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Immunodeficient mice transplanted with human hematopoietic stem cells (HSCs) have been referred to as
‘‘Human Immune System’’ (HIS) mice and are a translational platform for studying human immune responses
in vivo. Human HSC sources used in generating HIS mice include fetal liver (FL), umbilical cord blood (CB),
and adult bone marrow (BM). Since HSCs from FL, CB, and BM are produced at various stages of human
development, we tested whether mice transplanted with these three HSCs differ in their immune responses. We
found that compared with CB HSCs or FL HSCs, adult BM HSCs reconstitute the immune system poorly. The
resulting HIS mice do not mount an antibody response to Borrelia hermsii infection and as a consequence suffer
persistently high levels of bacteremia. While both CB and FL HSCs yield comparable levels of immune
reconstitution of HIS mice resulting in robust anti-B. hermsii immune responses, FL HSC-transplanted mice
exhibited a discernable difference in their human B cell maturity as identified by an increased frequency of
CD10+ immature B cells and relatively smaller lymphoid follicles compared with CB HSC-transplanted mice.
Although CB HSC-transplanted mice generated robust antibody responses to B. hermsii and specific protein
antigens of B. hermsii, they failed to respond to Salmonella typhi Vi polysaccharide, a classical T cell-
independent antigen. This situation resembles that seen in human infants and young children. Therefore, CB
HSC-transplanted mice may serve as a translation platform to explore approaches to overcome the impaired
antipolysaccharide responses characteristic of human infants.
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Introduction

Bcells early and late in life originate from fetal liver
(FL) and bone marrow (BM) lymphopoiesis, respec-

tively. Analysis of knockout and transgenic mice has re-
vealed that Fms-like tyrosine kinase 3L (Flt3L, also known as
Flk2L)-mediated B lymphopoiesis occurs early, whereas
interleukin-7 (IL-7)-driven lymphopoiesis contributes to B
development in the BM later in life [1]. In fact, mice deficient
in both Flt3L and IL-7 completely lack mature B cells [1]. In
mice, mature B cells are phenotypically, developmentally,
and functionally distinct and are composed of B2 (follicular),
marginal zone, and B1a and B1b subsets [2,3]. B1a cells but
not B2 cells are generated efficiently from FL hematopoietic
stem cells (HSCs), while B2 cells but not B1a cells are
generated efficiently from BM HSCs [4,5]. Interestingly, B1b
cells are generated efficiently from both FL as well as adult
BM lymphopoiesis [6]. B1a and B1b cell subsets generated
early in life can persist throughout life by self-renewal [6,7],
and therefore, the B cell population in adult mice is devel-

opmentally heterogeneous. The B1a subset contributes to
natural antibody production [8], while the B1b subset con-
tributes to T cell independent antibody responses to a variety
of bacterial protein and polysaccharide antigens [3]. B2 cells
play a major role in T cell-dependent responses [2]. Thus,
each B cell subset in mice occupies a distinct functional niche.
Although rodent models have been exceptionally useful for
elucidating the developmental aspects of each mature B cell
subset and the protective responses they mount to bacterial
infections, caution must be applied when interpreting these
findings since the responses observed in mice may not reflect
those that take place in humans.

Immune responses are complex biological processes and
require in vivo analysis. Studies of human immunobiology
in vivo are severely limited by both technical and ethical
constraints. Immunodeficient mice such as NOD.Cg-Prkdcscid/
IL2rgtm1Wjl/SzJ (NSG) mice xenografted with CD34+ human
HSCs reconstitute many compartments of the human immune
system [9–11]. These mice have been referred to as ‘‘Human
Immune System’’ (HIS) mice and have become an attractive

Department of Microbiology and Immunology, Sidney Kimmel Cancer Center, Sidney Kimmel Medical College, Thomas Jefferson
University, Philadelphia, Pennsylvania.

