
Humoral immune responses in humanized BLT mice immunized with
West Nile virus and HIV-1 envelope proteins are largely mediated

via human CD5
+ B cells

Introduction

A recent surge in research involving various mouse mod-

els of the human immune system (also termed ‘human-

ized’ mice) underscores the need for a reliable and

validated in vivo system to study complex biological

processes, such as haematopoiesis, autoimmunity, regen-

erative medicine, infectious diseases and vaccine develop-

ment.1 The different human (Hu)-mouse chimeric

models reported thus far can be broadly categorized into

(i) Hu-PBL-SCID, where various immunodeficient mouse

strains [non-obese diabetic/severe combined immunodefi-

ciency (NOD/SCID), NOD/SCID/cc)/), BALB/c-Rag2)/)-

cc)/))] are repopulated with human peripheral blood

lymphocytes (PBL); (ii) Hu-SRC-SCID, where similar

mouse strains are injected with SCID repopulating cells
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Summary

BLT mice, constructed by surgical implantation of human fetal thymus–

liver tissues and intravenous delivery of autologous CD34+ haematopoiet-

ic stem cells into adult non-obese diabetic/severe combined immunodefi-

ciency mice, were evaluated for vaccine-induced humoral immune

responses. Following engraftment, these mice developed a human lym-

phoid system; however, the majority of the peripheral human B lympho-

cytes displayed an immature phenotype as evidenced by surface CD10

expression. Over 50% of the human B cells in the periphery but not in

the bone marrow also expressed the CD5 antigen, which is found only

infrequently on mature follicular B cells in humans. A single intramuscu-

lar immunization with recombinant viral envelope antigens, e.g. HIV-

gp140 and West Nile Virus envelope proteins, together with the immune

stimulatory IC31� adjuvant resulted in seroconversion characterized by

antigen-specific human antibodies predominantly of the IgM isotype.

However, repeated booster immunizations did not induce secondary

immune responses as evidenced by the lack of class switching and specific

IgM levels remaining relatively unchanged. Interestingly, the peripheral

CD19+ CD5+ but not the CD19+ CD5) human B lymphocytes displayed a

late developing CD27+ IgM+ memory phenotype, suggesting that the

CD5+ B-cell subset, previously implicated in ‘natural antibody’ produc-

tion, may play a role in the vaccine-induced antibody response. Further-

more, human T lymphocytes from these mice demonstrated suboptimal

proliferative responses and loss of co-stimulatory surface proteins ex vivo

that could be partially reversed with human interleukin-2 and interleukin-

7. Therefore, vaccine-induced immune responses in BLT mice resemble a

T-cell-independent pathway that can potentially be modulated in vivo by

the exogenous delivery of human cytokines/growth factors.

Keywords: BLT; HIVgp140; humanized mice; IC31; West Nile virus enve-

lope

Abbreviations: BLT, bone marrow/liver/thymus; BM, bone marrow; E, envelope; HSC, haematopoietic stem cells; Hu, human;
NOD/SCID, non-obese diabetic/severe combined immunodeficiency; PB, peripheral blood; Sp, spleen; WNV, West Nile virus.
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(SRC), e.g. CD34+ haematopoietic stem cells (HSC) iso-

lated from fetal or adult human tissues; and (iii) second-

generation SCID-Hu models, in which sub-renal implan-

tation of human fetal tissues like thymus and liver frag-

ments is performed with the co-delivery of autologous

SRC.2 Research over the past decade has revealed specific

differences among these mouse models in terms of overall

chimerism and usefulness for specific translational studies.

Transient levels of engraftment with human cells along

with a reduced lifespan of the Hu-PBL-SCID mouse

models led to the development of the Hu-SRC-SCID

models, which offered improvement in both these aspects.

One of the most studied mouse models of the latter

category, the humanized NOD/SCID/cc)/) mice (also

described as NSG or NOG) have been demonstrated to

achieve high levels of chimerism when transplanted with

human HSCs that differentiate into multi-lineage hae-

mato-lymphoid cells;3 however, development of human T

lymphocytes is delayed. Notably, this deficiency has been

apparently corrected by HSC engraftment of neonatal

instead of adult immunodeficient mice where high levels

of human T-cell development are observed.4,5 In spite of

this, the functionality of these ‘human’ T cells is unclear

as they develop and are educated in the mouse thymic

stroma. Although the NSG, and other strains of mice

similarly reconstituted, have been used to establish virus

infection models including important human pathogens

like HIV6,7 and Dengue virus,8 the adaptive immune

response generated in the context of infection or immu-

nization appears to be restricted in terms of overall

strength and breadth. Cellular and humoral immune

response to HIV9 and Epstein–Barr virus infection5 in

HSC reconstituted NSG and Rag2)/)-cc)/) mice has been

noted to be weak and there has been only one report

where the presence of low titre virus neutralizing anti-

bodies to Dengue virus infection was demonstrated.10

Antigen-specific antibody response has been demon-

strated to be predominantly IgM in nature with low lev-

els of specific IgG even when immunized with highly

antigenic keyhole limpet haemocyanin, ovalbumin or tet-

anus toxoid in both adult and neonatal humanized

mouse models.4,11,12 In-depth phenotypic and functional

analyses of the reconstituted human immune system in

the Hu-SRC-SCID mice have uncovered several abnor-

malities, the salient ones being (i) large numbers of

peripheral human B lymphocytes that express the CD5

antigen, a signature marker associated with murine B-1 B

cells;13,14 (ii) anergic human T lymphocytes in the

periphery;12 and (iii) poor responsiveness of the human

cells to the mouse stroma-derived growth factors and

cytokines, e.g. BLyS (B lymphocyte stimulator)15 and

interleukin-7 (IL-7).16

The second-generation SCID-Hu mouse models, e.g.

