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Abstract

Gain-of-function (GOF) mutations in CXCR4 cause WHIM syndrome characterized by infections, 

leukocyte retention in bone marrow (BM), and blood leukopenias. B-lymphopenia is evident 

at early progenitor stages, yet why CXCR4 GOF mutations cause B (and T) lymphopenia 

remains obscure. Using a CXCR4 R334X GOF mouse model of WHIM syndrome, we showed 

that lymphopoiesis is reduced due to dysregulated mesenchymal stem cell (MSC) transcriptome 

characterized by a switch from an adipogenic to an osteolineage-prone program with limited 

lymphopoietic activity. We identify Lymphotoxin beta receptor (LTβR) as a critical pathway 

promoting IL7 downregulation in MSCs. Blocking LTβR or CXCR4 signaling restored IL7 

production and B cell development in WHIM mice. LTβR blocking also increased IL7 and 

BAFF production in secondary lymphoid organs (SLOs), increasing B and T cell numbers in the 
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periphery. These studies revealed LTβR signaling in BM MSCs and SLO stromal cells limits the 

lymphocyte compartment size.

One sentence summary:

Increased LTβR signaling in mesenchymal stem cells reduces IL7 production and causes 

lymphopenia in WHIM syndrome.

Introduction.

Blood cells develop from hematopoietic stem cells (HSCs) through intermediate stages 

of increasingly proliferative lineage restricted progenitors. The diversity of hematopoietic 

lineages produced in the bone marrow (BM) is regulated by common (e.g. Kit ligand) 

and lineage-restricted cytokines (e.g. IL7, IL15, MCSF, GCSF) that are produced by 

perivascular Leptin-receptor expressing mesenchymal stem cells, periarteriolar pericytes, 

and endothelial cells (1–3). Recent studies employing single cell RNA sequencing revealed 

a significant overlap between mesenchymal and endothelial cell that produce myeloid and 

lymphoid lineage cytokines (4–6). Defects in local cytokine production by conditional gene 

targeting result in significant reductions in hematopoietic cell production (7–11). Likewise, 

hematopoiesis is severely reduced when hematopoietic progenitors lack the chemokine 

receptor CXCR4, or when niche cells are rendered deficient in CXCL12, the ligand for 

CXCR4 (8, 11–18). Collectively, these findings led us to propose that hematopoietic stem 

and progenitor cells depend on localization cues, namely CXCR4 and CXCL12, for cell-cell 

interactions and proximity to specialized niches that produce common and lineage-specific 

differentiation cytokines (19).

Of all hematopoietic cell lineages, B cells are among the most dependent on CXCR4 

signaling for proper development in the BM (8, 13). Early B-lineage committed progenitors 

upregulate CXCR4 expression and remain in close contact with IL7-producing MSCs (20). 

Upon productive rearrangement of the preBCR, CXCR4 expression is further increased 

while α4β1 integrin-mediated adhesion is reduced, which confers increased random motility 

to preB cells and reduces exposure to IL7 (20, 21). Paradoxically, gain-of-function 

mutations in CXCR4, which causes WHIM (Warts, Hypogammaglobulinemia, Infections, 

Myelokathexis) syndrome in humans, also reduces BM B lymphopoiesis (22–26). This is 

particularly intriguing because hyperresponsive CXCR4 signaling to CXC12 would predict 

increased exposure to IL7 and consequently increased B cell progenitor proliferation. 

Instead, studies using a mouse model of a WHIM causing mutation (CXCR4 S338X) 

showed reduced proB and preB cell development in vivo, and also reduced naïve B and 

T cell numbers in the periphery (24). These unexpected observations led us to consider 

the possibility that the BM environment of WHIM patients and mice might be defective 

in supporting lymphoid lineage development, and to search for mechanisms controlling 

lymphopoietic niche activity in vivo.

Using single cell RNA sequencing, here we show altered Lepr+ MSC transcriptomic 

heterogeneity in WHIM mice that is characterized by a switch from a predominant 

adipogenic to an osteolineage-primed state. These changes reduced IL7 expression by Lepr+ 
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MSCs, which in turn reduced lymphopoietic niche activity in vivo. We further show that 

Lepr+ MSCs express the Tumor Necrosis Factor (TNF) superfamily member lymphotoxin 

beta receptor (LTβR), and that excessive LTβR signaling in MSCs is responsible for reduced 

IL7 production and reduced lymphopoiesis in WHIM mice. In secondary lymphoid organs 

(SLOs) of WT and WHIM mice, LTβR signaling also reduced IL7 expression and BAFF 

production by lymph node fibroblastic reticular cells (FRCs). In vivo treatment with an 

LTβR antagonist or with a CXCR4 antagonist restored IL7 production and rescued B cell 

development in the BM. LTβR signaling blockade, but not CXCR4 blockade, also elevated 

IL7 and BAFF production by stromal cells in SLOs and restored naïve B and T cell 

numbers in the periphery. In summary, these studies revealed LTβR signaling as a negative 

regulator of B-lymphopoiesis by controlling IL7 expression in the BM, and of B and T cell 

homeostasis by adjusting IL7 and BAFF production in SLOs.

Results

Altered hematopoietic niche activity in WHIM mice.