STEM CELLS AND DEVELOPMENT

Volume 26, Number 23, 2017

� Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2017.0156

1715

D
ow

nl
oa

de
d 

by
 T

ho
m

as
 J

ef
fe

rs
on

 U
ni

ve
rs

ity
 f

ro
m

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 1
2/

29
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



tool for studying infectious diseases specific to humans. For
example, Salmonella enterica serovar typhi (S. typhi), the
causative agent of typhoid fever in humans, is entirely host-
adapted to humans and does not cause typhoid disease in mice
[12,13]. However, HIS mice are permissive to lethal S. typhi
infection, suggesting that HIS mice can serve as a model to
identify the mechanism of protection against typhoid in hu-
mans [14–17]. We have shown that the characteristics of B
cell responses to Borrelia hermsii in HIS mice mirror those
of humans [18]. B. hermsii is a causative agent of relapsing
fever in humans, is uniquely adapted to grow in the blood
and causes recurrent episodes of bacteremia. We found that
HIS mice are capable of controlling both primary and
secondary bacteremic episodes and produce a specific IgM
response to B. hermsii [18]. In mice, B1b cells mount a
specific antibody response to Factor H-binding protein A,
(FhBA), an outer membrane protein of B. hermsii in a T
cell-independent manner [19]. Interestingly, IgM from B.
hermsii-infected individuals or from B. hermsii-infected
HIS mice display an identical reactivity to FhBA [19,20].
We have also found that the presumed equivalent of human
B1 cells (CD20+CD27+CD43+CD70-) develop in HIS mice.
Therefore, B. hermsii infection in HIS mice can serve as a
translational platform for analyzing human B cell responses
to T cell-independent antigens [18].

Given the above considerations, we reasoned that HSCs
isolated from different human tissues and stages of devel-
opment might reconstitute the B cell compartments of HIS
mice in distinct manners, impacting the ability of these
compartments to respond efficiently to particular antigens
and infectious pathogens. In this study, we show that G-CSF
mobilized HSCs from adult BM reconstitute the B cell
compartment of HIS mice poorly. In contrast, HSCs isolated
from human umbilical cord blood (CB) and FL both effec-
tively reconstituted the B cell compartment of HIS mice.
However, CB HSC HIS mice failed to mount an antibody
response to S. typhi Vi polysaccharide, a characteristic of
both neonatal and young children and young wild-type
mice. We provide possible explanations for this and discuss
how the development of more mature B cell compartments
in HIS mice might be promoted.

Materials and Methods

Mice

All animals were housed in microisolator cages in a pathogen-
free facility at Thomas Jefferson University. C57BL/6J (stock
no. 00664), NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ (NSG; stock
no.005557), and NOD.Cg-Rag1tm1Mom IL2rgtm1Wjl/SzJ (NRG;
stock no.007799) mice were purchased from the Jackson
Laboratories, Bar Harbor, ME and bred in-house. The studies
were reviewed and approved by the Institutional Animal Care
and Use Committee.

Isolation of CD34+ HSCs

Human umbilical CB was obtained from healthy deliveries
(Department of Obstetrics and Gynecology, Thomas Jefferson
University) as approved by the Institutional Review Board.
Human FL samples (18–19 week gestation) were purchased
from Advanced Biomedical Resources (Alameda, CA). Livers
were processed into single-cell suspensions using collagenase/

dispase (Roche). CD34+ cells were isolated using a CD34+

isolation kit (Miltenyi Biotec). Cells were frozen in 95% FBS
5% DMSO at -80�C and then transferred to liquid nitrogen for
storage until use. Human granulocyte-colony stimulating factor
(G-CSF) mobilized CD34+ cells in the adult human peripheral
blood, referred to as BM-derived HSCs were obtained from the
Clinical Laboratory for Cellular Therapy, Thomas Jefferson
University as approved by the Institutional Review Board.
Cells were washed and frozen in Synth-a-Freeze cryopreser-
vation medium (Life Technologies) at -80�C and then trans-
ferred to liquid nitrogen for storage until use. The purity of
HSCs (CD34+) from G-CSF mobilized peripheral blood, and
umbilical CB was comparable (*90%), whereas the purity of
HSCs from FL is 70%–90%. The contamination of B (CD19+)
cells in all the three HSC preparations is £1%. The contami-
nating T (CD3+) cells in umbilical CB HSC preparation is 1%–
2%, and this is minimal in G-CSF mobilized peripheral blood
(0.04%) and FL HSC preparations (0.01%).