NOD/SCID/BLT (bone marrow/liver/thymus) or NOD/

SCID/cc)/)/BLT (or simply BLT) mice were developed to

provide a more appropriate microenvironment for human

T-cell development. These mice were simultaneously

engrafted with human fetal thymic and liver tissues along

with autologous CD34+ HSC that resulted in a robust

repopulation with human T lymphocytes.17,18 The devel-

opment and selection of human T lymphocytes in the

BLT mice were suggested to occur in a relevant human

thymic microenvironment as the regenerated T cells were

shown to mount human MHC class I and II restricted

immune responses.18,19 The BLT mice have also been used

to (i) establish a small animal model for HIV-1 infec-

tion,20,21 (ii) evaluate anti-retrovirals and other investiga-

tive therapeutic agents,22–25 and (iii) study immune

correlates of HIV-1 infection.26 Although T-cell-mediated

immune responses have been demonstrated in this mouse

model, humoral immunity against infectious agents

remains poorly studied. Additionally, there have been no

reports so far on the use of this humanized mouse model

for pre-clinical testing of human vaccine candidates. In a

recent study investigating the immunocompetence of the

BLT mouse model, a robust cellular immunity in the

form of delayed type hypersensitivity response against a

challenge with tetanus toxoid was demonstrated; however,

the tetanus toxoid-specific antibody response was signifi-

cantly delayed and predominantly IgM in nature.27 Given

the inability of the BLT mice to demonstrate robust anti-

body class-switching despite booster immunizations, it

becomes important to investigate whether the deficiencies

reported for the Hu-SRC-SCID models still persist in the

second-generation SCID-Hu models.

In the current study, a thorough assessment of the

developmental and functional status of the B-cell com-

partment in response to vaccination in the BLT mice

was undertaken. Specifically, a comprehensive analysis of

the regenerated human B lymphocytes and, to a limited

extent, human T lymphocytes in the BLT mouse was

performed and compared with their counterpart in nor-

mal human subjects. These studies revealed profound

differences, as evidenced by the abundance of a popula-

tion of ‘B-1-like’ B cells (CD19+CD5+) in the BLT

mouse. Analysis of HIVgp140 and West Nile virus enve-

lope (WNV-E) protein immunized BLT mice implicated

this CD5+ B-cell subset in a vaccine-induced T-cell-inde-

pendent antibody response characterized by the predomi-

nant generation of antigen-specific IgM and relative

unresponsiveness of the BLT mouse-derived human T

cells to specific antigenic stimulation. Finally, this report

provides evidence for the first time that ex vivo treat-

ment of human T cells with species-specific cytokines

leads to partial restoration of co-stimulatory molecules

required for an optimal humoral immune response. This

suggests that in vivo delivery of cytokines and growth

factors may improve the current second-generation

SCID-Hu models for human vaccine development

studies.
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Materials and methods

Construction of the humanized BLT mouse model

Methods for surgical implantation of human fetal tissues

and injection of haematopoietic stem cells into immuno-

deficient NOD/SCID mice to construct the BLT mouse

model were described previously.17,18,26 Briefly, adult

female NOD/SCID mice 3–5 weeks of age were obtained

from The Jackson Laboratory (Bar Harbor, ME), accli-

mated for at least 7 days and myelo-ablated by sublethal

whole body irradiation (325 rads) with a Gammacell 40

Exactor (Best Theratronics, Ottawa, ON, Canada) before

surgery. The animals under isoflurane anaesthesia were

surgically implanted with fragments of human thymus

and liver tissues (� 1 mm3) from the same fetal donor of

gestational age 17–20 weeks (Advanced Bioscience

Resources, Alameda, CA) under the left kidney capsule.

Subsequently, each mouse was injected via the tail vein

with 0�25 · 106 CD34+ HSC in 200 ll PBS. The CD34+

HSC were isolated from the remaining portion of the

same fetal liver using anti-human CD34 microbeads

(Miltenyi, Auburn, CA) with > 98% purity determined by

flow cytometry after staining with anti-CD34-PE (Milte-

nyi). All engrafted mice were housed under Biosafety

Level-2 conditions and provided with autoclaved food

and water supplemented with Baytril (Bayer, Shawnee

Mission, KS). All animal experiments were approved by

the Institutional Animal Care and Research Committee

and the Office of Human Subjects Research at the Dana

Farber Cancer Institute (DFCI), Boston, MA.

Determination of human immune reconstitution by flow
cytometry

To measure the levels of human immune reconstitution

in different tissues of engrafted animals, representative

mice were killed 16 weeks post-engraftment. Peripheral

blood, bone marrow, spleen and the human thymus–liver

tissue implant were harvested. Blood was collected follow-

ing cardiac puncture and mononuclear cells were purified

on a Ficoll density gradient. Blood was also obtained

from live animals via the mandibular route. Bone marrow

cells were obtained by flushing the femoral cavity with an

insulin syringe (Becton Dickinson, Franklin Lakes, NJ)

containing cold RPMI-1640 medium (Invitrogen, Carls-

bad, CA), and the cell suspension was passed through a

70-lm cell strainer. Splenocytes were prepared after

homogenizing the spleen using a plunger and straining

the cell suspension as described above. The fetal thymus–

liver tissue implant was excised from the kidney and

digested in RPMI-1640 medium supplemented with

1 mg/ml collagenase (Roche, Nutley, NJ), homogenized

and the mononuclear cell suspension was separated after

straining as described earlier. Human peripheral blood

mononuclear cells (PBMC) were purified from leukaphe-

resis blood collars obtained at the Kraft Family Blood

Donor Center, DFCI, following standard Ficoll density

gradient centrifugation techniques. Immunophenotyping

was performed by staining the mononuclear cells with

fluorochrome-conjugated antibodies to different cell sur-

face markers, followed by multi-colour flow cytometry

using a FACSCantoII or LSRII (BD Biosciences, San Jose,

CA). The following fluorochrome-conjugated antibodies

were used: anti-human CD45-allophycocyanin (APC)

