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a b s t r a c t
Humanized mice represent a valuable model system to study the development and functionality of the human
immune system. In the RAG-hu mouse model highly immunodeﬁcient Rag2−/−γc−/− mice are transplanted
with human CD34+ hematopoietic stem cells, resulting in human hematopoiesis and a predominant production
of B and T lymphocytes. Human adaptive immune responses have been detected towards a variety of antigens in
humanized mice but both cellular and humoral immune responses tend to be weak and sporadically detected.
The underlying mechanisms for inconsistent responses are poorly understood. Here, we analyzed the kinetics
of human B cell development and antibody production in RAG-hu mice to better understand the lack of effective
antibody responses. We found that T cell levels in blood did not signiﬁcantly change from 8 to 28 weeks postengraftment, while B cells reached a peak at 14 weeks. Concentrations of 3 antibody classes (IgM, IgG, IgA)
were found to be at levels about 0.1% or less of normal human levels, but human antibodies were still detected
up to 32 weeks after engraftment. Human IgM was detected in 92.5% of animals while IgG and IgA were detected
in about half of animals. We performed ﬂow cytometric analysis of human B cells in bone marrow, spleen, and
blood to examine the presence of precursor B cells, immature B cells, naïve B cells, and plasma B cells. We
detected high levels of surface IgM+ B cells (immature and naïve B cells) and low levels of plasma B cells in
these organs, suggesting that B cells do not mature properly in this model. Low levels of human T cells in the
spleen were observed, and we suggest that the lack of T cell help may explain poor B cell development and
antibody responses. We conclude that human B cells that develop in humanized mice do not receive the signals
necessary to undergo class-switching or to secrete antibody effectively, and we discuss strategies to potentially
overcome these barriers.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Human immune system mice are a useful tool to study the development and functionality of the human immune system. The most common
current human immune system mouse models use human hematopoietic
stem cells (HSCs) isolated from either cord blood or fetal liver and are
then transferred into highly immunodeﬁcient mice such as the Rag2−/−
γc−/− and NOD/SCIDγc−/− strains [1]. These humanized mice produce
a wide variety of human immune cell types, including B cells, T cells,
monocytes/macrophage, and dendritic cells [2]. Production of other
immune components such as granulocytes, erythrocytes, and platelets is
typically weak, and the B and T lymphocyte population represents an
unusually large proportion of blood, bone marrow, and spleen cells due
to poor granulocyte production.
Humanized mouse models have been very useful for studies of viral
pathogens of human immune cells such as Human Immunodeﬁciency
Virus type 1 (HIV-1) [3], herpesviruses [4], Dengue virus [5], and other
pathogens. Human antibody responses have been reported against a
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variety of pathogens in humanized mice, including HIV-1, Dengue
virus, Epstein–Barr virus, Kaposi's Sarcoma-associated herpesvirus,
Herpes simplex virus type 2, and other pathogens/antigens [5–10].
Neutralizing antibody responses that target similar viral proteins as
seen in humans have been reported in the case of Dengue virus [5]. Although the current humanized mouse models are capable of producing
human humoral and cellular immune responses to these pathogens, in
general the results have been inconsistent and when they are detected
the immune responses are typically weak [6,11,12]. The reasons for
these ﬁndings are currently unclear, but previous studies have indicated
that total human antibody concentrations are much lower in
humanized mice than in humans and there may be a defect in classswitching, since IgM concentrations tend to be closer to human concentrations than for IgG [2,13]. One study attempted to immortalize human
B cells after immunizing humanized mice and was only able to produce
IgM monoclonal antibodies and not IgG producing cells, lending further
support to the hypothesis that there is a lack of effective class-switching
[14]. Interestingly, this same paper showed through immunoscope
analysis that a broad diversity of human antibody sequences are derived
in humanized mice, indicating that derivation of diverse B cell receptors
functions very similarly in humanized mice as compared to humans. If
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there is a defect in effective antibody class-switching in humanized
mice the mechanisms are not understood.
Since immune responses are critical to controlling pathogens and for
vaccine studies, a better understanding of the reasons for poor B cell responses in humanized mice would be useful to assist in developing better humanized mouse models that reproduce normal human antibody
concentrations and more robust antigen-speciﬁc responses. Here, we
describe the B cell compartment of HSC-transplanted Rag2−/−γc−/−
mice. We have examined blood, bone marrow, and spleen for the presence of human B cells and to analyze the kinetics of B cell engraftment.
We have also measured total human antibody levels in serum across a
time course in order to determine when B cell development is complete
in humanized mice. We found that immature and naive cells are found
at a high frequency in spleen and bone marrow and that CD138+
plasma B cells are found in low levels in these organs. Few T cells
were detected in the spleen, which is an important site for B cell
maturation. Our results suggest that early steps in B cell development
function properly in humanized mice, but that mechanisms governing
class-switching and activation of B cells to become plasma cells are
not very effective. Methods used to enhance T cell development and
maturation in humanized mice may help to solve these issues.