To gain insights into mechanisms driving peripheral lymphopenia in WHIM syndrome we 

generated a mouse model of the most prevalent WHIM-causing R334X mutation in CXCR4 

(Supplementary Figure 1A and 1B). Cxcr4WHIM/+ mice had significant reductions in the 

number of developing B cell subsets in the BM (Fig. 1A), a near 2-fold reduction in splenic 

transitional B cells (Fig. 1B), and a 2-3 fold reduction in naive B cells in blood and SLOs 

(Fig. 1C–E). CXCR4 protein was elevated on the surface of developing B cell subsets in the 

BM and spleen (Fig. 1F and 1G), presumably due to defective CXCL12-mediated CXCR4 

desensitization (Fig. 1H). Increased CXCR4 signaling resulted in increased immature B 

cell retention in BM parenchyma and reduced localization in sinusoids (Fig. 1I and 1J), 

in agreement with prior studies (27–29). Neutrophils were equally represented in BM and 

blood, and a trend towards reduced numbers in the spleen of WHIM mice (Supplementary 

Figure 1C). Monocyte numbers in WHIM mice trended towards reduction in BM and in 

circulation (Supplementary Figure 1D). CXCR4 protein is also increased on the cell surface 

of immature neutrophils and monocytes (Supplementary Figure 1F). In WHIM patients, 

plasmacytoid dendritic cells (PDCs) numbers are reduced in peripheral blood (30), and in 

CXCR4 WHIM mice PDCs are significantly reduced in the spleen (Supplementary Figure 

1G). Collectively, these results were consistent with prior studies using an independently 

generated WHIM mouse model (24, 25).

The fact that lymphopenia is significant at early IL-7-dependent stages suggested that 

lymphopoietic niches in the BM (8, 20) might be altered in WHIM mice. To test this 

possibility, we analyzed the non-hematopoietic cells that form lymphopoietic niches of 

Cxcr4WHIM/+ and wild-type (WT) littermate mice by droplet-based single cell RNA 

sequencing (scRNAseq). Non-hematopoietic cells were sorted based on absence of CD45, 

CD71, CD19 and Ter119 expression, and surface expression of leptin receptor (Lepr) and 

endothelial cell markers CD31 and CD144 (Supplementary Figure 1H), and mRNA libraries 

(10x Genomics) were prepared and sequenced (see Methods). A total of 20,837 cells, of 

which 10,819 cells were Cxcr4WHIM/+ and 10,018 cells were Cxcr4+/+, were sequenced at 

a depth of 44,395 and 41,108 mean reads/cell, respectively. The mean genes per cell were 
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1,912 and 1,450 for Cxcr4+/+ and Cxcr4WHIM/+ respectively. After quality control utilizing 

Seurat (31) and removal of hematopoietic contaminants (see Methods) 7,156 Cxcr4WHIM/+ 

and 5,442 Cxcr4+/+ cells were analyzed. Cells were visualized using Uniform Manifold 

Approximation and Projection (UMAP) (32). Unsupervised clustering analysis of the total 

of 12,598 cells revealed 12 clusters (Table 1). Of these, we identified 5 mesenchymal lineage 

cells (MSC) characterized by Lepr expression (clusters 0-3 and 5), 1 osteoblast cluster 

(cluster 4), 2 endothelial cell clusters (1 sinusoidal (cluster 6) and 1 arterial (cluster 7)), 1 

fibroblast cluster (cluster 9), 1 chondrocyte cluster (cluster 10) (Fig. 2A, and Supplementary 

Figure 1I–L), and 2 hematopoietic progenitor cell clusters identified by the expression of 

genes Pf4, Ppbp (cluster 8) and Rgs1, Ifitm1, Adgrg1 (cluster 11). Since our sorting protocol 

enriched for Lepr+ MSCs, the number of identified MSC clusters was comparable to or even 

slightly exceeded that of previous studies (4–6).

Within MSC clusters, we identified a large cluster of Lepr+ cells with an adipogenic 

transcriptomic signature (cluster 0), consistent with prior studies (6), and two clusters of 

osteolineage-primed MSC (clusters 1 and 3). In addition, we identified an MSC cluster 

with increased expression of several immediate early genes (33) (Fosb, Fos, Zfp36, Jun, 

Junb, cluster 2), and one MSC cluster characterized by increased expression of the 

chemokines Cxcl9 and Cxcl10 (cluster 5). Comparison of Cxcr4WHIM/+ and Cxcr4+/+ BM 

cells confirmed the presence of all clusters in both samples (Fig. 2B and 2C). Differential 

abundance test between Cxcr4+/+ and Cxcr4WHIM/+ datasets using Milo (34) revealed that 

the abundance of cellular states is significantly different in clusters 0 and 1 (Fig. 2C and 2D; 

spatial False Discovery Rate (FDR) < 0.05). Specifically, we found a reduced representation 

of adipo-primed Lepr+ MSC (cluster 0) and an increase in osteo-primed Lepr+ MSC (cluster 

1) in Cxcr4WHIM/+ mice (Fig. 2B and 2C). This alteration in MSC cluster composition 

was accompanied by statistically significant differential gene expression (DEG) in MSC 

clusters 0-3, with 210 DEGs in cluster 0, 187 DEGs in cluster 1, 197 DEGs in cluster 2 

and 243 DEGs in cluster 3 (|log2FC| >0.2, adjusted p-value (padj) <0.05; Table 2). Among 

DEGs, Il7 expression was significantly downregulated in cluster 1 (Lepr-MSC-2; Fig. 2E 

and Supplementary Figure 1M), whereas Cxcl12 expression was similar in all MSC clusters 

(Fig. 2F and Supplementary Figure 1N). Using an Il7GFP/+ reporter allele, we could also 

measure significant Il7 downregulation in bulk Lepr+ MSCs isolated from Cxcr4WHIM/+ 

Il7GFP/+ mice by flow cytometry (Fig. 2G and 2H). Thus, these data suggested that the 

lymphopoietic activity of BM niches in Cxcr4WHIM/+ mice is reduced.