(clone H130), CD19-phycoerythrin (PE) (MB19-1), CD3-

PECy5 (UCHT1), CD10-APC (CB-CALLA), CD27-PECy7

(O323), CD4-fluorescein isothiocyanate (FITC) (OKT-4),

CD8-PE (OKT-8), anti-mouse CD45 (30-F11) (all from

eBioscience, San Diego, CA), anti-human IgM-PECy5

(G20-127), IgG-FITC (G18-145), IgD-PE (IA6-2) (all

from BD Biosciences) and CD5-FITC (UCHT2) (Bioleg-

end, San Diego, CA). Gating was performed on viable

lymphoid cells based on the forward and side scatter pro-

files of the total cells, and stained cells were analysed

within the lymphoid gate. A comparison between the per-

centages of human CD45+ and endogenous mouse CD45+

was performed to measure the level of immune reconsti-

tution in BLT mice, and other markers were used to ana-

lyse the different human B-lymphocyte subsets as

described later. Background staining was determined

using the corresponding isotype controls or staining cells

isolated from non-engrafted animals. Data were analysed

using FLOWJO version 8�6�3 (Tree Star, Ashland, OR).

Immunization of BLT mice with recombinant viral
envelope antigens

Recombinant HIV-1 envelope gp140 antigen was

expressed from the plasmid gp140D683(–/FT), a kind gift

from Xingzhen Yang (DFCI), and the protein was puri-

fied as described by Doria-Rose et al.28 This plasmid,

encoding amino acids 1 to 683 of HIVgp140 fused with a

T4 phage fibritin trimerization domain and a C-terminal

histidine tag, was transiently transfected in 293F suspen-

sion cells using 293Fectin transfection reagent (Invitro-

gen). The culture supernatant was harvested 4 days after

transfection, and the Env trimer protein was purified

using Nickel Sepharose 6 Fast Flow (GE Healthcare, Pis-

cataway, NJ). Following elution, concentration and dialy-

sis against PBS, the conformation of the protein was

analysed on SDS–PAGE and functional activity was con-

firmed by ELISA using monoclonal antibodies b12 and

4E10 to the HIV-1 envelope glycoprotein (data not

shown). Recombinant WNV-E protein was a kind gift

from Dr Michel Ledizet (L2 Diagnostics, New Haven,

CT). As described earlier,29 the WNV-E protein (virus

strain 2741) corresponding to amino acids 1 to 406 was

expressed and purified from stably transfected Drosophila

S2 cells.
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BLT mice, approximately 5 months post-engraftment,

and those that had at least 20% human CD45+ cells in the

periphery were immunized with the recombinant viral

envelope antigens mixed with a synthetic adjuvant IC31�,

which has been reported to augment immune responses in

neonatal and aged mice.30,31 IC31� was prepared by com-

bining a cationic antimicrobial immunostimulatory pep-

tide NH2-KLKLLLLLKLK-COOH (Chi Scientific,

Maynard, CA) and negatively charged CpG containing oli-

godexoynucleotide ODN1a, 50-ICI CIC ICI CIC ICI CIC

ICI CIC IC-30 (Integrated DNA Technologies, Coralville,

IA). For every immunization, 10 lg of each antigen was

mixed with 100 nmol KLKL5KLK and 5 nmol ODN1a in

a final volume of 200 ll PBS and administered intramus-

cularly in both quadriceps muscles (100 ll per site). Mice

were immunized on days 0, 21 and 45 and bled on days 0

(pre-immune), 15, 30, 45 and 90 to monitor seroconver-

sion and antigen-induced B-cell differentiation.

Human IgM and IgG ELISA

Following bleeding via the mandibular route, whole blood

was diluted 1 : 1 with PBS buffer containing 2 mM EDTA.

The preparation was centrifuged at 500 g for 10 min and

the cell-free plasma fraction was collected for ELISA.

Total human IgM and IgG levels in the plasma of BLT

mice were analysed using the Human IgM and IgG ELISA

kits, respectively (Bethyl Laboratories, Montgomery, TX).

Seroconversion following immunizations was analysed by

standard ELISA techniques to determine titres of antigen-

specific human IgM or IgG in individual or pooled BLT

plasma samples. Briefly, 96-well plates were coated over-

night at 4� with 1 lg/ml recombinant HIVgp140 or

WNV-E protein in coating buffer (eBioscience). Plates

were washed with PBS with 0�05% Tween-20 (PBST) and

then blocked with 1% BSA in PBS for 1 hr at 37�. After

removal of blocking buffer, different dilutions of BLT

plasma were added and incubated for 2 hr at 37�. After at

least six washes with PBST, the plates were incubated for

another hour at 37� with anti-human IgG or anti-human

IgM, both conjugated with horseradish peroxidase

(Thermo Scientific, Rockford, IL). After extensive washing

as before, the reaction was developed with SureBlue TMB

Microwell substrate and stopped with TMB Stop Solution

(both from KPL, Gaithersburg, MD). The absorbance was

read at 450 nm using a Benchmark Plus microwell spec-

trophotometer (BioRad, Hercules, CA).

In vitro lymphocyte proliferation assay

To analyse antigen/mitogen-induced stimulation, spleno-

cytes and PBMC were isolated as described earlier from

BLT mice and normal human donors, respectively, and

labelled with carboxyfluorescein succinimidyl ester (CFSE;