human CD45 PECy-7 and mouse CD45 PE antibodies and FACS analysis
was performed [16]. Antibodies used for B cell characterization were:
hCD45 PECy-7, hCD19 APC eFluor 780 (eBioscience), hCD3 PE, hCD138
PECy5.5 (Invitrogen), and hIgM FITC (BioLegend). Immediately following this 30 min step 900 μL of 1% paraformaldehyde in 1 × PBS was
added to ﬁx samples. Samples were then centrifuged at 3300 rpm for
3 min and the supernatant was discarded. The pellet was then resuspended in 150 μL 1 × PBS and submitted for FACS analysis. An Attune
Acoustic Focusing Cytometer (Applied Biosystems) was used to run
samples, and Attune software v2.1 was used to analyze the results. All
antibodies used in these studies do not cross-react with murine antigens, as assessed by staining of unengrafted Rag2−/−γc−/− blood and
lymphoid organs.
2.4. Antibody concentrations

2. Materials and methods

Mouse plasma samples were obtained by centrifuging whole blood
at 3300 rpm for 3 min and then collecting the supernatant. ELISA tests
were run using the Total Human IgM, Total Human IgG, and Total
Human IgA kits (ALerCHEK) according to the manufacturer's instructions. Since human antibody concentrations are typically low in humanized mice, plasma was diluted 1:100 for IgM and IgG assays and 1:20 for
IgA assays in order to obtain results in the linear range of the assay.

2.1. Cells

2.5. Statistics

Human cord blood samples were obtained from the University of
Colorado Cord Blood Bank. The Brigham Young University Institutional
Review Board does not require a protocol for human cord blood samples
because they lack patient identiﬁers. Human hematopoietic stem cells
were puriﬁed from human cord blood using the CD34 marker with
the EasySep human cord blood CD34-positive selection kit (StemCell
Technologies). Cells were cultured for 2 days in Iscove's modiﬁed
Dulbecco's medium (IMDM; Invitrogen) supplemented with 10% fetal
calf serum (FCS) and 10 ng/mL each of human interleukin-3 (IL-3),
IL-6, and stem cell factor (SCF) (R&D Systems) [15].

Human T and B cell development in mouse peripheral blood was
analyzed by Welch's ANOVA test (with Games–Howell post hoc test
when applicable). To compare B cell levels in bone marrow, spleen,
and blood, an ANOVA with Tukey–Kramer post hoc test was performed.
For comparison of the different time points of plasma antibody
concentrations an ANOVA with Tukey–Kramer post hoc test (where
applicable) were performed. Standard error (SE) was calculated and
indicated in all bar graphs. R2 values were calculated to determine if a
correlation exists between total antibody concentrations and peripheral
blood engraftment levels in the humanized mice.