Lymphotoxin β receptor signaling in MSCs controls Il7 expression.

When examining the transcriptome of BM niche cells, we noted that MSCs, and in particular 

Lepr+ MSC-2 cells, express lymphotoxin β receptor (LTβR, Fig. 3A and 3B). Given the 

well-known role for LTβR in the organization of lymphoid compartments in SLOs (35, 

36) we considered the possibility that LTβR signaling might also control lymphopoietic 

niche activity in the BM. To examine if LTβR signaling regulates lymphopoietic niches, we 

analyzed global transcriptomic changes by RNA sequencing of Lepr+ MSC isolated from 

C57BL6/J mice treated with a soluble LTβR-Ig decoy (a fusion between LTβR ectodomain 

and the Fc domain of a mouse IgG1 recognizing Hen Egg Lysozyme) or with control IgG1 

(anti-Hen Egg Lysozyme, HEL-Ig) for 3 weeks (Fig. 3C), a period of time that is necessary 
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for the disappearance of follicular dendritic cells from SLOs (37–39). This analysis revealed 

199 DEGs between LTβR-Ig and HEL-Ig treated samples (Fig. 3D and 3E, padj < 0.05, 

and Table 3) of which 113 were downregulated and 86 were upregulated. Among the genes 

significantly downregulated were several chemokines (Cxcl16, Ccl19, Ccl7, and Ccl2) but 

not Cxcl12 (Table 3). Importantly, Il7 was significantly upregulated in LTβR-Ig treated 

mice (Fig. 3E and 3F). Treatment of Il7GFP/+ mice with LTβR-Ig for 3 weeks increased 

Il7 expression as measured by Il7-GFP expression on gated Lepr+ MSCs (Fig. 3G). The 

Il7 upregulation was associated with a statistically significant increase in the number of IL7-

dependent proB and preB cells in the BM (Fig. 3H). To further examine if LTβR signaling 

was required in Lepr+ MSCs we generated Il7GFP/+ reporter mice with Ltbr conditionally 

deficient Lepr+ MSCs (Il7GFP/+ LeprCre/+ Ltbrfl/fl; Fig. 3I). Importantly, Il7-GFP expression 

was significantly increased in LTβR-deficient MSCs (Fig. 3J), which led to an increase in 

proB and preB cell numbers in the BM (Fig. 3K).

LTβR signaling blockade restores Il7 expression and lymphopoiesis in Cxcr4WHIM/+ mice

The lymphotoxin heterotrimer LTα1β2 and LIGHT are membrane-bound ligands of LTβR 

expressed on multiple hematopoietic cells (35, 36). In the BM, early hematopoietic 

progenitors showed measurable amounts of LTα1β2 expression, including developing B 

cells and myeloid cell subsets (Supplementary Figure 2A–D). In Ltb−/− mice, MSCs 

expressed higher Il7-GFP than Ltb+/+ mice (Supplementary Figure 2E), which correlated 

with a trend towards increased developing B cell subsets in the BM (Supplementary Figure 

2F). Because IL7-producing MSCs express the highest amounts of CXCL12 in BM (Ref. 8, 

and Supplementary Figure 1N), we reasoned that CXCR4 GOF mutations not only increases 

lymphocyte retention in the parenchyma (Fig. 1I and 1J) but might also increase interactions 

between lymphocytes (and other leukocytes) and MSCs. In turn, increased leukocyte/MSC 

interactions could result in increased LTβR signaling and consequently reduced IL7 

production in BM MSCs (Fig. 4A). Of note, naïve B cells are major sources of LTα1β2 

required for the maintenance of stromal cell networks in SLOs (40–42). CXCR4 signaling 

promotes LTα1β2 expression in B cells (40), and in WHIM mice B cells also express 

significantly more membrane-bound ligands of LTβR (Fig. 4B and 4C). Expression of 

membrane-bound LTβR ligands trended towards increased in neutrophils and monocytes of 

WHIM mice, but this difference did not reach statistical significance (Supplementary Figure 

2G). LTβR protein expression was equivalent in WHIM and WT MSCs (Supplementary 

Figure 2H). Consistent with the possibility that LTβR signaling is altered in WHIM MSCs, 

the LTβR-regulated genes Ccl19, Cxcl13, Ch25h, and Cyp7b1 (39, 43) were significantly 

increased in MSCs from WHIM mice (Fig. 4D). To test if increased LTβR signaling in 

MSCs impairs lymphopoiesis, we treated Cxcr4WHIM/+ Il7GFP/+ and Cxcr4+/+ Il7GFP/+ 

mice with LTβR-Ig or with control HEL-Ig for 1 week (Fig. 4E) and analyzed Il7-GFP 

expression in MSCs. Il7 expression was significantly increased in LTβR-Ig treated mice 

(Fig. 4F and 4G) whereas Cxcl12 expression remained unchanged (Supplementary Figure 

3A and 3B). Importantly, proB, preB and immature B cell numbers in the BM of LTβR-Ig 

treated Cxcr4WHIM/+ mice were significantly increased to levels comparable to that of HEL-

Ig-treated Cxcr4+/+ mice (Fig. 4H). Prolonging LTβR-Ig treatment to 3 weeks restored naive 

B cell numbers in the blood and spleen of Cxcr4WHIM/+ mice, but it also increased naive 

B cell numbers in Cxcr4+/+ mice (Fig. 4I and 4J). This change, however, was accompanied 
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by a more than 2-fold reduction in B cell numbers in peripheral lymph nodes exclusively 

in Cxcr4+/+ mice (Fig. 4K), in agreement with a role for LTβR signaling in maintenance 

of high endothelial venules (44). The overall effect of LTβR-Ig treatment restored B cell 

numbers in Cxcr4WHIM/+ mice to similar numbers as in control treated Cxcr4+/+ mice 

(Fig. 4L). Similar findings were obtained in Cxcr4WHIM/+ mice carrying conditional Ltbr 
deletion in Lepr+ MSCs (Fig. 4M and 4N), even though Lepr-cre mediated Ltbr deletion 

also impacted the development of follicular dendritic cells (Supplementary Figure 3L). 