Invitrogen). 1 · 106 cells/ml were incubated with 5 lM

CFSE at 37� for 7–8 min and the reaction was stopped

with cold complete RPMI-1640 medium. After washing

three times, the labelled cells were cultured in round-bot-

tom 96-well plates (Corning, Lowell, MA) for 5 days at

1 · 105 cells/well with 0�1–10 lg/ml phytohaemagglutinin

(Sigma, St Louis, MO), recombinant HIVgp140 or WNV-

E proteins. Cells were stained with anti-CD3 PECy5, and

proliferation was measured as a function of CFSE dilution

in CD3+ gated cells analysed by flow cytometry. To rule

out the issue of assay sensitivity, thymidine incorporation

assay to detect cellular proliferation was also performed

as described3. Cells were plated in triplicate in the pres-

ence of specific antigen/mitogen as described and cultured

for 72 hr following which they were pulsed with 1 lCi

[3H]thymidine/well overnight. Cells were then washed,

lifted on a filter paper (Filtermate Harvester, Perkin

Elmer, Waltham, MA) and [3H]thymidine incorporation

was measured using a scintillation counter (1450 Microb-

eta Trilux; Perkin Elmer). In another experiment, T cells

were first enriched from human PBMC or BLT spleno-

cytes using the EasySep Human T cell purification kit

(Stem Cell Technologies, Vancouver, BC, Canada). Cells

were cultured in medium alone or with human T-cell

cytokines (R&D Systems, Minneapolis, MN), e.g. IL-2 at

20 U/ml and IL-7 (50 ng/ml). After 7 days in culture,

cells were stained with anti-human CD3-PECy5 and other

T-cell-specific surface markers and their expression pat-

tern was analysed by flow cytometry.

Statistical analysis

All statistical calculations were performed using GRAPHPAD

PRISM version 5 (Graphpad software, La Jolla, CA). Mann–

Whitney U-tests (two-tailed) were performed to deter-

mine statistically significant differences between median

values of each data set. P values < 0�005 were considered

significant.

Results

Construction of BLT mice

Previous reports demonstrated reconstitution of adult

NOD/SCID mice with human lymphocytes following sur-

gical implantation of human fetal liver and thymus tissues

under one or both kidney capsules along with intravenous

delivery of autologous CD34+ HSC. In contrast to Melkus

et al.18 where irradiation and HSC delivery was performed

3 weeks following surgical implantation of the mice, all

the procedures in our study (initial conditioning via sub-

lethal irradiation followed by implantation of the fetal

liver and thymus tissue sandwich under the left kidney

capsule and HSC delivery) were performed within a 12-hr

period. The implantation scheme was also slightly

different from that reported by Brainard et al.,26 where
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implantations of fetal tissues were performed bilaterally

under both kidney capsules. By 16 wk post-engraftment, a

significant repopulation of human CD45+ lymphocytes in

the peripheral blood (PB) and other tissues, including

bone marrow (BM), spleen and the thymus–liver implant

(Fig. 1a–d) was observed. This observation is consistent

with one of the first reports of humanized BLT mouse

construction17 where maximal reconstitution with human

cells was observed between 12 and 18 weeks after engraft-

ment of adult NOD/SCID mice. The objective was to

study the humoral immune response in this model, so

the phenotypic and functional analysis of the human B

and T lymphocytes generated in the BLT mice were char-

acterized in detail. There was considerable variation

between animals in the level of reconstitution with

human CD45+ cells in spite of the fact that the fetal tis-

sues and HSC for engraftment were derived from a single

donor. When measured at 16 wk post-engraftment, total

percentages of human CD45+ lymphocytes in the PB ran-

ged between 24 and 87% (median 50%, n = 14). Similar

variability was also observed in the percentages of

CD45+ CD19+ human B cells (range < 1 to 27%; median

17%) and CD45+ CD3+ human T cells (range 5–78%;

median 27%) in the periphery of the BLT mice. The dis-

tributions of B and T lymphocytes in the primary (bone

marrow) and secondary (spleen) lymphoid tissues were as

expected. In the representative animals (n = 4) that were

sacrificed, the percentages of T lymphocytes (range 81–

87%; median 85%) were considerably higher in the spleen

compared with in B lymphocytes (range 11–16%; median

13%). However, the reverse was observed in the bone

marrow where the median reconstitution level for T lym-

phocytes was 13% (range 1–33%) versus 72% (range 28–

75%) for B lymphocytes. The fetal thymic tissue engrafted

under the kidney capsule was also harvested and the lym-

phoid fraction constituted > 98% human T cells. Long-

term stability of the human haematopoietic graft in the

BLT model was also analysed. At � 8 months post-

engraftment that marked the end of the present study,

the median levels of peripheral human CD45+, CD3+ and

CD19+ cells in the BLT mice were 62% (range 36–84%,

n = 10), 44% (range 7–65%) and 14% (range 2–49%),

respectively. These observations suggested that at a gross

phenotypic level and in terms of tissue localization, the

human B and T lymphocytes generated in the humanized

BLT mice closely approximate that found in normal

humans and that the engraftment was relatively stable

over a prolonged time period.

Elevated levels of CD5+ B cells in BLT mice

Naive B lymphocytes in both mice and humans are pre-

dominantly follicular B cells, also called B-2 cells. In mice,

a B-cell subset, distinct from the follicular B cells in terms

of lineage and anatomical localization, has also been

described. This latter class of B cells, also known as B-1
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Figure 1. Development of human lymphoid cells in NOD/SCID mice engrafted with human fetal thymus–liver tissues and autologous CD34+ ha-

ematopoietic stem cells (BLT mice). (a–d) Flow cytometry analysis of the total human haematopoietic cells (hCD45+) along with human B

(CD19+) and T (CD3+) lymphocytes in the peripheral blood (PB), spleen (Sp), bone marrow (BM) and the thymus–liver implant (Thy) of a rep-

resentative BLT mouse 16 weeks after engraftment. Numbers indicate percentages of the total gated (indicated above each plot) cell populations.