2.2. Animals

3. Results and discussion

BALB/c-Rag2−/−γc−/− mice were humanized by engraftment with
CD34+ human HSCs puriﬁed from human umbilical cord blood as described previously [15]. Mice were maintained in a speciﬁc pathogenfree (SPF) room at the Brigham Young University Central Animal Care
Facility. Drinking water is supplemented with Trimethoprim-Sulfa
antibiotics to prevent bacterial infection. These studies have been
reviewed and approved by the Institutional Animal Use and Care Committee (protocols 120101 and 150108). Brieﬂy, 1- to 5-day-old mice
were conditioned by gamma irradiation with 350 rads and then injected
intrahepatically with 2 × 105 to 7 × 105 human CD34+ cells. Mice were
screened for human cell engraftment at 8–10 weeks post-engraftment,
at which time plasma was also collected for antibody concentration
analysis. Animals were additionally bled at numerous other time points
in order to measure human cell types in blood and to collect additional
plasma.

3.1. Kinetics of human B and T lymphocyte development in peripheral blood
of RAG-hu mice

2.3. FACS analysis
70 μL of whole blood was obtained through tail bleed and treated
with a mouse red blood cell lysis buffer for 15 min. Following this
treatment the cells were centrifuged at 3300 rpm for 3 min and the
supernatant was discarded. The pellet was then resuspended in 100 μL
FACS staining buffer. 3 μL blocking buffer was then added and allowed
to incubate in the dark at 4 °C for 15 min. This was followed by the addition of 3 μL of the desired ﬂuorescent-linked antibodies and incubated
in the dark at 4 °C for a period of 30 min. To determine percent human
peripheral blood engraftment, peripheral blood was stained with

In the RAG-hu model, puriﬁed human CD34+ hematopoietic stem
cells are transplanted into neonatal Rag2−/−γc−/− mice following
sub-lethal irradiation [15]. The kinetics of development of the human
immune system following transplantation of human HSCs into mice is
poorly understood. We hypothesized that one reason for weak adaptive
immune responses in this model could be due to immaturity of the
human immune system at the time of exposure to antigen. To examine
the development of human lymphocytes, we used ﬂow cytometry to
monitor the relative frequency of human T cells (CD3+) and B cells
(CD19+) in a time course in peripheral blood following human HSC
engraftment (Fig. 1). Our ﬁndings conﬁrmed previous reports that T
and B lymphocytes are the major human cell types in humanized
mouse peripheral blood, ranging from a combined sum of 54.6 ± 3.6%
(SE) at 8 weeks post-engraftment (wpe) to 90.8 ± 1.2% at 14 wpe.
We found that B cells outnumbered T cells at every time point except
for 25–28 wpe, where levels were nearly identical. B cell levels ranged
from 29.1 ± 5.0% to 76.7 ± 3.0% of human peripheral blood cells,
while T cell levels ranged from 14.1 ± 2.6% to 28.3 ± 7.0%. The lowest
levels of B cells were detected at 25–28 wpe, while a peak was detected
at 14 wpe. The lowest levels of T cells were detected at 8 wpe and
14 wpe, although statistical analysis revealed that no signiﬁcant
differences in T cell populations were detected across the entire time
course (Welch's ANOVA test, p = .45). At the 14 week time point
there were signiﬁcantly greater numbers of human B cells as compared
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Fig. 1. Peripheral blood engraftment of human B and T cells in humanized mice. Flow
cytometry was used to assess engraftment levels of human T cells (CD3+) and human B
cells (CD19+) in peripheral blood. A human leukocyte antibody (anti-hCD45) was initially
used for gating purposes to focus on human leukocyte populations. Mean levels in peripheral blood for each cell type were calculated and SE is indicated. (Welch's ANOVA test for B
cell levels, p b 0.000001 with post hoc Games–Howell, p b .01 for all comparisons with
week 14 except week 10 where p b .05). No signiﬁcant differences in T cell populations
were detected across the entire time course (Welch's ANOVA test, p = .45). Sample
sizes per time point are n = 11 (8 w), n = 14 (10 w), n = 7 (12 w), n = 6 (14 w), and
n = 9 (25–28 w). Unique cord blood samples used for engrafting animals at each time
point: n = 3 (8 w), n = 5 (10 w), n = 1 (12 w), n = 2 (14 w), n = 4 (25–28 w).

