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Abstract

Thymic stromal lymphopoietin (TSLP) and IL-7 are cytokines that signal via the IL-7 receptor 

alpha (IL-7Rα) to exert both overlapping and unique functions during early stages of mouse B cell 

development. In human B lymphopoiesis the requirement for IL-7Rα signaling is controversial 

and the roles of IL-7 and TSLP are less clear. Here we evaluated human B cell production using 

novel in vitro and xenograft models of human B cell development that provide selective IL-7 and 

human TSLP (hTSLP) stimulation. We show that in vitro human B cell production is almost 

completely blocked in the absence of IL-7Rα stimulation and that either TSLP or IL-7 can provide 

a signal critical for the production and proliferation of human CD19+ PAX5+ pro-B cells. 

Analysis of primary human bone marrow (BM) stromal cells show that they express both IL-7 and 

TSLP providing an in vivo source of these cytokines. Using novel xenograft models we show that 

the in vivo production of human pro-B cells under the influence of mouse IL-7 is reduced by anti-

IL-7 neutralizing antibodies, and this loss can be restored by hTSLP at physiological levels. These 

data establish the importance of IL-7Rα-mediated signals for normal human B cell production.
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Introduction

IL-7Rα signaling is required for B lymphopoiesis in adult mice, although fetal B cell 

production is IL-7Rα-independent [1]. IL-7Rα is a component of two distinct cytokine 
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receptor complexes with different secondary chains, one activated by IL-7 and the other by 

TSLP [2]. In adult mice where IL-7 is knocked out, there is a block in B cell precursor 

production that can be restored by TSLP, but only at the supra-physiological levels achieved 

in TSLP transgenic mice [3].

The role of IL-7Rα signals in human B cell development is controversial [4, 5]. Patients 

with defective IL-7R signaling exhibit severe combined immunodeficiency (SCID) 

characterized by a loss of T cells [6-9]. Although B cell function may be compromised in 

these patients, B cell numbers are normal [10], suggesting that human B lymphopoiesis 

differs from that in mice with respect to the requirement for IL-7Rα-mediated signals. 

However, these data are obtained during the first year of life consistent with fetal B cell 

production through an IL-7Rα-independent process similar to mouse. Early in vitro studies 

also suggested that human B cell production is IL-7-independent, however, these were often 

performed using fetal hematopoietic sources or culture models that produced mouse IL-7 

which was later shown to activate human IL-7Rα [11]. Although fetal B cell production is 

not dependent on IL-7 or TSLP, both of these cytokines can stimulate in vitro proliferation 

of human fetal B cell precursors [12].

Our previous in vitro studies, performed using a human-only co-culture model, showed that 

human B cell production beyond the fetal period is increasingly dependent on a signal that 

can be provided by IL-7 [13]. The ability of TSLP to replace IL-7 in providing this signal is 

unknown and the importance of IL-7Rα stimulation for in vivo human B lymphopoiesis has 

not been demonstrated. Recently we developed a novel xenograft model and it showed that 

physiological levels of human TSLP (hTSLP) increase human B cell production, in vivo, in 

context of IL-7 [14]. Here we use novel in vitro and xenograft models, engineered to provide 

selective IL-7 and hTSLP stimulation, to evaluate the requirement for IL-7Rα signals in 

post-fetal human B cell production and the ability of hTSLP to induce these signals at 

physiological levels.

Results and Discussion

TSLP or IL-7 can provide a signal critical for the in vitro production of human B cell 
precursors

To investigate the role of IL-7Rα signals induced by TSLP and IL-7 in early stages of 

human B cell production, we developed a human-only co-culture model that supports the 

production of human pro-B cells and provides selective IL-7 or TSLP stimulation. Human 

umbilical cord blood (CB) CD34+ cells were cultured with primary human bone marrow 

(BM) stromal cells in media supplemented with human serum. Selective cytokine 

stimulation was achieved with combinations of exogenous human IL-7 or TSLP and with 

neutralizing antibodies to counter activity of endogenously produced IL-7 and TSLP (Fig 

1A). CB CD34+ cells were grown under selective cytokine conditions for 3 weeks. Culture 

progeny were harvested and stained for flow cytometry to identify CD19+ PAX5+ B lineage 

cells. Control cultures that lacked TSLP or IL-7 produced small numbers of B lineage cells 

(Fig 1B). In contrast, TSLP and IL-7 cultures showed robust production of CD19+ PAX5+ B 

lineage cells (Fig 1B). Cultures with TSLP or IL-7 produced similar numbers of B cell 

precursors (Fig 1C).
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To determine if TSLP-induced proliferation contributes to the increased production of 

human B cell precursors from CB CD34+ cells, we compared BrdU incorporation in cells 

generated under selective cytokine conditions (Fig 1D). Proliferation in TSLP cultures was 

significantly increased as compared to control cultures lacking IL-7Rα stimulation and 

similar to cultures containing IL-7 (Fig 1E). These data demonstrate that TSLP can replace 

IL-7 in providing signals critical for in vitro production and proliferation of human CD19+ 

PAX5+ pro-B cells and that human B cell production is almost completely blocked in the 

absence of IL-7Rα stimulation.