Percentages of endogenous mouse haematopoietic cells (mCD45+) are also shown in the different tissues of the BLT mice. Except for anti-

mCD45, all antibodies were specific for the indicated human cell surface markers.
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cells, are characterized by the surface expression of the

CD5 antigen that is not found on B-2 cells and are

known producers of natural antibodies, predominantly of

the IgM subclass.32 The murine B-1 cells have been found

to be mostly localized in the peritoneal and pleural cavi-

ties and are scarce in the circulating blood or other lym-

phoid tissues.33 It was previously reported that NOD/

SCID mice engrafted with human cord-blood-derived

HSC generate high levels of CD19+ CD5+ human B lym-

phocytes in the lymphoid tissues.14 It is possible that the

fetal progenitor cells (cord blood or fetal-liver-derived

HSC) in comparison with their adult counterpart (mobi-

lized peripheral blood or bone-marrow-derived HSC) has

a higher potential to differentiate into CD5+ B cells; how-

ever, it has also been demonstrated that the lack of opti-

mal T-cell–B-cell signalling may bias the B-cell

developmental pathway towards the production of this B-

cell subset.34 As implantation of human fetal thymus in

the BLT model resulted in apparently normal T-cell

development (determined by surface marker expression,

see supplementary material, Fig. S1), it was investigated

whether normal human B-cell ontogeny is recapitulated

in these animals. A comparative flow cytometry analysis

of the BLT-derived human B cells generated 16 weeks

post-engraftment with those recovered from peripheral

blood of healthy human adults is shown in Fig. 2. The

majority (� 95%) of the B cells from a representative nor-

mal adult human PBMC donor displayed a CD19+ CD5)

phenotype, typical of follicular B cells (Fig. 2a, left panel).

A small percentage (5�8%) of the CD19+ CD5+ B -ell pop-

ulation was also observed. In striking contrast to the cellu-

lar distribution in human PBMC, markedly elevated levels

of circulating CD19+ CD5+ human B cells were observed

in the BLT mice (Fig. 2b, left panel). The median percent-

age of CD5+ human B-cell levels in the BLT PB was

� 10-fold higher (median 59%; range 50–65%, n = 5)

than seen in a typical adult human donor.

The maturity levels of these human B-cell populations

were investigated by analysing the surface expression of

IgM, IgD and CD10. Mature follicular B cells are gener-

ally CD19+ IgM+ IgD+, whereas CD10 expression defines

an immature phenotype and is found at high levels in the

bone marrow, the site of B-cell development in the adult.

Normal human peripheral B cells, either CD5+ or CD5),

are predominantly IgM+ IgD+, with < 10% of total B cells

expressing the CD10 marker. Analysis of the human

PBMC showed that a majority of the peripheral human B

cells were mature as expected, with only 8�5% and 4% of

CD5+ and CD5) cells expressing the CD10 marker,

respectively (Fig. 2a, right panels). In the BLT mice, a

marked difference was observed between the levels of

IgM+ IgD+ human B cells in the peripheral CD5+ (med-

ian 91%; range 85–98%) versus the CD5) (median 51%;

range 49–56%) B-cell subsets (Fig. 2b, middle panels).

Interestingly, a significantly larger number of

CD19+ CD5) cells stained strongly for surface CD10

expression (median 54%; range 44–57%) compared with

that of CD19+ CD5+ cells (median 7%; range 4.6–12%),

indicating a possible developmental deviation of human

B-cell ontogeny in the BLT mice (Fig. 2b, right panel).

We also investigated whether the CD5+ CD10+ B-cell

subset represented a transitional/pre-naive B-cell popula-

tion emigrating from the bone marrow because of aberra-

tions in bone marrow checkpoint control mechanisms.35

In such a scenario, equivalent levels of CD10+ CD5+

human B cells in the bone marrow and in the periphery

may be expected. However, as seen in Fig. 3a, left panel,

the number of CD5+ B cells in the bone marrow was sig-

nificantly lower than that found in the spleen of BLT

mice. The median percentage of CD5+ human B cells in

the bone marrow was < 10% (range 3�4–20%; n = 4),

whereas > 99% of the total B cells expressed CD10, as

expected (Fig. 3a, right panel). In contrast, > 50% of total

CD19+ B cells in the spleen stained strongly for CD10

(Fig. 3b). The relative expression of CD10 in the splenic

CD19+ CD5+/CD19+ CD5) subsets was similar to that

found in the PB (Fig. 2b, right panel) with CD10 expres-

sion higher in the CD5) (median 69�5%; range = 25–

73%) compared with the CD5+ B-cell population (median

5%; range 4–7�5%) (data not shown). Intriguingly, this

CD19+ CD5+ B-cell subset and not the ‘normal’ CD5) B

cells appeared to have attained a comparatively more

mature state, at least phenotypically, as evidenced by

higher numbers of IgM+ IgD+ cells as well as lower levels

of CD10 expression. Therefore, our observations suggest

that a majority of the peripheral CD5+ B cells represent a

distinct subset from the BM CD5+ B cells. This pool of

peripheral B cells may have arisen as a result of acquisition

of the CD5 marker during later stages of B cell develop-

ment occurring outside the bone marrow. This is also sup-

ported by previous reports of higher numbers of CD5+

human B cells found in the spleen of reconstituted NOD/

SCID mice compared with that in the bone marrow.14

Generation of predominantly human IgM in humoral
immune responses

To interrogate the antibody response elicited by the

CD19+ CD5+ B-lymphocyte population, BLT mice were

immunized with recombinant HIVgp140 and WNV-E

protein complexed with a two component adjuvant

IC31� delivered intramuscularly 5 months after engraft-

ment and then analysed for the generation of antigen-spe-

cific human IgM and IgG. Previous reports demonstrated

that immunization with either of these two immunogens

elicited high-affinity antigen-specific as well as virus neu-

tralizing IgG antibodies in BALB/c and C57BL/6 mice.29,36

The activation of Toll-like receptors on B cells is

suggested to play an important role in the generation

of antigen-specific antibody responses,37 and IC31� was
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reported to act via the Toll-like receptor 9 pathway.31

Additionally, IC31� was chosen because conventional ad-

juvants like alum or complete Freund’s adjuvant have

failed previously to elicit a strong antigen-specific IgG

response in the BLT mice.27 As shown in Fig. 4, a single

immunization induced a significant level of seroconver-

sion measured 2 weeks following antigen delivery. Both

HIVgp140 and WNV-E antigen binding human IgM and
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IgG could be detected in the plasma of immunized BLT

mice at levels significantly higher than the pre-immune

plasma from the same animals (P < 0�0001). The mean

absorbance (450 nm) readings for human IgM binding to

HIVgp140 and WNV-E were both � 3�5-fold, and the

corresponding IgG readings were greater than twofold

higher than that obtained from the pre-immune samples.