Transplantation of HSCs

Twenty-four to 48 h after birth, NSG pups were given
whole body irradiation at a dose of 1.5 Gy (150 Rads), while
NRG mice received 4 Gy (400 Rads). These doses were
chosen because previously we found that they yielded similar
engraftment levels between the strains, and the mice remained
healthy. Five hours after irradiation, 105 HSCs derived from
BM, CB, or FL were injected intrahepatically in 25mL of
PBS using a 30-gauge needle. Mice were weaned at 3 weeks
of age and randomly distributed among different experi-
mental groups.

Bacterial infections and immunizations

Eight- to 12-week-old mice were infected i.p. with 5 · 104

B. hermsii bacteria, strain DAH-p19 and bacteremia was
determined by dark-field microscopy as described [18]. For
whole bacterial immunization, mice were injected i.p. with
3 · 108 heat-killed S. typhi strain Ty2, which expresses Vi
polysaccharide (ViPS) antigen. Blood samples were ob-
tained 0, 7, 14, 21, or 28 days following immunization.

Enzyme-linked immunosorbent assay

B. hermsii-specific human IgM was measured by coating
96 well EIA/RIA plates (Costar 9017; Corning Incorporated,
Corning, NY) with B. hermsii DAH (105 wet bacteria/well).
FhbA-specific human IgM was measured by coating 96-well
plates with 1mg/mL recombinant FhbA (rFhbA) [19]. ViPS-
specific human IgM was measured by incubating 96-well
microtiter plates (Nunc MultiSorp 467340; Thermo Fisher
Scientific Nunc A/S, Roskilde, Denmark) with 2mg/mL of
ViPS in DPBS overnight at room temperature. All plates were
washed and blocked with 2% BSA in PBS pH 7.2 for 2 h at
room temperature. Blood samples of immunized mice were
diluted 1:50 and were centrifuged (16,000 g for 10 min), and
the supernatant was used. Bound human IgM was measured
using HRP-conjugates of goat anti-human IgM as described
[18]. Bound mouse IgM or IgG was measured using HRP-
conjugated goat anti-mouse IgM or IgG (Bethyl Laboratories,
Montgomery, TX). Specific antibody levels were interpreted
as ng/mL equivalents using human or mouse IgM and IgG
standards.
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Flow cytometry

Evaluation of human lymphocyte reconstitution in the HSC
recipient mice was performed using flow cytometry. Ten mi-
croliters of peripheral blood was collected from each mouse at
8 weeks of age and put into tubes containing 40 U heparin in
20mL PBS. Red blood cells were lysed using ammonium
chloride-potassium lysis buffer and cells were stained with
anti-human CD45-FITC (2D1), CD3-Percp-Cy-5.5 (OKT3),
and CD20-APC (2H7) (eBioscience). AccuCount (1 · 106

beads/mL, Spherotech, Inc.) beads were added to each sam-
ple before flow cytometry to determine total cell counts.
Two hundred thousand events were recorded per sample and
data were analyzed using the FlowJo software (Tree Star).

To determine the frequency of various B cell populations,
spleen cells of NRG mice engrafted with CB or FL HSCs
were sacrificed and their spleens were removed and cut in
half for phenotyping and histology. BM HSC-engrafted
mice did not have enough human cells to accurately phe-
notype all of their B cell subsets. Cells were harvested from
individual mouse spleens in staining medium [Minimum