Taken together, these results showed that inhibition of LTβR signaling normalized BM 

Il7 expression, rescued B cell progenitor numbers in the BM of Cxcr4WHIM/+ mice, and 

elevated naïve B cell numbers in the periphery.

Besides restoring B cell numbers, LTβR-Ig treatment significantly increased the number 

of CD4+ and CD8+ T cells in the spleen (Supplementary Figure 3C), while having less 

effects in T cell subsets in blood and lymph nodes (Supplementary Figure 3D and 3E). 

In Cxcr4WHIM/+ BM, CD4+ and CD8+ T cell numbers were increased by ~2- to 3-fold 

(Supplementary Figure 3F) presumably due to increased trafficking of Cxcr4WHIM/+ T cells 

to the BM (Supplementary Figure 3M–P). The numbers of developing T cell subsets in 

the thymus were unaffected by LTβR-Ig treatment (Supplementary Figure 3G–I). LTβR-Ig 

treatment restored the overall total number of CD4+ and CD8+ T cells present in combined 

SLOs to levels equivalent to that of control mice treated with HEL-Ig (Supplementary 

Figure 3J). T cell subsets also recovered in LTβR cKO Cxcr4WHIM/+ mice although with 

reduced magnitude compared to LTβR-Ig treatment (Supplementary Figure 3K), possibly 

due to Ltbr deletion in some Lepr-expressing stromal cells in SLOs (Supplementary Figure 

3L).

CXCR4 antagonism normalizes Il7 expression and rescues B and T cell lymphopenia in 
Cxcr4WHIM/+ mice

To further establish a relationship between CXCR4 GOF mutations and increased LTβR 

signaling in BM MSCs, we treated Cxcr4WHIM/+ mice with an orally bioavailable CXCR4 

antagonist by daily gavage (45). Remarkably, this treatment phenocopied the effects seen 

with LTβR-Ig treatment. Specifically, Il7-GFP expression in BM MSCs was significantly 

increased in Cxcr4WHIM/+ mice to levels seen in control treated Cxcr4+/+ mice, and 

rescued proB cell numbers to that of wild-type levels (Fig. 5A–C). The effects on preB 

and downstream developing B cell subsets were less evident due to the fact that these 

subsets are more dependent on active CXCR4 signaling for BM retention than proB cells 

(Supplementary Figure 4A) (27, 29, 46, 47). Prolonged CXCR4 antagonism also elevated 

naïve B cell numbers in circulation and in SLOs (Fig. 5D–F). Similarly, CXCR4 antagonist 

treatment increased CD4+ and CD8+ T cell numbers in spleen and blood of Cxcr4WHIM/+ 

mice (Supplementary Figure 4B and 4C), and CD8+ T cells in pLN (Supplementary Figure 

4D), and reduced homing to the BM (Supplementary Figure 4E). Thymocyte development 

was not significantly affected by CXCR4 antagonism treatment (Supplementary Figure 4F–

H). Furthermore, Il7 expression in cortical and medullary epithelial cells was equivalent in 

WT and WHIM mice and was unaffected by CXCR4 antagonism (Supplementary Figure 

4I and 4J). Interestingly, LTβR-Ig treatment increased Il7-GFP expression in medullary 

thymic epithelial cells but not cortical thymic epithelial cells of both WT and WHIM mice 

Zehentmeier et al. Page 6

Sci Immunol. Author manuscript; available in PMC 2023 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Supplementary Figure 4K). This finding agrees with prior studies showing a role for LTβR 

signaling in mTEC differentiation (48).

Peripheral niches for lymphocyte homeostasis in Cxcr4WHIM/+ mice are intact.

Naïve B and T cell numbers are maintained by BAFF and IL7, respectively, and both 

cytokines are predominantly produced by fibroblastic reticular cells (FRCs) in SLOs. As 

FRCs also express CXCL12, we considered the possibility that dysregulated stromal cells in 

SLOs contribute to peripheral B and T cell lymphopenia in Cxcr4WHIM/+ mice. To test this 

possibility, we compared splenic and lymph node stromal cell transcriptomes of Cxcr4+/+ 

and Cxcr4WHIM/+ mice by scRNAseq. We FACS purified non-hematopoietic and non-

endothelial cells based on absence of CD45, Ter119, CD71, CD31 and CD144 expression 

and generated mRNA libraries (10x Genomics) for high throughput deep sequencing. We 

analyzed 14,516 and 6,386 cells from Cxcr4WHIM/+ and Cxcr4+/+ spleens at a depth of 

30,045 and 57,145 mean reads/cell, respectively. After quality control and removal of 

hematopoietic cells, 1283 Cxcr4WHIM/+ and 2201 Cxcr4+/+ cells were selected for further 

analyses. Unsupervised Leiden clustering analysis revealed 12 stromal cell clusters overlaid 

on UMAP plot (Fig. 6A, and Supplementary Figure 5A and Table 4). Specifically, cluster 0 

is characterized by high expression of small leucin-rich proteoglycans Decorin and Lumican, 

and collagen 1 type 1a, that form the extracellular matrix (Fig. 6A and Supplementary 