to all other time points (Welch's ANOVA test, p b 10−5 with post hoc
Games–Howell test, p b 0.01). No signiﬁcant differences were found
between B cell levels at any other time points (post hoc Games–Howell
test p N 0.05).
Since only a portion of humanized mice are good human antibody
producers, we included data on peripheral blood T and B cell levels
over time for individual animals (Table 1). Some animals followed the
general trend seen in Fig. 1, while others did not. B cell levels in peripheral blood increased in all tested animals from week 8 to week 14, but
then decreased in all tested animals from weeks 14 to 25. Interestingly,
T cell levels in Fig. 1 showed insigniﬁcant changes over time, while

Table 1
Peripheral blood levels of human T and B lymphocytes tracked in individual mice over
time. Human B and T lymphocyte populations were tracked in individual mice over a time
course using ﬂow cytometry analysis. Human leukocytes were gated based upon hCD45
expression, followed by analysis of CD3+ cells (T cells) and CD19+ cells (B cells).

Mouse
2070
2071
2072
2073
2074
2077

Gender

Cord sample

Cells transplanted

F
F
F
M
M
M

A
A
B
B
B
C

7.3 × 105
7.3 × 105
9.0 × 105
9.0 × 105
9.0 × 105
2.8 × 105

T fraction

Week 8

Week 14

Week 25

Mouse
2070
2071
2072
2073
2074
2077

19.7
5.4
9.5
6.6
3.3
7.1

14.1
10
n/t
25.2
11.7
6.8

1.4
1.5
36.5
53.9
10
n/t

B fraction

Week 8

Week 14

Week 25

Mouse
2070
2071
2072
2073
2074
2077

43.4
39.4
28.6
33.7
53.7
55.5

78.7
79.7
n/t
65.6
83.1
83.3

46.9
46.6
2.7
20.4
28.1
n/t

3

individual mice show several different patterns. One animal steadily
decreased from 8 to 25 weeks (mouse 2070), one animal showed a
peak at 14 weeks (2071) and some animals increased across the time
course (2072/2073). Mouse 2074 T cell levels increased from weeks 8 to
14, then appeared stable until week 25. These data suggest that T cell
levels ﬂuctuate more across a cohort of humanized mice whereas B cell
levels follow a more similar pattern across groups of engrafted animals.
Harris et al. studied the duration of human immune system reconstitution in the NOD-Rag1-gammanull model engrafted with CD34+ cells
from cord blood [17]. They examined human B and T cell fractions in
humanized mouse peripheral blood and found that B cells were
predominant at early time points but that an inversion took place at
about 15–20 wpe and T cells become the predominant lymphocyte in
blood. Here, we showed that T cell levels do not signiﬁcantly change
between 8 and 28 wpe but that B cells had reached a peak at 14 wpe.
We suggest that model-speciﬁc differences may explain our different
results.
3.2. Proportions of human B cells in lymphoid organs and blood
Human B cell development in humanized mice has not been carefully studied and characterization of B cell development in primary and
secondary lymphoid organs is also lacking. We sacriﬁced humanized
mice and then used ﬂow cytometry to detect different categories of B
cells in bone marrow, spleen, and blood based upon phenotypic
markers. We used CD19 as a marker for most human B cell populations,
but also used CD138 as a marker for plasma B cells because CD19
expression is lost upon differentiation to this cell type. Some types of
primitive B cells also express CD138, such as pro-B cells, pre-B cells,
and immature B cells; however each of these populations also expresses
CD19 which allows for differentiation from plasma B cells which are
CD19−CD138+. We found that human B cells (sum of CD19+ cells and
CD19−IgM−CD138+ cells) were the predominant human cell type (of
the hCD45+ population) in bone marrow (88.1 ± 4.3%; see Fig. 2),
and to a lesser extent in spleen (60.1 ± 10.1%; see Fig. 3) and in blood
(53.9 ± 5.3%; see Fig. 4).
3.3. Characterization of B cell types in bone marrow
In the bone marrow, precursor B cells (CD19+IgM−CD138+) and
immature B cells (CD19+IgM+CD138+) represented the most common
human B cells detected, at 42.2 ± 5.7% and 25.8 ± 7.6%, respectively
(see Fig. 2C). Naïve B cells (CD19+IgM+CD138−) and plasma B cells
(CD19−IgM−CD138+) were found in lower proportions, at 6.1 ± 1.8%