Essential Medium Eagle with Earle’s salts and without l-
glutamine and phenol red (Corning Cellgro, Manassas, VA)
with 3% newborn calf serum (HyClone Laboratories, Inc.,
Logan, UT), 2 mM EDTA]. After blocking murine Fc re-
ceptors with 2.4G2 antibody and human Fc receptors with
FC block� (BD Biosciences), an aliquot of 50 mL (106 cells)
of cells was incubated in a microtiter plate with appropri-
ately diluted antibody. The following additional fluorescent-
conjugated monoclonal antibodies specific for the indicated
human antigens were used: CD19-PE-Cy7 (Hib19), CD20-
PerCP-Cy5.5 (2H7), CD43-APC (CD43-10G7), CD10-
FITC (HI10a), and CD69-BV421 (FN50) conjugates were
purchased from BioLegend; CD70-FITC (Ki-24), CD27-
APC-H7 (M-T271), IgM-Percp-Cy5.5 (G20-127), and
IgD-APC (IA6-2) conjugates were purchased from BD
Pharmingen. CD34-FITC (4H11) was purchased from
eBioscience. After washing, the stained cells were ana-
lyzed by flow cytometry (LSR II; BD Biosciences, San
Jose, CA). At least two hundred thousand events were
acquired per sample and analyzed using the FlowJo soft-
ware (Tree Star, Ashland, OR).

FIG. 1. Human adult bone marrow HSCs poorly reconstitute functional immunity in mice compared to human umbilical
cord blood HSCs. (A) The relative reconstitution of human lymphocytes in the peripheral blood is referred to as percent
engraftment. (B) Mice were infected with 5 · 104 Borrelia hermsii bacteria i.p., and bacteremia, and anti-B. hermsii
responses at the indicated days postinfection were determined by dark-field microscopy and ELISA, respectively. Specific
IgM responses to B. hermsii outer membrane protein (FhbA) were measured on 14 days postinfection. The difference in
lymphocyte reconstitution was analyzed using Student’s t-test (two-tailed). Statistics were done using two-way ANOVA
with Bonferroni posttest. Statistically significant differences in bacteremia were seen from day 10 to 21 postinfection and
for anti-B. hermsii IgM responses from day 11 to 15. For bacteremia and the antibody response the mean – SEM is shown.
Pooled data from two independent experiments are shown. HSC, hematopoietic stem cell. n.s., not significant.
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Histology

Spleens were flash frozen in O.C.T. compound (Fisher
HealthCare) using liquid nitrogen, and then placed at
-20�C for storage. Eight micron sections were cut from
each spleen using a Leica CM1900 cryostat and were
placed on clear microscope slides for staining. Slides were
stained with fluorescent-labeled anti-human IgM-FITC (In-
vitrogen), CD3-PE (OKT3; BioLegend), and CD11c-APC
(3.9; BioLegend) antibodies. Images of lymphoid micro-
environments were taken on a Leica DM5000b fluorescent
microscope.

Statistical analysis

Data presented throughout depict pooled data from at least
two independent experiments. Statistics were performed us-
ing the Prism 5 software program (GraphPad Software, Inc.,
La Jolla, CA).

Results

Human adult BM-derived HSCs do not reconstitute
the lymphoid compartment or humoral immune
responses in HIS mice as efficiently as human
CB- or FL-derived HSCs

Control of B. hermsii infection is mediated by T cell-
independent B cell responses [21]. We have previously
shown that HIS mice generated using CB HSCs possess
several B cell subsets and control B. hermsii bacteremia,
but they do so less efficiently than adult wild-type (C57BL/
6) mice [18]. This may be due to a suboptimal reconsti-
tution of the B cells that mediate the anti-B. hermsii re-
sponse by CB HSCs. To test whether HIS mice generated
from human adult BM-derived HSCs (ie, G-CSF mobilized
adult CD34+ cells) or FL HSCs posses a more robust hu-
moral arm, we have compared the degree of B cell re-
constitution and the function of the B cells in these HIS