However, it was evident that the antibody response was

largely mediated via the IgM subclass with levels of IgG

being only slightly detectable.

Flow-cytometry-based analysis was performed to inves-

tigate whether the B cells in immunized BLT mice were

able to undergo an antigen-induced differentiation pro-

cess that is normally manifested by expression of a

CD27+ memory phenotype.38 Surface expression of IgG,

an indicator of antibody class switching, was also analysed

by multi-colour flow cytometry. As antigen presentation

and subsequent antigen-induced B-lymphocyte differenti-

ation occurs in secondary lymphoid organs, splenocytes

from immunized BLT mice (n = 4) at 30 days after

the primary immunization were analysed for the presence

of the relevant surface markers. As shown in Fig. 5a,

BLT splenocytes were categorized into CD19+ CD5+/

CD19+ CD5) human B-cell subsets and the expressions of

CD27 and surface IgM and IgG were analysed. As a

positive control, human PBMC from a representative nor-

mal donor were similarly stained for the expressions of

CD27 and surface IgM and IgG (Fig. 5b). Human periph-

eral blood B cells expressing a memory phenotype were

observed at the expected levels. However, the BLT spleen-

derived human B cells demonstrated extremely low levels

of CD27 expression. Surface IgG was undetectable in both

the B-cell subsets; however, the CD5+ B-cell subset had at

least greater than threefold higher levels of surface IgM

(median 30%; range 23–45%; n = 4) compared with the

CD5) subset (median 14%; range 9–16%) (Fig. 5a). In

comparison, higher numbers of CD19+ CD27+ B cells

were found in the CD5) compared with the CD5+ subset

in the representative human donor peripheral blood

(� 35% versus � 9%), and antibody class switching was

also observed at higher levels in the CD5) subset (� 20%

versus � 4% in the CD5+ subset) as expected (Fig. 5b).

Booster immunizations were performed to investigate

whether any further enhancement in the antibody response

could be obtained. Mice were boosted on days 21 and 45

following primary immunization with the same antigens

and dose as the initial inoculation. To investigate whether

secondary immune responses were generated, e.g. increased

antibody titres, antibody class switching, etc., titration of

pooled plasma samples was performed following every
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Single cell suspensions prepared from (a) the

bone marrow and (b) the spleen of a represen-

tative BLT mouse (BLT BM and BLT SP,

respectively, n = 4) were analysed by flow

cytometry following gating as indicated above

the plots to enumerate the CD19+ CD5+ and

CD19+ CD5) B lymphocytes. Expression of

CD10 was also evaluated in the total CD19+ B-
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els). Numbers indicate percentages of the total

gated cell populations. All antibodies were spe-

cific for the indicated human cell surface

markers. FSC, forward scatter.
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immunization and up to a period of 3 months. As shown

in Fig. 6 (upper panel), a modest increase in antigen-spe-

cific IgM titres was observed following the second immuni-

zation, which remained relatively stable for the entire

period of the study. By contrast, a gradual decrease in spe-

cific IgG titres was observed after day 30 after the primary

immunization (lower panel).

Plasma levels of total human IgM and IgG were mea-

sured in the immunized BLT mice at similar time-points,

as indicated in Fig. 6, to determine a correlation, if any,

to the observed kinetics of vaccine-induced antibody

response. Total IgM levels in individual mouse plasma

increased from 15 ± 4 lg/ml in the pre-immune (n = 4)

to � 180 ± 37 lg/ml at day 15 post-immunization, which

remained relatively stable until day 45 with a decline

(� 50 ± 10 lg/ml) noted at day 90. Total IgG levels

remained significantly lower throughout the duration of

the experiment. Although it was barely detectable in the

pre-immune plasma and at day 90, the levels increased to

5–10 lg/ml between days 15 and 45 after vaccination.

Therefore, overall low levels of total IgG corresponded to

the weak antigen-specific IgG response. Similar low levels

of human IgG in the plasma of humanized mice have

been reported earlier.11

Normally, B cells receiving antigenic stimulation

become activated via cognate T-cell ‘help’, followed by

differentiation into memory and plasma cells and specific

antibody production. Results in Fig. 6 indicated no signif-

icant improvement in antibody titres over time, suggest-

ing an impediment in the process of affinity maturation

of antigen-stimulated B cells. A robust class switching

mechanism to an IgG subclass was apparently absent,

indicating no or reduced participation of follicular B cells

in generating the humoral immune response. To deter-

mine whether the human B-cell differentiation as a result

of antigenic stimulation required a longer time and

repeated antigenic encounter, PBMC or splenocytes of the

immunized mice were examined for surface CD27 antigen

expression on day 90 after primary immunization

(Fig. 7b). High levels (> 80%) of late developing

CD19+ CD27+ cells were observed in the PBMC of the

immunized BLT mice. This differentiation process appar-

ently occurred only with multiple immunizations, because

a single immunization did not induce significant memory

B-cell generation (Fig. 7a). Furthermore, the CD27

expression co-localized with surface IgM-expressing B

cells but not with surface IgG-expressing B cells. This was

expected because antibody class switching was absent in

the BLT mice. Interestingly, this CD19+ CD27+ IgM+

non-switch memory B-cell population was entirely of the

CD5+ expressing B-cell subset.

Surprisingly, no CD19+ CD27+ IgM+ cells were detected

in the splenocytes at the same time-point in the same

animals (data not shown). Therefore, the observed differ-

entiation to a memory phenotype by the peripheral

CD5+ B cells may not be a result of a typical germinal

centre reaction, which is an outcome of T-cell-dependent

B-cell responses occurring in secondary lymphoid organs.