and 1.0 ± 0.5%, respectively. Example FACS plots of stained bone marrow are shown in Fig. 2A, B. Statistical analyses were performed to determine if there were any signiﬁcant differences between various B
cell populations in bone marrow, spleen, and blood. The only signiﬁcant
difference in populations was that the CD19+IgM−CD138+ population
was larger in bone marrow than in spleen or blood (ANOVA p = .003
with post hoc Tukey–Kramer, p b .05).
Maturation of B cells to become plasma cells is dependent upon T
cell help; speciﬁcally, CD40L on T cells interacts with CD40 on B cells
to promote antibody secretion [18]. We detected only low numbers of
human plasma B cells in the bone marrow of RAG-hu mice whereas in
normal humans 4–5% of bone marrow cells are plasma cells [19,20].
One problem previously noted with most current humanized mice is
that human T cells are largely selected based upon murine major histocompatibility complex (MHC) molecules in the thymus due to the lack
of human stromal cells [21]. If human helper T cells are positively selected on murine MHC-II in the thymus, then their ability to interact with B
cells expressing human MHC-II in the periphery is not expected to be
effective and this would prevent effective plasma cell differentiation.
Interestingly, many CD5+ B cells have been reported to exist in humanized mice [22,23]. These cells are less prone to undergo class-switching
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Fig. 2. Human B cell populations in humanized mouse bone marrow. Human B cells in bone marrow were immunophenotyped by ﬂow cytometry. A human leukocyte antibody
(anti-hCD45) was initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), immature B cell (CD19+IgM+CD138+), and plasma B cell (CD19−IgM−CD138+) populations. Percentages are out of total human B cells. (B) FACS plot gated on CD138− cells to observe naïve
B cell population (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different bone marrow cell populations in all mice tested. SE is
indicated. The precursor B cell population in bone marrow is signiﬁcantly different from this same population in spleen and blood (compare Fig. 3 and Fig. 4) (ANOVA p = .003 with post
hoc Tukey–Kramer, p b .05). Sample sizes per population are n = 7 (CD19+IgM−CD138+), and n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord
blood samples used for engrafting animals in each population: n = 6 (CD19+IgM−CD138+), n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).

and are more prone to produce IgM antibodies independent of T cell
help [24].
The lack of human MHC expression on thymic stromal cells likely
has an impact on the ability to derive antigen-speciﬁc human T cell responses in humanized mice because humanized mouse T cells undergo
selection on mostly murine MHC. Attempts to overcome this barrier to T
cell development include the development of the bone marrow/liver/
thymus (BLT) model which uses a human fetal thymic transplant to
allow for selection on human MHC and various studies indicate that
both cellular and humoral immune responses are more frequent and
robust in the BLT model as compared to those that lack human thymic
stromal cells [8,21,25] although careful studies to compare various
humanized mouse models are still lacking. The BLT model is technically
challenging because it requires human fetal tissues which can be
challenging to obtain, and also requires survival surgery to implant
the tissues. Another option is the use of human HLA-transgenic animals
as another way to generate T cells that are selected on human MHC; this
idea has been explored to some degree and appears to result in
enhanced T cell responses [26,27]. No examination of human B cell responses in HLA-transgenic mice has been explored to our knowledge.
Another hypothesis to explain the lack of human plasma B cells is that
they are initially produced, but do not receive the survival signals
necessary to persist longer than a few days after differentiation.
3.4. Characterization of B cell types in spleen
In the spleen, the predominant human B cell type was immature B
cells (43.8 ± 7.5%), followed by naïve B cells at 27.7 ± 7.8% (see
Fig. 3C). Precursor B cells were more rare in spleen (17.9 ± 3.1%) and