FIG. 2. Comparable reconstitution of protective immune responses in mice transplanted with human umbilical cord blood
and fetal liver HSCs. (A) The relative reconstitution of human lymphocytes in the peripheral blood is referred to as percent
engraftment. (B) Mice were infected with 5 · 104 B. hermsii bacteria i.p., and bacteremia and anti-B. hermsii responses at
the indicated days postinfection were determined by dark-field microscopy and ELISA, respectively. Specific IgM responses
to B. hermsii outer membrane protein (FhbA) were measured on 14 days postinfection. The difference in lymphocyte
reconstitution was analyzed using Student’s t-test (two-tailed). Statistics were done using two-way ANOVA with Bon-
ferroni posttest. Statistically significant differences in bacteremia were seen from day 10 to 21 postinfection and for anti-B.
hermsii IgM responses, from day 11 to 15. For bacteremia and the antibody responses the mean – SEM is shown. Pooled
data from two independent experiments are shown. n.s., not significant.
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mice with that of HIS mice generated using CB HSCs. We
found that the development of the B cell compartment in
BM-HSC HIS mice was very poor compared with CB-HSC
HIS mice (Fig. 1A). This poor reconstitution was not im-
proved even with a two-fold increase in the number of BM-
HSCs injected. Consistent with this, BM-HSC HIS mice
failed to generate an antibody response to B. hermsii or
FhbA, an outer membrane protein of B. hermsii, and as a
consequence suffered persistent bacteremia that was in-
distinguishable from that of unreconstituted NSG mice
(Fig. 1B).

Unlike BM HSCs, HSCs derived from FL proliferate
extensively and exhibit a robust metabolism [22]. Since
BM HSCs do not reconstitute the B cell compartment of
HIS mice well, we tested whether FL HSCs reconstitute
the B cell compartment of these mice better than CB
HSCs. Another variable in the generation of HIS mice is
the dose of radiation used to ‘‘condition’’ the NSG recip-
ients before human HSC injection. An increase in radiation
dose might enhance the efficiency of HSC engraftment and
human B cell reconstitution. To test this, we utilized NRG
mice as recipients, which unlike NSG mice can tolerate
high doses of radiation. We found that an increase in dose
from 1.5 Gy (used for NSG recipients) to 4 Gy (used for
NRG recipients) did not result in an enhancement of B cell
reconstitution (Fig. 1A vs. Fig. 2A). We found that quan-
titative reconstitution of the B cell compartment in CB
HSC HIS mice and FL HSC HIS mice was not signifi-
cantly different (Fig. 2A). Consistent with this, both mice

controlled B. hermsii bacteremia and generated a compa-
rable antibody response to B. hermsii as well as to FhBA
(Fig. 2B).

The B cell compartment reconstituted by FL HSCs
appears less mature than that reconstituted
by UCB HSCs

In mice, B1b cells produce antibody responses to FhBA
[19]. In humans, a subset of B cells was identified (CD19+

CD20+CD27+CD43+CD70-CD69-) in umbilical CB as
well as adult peripheral blood that exhibit many functional
characteristics of murine B1 cells [23]. Although we have
not found direct evidence that human B1 cells control B.
hermsii, we have previously shown that the phenotypic
equivalents of human B1 cells develop in UCB HSC HIS
mice [18]. To test whether FL HSC HIS mice also develop
human ‘‘B1-like’’ cells, we analyzed the composition of B
cell subsets in the spleens of CB HSC and FL HSC HIS
mice. We found that the development of a number of B
cell subsets, including human ‘‘B1-like’’ cells in these two
mice, is comparable (Fig. 3). In mice, B1 cells are known
to arise during fetal B cell lymphopoiesis [4,24]. There-
fore, the presence of B1-like cells in FL HSC HIS mice
suggests that B1 cells in humans also develop from fetal B
cell lymphopoiesis. Interestingly, we found that compared
to CB-HSC HIS mice, the FL-HSC HIS mice have a rel-
atively higher frequency of CD19+IgMlo/hiIgDlo cells, and
these cells are mainly of immature phenotype as indicated

FIG. 3. Development of various human B cell subsets in mice reconstituted with HSCs from human umbilical cord blood and fetal
liver. Figures were derived from a single sample representative of each population observed (n = 4 for each). Cells were
isolated from the spleen and labeled with anti-human CD19, CD20, CD27, CD43, CD69, and CD70 fluorescent antibodies.
The stained cells were then analyzed by flow cytometry. A total of 200,000 events were recorded. Differences in B cell subset
sizes between the two types of HIS mice are not statistically significant. HIS, human immune system.
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by their CD10 expression profile (Fig. 4A). Although this
difference was consistent, it was somewhat subtle. We
therefore analyzed the splenic lymphoid microenviron-
ments of these two mice by immunohistochemistry. We
found that lymphoid follicular architecture was less well
defined in FL HSC HIS mice compared with CB HSC HIS

mice. Moreover, the size of B lymphoid follicles in FL-
HSC HIS mice was significantly smaller compared with
CB-HSC HIS mice (Fig. 4B, C).