It cannot be ruled out that this differentiation to an

IgM+ memory phenotype occurred in other lymphoid

tissues, e.g. draining lymph nodes (not examined); how-

ever, these tissues appeared to be poorly developed. The

overall CD19+ CD5+ B-cell subpopulation also increased

over time (Fig. 7c). Taken together, our observations

suggest a prominent role of the CD5+ B-cell subset in

generating the observed humoral immune response in

the BLT mice that appeared to occur in a T-cell-inde-

pendent way.
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Figure 4. Antigen-specific antibody responses in immunized BLT

mice. (a) HIVgp140 (left) and West Nile virus envelope (WNV-E)

(right) specific human IgM response as detected by ELISA in BLT

plasma samples obtained on day 0 before immunizations (D0) and

on day 15 following the first immunization with recombinant viral

antigens (D15). (b) HIVgp140 (left) and WNV-E (right) specific

human IgG responses in D0 and D15 BLT plasma samples as

detected by ELISA. Each symbol is representative of a single BLT

mouse. **P < 0�0001 determined by two-tailed Mann–Whitney

U-test to analyse significant differences between median values of the

datasets (D0 versus D15). Individual plasma samples were tested at a

1 : 100 dilution.
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Lack of T-cell ‘help’ in BLT mice

It was reported previously that in a humanized NOG/

NSG mouse model, human T lymphocytes developed

normal phenotypic markers and were responsive to mito-

genic stimulation but were non-responsive to specific im-

munogens.12 This led us to hypothesize that the

predominantly IgM restricted antibody response in the

BLT mice occurred as a result of deficiencies in T-cell

homeostasis and signalling. The overall functionality in

terms of the proliferative potential of the human T lym-

phocytes in the immunized BLT mice in response to

specific antigenic stimulation was measured. Splenocytes

were harvested from BLT mice 2 weeks after booster

immunization, labelled with CFSE and cultured in the

presence of different concentrations of recombinant
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HIVgp140 or WNV-E proteins for 5 days. No significant

proliferative responses in the CD3+ gated cell population

were observed between cells cultured in medium alone or

with 1–10 lg the recombinant viral envelope proteins.

Similar results were obtained in a [3H]thymidine incorpo-

ration assay with cells cultured as described above (data

not shown). Proliferation of the T lymphocytes was

observed when BLT splenocytes were cultured in the pres-

ence of phytohaemagglutinin, a T-cell mitogen for the

same duration (Fig. 8a, lower panel). However, a 10-fold

higher concentration of phytohaemagglutinin (10 lg/ml)

was required to obtain the same level of proliferation with

BLT splenocytes as with human PBMC cultured similarly

(Fig. 8a, upper panel).

Additionally, the profile of human T cells purified

from different tissues of the BLT mice (spleen, periph-

eral blood and bone marrow) and cultured in vitro

under different conditions for 7 days was examined. The

results from a representative experiment are shown in

Fig. 8(b). Approximately 13-fold lower surface expression

of the CD27 molecule was observed in the T cells iso-

lated from BLT spleen and cultured in medium for

7 days (day 7) compared with pre-culture conditions

(day 0). The interaction between CD27 on T cells and

CD70 on B cells has been reported to be a major co-

stimulatory signal leading to activation of B lymphocytes

and antibody production.39 Interestingly, when the BLT-

derived splenic T cells were cultured in the presence of

human T-cell cytokines such as IL-7 or a combination

of IL-2 and IL-7, the loss of CD27 expression could be

partially rescued. Similar restorative effects of the T-cell

cytokines were noted with T cells purified from periph-

eral blood and bone marrow of the BLT mice (data not

shown). In comparison, T cells purified from normal

human PBMC did not show significant loss of the CD27

co-stimulatory molecule when cultured in vitro (Fig. 8c).

Hence, our results suggest that there may be an inherent

defect in the human T cells developed and matured in

the xenogeneic environment and that T-cell function

may be potentially restored by treatment with human

cytokines.

Discussion

The humanized BLT mouse model offers a tremendous

potential in translational human biomedical studies; how-

ever, as our current study demonstrates, further improve-

ments in the model are needed for it to become a robust

platform for infectious disease vaccine research where the

generation of neutralizing antibodies largely determines

vaccine efficacy. While human lymphocytes are detectable

in these mice following engraftment with human CD34+
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stem cells and tissues and gross examination shows

localization of these regenerated human cells in the

expected niches, the overall composition and functionality

of this engrafted immune system deviates from that of

normal humans in several ways. This study indicates

that one of the major differences in the human B-lym-

phocyte composition is the high incidence of a distinct

CD19+ IgM+ CD5+ B-cell subset in the periphery and

spleen of the BLT mice. High levels of circulating and

splenic human B lymphocytes expressing surface CD5

antigen were previously reported in NOD/SCID and

NOD/SCID/cc)/) mice transplanted with CD34+ HSC,

regardless of the stem cell source (cord blood, bone mar-

row or mobilized PBMC).11,13,14 Hence, it is important to

address whether the CD5+ B cell noted in all the different

humanized mouse models represents a distinct B-cell sub-

set (e.g., B-1 B cells) or a pool of immature B cells emi-

grating from the bone marrow as a result of a defective

developmental pathway in the mouse environment. CD5-

expressing human peripheral B lymphocytes have been

non-uniformly categorized as either being derived from

functionally ‘immature transitional’ B lymphocytes with

reduced responsiveness to antigenic stimulation and

impaired in immunoglobulin secretion40 or as ‘pre-naive’
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B cells with functionalities comparable to naive mature B