plasma B cells were the least frequent (1.9 ± 1.6%). Example FACS
plots of stained splenocytes are shown in Fig. 3A, B.
We also noted that human T cells are found in low numbers in the
spleen of RAG-hu mice, whereas human B cells are found in much greater numbers. T cells represented an average of 36.6 ± 8.8% of total
human leukocytes in the spleen, with a low of 12% and a high of 62%.
This ﬁnding is similar to that reported in NOD/SCID gammanull mice
engrafted with HSCs from cord blood [28]. Immature B cells are
known to leave the bone marrow and to migrate to the spleen, where
maturation to peripheral mature B cells and plasma cells occurs [18].
Thus, the paucity of T cells in the spleen of humanized mice may also explain the lack of plasma cells. A study conducted by Lang et al. conﬁrms
the necessity of T cells for B cell maturation; in their report they introduced autologous T cells and found increased numbers of mature B
cells. Conversely, when T cells were depleted, in vivo B cell maturation
was delayed [29]. In previous work with RAG-hu mice, we characterized
levels of helper T cells (CD3+CD4+) and cytotoxic T cells (CD3+CD8+)
in the blood of 28 humanized mice and found that the ratio of helper
T cells to cytotoxic T cells is similar as compared to humans, with a
mean ratio of 2.1:1 (±1.2 SD) for helper T cells compared to cytotoxic
T cells [30]. There was clearly variability present between various
engrafted animals, with a high of 6.1:1 and a low of 1.0:1. Poor development of helper T cells may contribute to poor B cell development.
Germinal centers are important locations for antibody classswitching, and structures that histologically resemble germinal centers
are found in RAG-hu spleen [2]. To our knowledge, no studies have
been carried out to analyze the functionality of these germinal centers
in humanized mice. Follicular dendritic cells (FDCs) are critical components of germinal centers, but human FDCs are not detectable in

Fig. 3. Human B cell populations in humanized mouse spleen. Human B cells in spleen were immunophenotyped by ﬂow cytometry. A human leukocyte antibody (anti-hCD45) was
initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), immature B cell
(CD19+IgM+CD138+), and plasma B cell (CD19−IgM−CD138+) populations. Percentages are out of total human B cells. (B) FACS plot gated on CD138− cells to observe naïve B cell
population (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different splenic cell populations in all mice tested. SE is indicated.
Sample sizes per population are n = 7 (CD19+IgM−CD138+), and n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord blood samples used for
engrafting animals in each population: n = 6 (CD19+IgM−CD138+), n = 4 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).
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Fig. 4. Human B cell populations in humanized mouse peripheral blood. Human B cells in blood were immunophenotyped by ﬂow cytometry. A human leukocyte antibody (anti-hCD45)
was initially used for gating purposes to focus on human leukocyte populations. (A) FACS plot gated on CD138+ cells to observe precursor B cell (CD19+IgM−CD138+), immature B cell
(CD19+IgM+CD138+), and plasma B cell (CD19−IgM−CD138+) populations. Percentages are out of total human B cells. (B) FACS plot gated on CD138− cells to observe naïve B cell population (CD19+IgM+CD138−). Percentages are out of total human B cells. (C) Graph comparing averages of the different cell populations from blood in all mice tested. SE is indicated.
Sample sizes per population are n = 6 (CD19+IgM−CD138+), and n = 3 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+). Unique cord blood samples used for
engrafting animals in each population: n = 5 (CD19+IgM−CD138+), n = 3 for (CD19+IgM+CD138+)(CD19+IgM−CD138−)(CD19−IgM−CD138+).

humanized mice because these cells originate from a non-HSC source.
Interestingly, cells bearing murine FDC markers are present in humanized mice germinal centers [2]. The lack of human FDCs in humanized
mice may block efﬁcient class-switching, development of memory B
cells, and somatic hypermutation [31].