In mice, Flt3L and IL-7 promote B lymphopoeisis early
and late in life, respectively [1,25]. We have previously
shown that IL-7-dependent B cells are required for antibody

FIG. 4. Mice engrafted with human fetal liver HSCs show an increased frequency of immature B cells and smaller lymphoid
follicles compared with mice engrafted with cord blood HSCs. (A) Figures were derived from a single sample representative of
each population observed (n = 4 for each). Cells were isolated from the spleen and labeled using anti-human CD10, CD19, IgM,
and IgD fluorescent antibodies. Analysis of stained cells was performed by flow cytometry. A total of 200,000 events were
recorded. The difference in CD10 expression on IgMhi IgDlo or IgMlo IgDlo B cells in the two types of HIS mice is statistically
significant by Student’s t-test. (B) Spleen histology images are representative of each type of HIS mouse and are stained with anti-
human IgM-FITC (green; B cells), CD3-PE (red; T cells) and CD11c-APC (blue; dendritic cells) antibodies. (C) Area of lymphoid
microenvironments within the spleen. The sizes of the lymphoid follicles in the histology sections were scored blinded and follicle
areas were estimated using width and height measurements of individual follicles in histological images. Each dot represents an
individual mouse, and the statistical significance was determined by Student’s t-test.
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responses to polysaccharide antigens [26], but not for con-
trolling B. hermsii bacteremia [27]. In BM, IL-7 is mainly
derived from stromal cells rather than the cells of the he-
matopoietic lineages. Since FL HSCs and CB HSCs re-
constitute B lymphopoiesis in the absence of human IL-7 in
HIS mice, we predicted that these mice would not respond
to bacterial polysaccharides as efficiently as they respond to
B. hermsii. Indeed, we showed that CB HSC HIS mice re-
spond poorly to S. typhi Vi polysaccharide compared to
adult wild-type mice (Fig. 5A). Unlike bacterial polysac-
charides, which are regarded as classical TI antigens, B.
hermsii induces an atypical TI antibody response that is IL-7
independent [3]. It is known that human infants or young
children do not respond to purified polysaccharide antigens.
Therefore, we predicted that young mice and adult mice
would respond to B. hermsii comparably, whereas adult mice
but not young mice would generate an efficient response to
polysaccharide antigens. Indeed, we found that the response
to FhBA of B. hermsii in young and adult wild-type mice is
indistinguishable. In contrast, young wild-type mice generate
a significantly lower response to Vi polysaccharide than
adult mice (Fig. 5B). Thus, a lack of response to polysac-
charide antigens in HIS mice suggests that their humoral
immune system recapitulates that of human infants.

Discussion

In the present study, we show that HSCs derived from
CB reconstitute a far more complete and responsive B cell
compartment in HIS mice compared with adult BM HSCs.
However, CB-HSC HIS mice completely fail to respond to
Vi polysaccharide of S. typhi, indicating that CB HSC HIS
mice in their current form are not suitable for studying
classical TI B cell responses. Several aspects of B cell
development could account for this defect. One possibility
is the relatively high percentage of CD10+ immature B
cells in CB HSC HIS mice (Fig. 4A), perhaps due to lack of
appropriate cross stimulation of human receptors necessary
for human peripheral B cell maturation and survival by
mouse cytokines and chemokines. A likely candidate in

this regard would be B cell activating factor (BAFF, also
known as BLyS), which plays an important role in the
function and maintenance of mature B cells [28,29]. It was
previously shown that human peripheral blood B cells
transplanted into immunodeficient mice require exogenous
human BAFF for their survival as well as their ability to
mount an antipneumococcal polysaccharide response [30].
Murine BAFF does not efficiently support the survival and
function of human B cells [30]. Since BAFF is not required
for the survival of pre-B cells and immature B cells
[28,29,31], the further development of immature B cells
might be promoted in HIS mice by supplementation with
human BAFF. In fact, the human cytokine knock-in ap-
proach has been shown to increase the efficiency of human
CD34+ cell engraftment in mice [32].