Figure 5A and 5B). These cells are transcriptionally similar to red pulp and sub-capsular 

fibroblasts (49). Cells in cluster 1, characterized by high expression of aorta smooth 

muscle actin 2 (Acta2) and Transgelin (Tagln), also express abundant amounts of canonical 

mural cell markers (e.g. Pdgfrb, Cspg4). Cluster 2, marked by Upk3b, Igfbp6 and Krt19 
expression, shares a transcriptional gene expression signature with Mesothelin-expressing 

mesothelial cells that form the outer layer of the splenic capsule (Fig. 6A and Supplementary 

Figure 5A, 5B, and 5F) (49). Cluster 3 represents a subset of red pulp fibroblasts that 

express the highest amount of Cxcl12 in the spleen (Fig. 6A and Supplementary Figure 5A–

D), express Stem Cell Factor (Kitl, Supplementary Figure 5C), and resemble perivascular 

stromal cells of the red pulp that form a niche for hematopoietic stem cells (50). Cluster 4 

cells express high amounts of genes associated with proliferative hematopoietic progenitors 

(e.g. Mik67, Kit, Lmo2, Ikzf1, Hmgb2, Stmn1, Fig. 6A and Supplementary Figure 5E). The 

increased representation of cluster 4 cells in WHIM samples (Fig. 6A and 6C) agrees with 

prior studies showing increased extramedullary hematopoiesis in the spleen of Cxcr4WHIM/+ 

mice (25). Cluster 5 also shares transcriptional similarities with cells in Cluster 1 and Mural 

cells with the notable exception that they lack Cspg4 expression (Fig 6A and Supplementary 

Figure 5A–C). Cluster 8 represents stromal cells associated with white pulp regions of the 

spleen as indicated by abundant expression of T-zone stromal cells (TRCs) defined by Ccl19 
and Ccl21 expression; and genes defining B cell follicle stromal cell subsets (e.g. Cxcl13, 

Cr2, Ch25h, and Pthlh, Fig. 6A and Supplementary Figure 5A–B and 5G) (51). Finally, we 

also detected cells with a transcriptional signature of Schwann cells (cluster 6, Fig 6A and 

Supplementary Figure 5A–B), endothelial cells (cluster 7, Supplementary Figure 5A–B), 

and traces of other cell contaminants (clusters 9-11, Supplementary Figure 5A–B, Table 4).

In contrast to BM MSCs, the datasets obtained from Cxcr4WHIM/+ and Cxcr4+/+ splenic 

stromal cells showed minimal differences in cluster representation (Fig. 6B and 6C). 
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Among non-hematopoietic clusters, only the Ltbp2high cell frequency was reduced in 

the Cxcr4WHIM/+ sample. Furthermore, expression profiles of Cxcr4WHIM/+ and Cxcr4+/+ 

clusters were largely comparable, with some DEGs detected (padj <0.05; cluster 0: 92 

DEGs, cluster1: 10 DEGs, and cluster 2: 13 DEGs; Table 5), but none of these genes 

regulate B or T cell numbers in the periphery. Furthermore, white pulp stromal cells (cluster 

8) expressed similar amounts of Il7 and Tnfsf13b (encodes BAFF; Fig. 6D–G) indicating 

that the defect seen in peripheral B and T cells could not be explained by altered production 

of homeostatic B and T cell cytokines. It should be noted that the total number of cells in 

cluster 8 (white pulp stromal cells) was too small for reaching a definitive conclusion.

To gain in depth resolution of differences in stromal cell composition (and gene expression) 

that regulate peripheral lymphocyte survival and homeostasis, we also examined stromal 

cells isolated from peripheral lymph nodes from Cxcr4WHIM/+ and Cxcr4+/+ mice by 

scRNAseq. Leiden cluster analysis revealed 7 clusters, including 1 large cluster of 

TRC/MRC/FDC (cluster 1) which was identified based on expression of classical markers 

such as Ccl19, Ccl21a, Enpp2, Tnfsf11 and Cr2 (Supplementary Figure 6A, 6D–E, 6H; and 

Table 6). We also detected previously described clusters of perivascular cells (PvC) and 3 

clusters of Cd34+ SC (cluster 0, 2 and 3; Supplementary Figure 6A, and Table 6) (51), 

as well as 1 epithelial cell cluster (cluster 5) and 2 Schwann cell clusters (cluster 6 and 

7). The cluster composition was largely comparable in Cxcr4WHIM/+ and Cxcr4+/+ lymph 

nodes (Supplementary Figure 6B–C), with relatively small numbers of DEGs detected 

between Cxcr4WHIM/+ and Cxcr4+/+ samples (Table 7) for each cluster. None of these 

genes are known to regulate lymphocyte homeostasis. Furthermore, neither Il7, Tnfsf13b, 

or Cxcl12 were differentially expressed between Cxcr4WHIM/+ and Cxcr4+/+ stromal cell 

clusters (Supplementary Figure 7A–C). Combined, these data suggested strongly that the 

peripheral B and T cell lymphopenia was independent of measurable changes in stromal cell 

composition or gene expression in Cxcr4WHIM/+ mice.

Altered B and T cell trafficking through SLOs in WHIM mice.