stained blood cells are shown in Fig. 4A, B. We noted that the particular
animal chosen for Fig. 4B had an unusually high level of plasma B cells
(CD19−IgM−CD138+). There is high variability in the levels of engraftment as well as in antibody production in individual humanized mice.
3.6. Measurement of total human plasma antibody concentrations

3.5. Characterization of B cell types in blood
In the blood, the most common human B cell types were immature
and naïve B cells, at 40.4 ± 11.9% and 36.7 ± 13.2%, respectively (see
Fig. 4C). Precursor B cells were found in lower levels (12.3 ± 3.4%)
and plasma cells were even lower (2.2 ± 1.3%). Example FACS plots of

To examine the functionality of the human B cells, we measured
human antibody concentrations in humanized mouse plasma. Total
human IgM, IgG, and IgA concentrations were measured by ELISA.
Plasma samples from unengrafted mice did not have detectable
human antibody levels for any antibody class (data not shown).

Fig. 5. Total human antibody concentrations in humanized mouse plasma. ELISA was used to measure total human antibody concentrations in plasma. (A) Fraction of animals testing positive for IgM, IgG, or IgA (n = 53 animals for each group). (B) Mean antibody concentrations for IgM, IgG, IgA; only including positive animals (n = 49, 25, and 28, respectively). A time
course of (C) IgM, (D) IgG, and (E) IgA in plasma after human cell engraftment. (* ANOVA p = .04 with post hoc Tukey–Kramer, p b .05). Sample sizes per time point are: C) n = 10 (9 w),
n = 6 (10 w), n = 3 (12–13 w), n = 4 (16–20 w), and n = 3 (28–32 w); D) n = 4 for all time points; and E) n = 4 (9 w), n = 3 (11–16 w), and n = 3 (20–32 w).
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Although all 3 antibody classes were detected in plasma, the frequency
of detection differed amongst the classes. 49 of 53 samples tested
positive for IgM (92.5%), while only 25 of 53 were positive for IgG
(47.2%) and 28 of 53 were positive for IgA (52.8%) (Fig. 5A). The total
average concentrations across all time points (only counting positive
samples) were 2.1 μg/mL for IgM, 10 μg/mL for IgG, and 0.036 μg/mL
for IgA (Fig. 5B). By way of comparison, the normal concentrations in
human plasma are 1500 μg/mL for IgM, 14,000 μg/mL for IgG, and
3500 μg/mL for IgA. Thus, for all antibody classes we consistently
measured approximately 0.1% or less of normal antibody concentrations
in humanized mouse plasma as compared to normal humans. IgA
concentrations were farthest from the normal human values (0.001%
of normal), IgM levels were the closest (0.14%), and IgG levels were
similar to IgM (0.07%).
Traggiai et al. monitored human B and T cell development over time
in RAG-hu mice [2]. They showed that human antibody levels are immature at 8 wpe, with a rise in total IgM from 8 to 16 wpe and undetectable
levels of IgG at 8 wpe with higher levels at 16 wpe. Our results
somewhat agree in terms of the kinetics of the response, although we
did detect IgG at 9 wpe in many animals. They showed total human
antibody concentrations higher than what we have detected, but the
defect in class-switching is similar. They reported a mean IgM concentration of about 15 μg/mL and a mean IgG of about 200 μg/mL [2]
while Chen et al. reported mean IgM levels of 119 μg/mL and
1.1 μg/mL IgG in humanized NOD/SCID gammanull mice [32], while
Wang et al. showed ~ 7 mg/mL IgM in humanized NOD/SCID mice
with undetectable IgG [23]. Our results show a mean IgM titer of
2 μg/mL and a mean IgG titer of 10 μg/mL. The use of different mouse
strains and sources of HSCs may explain the differing results.
Wang et al. examined IgG responses and T cell development in
NOD/SCID mice transplanted with CD34 + cells from cord blood
[23]. They showed very little IgG responses, and also very few
human T cells engrafted (appears to be much less than in RAG-hu
mice). Since NOD/SCID mice are considered to have higher residual
murine immunity than Rag2 −/−γc −/− mice, the mouse strain
might explain the differences in our results. B cells require T cell
help for effective antibody responses, so we surmise that the increased numbers of human T cells might explain why the RAG-hu
model has higher IgG production.
3.7. Kinetics of production of human antibody classes
In order to study the kinetics of human antibody development in
humanized mice, we measured human antibody concentrations in
plasma across a time course that lasted up to 32 wpe. All 3 antibody classes (IgM, IgG, IgA) were detectable in plasma by 9 wpe, and only minor
differences in antibody concentrations were noted at later time points.
No signiﬁcant differences in total antibody concentrations were detected across the time course for IgG (Welch's ANOVA test, p = 0.11)
(Fig. 5D) or IgA (Welch's ANOVA test, p = 0.53) (Fig. 5E). A single significant difference was detected in IgM from 10 wpe to 16-20 wpe where
an increase was detected (ANOVA p = .04 with post hoc Tukey–Kramer,
p b 0.05) (Fig. 5C). However, this signiﬁcant increase was not maintained to the 28–32 wpe time point. Our results show that human antibody production persists through at least 32 wpe, with no signiﬁcant
decreases at late time points.
3.8. No correlation exists between peripheral blood engraftment and
plasma antibody concentration
Since only a fraction of humanized mice produce detectable antigenspeciﬁc responses to infection or immunization, it would be useful if a
marker could be developed which would allow one to predict the
likelihood of an animal producing a detectable response. However,
such a marker has not yet been reported. We analyzed our data to see
if a correlation exists between the percent peripheral blood engraftment