Human bone marrow stromal cells express TSLP, as well as IL-7

To determine if the BM provides an in vivo source of TSLP we evaluated the ability of 

primary human BM stroma to produce TSLP. For comparison we evaluated IL-7, which we 

have previously shown to be expressed by human BM stroma [13]. RT-PCR analysis of 

stromal cells cultured from healthy donors showed TSLP and IL-7 transcripts (Fig 2A) that 

resulted in protein production as evidenced by TSLP and IL-7 in supernatants harvested 

from cultured cells (Fig 2B). These data demonstrate that human BM stroma provide an in 

vivo source of both cytokines in the normal human BM microenvironment where B cell 

precursors are generated.

IL-7Rα signals induced by TSLP or IL-7 increase the in vivo production of human B cell 
precursors

Next we evaluated the in vivo role of IL-7Rα-mediated signals in human B cell development 

and the ability of physiological levels of TSLP to replace IL-7 in the induction of these 

signals. Mouse TSLP does not show cross-species activity on human cells [14] although 

IL-7 does [11, 15]. Thus, classic xenografts provide IL-7, but not TSLP that can stimulate 

IL-7Rα signals. We used a novel human-mouse xenograft that provides normal serum levels 

of hTSLP (+T mice) and control (−T mice) that lack hTSLP [14] as an in vivo system for 

human B cell precursor production. Human IL-7 was not detectable in the serum of +T or 

−T engineered mice (Milford, unpublished data). To study in vivo human B cell precursor 

production under selective IL-7 and hTSLP stimulation, we established +T and −T 

xenografts with CB CD34+ cells and treated for two weeks with antibodies that neutralize 

mouse and human IL-7 [16] (Fig 3A). This allowed us to compare B lymphopoiesis in mice 

with 1) no hTSLP and reduced IL-7 (−T−7 mice); 2) no hTSLP and normal IL-7 (−T+7 

mice); and 3) physiological hTSLP and reduced IL-7 (+T−7 mice).

Human progenitors and B cell subsets in the bone marrow of xenograft mice were identified 

by flow cytometry (Fig S2 in online Supporting Information) and cell numbers were 

compared (Fig 3). No differences in numbers of human hematopoietic stem cells or multi-

potential progenitors was observed, including the earliest IL-7R+ progenitors 

(CD19−CD34+IL-7R+) (Fig 3B). In contrast, mice with normal IL-7 or with physiological 

levels of hTSLP showed a human pro-B compartment that was increased by 2-3 fold as 

compared to that observed in −T−7 mice (Fig 3C). Increases observed with physiological 

hTSLP extended to the pre-B cell stage, although significant increases in pre-B cells were 

not achieved in −T+7 mice (Fig 3C). Later stages of B cell development were not impacted, 

which was not surprising, given that the majority of these cells were likely generated prior to 
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the two-week anti-IL-7 treatment period (Fig 3C). No significant differences were detected 

in the numbers of non-B cells generated in mice with hTSLP or IL-7 as compared to −T−7 

xenografts (Fig 3D). T lineage cells are not generated in xenograft mice at this time point 

and so were not a part of the non-B lineage compartment. These data show that the in vivo 

production of human pro-B cells under the influence of IL-7 is reduced by anti-IL-7 

neutralizing antibodies, and this loss can be restored by hTSLP at physiological levels.

Concluding Remarks

In summary, we used in vitro selective cytokine cultures to show that the production of 

human B lineage cells beyond the fetal period is dependent on an IL-7Rα-mediated signal 

that can be provided by either TSLP or IL-7. We demonstrate that both of these cytokines 

are produced by normal human BM stroma. The validity of these findings for in vivo B 

lymphopoiesis is supported by the reduction in human B cell precursors observed following 

treatment with IL-7 neutralizing antibodies in xenografts and the ability of hTSLP to restore 

this loss.

These studies provide in vivo evidence that IL-7Rα signals positively regulate normal 

human B cell production and proliferation beyond the fetal period and suggest that TSLP 

can replace IL-7 in providing these signals. Our data provide a potential explanation for the 

recent report that B lineage commitment is not blocked in SCID patients who have defects in 

IL-7 signaling components (common gamma chain and JAK3), but have an intact TSLP 

receptor signaling pathway [17]. Our studies suggest that therapies to stimulate or block 

IL-7- and TSLP-mediated IL-7Rα signals are likely to impact B cell production. Consistent 

with this, data from clinical trials showing that the administration of recombinant human 

IL-7 can increase newly formed B cells in the periphery and expand the bone marrow 

lymphoid compartment [18].

Materials and methods

Additional details are available in the online Supporting Information.

Human Samples

Umbilical CB and BM were obtained in accord with Loma Linda University Institutional 

Review Board (IRB) protocols and the Helsinki Declaration of 1975, as revised in 2008. 

Isolation of CB CD34+ cells and detection of TSLP production in BM stroma are described 

in online supplementary methods.