T cell recirculation between blood and SLOs is critical for T cell survival due to their 

dependency on IL-7 presumably produced by FRCs (51–53), and on S1P (54). Likewise, 

transitional and mature B cells require BAFFR signaling for differentiation and survival, 

and the cellular sources of BAFF are radiation resistant stromal cells (55, 56). When 

examining the relationship between cell clusters expressing CXCL12 and clusters capable 

of producing the B and T cell survival cytokines BAFF and IL7 respectively, we noted that 

CXCL12 high cells (cluster 3) did not express either cytokine (Fig. 6D). Even though Il7 and 

Tnfsf13b expression in stromal cell subsets of the spleen and lymph nodes were normal in 

Cxcr4WHIM/+ mice, we considered the possibility that B and T cell access to survival niches 

was affected by CXCR4 GOF mutations. To test this possibility, we transferred fluorescently 

labelled Cxcr4WHIM/+ (CFSE+) and Cxcr4+/+ B cells (CMTMR+) into C57BL6/J recipients 

and examined cell localization by flow cytometry and confocal microscopy 16 hours 

after adoptive transfer (Fig. 7A). We found Cxcr4WHIM/+ B cells preferentially home to 

the BM, while homing to spleen and pLN was significantly reduced (Fig. 7B). Of the 

fewer cells reaching the spleen, the majority localized in the red pulp (Fig. 7C and 7D). 

Within the white pulp, WHIM and WT B cells localized normally in the T-zone and 
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follicular areas, with no significant differences found in their localization throughout distinct 

niches (Fig. 7E). Likewise, even though fewer WHIM B cells entered peripheral lymph 

nodes, WT and WHIM B cells distributed equivalently throughout follicular and T-zone 

niches (Supplementary Figure 7D and 7E). Transitional differentiation of splenic B cells 

expressing the WHIM allele was significantly reduced under competitive conditions (Fig. 

7F). Consistent with reduced access to BAFF-producing stromal niches, we noted increased 

expression of apoptotic markers in WHIM-expressing transitional B cell subsets, which 

normalized after treatment with LTβR-Ig (Fig. 7G). LTβR-Ig treatment did not correct the 

abnormal trafficking of Cxcr4WHIM/+ B cells in vivo (Fig. 7H–K), which is expected given 

the fact that LTβR signaling controls CXCL13, CCL19 and CCL21 expression in SLO 

stromal cells (38). This observation raised the possibility that systemic LTβR signaling 

blockade corrected transitional B cell differentiation, and possibly mature B cell survival, 

through a mechanism independent of increased accessibility to lymphocyte survival niches 

in the periphery and increased IL-7 production in the BM.

LTβR signaling regulates IL-7 and BAFF production in SLOs

While systemic LTβR and CXCR4 blockade acted equivalently in restoring lymphoid niche 

activity in BM MSCs, these treatments seemed to differ in mode of action in the periphery. 

Specifically, while CXCR4 blocking reduced B and T cell trafficking through the BM and 

facilitated trafficking through the periphery, LTβR-Ig treatment had no effect on CXCL12 

expression by BM MSCs (Supplementary Figure 3A and 3B) and by splenic and lymph 

node stromal cells (Fig. 8A and 8B) consistent with prior observations (38). This observation 

led us to consider the possibility that LTβR signaling controls IL7 and BAFF production in 

SLOs such that it could compensate for reduced B and T cell trafficking to niches supporting 

lymphocyte survival. To test this possibility, we measured Il7 and Tnfsf13b transcripts in 

FACS sorted lymph node FRCs of C57BL6/J mice treated with HEL-Ig or LTβR-Ig. Indeed, 

both transcripts were upregulated by 2-3 fold when LTβR signaling was blocked for 1 week 

(Fig. 8E–G). Although we could not reliably detect IL7, we could measure increased BAFF 

protein by flow cytometry analyses of permeabilized lymph node FRCs of LTβR-Ig treated 

mice (Fig. 8H and 8I). Increased BAFF production could be monitored by staining BAFF 

bound to BAFF receptors on B cells in lymph nodes of WT and WHIM mice treated with 

LTβR-Ig (Fig. 8J and 8K), but not with CXCR4 antagonist (Fig. 8L). B cells from untreated 

or control treated WHIM mice also showed higher BAFF staining on the surface (Fig. 8J and 

8K). This finding was consistent with a small but significant increase in BAFF concentration 

in the serum of WHIM patients when compared to healthy volunteers, but lower than the 

BAFF concentration measured in patients with a partial RAG deficiency (Fig. 8L). Prior 

studies demonstrated an inverse correlation between the magnitude of lymphopenia seen in 

primary immune deficient patients and serum BAFF concentration (57). Likewise, the severe 

lymphopenia seen in partial RAG deficient patients correlates with high BAFF concentration 

in serum of these patients (Fig. 8L) and suggests that WHIM patients are also afflicted by 

a mild, systemic, lymphopenia as seen in WHIM mice. In summary, these findings showed 

that LTβR signaling controls the production of homeostatic cytokines IL7 and BAFF by 

SLO stromal cells and thereby controls the size of the peripheral lymphocyte compartment.
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Discussion.

HSCs and hematopoietic progenitors rely predominantly on CXCR4/CXCL12 to encounter 

common and lineage-specific hematopoietic cytokines produced by niche cells (19). 

Consequently, hematopoietic cells engage niche cells for extended periods of time (20, 

58, 59), which offers opportunities for cellular crosstalk and delivery of regulatory signals. 