(deﬁned as hCD45+ cells divided by the sum of (hCD45+ plus mCD45+
cells)) and the plasma concentrations of various human antibody
classes. We failed to detect a correlation between animals with higher
peripheral blood engraftment and those with higher levels of IgM, IgG,
or IgA (Supplementary Fig. 1). These ﬁndings suggest that the level of
chimerism in humanized mice is not the most critical aspect involved
in antibody responses.
Improvements in human erythrocyte and platelet development
have been made by eliminating murine macrophages which may engulf
human immune system components [33–35]. In contrast, little research
has been conducted to speciﬁcally improve B cell development and
functionality. One interesting study analyzed the defect in classswitching from IgM to IgG responses in humanized mice. Chen et al.
used NOD/SCID gammanull mice engrafted with either fetal liver or
cord blood CD34+ cells and found that better human antibody
responses and enhanced class-switching were detected following
administration of human Interleukin 4 (IL-4) and GranulocyteMacrophage Colony-Stimulating Factor (GM-CSF) to humanized mice
[32]. IgM responses were 42% higher in cytokine-treated animals and
IgG responses were over 10.5-fold higher using this protocol. In addition, tetanus toxin-speciﬁc IgG went from undetectable to detectable
levels in many animals administered IL-4 and GM-CSF. Thus, the
production of humanized mice in a background strain that produces
human cytokines may also be beneﬁcial to achieve normal human
antibody responses.
4. Conclusions
We have shown that RAG-hu mice produce human B cells which are
dispersed in blood, bone marrow, and spleen. B cell engraftment in
peripheral blood reached a peak in relative numbers of cells at
14 wpe, while T cell levels were stable from 8 to 28 wpe. The vast majority of mice had detectable levels of human IgM in plasma, while only
about half had detectable IgG or IgA. The mean antibody concentrations
were considerably lower than those seen humans, and in general antibody concentrations did not signiﬁcantly change over time from 9 to
~30 wpe. We detected relatively few CD138+ plasma cells in the bone
marrow, despite the fact that most plasma cells reside in this site in
humans. Taken together, our results indicate that in the RAG-hu
model there are defects in class-switching from IgM to IgG or IgA
production, and that naïve B cells are not effectively matured to become
plasma B cells. Further work can now be done to test the hypothesis that
improvements in T cell levels may enhance the reproducibility of
human antibody responses in humanized mice.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.trim.2015.03.002.
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Ig
NOD
SCID
ELISA
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