The lack of a response to polysaccharides in HIS mice
could also be due to a limitation in IL-7-driven B lym-
phopoiesis. This possibility is supported by the fact that
neither young wild-type mice nor IL-7-deficient adult
mice respond to polysaccharide antigens [26]. On the
contrary, we showed that transgenic expression of IL-7 in
young mice permits an antibody response to pneumococ-
cal polysaccharide [26] and Vi polysaccharide of S. typhi
(article submitted). Similar to the mouse and human BAFF
axes, mouse IL-7 is *100-fold less efficient than human
IL-7 in stimulating the human IL-7 receptor [33]. In ad-
dition, IL-7 is largely derived from nonhematopoietic
cells, namely stromal cells in the BM. Thus, human B
lymphopoiesis in HIS mice is presumably occurring in
a human IL-7-limiting environment, similar to human
perinatal B lymphopoiesis. Perinatal B lymphopoiesis in
mice is known to be driven by the FLT3L-FLT3 axis [1].
Thus, the B cells generated in HIS mice are likely de-
velopmentally and functionally similar to those in human
newborns and infants.

Although both CB HSCs and FL HSCs reconstituted the
B lymphoid compartments of HIS mice fairly well, BM
HSCs did not. This might also be explained by functional
deficiencies of IL-7 and BAFF in BM-HSC HIS mice. It is
known that mice deficient in IL-7 have an arrest in B cell

FIG. 5. Mice reconstituted with human umbilical cord blood HSCs do not respond to bacterial polysaccharide antigens.
(A) Mice transplanted with human umbilical cord blood HSCs or adult C57BL6 mice were immunized with 3 · 108 heat-
killed S. typhi strain Ty2 and ViPS-specific human and mouse IgM responses were measured by ELISA. Three-week-old
(young) or 14-week-old (adult) mice were (B) immunized with ViPS or (C) infected with B. hermsii and anti-ViPS IgM and
anti-FhBA responses were measured by ELISA. ViPS, Vi polysaccharide. n.s., not significant.
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development in the BM [34–36] but not in fetal or perinatal
B cell development that predominantly produces B1 cells
[26,36]. B cells that develop in the presence of IL-7 are
mainly B2 cells, which are more dependent on BAFF than B1
cells [28,37]. Therefore, we hypothesize that supplementation
of HIS mice with human IL-7 and human BAFF will increase
B cell production and maintenance, respectively, thereby
enhancing the overall reconstitution of a functionally mature
B cell compartment in HIS mice generated using adult BM
HSCs. It has been shown that efficient human B cell matu-
ration in HIS mice also requires T cells [38]. Since IL-7 is a
crucial cytokine for T cells, supplementation of human IL-7
could promote a more efficient T and B cell reconstitution
and functionality in HIS mice.

Collectively, the data we present strongly suggest that HIS
mice generated with CB and FL HSCs are excellent models for
examining the functionality of the B cell compartment of hu-
man neonates and young children. Moreover, such mice will
allow in vivo studies of how current vaccination strate-
gies for childhood illnesses might be modified to achieve
greater vaccine efficacy. We suggest that the generation of
HIS mice with B cell compartments more similar to adult
humans will require substantial alterations of the current
technology. Modifications likely to promote the develop-
ment of the B cell compartment from ‘‘neonatal-like’’ to
‘‘adult-like’’ include the expression of the human versions
of IL-7 and BAFF by recipient mice. Reconstitution of
such mice with HSCs from adults might also be required to
ensure that the appropriate precursors of adult B lympho-
poiesis become durably engrafted in the chimeric mice.
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