In this study we showed that LTβR expressed in Lepr+ MSCs inhibits IL7 expression 

in vivo, but the magnitude of IL7 modulation, even though significant under homeostatic 

conditions, only modestly reduced B cell development. When the CXCR4/CXCL12 pathway 

is activated at supra-physiological levels, as seen in CXCR4 GOF that cause WHIM 

syndrome, the cross-talk between hematopoietic and niche cells is presumably intensified 

such that it causes a switch in the MSC pro-adipogenic gene expression program to an 

osteolineage program characterized by low IL7 production and reduced lymphopoietic 

activity. Blocking LTβR or CXCR4 signaling completely restored IL7 production and B-

lymphopoiesis in the BM of WHIM mice.

Previous studies indicated that hematopoietic stem and progenitor cells expressing the 

CXCR4 S338X GOF mutation are partially defective in undergoing differentiation into 

lymphoid lineages in vivo (25). Our findings here reported are consistent with these 

observations and extend our understanding of how hematopoietic cell-intrinsic CXCR4 GOF 

impacts the BM niche and reduces its lymphopoietic potential. However, the reduction in 

IL7 expression in BM MSCs is only a contributing factor for the peripheral B lymphopenia 

seen in Cxcr4WHIM/+ mice. Other factors include the fact that CXCR4 GOF mutations 

increase B and T cell retention in BM and in splenic red pulp while reducing access to the 

white pulp and reducing trafficking through peripheral lymph nodes. Prior studies showed 

that FRCs in peripheral lymph nodes are a major source of BAFF for mature B cell survival 

(56), and recent studies indicate that T-zone FRCs express highest amounts of BAFF (51, 

60). T cell zone FRCs also secrete IL7 and promote T cell survival in lymph nodes (61), 

although other sources of IL7 can also contribute to T cell survival in the periphery (62). In 

Cxcr4WHIM/+ mice, the altered migratory behavior reduces B cell access to BAFF sources 

in the white pulp and lymph nodes, which impacts transitional B cell differentiation in the 

spleen, and reduces B cell survival in spleen and lymph nodes. For T cells, the reduced 

trafficking into splenic white pulp and peripheral lymph nodes combined with increased 

trafficking through the BM not only reduces T cell exposure to IL7+ niches in the periphery 

but may also increase competition with lymphoid progenitors for limiting amounts of IL7 in 

BM.

Studies from a single WHIM patient that was spontaneously cured of pan-leukopenia 

revealed chromotryptic deletions in a single copy of chromosome 2 that contained the 

disease-causing CXCR4 R334X allele (63). This rare genetic event caused CXCR4 

haploinsufficiency presumably in a single hematopoietic stem cell, which conferred 

competitive advantage over hematopoietic stem and progenitor cells expressing the WHIM 

allele. Evidence for this comes from the fact that myeloid cell development, including 

neutrophils, largely originated from mutated CXCR4 haploinsufficient hematopoietic 

progenitors (64). However, this patient continued to show paucity of naïve B and T 

cells in circulation, consistent with defective lymphopoiesis, but the few lymphocytes 
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developed from WHIM-expressing lymphoid progenitors (63). It is possible that the genetic 

mosaicism detected in this patient’s BM is sufficient for reducing lymphoipoietic niche 

function. Having said this, why lymphoid lineage cells developed exclusively from CXCR4 

haploinsufficient hematopoietic stem and progenitor cells is not clear.

Whereas the MSC transcriptome is significantly altered in WHIM mice, stromal cells 

in SLOs are much less affected as indicated by minor differences in transcriptional 

heterogeneity of stromal cell subsets in spleen and lymph nodes. MSCs express significantly 

higher amounts of CXCL12 than SLO stromal cells, which may render MSCs more 

susceptible to regulatory signals delivered by lymphocytes and other hematopoietic cells, 

such as LTβR ligands. B and T cells that escape CXCL12-mediated retention in BM and 

splenic red pulp navigate into the white pulp normally, and presumably interact with stromal 

cell subsets within a normal physiological range. Evidence supporting this interpretation is 

the fact that BAFF and IL7 are expressed by SLO stromal cells within normal range in 

WHIM mice despite both cytokines also being negatively regulated by LTβR signaling. It is 

interesting to note that FDCs, which are located at the center follicle and are in tight contact 

with densely packed naïve B cells, express lower amounts of BAFF when compared to other 

follicular and T-zone stromal cell subsets (51). This observation is consistent with studies 

showing that FDCs are highly dependent on LTβR signaling for development, and with 

differentiation trajectory analyses of splenic stromal cells by single cell RNA sequencing 

which indicate that FDCs represent the most differentiated stromal cell subset in SLOs (49).

Multiple studies suggested that WHIM patients are B cell lymphopenic since B cell counts 

are significantly reduced in peripheral blood. However, peripheral blood lymphopenia could 

simply reflect reduced access to blood or lymph circulation without necessarily impacting 

lymphocyte numbers in the periphery. Our findings here of an increased BAFF concentration 

in the serum of WHIM patients most likely reflects reduced BAFF consumption due to 

peripheral B lymphopenia (57, 65) . Furthermore, the fact that treatment with CXCR4 

antagonists not only corrected peripheral B lymphopenia but also normalized BAFF levels 

in WHIM mice suggests that BAFF concentration in the serum of WHIM patients should be 

monitored before and after treatment as a readout for therapeutic efficiency.

WHIM patients suffer from recurrent respiratory tract infections and from skin and genital 

tract infections with human papillomavirus (HPV). As a limitation, it is not possible to 

infer from this study whether blocking LTβR or CXCR4 signaling in vivo would completely 

restore immune protection against microbial infections. Thus, additional studies designed to 

evaluate the multiple parameters involved in immune protection are needed.