Selective-Cytokine Co-cultures

CB CD34+ cells were seeded on primary human BM stroma and maintained as described 

[13] with media containing 5% human AB serum (Omega Scientific, Tarzana, CA). All 

cultures, including control, were supplemented with IL-3 and Flt-3 Ligand. For selective 

cytokine stimulation, hTSLP and/or IL-7 (R&D Systems Inc., Minneapolis, MN) were 

added. If neither TSLP nor IL-7 was added, cultures were further supplemented with 

neutralizing antibodies to counter activity of endogenously produced TSLP and/or IL-7. 

Cultures without cytokine-specific neutralizing antibody were supplemented with an 
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isotype-matched control. Co-cultures were harvested at 3 weeks. BrdU (Sigma-Aldrich, St. 

Louis, MO) was added for the final 24 hours in some cultures.

Animal Studies

Studies were performed using NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Jackson 

Laboratory) under protocols approved by the Loma Linda University Institutional Animal 

Care and Use Committee (IACUC). Mice were engineered by intraperitoneal injection with 

stroma transduced to express hTSLP (+T mice) or with control vector (−T mice) as 

described [14]. +T and −T mice were transplanted with CD34+ cells by tail vein injection, 

after sub-lethal irradiation. Five weeks after CB transplantation, anti-mouse/human IL-7 

neutralizing antibody or isotype-matched control (BioXCell, West Lebanon, NH) was 

injected as described in previous studies that used this anti-IL-7 antibody to inhibit in vivo 

mouse B lymphopoiesis [16].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IL-7Rα IL-7 receptor alpha
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Figure 1. TSLP can replace IL-7 in supporting the in vitro production and proliferation of 
human CD19+ PAX5+ B cell precursors
(A) Human-only cultures were produced by plating primary human CB CD34+ cells on 

primary human BM stroma. Selective cytokine stimulation was achieved by supplementing 

cultures with exogenous IL-7 (5 ng/ml) or TSLP (10 ng/ml) or neutralizing antibodies to 

TSLP (anti-) or IL-7 (anti-7) at 1 ug/ml and 10 ng/ml respectively, as indicated. Cultures 

without a particular neutralizing antibody were supplemented, as a control, with non-specific 

isotype-matched antibodies (ctrl Ig). All culture conditions included IL-3 and Flt-3 ligand at 

1 ng/ml. Cultures were maintained for 3 weeks, then harvested and stained for flow 

cytometry. (B) Dot plots of CD19 vs. PAX5 staining in each culture condition are shown 

(representative of n=3 independent experiments). PAX5 fluorescence minus one (FMO) 

control is displayed in inset. (C) Graphed are the relative numbers of CD19+ cells (mean± 

SEM) generated in vitro under indicated conditions at three weeks (n=14). Relative cell 

number is defined as the number of CD19+ cells/HSC generated in each condition divided 

by the sum of CD19+ cells/HSC in all conditions. (D) Representative dot plots of CD19 vs 

BrdU staining in indicated conditions. BrdU FMO control is displayed in the inset of the 
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Ctrl dot plot. (E) Graphed is the percent BrdU+ cells (mean± SEM) in the total CD19+ 

population generated under indicated conditions at three weeks (n=8). Additional gating is 

shown in Fig. S1 in online supporting data. Statistical analysis was performed using one-

tailed, paired t-test, *p<0.05, **p<0.001. Each comparison is versus the control condition. 

Error bars represent mean ± SEM.
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Figure 2. IL-7 and TSLP are produced by human BM stroma
(A) RT-PCR, was used to detect TSLP, IL-7 or beta-2 microglobulin (β2M, control) 

transcripts in primary human BM stromal cells from different human donors – pediatric (BM 

#1 and BM #2) and adult (BM #3) or culture medium as a negative control. Each patient 

sample was assessed in two or more different PCR reactions. (B) Supernatant from confluent 

BM stromal cell cultures were assessed by ELISA for TSLP and IL-7 protein production. 

Data are expressed as mean ± SEM of triplicate values for TSLP, and duplicate values for 

IL-7. Dashed lines (---) represent ELISA threshold of detection.
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Figure 3. IL-7 and TSLP increase the in vivo production of human B cell precursors in human-
mouse xenografts
(A) Immune deficient NSG mice were engineered to express physiological levels of hTSLP 

(+T mice) or without hTSLP (−T mice) as described [14]. CB CD34+ cells were injected by 

tail vein into −T and +T mice. Five weeks later, −T mice and +T mice were treated for two 

weeks with anti-human/mouse IL-7 antibody or isotype-matched control antibody to 

generate −T−7 mice (no hTSLP and reduced IL-7), −T+7 mice (no hTSLP and normal IL-7), 

and +T−7 mice (physiological hTSLP and reduced IL-7). At 7 weeks post-transplant, mice 

were euthanized and BM harvested and stained for human specific markers to identify 

hematopoietic subsets (for gating see Fig S1 in online Supporting Information.) Graphed are 

the absolute numbers of cells in (B) progenitor populations, (C) B cell subsets, and (D) non-

B cells in the BM of xenograft mice. Data shown were obtained from two independent 

transplantations of two different CB donors with a total of four mice per group. Statistical 

analysis was performed using one-tailed, unpaired t-test, *p<0.05 compared to −T−7 mice. 

Error bars represent mean ± SEM.
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