
Figure 5C-D).

Similar B-cell composition in hemato-lymphoid
tissues of female and male recipient mice

To further investigate the disparity in B-cell reconstitution in male vs
female recipients, we analyzed developing B-cell populations in BM,
spleen, and PB of the mice. As shown in supplemental Figure 6, we
analyzed expression of CD24, CD38, and surface IgM (slgM) on
gated CD19™ cells by flow cytometry. This strategy distinguishes
mature naive B cells (CD24" CD38"°)%* from transitional and
precursor populations (CD24™ CD38"), which are further resolved
by high expression of surface IgM on transitional B cells. BM CD19™"
cells of both female and male mice receiving adult BM CD34™ cells
were comprised of almost 80% B-cell precursors (Figure 3A) and
few naive and memory B cells compared with the BM of the human
donors. Few plasma cells were detected using a combination of
CD138 and CD27 markers (supplemental Figure 7A-D). BM
B cells in NSG and NS mice reconstituted with FL CD34™ cells
showed a lower percentage (~50% to 60%) of precursors
(supplemental Figure 8A-B) with equal percentages of transitional
and mature naive B cells. Spleen and PB contained 60% naive
B cells (Figure 3B-C; supplemental Figure 8C-D), demonstrating
increased maturity of peripheral B cells. However, at least 20%
remained at the transitional stage, which is higher than that in
normal human PBMCs (<5%; Figure 3C). Overall, no major
differences in B-cell subsets were observed between females and
males among the different tissues.

We looked at earlier stages of B-cell differentiation in the BM using
CD34 and CD10 markers®® (supplemental Figure 9). At week 3
following reconstitution with adult CD34* cells, the recipients’ BM
contained more than 50% early B-cell precursors (Pre-Pro B and
Pro-B cells) (Figure 3D), whereas at later time points, the main
population was Pre-B/immature B cells (Figure 3E). Female mice
showed a trend toward greater percentages of Pro-B cell
precursors at week 3 (40.47% =* 5.1% vs 27.06% = 7.31%;
P = .197) and lower percentages of mature B cells (12.84% =+
7.67% vs 25.83% * 12.57%; P = .065) (Figure 3D). At weeks
16 to 20, Pro-B cell precursors were significantly decreased in
females compared with males (1.46% = 0.46% vs 4.9% = 0.75%;
P = .018) with corresponding increases in Pre-B/immature B-cell
frequencies (73.76% = 7.17% vs 59.93% * 4.89%; P = .18)
(Figure 3E).

Mice injected with T1D-derived BM CD34" cells show
higher peripheral B-cell reconstitution than HC and
RA-derived recipients

B cells have been implicated in the development of autoimmune
diseases such as T1D and RA. We were therefore interested in
B-cell reconstitution in Pl mice constructed with CD34 ™" cells from

patients with autoimmune disease compared with Pl mice derived
from HC BM CD34™" cells. Human peripheral B-cell reconstitution
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Figure 1. Female NSG mice reconstituted with adult BM CD34™" cells show higher B-cell chimerism than male recipients. Sublethally irradiated NSG and
NSG-pct mice were injected with 1.5 X 10° to 2 X 10° BM CD34" cells and grafted under the kidney capsule with a partially HLA-matched human fetal thymus. (A-D)
Human peripheral reconstitution was measured by flow cytometry in PB every other week (10 HC donors; n = 58 mice). Means of multilineage chimerism among total (mouse

plus human) PBMCs are shown over time. Bars represent standard error of the mean (SEM). (E-F) Mice were euthanized at week 3 after transplantation and BM (1 leg) was

collected. Mean + SEM of human CD45 and CD19 percentage and number are shown. Each symbol represents a single mouse.
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Figure 2. B-cell levels in PB are higher in NSG and NS female vs male recipient mice injected with FL CD34™" cells. Sublethally irradiated NSG or NS mice were
injected with 1.5 X 10° to 2.6 X 10° FL CD34" cells and grafted with autologous human fetal thymus under the kidney capsule. (A-D) Human peripheral chimerism was
measured by flow cytometry in PB every 3 weeks (2 FL samples; n = 18 NSG and n = 12 NS mice). Means of multilineage chimerism among total (mouse plus human)
PBMCs are shown over time. Bars represent + SEM. (E-F) Mice were euthanized between weeks 20 and 22 after transplantation, and BM and spleen were collected and