cells.41 Notably, both of these types of B cells have been

found to be expanded in immune disorders such as X-

linked lymphoproliferative disease40 and systemic lupus

erythematosus,41 as well as in subjects recovering from

stem cell transplantation.40 On the other hand, a prevail-

ing theory of B-1 cell ontogeny describes a phenomenon

of ‘induced differentiation’ where B-2 precursors or

mature B cells may be induced to express the CD5 anti-

gen.42 The present study provides evidence that the

peripheral CD19+ CD5+ B-cell subset in the BLT mice

was not generated in the bone marrow and that the CD5

marker was acquired peripherally. The possibility that the

acquisition of the CD5 marker occurs outside the bone

marrow environment is supported by a previous report

showing that the co-culture of CD19+ IgM) CD5) bone

marrow cells with CD19+ IgM+ CD5+ splenic cells led to

expression of CD5 on the bone marrow cells.13

In human patients following allogeneic blood stem cell

transplantation, an increase in CD5-expressing B cells is

observed in the circulation (20–30% of total B lympho-

cytes), which gradually decreases over time.43 However,

the situation is different in the humanized mice where

engraftment of human tissues and cells and differentiation

of the transplanted cells occur in a xenogeneic environ-

ment. Therefore, there may be other complex physiologi-

cal processes, e.g. lack of species-specific growth factors,

which lead to the generation of the CD5+ B cells. A

recent study described the generation of human monoclo-

nal antibodies from humanized BALB/c Rag2)/)cc)/)

mice vaccinated with commercially available hepatitis

B virus vaccine and tetanus vaccine.44 In that study,

the authors demonstrated levels of CD27+ B-cell

differentiation as well as evidence of class switching

higher than what we have observed in the present study.

One possible explanation for this difference is that the

authors used newborn mice for their reconstructions, and

therefore the human immune cells were introduced into a

less differentiated background than in the adult mice used

in our studies. It is noteworthy that in spite of the higher

level of B-cell differentiation observed in the neonatal

model, human B-cell clones expressing antigen-specific

IgM only but not IgG were recovered from the immu-

nized mice. A possible prevalence of a CD5-expressing B-

cell subpopulation and their role in the IgM antibody

response was not addressed. Presence of CD27-expressing

B cells in neonatal humanized mouse models have also

been described elsewhere.45

Clearly, additional studies are required to reveal the

true nature of the CD19+ CD5+ B cells in the BLT

mice as described in the present study. Given that these

cells do not resemble bone-marrow-derived immature B

cells, the question is whether they represent a human

equivalent of murine B-1 cells. The presence of such a

B-cell subset in humans had been under debate until a

recent report46 where human B-1 cells were detected

and functionally characterized in adult human periph-

eral blood. The CD5 marker, although not exclusively,

was found to be associated with this B-cell subset.

Interestingly, these cells that also secreted antibodies of

the IgM subclass in a T-cell-independent manner formed

a minor subset within the CD27+ memory B-cell popu-

lation.46

The present study also demonstrates the BLT mice eli-

cit a predominantly antigen-specific IgM antibody

response, apparently with minimal T-cell involvement.

The peripheral CD5+ human B cells play a major role in

the vaccine-induced immune response as evidenced by

predominant IgM production, no increase in antibody

titre in response to booster immunizations and absence

of antibody class switching, all hallmarks of B-1 cell

function. Interestingly, we observed a striking level of

differentiation of the PB CD5+ but not splenic B cells

into a CD27+ memory phenotype in the immunized

mice. Localization of this CD5+ B-cell subset in lym-

phoid organs by immunohistology and other means

should provide further characterization of the microenvi-

ronment of such differentiation. These observations sug-

gest that a fraction of the peripheral human CD5+ B

lymphocytes in the BLT mouse model may be similar to

human B-1 cells.

The generation of high levels of CD5+ B cells in the

xenogeneic environment was previously attributed to

suboptimal signalling by T cells.14 Our in vitro analysis

of the human T lymphocytes isolated from the BLT mice

also indicate a major functional deficiency when com-

pared with T cells from normal humans. A loss in the

expression of the CD27 co-stimulatory molecule on T

cells has been associated with dampened primary and

secondary immune responses.47 The fact that this loss

could be partially restored with T-cell cytokines indicates

that the microenvironment in the BLT mice may be

unfavourable for complete development and differentia-

tion of human cells. Indeed, previous studies have shown

partial restoration of immune system function by exoge-

nous delivery of species-specific factors. A modest

IgG response was generated in the humanized NOD

rag1)/) Prf1)/) mice upon immunization with Pneum-

ovax (T-independent) and tetanus toxoid (T-dependent)

antigens only when BLyS, a factor required for B-cell

survival and proliferation, was used as an adjuvant.15

More recently, expression of human cytokines delivered

by intravenous hydrodynamic injection of plasmid DNA

vectors was shown to modulate overall reconstitution lev-

els in the hNSG model and improve immune function.48

In further relevance to our observation, enhancement of

in vivo human T-cell development was observed in

BALB/c Rag2)/)cc)/) mice when human IL-7 was exoge-

nously delivered as recombinant protein3,16 or via a lenti-

virus-based delivery system.49 Importantly, in the latter
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study the authors did not observe vaccine-induced

human IgG generation in both control and IL-7-treated

mice, suggesting the need for additional factors to impact

the overall engraftment, human cell reconstitution pro-

cess and B-cell development in the xenogeneic environ-

ment.

The current study suggests that BLT may be an ideal

mouse model to study human B-1-cell-driven T-cell-

independent humoral immune responses. This is clearly

an important topic that merits further investigation as

it has been reported that B-1 and B-2 cells act in con-

cert to provide full immune protection against micro-

bial challenge.50 Additionally, disease susceptibility with

aging has been associated with the gradual decline of

the number of B-1 cells and loss of natural antibodies,

which are a major component of the innate immune

system.46 Therefore, our studies highlight the potential

of using the BLT model for experimental modulation

of this class of antibodies to expand the breadth of the

innate immune response. Finally, we illustrate that

there are species-specific deficiencies impacting the

homeostasis of the repopulating human cells in the

BLT humanized mouse model. Various approaches,

including delivery of human cytokines and other

growth factors in vivo are currently being undertaken

in our laboratory to develop a more complete and

robust adaptive humoral immune system in these

humanized mice.
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