analyzed. Mean + SEM of CD19 number are shown. Each square represents a single mouse. *P < .05 (statistically significant) calculated by Sidak's multiple comparison test.
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Figure 3. Comparison of B-cell subpopulations and precursors in female and male recipient mice. Sublethally irradiated NSG and NSG-pct mice were injected with
1.5 X 10° to 2 X 10° BM CD34" cells and grafted under the kidney capsule with a partially HLA-matched human fetal thymus. (A-C) Mice were euthanized between weeks
16 and 20 after transplantation and BM (n = 17 females and 6 males), spleen (n = 15 females and 7 males), and PB (n = 14 females and 6 males) were collected and
analyzed for their B-cell composition. Mean = SEM of indicated B-cell subpopulation percentages among total CD19™ cells are shown. Animals with less than 1% CD19™"
cells were excluded from the analysis. Females in the analysis were reconstituted from 5 to 7 BM donors whereas males were reconstituted from 2 to 3 BM donors. (A) Ten
human BM and (C) 5 human PBMC samples were plotted for comparison. (D-E) Mice were euthanized (D) at week 3 (n = 6 females and 6 males) or (E) between weeks

16 and 20 (n = 11 females and 4 males) after transplantation. BM cells were collected, and early B-cell progenitors were analyzed by flow cytometry. Mean + SEM of

indicated BM B-cell progenitor percentages among total CD19™ cells are shown. Animals with less than 1% CD19" cells were excluded from the analysis. *Statistical

significance calculated by the nonparametric Mann-Whitney U test used for each B-cell population. NA, not available.

was faster and reached a higher peak in T1D-derived than in
HC-derived mice in the same experiments. In contrast, B-cell
reconstitution in RA-derived Pl mice was similar to that of
HC-derived animals (Figure 4A). PBMCs of T1D-derived mice
contained almost 20% human B cells at week 8 and then declined
so that levels were similar in all groups by week 12. Analysis by
recipient sex revealed much higher B-cell chimerism in female than in
male recipients of both T1D (Figure 4B) and RA (Figure 4C) HSCs.
Males lost B-cell chimerism by week 14, whereas females from all
groups maintained B-cell reconstitution at later time points (~5% to
10%). Analysis of BM and spleen revealed significantly lower B-cell
percentages (Figure 4D) and numbers (Figure 4E) in RA-derived mice
compared with controls and T1D-derived mice. Overall, RA mice
showed low human chimerism in all hemato-lymphoid organs (data not
shown). B-cell subpopulation analysis revealed significantly increased
naive and decreased B-cell precursors in the BM of RA-derived
compared with HC-derived Pl mice (Figure 4F). Plasma collected from
all 3 groups contained very low concentrations of human IgG
(supplemental Figure 10). No statistically significant correlation was
observed between IgG level and percentage of B cells or between
degree of HLA matching of fetal thymic tissue and BM donor and the
percentage of B cells in female recipients (data not shown).
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A recent study in a humanized mouse model reported down-
modulation of CD19 expression on autoreactive B cells compared
with non-autoreactive B cells developing in the same mouse.®® In
our study, the median fluorescence intensity of CD19 on T1D-
derived PB B cells was significantly lower than that on HC-derived
B cells in the same experiments (Figure 4G; supplemental
Figure 11), suggesting the presence of more circulating autoreactive
B cells in T1D mice. B cells from RA mice showed a similar trend
(Figure 4G; supplemental Figure 11).

Defective central B-cell tolerance checkpoint in Pl
mice generated with HSCs from patients with RA
and T1D

Because both RA and T1D patients have been shown to have
defective central B-cell tolerance,’®?° we were interested in
determining whether this defect was recapitulated in Pl mice
generated with HSCs from patients with RA or T1D. We isolated
new emigrant/transitional B cells from the spleens of Pl mice
generated from BM of 1 HC, 1 RA, and 1 T1D donor and performed
expression cloning of their B-cell antigen receptors as previously
described.®" We compared them with the emigrant/transitional
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Figure 4. Peripheral B-cell reconstitution is higher in T1D than in HC-and RA-derived Pl humanized mice. Sublethally irradiated NSG and NSG-pct mice were injected
with 1.5 X 10° to 2.7 X 10° BM CD34 ™" cells and grafted under the kidney capsule with a partially HLA-matched human fetal thymus. (A-C) Human peripheral CD19 levels
were measured by flow cytometry in PBMCs every other week (10 HC donors, n = 58 mice; 9 T1D donors, n = 66 mice; 5 RA donors, n = 35 mice). Mean of CD19" cells
among total (mouse plus human) PBMCs is shown over time. Bars represent SEM. *Statistical significance calculated by Sidak’s multiple comparison test. (D-E) Mice were
euthanized between weeks 14 and 18 after transplantation and BM and spleen were collected. Mean + SEM of CD19 percentage and number are shown. (F) Mean = SEM
of indicated B-cell subpopulation percentage among total BM CD19™ cells are shown. Animals with less than 1% CD19™ cells were excluded from the analysis. (G) Mean +
SEM of relative CD19 median fluorescence intensity (MFI) was calculated as follows: CD19 MFI of the sample divided by CD19 MFI of human PBMC run on the flow

cytometer in the same analysis.

B cells isolated from the PB of 1 HC and 1 RA patient. Both the RA
and the T1D NSG mouse generated more than 20% polyreactive
(reactive with double-stranded DNA, insulin, and lipopolysaccha-
ride) clones (Figure 5A). Both the HC donor and the HC NSG
mouse contained only 10% autoreactive B cells in their spleens,
consistent with previous results.®” For the RA donor, this defect
was confirmed by the high percentage (50%) of B-cell clones
making human epithelial type 2—-binding antibodies in the RA donor
and respective Pl mouse compared with the HC patient (Figure 5B).
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These results indicate that Pl mice might be able to recapitulate

some defects in central B-cell tolerance present in autoimmune
individuals.

Discussion

We report here that female NS and NSG immunodeficient mice
show greater PB B-cell reconstitution than males regardless of donor
sex or whether they were reconstituted with BM or FL CD34 ™" cells.
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Figure 5. Impaired central B-cell tolerance in RA and T1D humanized mice. Single CD19"CD21°CD10"IgM"CD27" new emigrant/transitional B cells were sorted from PB

of 1 HC and 1 RA donor, and from the spleen of 1 HC, 1 RA, and 1 T1D humanized mouse. Expression cloning was carried out as described®' and antibodies from new emigrant/
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Female recipients showed accelerated B-cell development in all
3 groups of Pl mice (HC, T1D, and RA) compared with male
recipients. Although this difference was not sustained at later time
points for HC donor cohorts, female recipients of T1D- and
RA-derived HSCs maintained higher B-cell frequencies compared
with males over a longer period.

Notta et al®® reported increased overall human chimerism in female
compared with male recipient BM and spleen, especially when
limited numbers of human CD34*CD38~ cord blood(CB) cells
were transplanted. We did not detect any difference in human
reconstitution in either BM or spleens of our mice at 16 to 20 weeks
after transplantation. However, we injected a greater total number
of progenitor cells than did Notta et al. Human CD45 reconstitution
kinetics in NOD-Rag1 ™/~ IL2rgamma ™'~ (NRG) mice injected with
1.6 X 10° to 2 X 10° CB-derived CD34" cells trended toward
higher chimerism in females than in males before week 16 and
converged by week 20,%° consistent with our results. Higher human
reconstitution from CB-derived HSCs was reported in female mice
compared with males, especially at early time points.®®° The cell
type responsible for this difference was not identified. Our analysis
of BM at week 3 after transplantation demonstrated higher
percentages and numbers of CD19" cells in females than in
males, consistent with the difference in B-cell chimerism observed
in PB at week 6. Data normalizing the number of HSCs injected to
weight mitigated against the possibility that the greater weight of
males compared with age-matched females was responsible for the
difference. The kinetics of human T-cell reconstitution did not differ
between female and male recipients, suggesting that sex does not
significantly affect T-cell development in the human fetal thymic
graft where these cells originate.

Immune responses have been reported to differ between females
and males in both mice and humans.*'**® Females have stronger
immune responses, as reflected in enhanced humoral immune
responses,***® increased resistance to certain infections,*” and
higher incidence of several autoimmune diseases.>”*® Different
biological mechanisms have been proposed to explain this
dimorphism, including genes found on X and Y chromosomes*®
and autosomal genes regulated in a sex-specific manner.>® Most
studies have emphasized the role of steroid hormones.?'®2 Both
estrogens and androgens reduce the numbers of immature
T lymphocytes, leading to thymic involution during puberty®® and
suppress B lymphopoiesis in BM.>*%® Interestingly, murine c-kit"
cells, murine B cells, and adult human BM CD34™" cells express
both estrogen and androgen receptors, whereas mouse FL and
human CB progenitors do not.®”°® Estrogen signaling promotes
cell cycling in mouse HSCs,?>® which might accelerate B-cell
development. Estradiol has also been shown to block apoptosis of
immature B cells, causing the maintenance of autoreactive clones
that would otherwise be deleted.?®®" In contrast, androgens
suppressed humoral autoimmunity in the NZB/W F1 mouse model
of systemic lupus erythematosus,?>®® and the absence of androgen
receptors in mice enhanced B cells in both BM and blood.®* Thus,

recipient sex hormones may play a major role in the accelerated
human B-cell development in female vs male mice. Suppression of
estrogen levels would help to elucidate the effect of sex hormones
on B-cell homeostasis. Although comparisons of B-cell counts are
limited, Yan et al®® reported similar percentages of peripheral
B cells in women and men. However postmenopausal women
have reduced numbers of B cells compared with premenopausal
women,®® and hormone replacement therapy after menopause
restores B lymphocyte counts.®”® It is challenging to clearly
distinguish the intrinsic factors that influence immune responses
from environmental factors and exposures in humans. Our observation
of an HSC-extrinsic impact of recipient sex on B-cell reconstitution
suggests a unique opportunity to dissect the mechanisms of these
differences.

Because sex hormones act on immature B cells in mice,?%®! we

specifically looked at the B-cell differentiation stages in BM, spleen,
and PB. No clear difference was observed between females and
males in either BM or FL CD34 " -injected mice. Our analysis
confirmed the partial block in B-cell maturation described in other
humanized mouse models,®®7! with 20% transitional B cells in
spleen and PB and a very low percentage of memory B cells
(<10%). Investigation of early B-cell precursors at week 3 showed
a trend toward increased Pro-B-cell frequencies in females that in
combination with the greater total CD19" cell number might
indicate an early expansion of this pool. Pre-Pro B-cell precursors
disappeared at later time points, when the predominant B-cell
population was represented by Pre-B/immature cells, possibly
explaining the loss of B-cell peripheral chimerism observed in Pl
mice after week 12.

The Pl mouse model allows us to investigate genetically determined
HSCr-intrinsic defects in patient BM CD34™ cells that may drive the
immune dysregulation that promotes disease. Peripheral human
B-cell levels were significantly higher in PB of T1D-derived
compared with HC-derived Pl mice until week 10. Although the
greatest difference was seen in female T1D compared with female
HC mice, even T1D males showed higher B-cell levels than
HC-derived male mice at several time points. This difference may be
related to the finding that transitional and naive B cells are resistant
to apoptosis in T1D patients.'® Increased circulating B cells and
decreased surface CD19 levels in PB B cells might reflect the
failure of central tolerance induction. Indeed, we observed defective
negative selection of autoreactive/polyreactive B-cell clones in a
T1D-derived compared with an HC-injected mouse, echoing the
abnormality reported in patients with T1D.2° These results clearly
show that Pl mice provide an opportunity to elucidate abnormalities
in B-cell development and homeostasis in patients with T1D.

Although RA-derived Pl mice manifested the same increase in
peripheral B-cell levels in female compared with male recipients,
their human reconstitution levels were overall quite low. HSCs from
RA patients have been reported to be defective.”? To overcome
this, we increased the number of injected CD34 " cells per mouse

Figure 5. (continued) transitional B-cell clones were tested by enzyme-linked immunosorbent assay for reactivity against (A) double-stranded DNA (dsDNA), insulin, and

lipopolysaccharide (LPS) or for (B) anti human epithelial type 2 (HEp-2) cell reactivity. Dotted lines show monoclonal polyreactive antinuclear antibody control (ED38%) and solid lines

show binding for each cloned recombinant antibody. Horizontal lines define cutoff optical density at 405 nm (OD40s) for positive reactivity. For each sample, the frequency of

polyreactive (filed area) and nonpolyreactive (open area) clones is summarized in pie charts, with the total number of clones tested indicated in the centers.
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to reliably achieve human immune reconstitution. Nevertheless, we
also observed a failure of central B-cell tolerance induction in an
RA-derived mouse, consistent with our observations in the donor
used to reconstitute the mouse and with reported results in RA
patients.’® In addition, RA-derived mice showed significantly
increased percentages of mature naive B cells and reduced
percentages of immature B cells compared with HC mice in their
BM, possibly reflecting the failed negative selection in these B-cell
populations. A potential increase in B-cell levels in RA-derived Pl
mice could be masked by the overall poor HSC function and
lymphopoiesis in these animals, which might reflect an impact of
prior methotrexate or other cytotoxic therapy on hematopoietic
progenitors in the human donor.

In conclusion, we describe here a highly reproducible effect of
recipient sex on human B-cell reconstitution in humanized mice
constructed with adult or fetal HSCs. These results set the stage for
further in vivo studies to dissect the influence of sex dimorphism on
the human immune system. Moreover, 2 Pl mice generated from
1 T1D and 1 RA donor replicate the defect in the central B-cell
tolerance checkpoint described in patients with autoimmune
diseases, suggesting that Pl mice might be able to recapitulate
the defect in B-cell tolerance present in autoimmune individuals and
thus provide an opportunity in the future to use this model to tease
apart these defects.
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