In summary, our studies elucidated the mechanisms underlying peripheral B and T 

lymphopenia in WHIM and revealed LTβR signaling in primary and SLOs as a molecular 

“rheostat” controlling the lymphocyte compartment size.
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Materials and Methods

Patient samples.

Plasma samples from 6 WHIM patients, 21 patients with partial RAG deficiency and 

20 healthy controls were obtained from Dr. Jolan Walter’s biobank at USF. All subjects 

were recruited according to protocols approved by local Institutional Review Boards 

(IRBs) as follows: USF-Pro00035468 (PI: J.E.W.), USF-Pro00025693 (PI: J.E.W.), JHMI-

IRB00175372 (PI: J.E.W.), JHMI-IRB00097062 (PI: J.E.W.) and JHMI-IRB00097938 (PI: 

J.E.W.).

Mice.

Cxcr4WHIM/+ mice were generated at the Yale Genome Editing Center using CRISPR/Cas 

technology. RNA guides were designed to introduce c.1021C>T and c.1023G>A mutations 

in exon 2 of murine Cxcr4 leading to the exchange of arginine 341 with a STOP codon 

(R341X, see Fig. S1A). Mice used for experiments were backcrossed to C57BL/6J mice 

5-10 generations (JAX, strain code 000664). Adult C57BL/6NCR mice (strain code 556, 

CD45.2+) and B6-Ly5.1/Cr (stain code 564, CD45.1+) for experiments were purchased 

from Charles River Laboratories. LeprCre/+ mice were purchased from JAX. Ltbrfl/fl and 

Ltb−/− mice (66), Il7GFP/+ mice (67) and Cxcl12DsRed/+ mice (68) were from our internal 

colony. Male and female adult mice at 50% ratios (6-21 weeks) were used. All mice were 

maintained under specific pathogen-free conditions at the Yale Animal Resources Center 

and were used according to the protocol approved by the Yale University Institutional 

Animal Care and Use Committee.

LTβR signaling inhibition.

100-150μg of LTβR-Ig or HEL-Ig was injected intravenously once and analyzed 1 week 

later, or once a week for 3 weeks.

CXCR4 signaling inhibition.

Mice were gavaged daily with the CXCR4 antagonist X4P-X4-185-P1 (X4 Pharmaceuticals) 

in 50 mM citrate buffer, pH 4.0 for 1 or 3 weeks at 100 mg/kg, or with vehicle (for control 

groups). X4P-X4-185-P1 belongs to a class of CXCR4 antagonists that is orally bioavailable 

(45).

Lymphocyte homing assay.

B cells or T cells were isolated from Cxcr4WHIM/+ and Cxcr4+/+ spleens and peripheral 

lymph nodes by magnetic separation using the EasySep Mouse B cell Isolation Kit or 

EasySep Mouse T cell Isolation Kit (STEMCELL Technologies). T and B cells were 

fluorescently labeled with CFSE or CMTMR and a total of 1×107 mixed B cells or 1.5×107 

mixed T cells at a ratio of 1:1 were adoptive transferred iv into recipient mice. Mice were 

analyzed 16-20h after adoptive transfers.
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Flow cytometry.

Single cell suspensions of spleen, peripheral lymph node (axillary, brachial and inguinal) 

and thymi were prepared as previously described (8). BM cells were flushed from long 

bones using the same media. BM stromal cells were isolated as previously described (8). 

Stromal cells from lymph nodes were isolated by Collagenase IV and Dnase1 digestion. 

Lymph nodes were cleaned from surrounding fat tissue and cut into ~1mm thick slices using 

a razor blade, placed into HBSS supplemented with 2% heat-inactivated FBS, 1% Penicillin/

Streptomycin, 1% L-glutamine, and 1% HEPES and incubated for 20 min at 37°C. Then, 

1800 U/ml Collagenase IV (Worthington Biochemical Corporation) and 80 μg/ml Dnase1 

(Sigma Aldrich) in the same media was added at a ratio of 1:1 to reach final concentrations 

of 900 U/ml Collagenase IV and 40 μg/ml Dnase1, and lymph node slices were digested 

for 20 min at 37°C. Next, the tissue was gently disrupted by pipetting and incubated for 

another 10 min at 37°C. Cells were carefully resuspended, suspensions centrifuged at 1,200 

rpm for 10 min and resuspended in HBSS supplemented as above. Cell concentrations were 

determined with a Coulter counter (Beckman Coulter). Cells were stained with antibody 

cocktails diluted in FACS buffer on ice, at a concentration of 25 μl /1 × 106 cells.

The following antibodies were used (Biolegend unless indicated otherwise): anti-mouse 

CD3e (1452C11), CD4 (GK1.5), CD8 (53-5.8), CD11b (M1/70), CD11c (N418), CD19 

(6D5), CD23 (B3B4), CD25 (PC61), CD44 (IM7), CD45.1 (A20), CD45.2 (104), B220 

(RA3-6B2), CD71 (RI7217), CD93 (AA4.1), CD115 (AFS98), CD117 (cKit, 2B8), IgM 

(II/41, Thermo Fisher Scientific), IgD (11-26c.2a), Gr1 (RB6-8C5), Ter119 (Ter119). 

Hematopoietic cell populations were identified as follows: Pro B: CD19+ CD93+ IgM− 

cKit+ or CD19+ CD93+ IgM− FSChigh; Pre B: CD19+ CD93+ IgM− c-Kit− or CD19+ 

CD93+ IgM− FSClow; Immature B: CD19+ CD93+ IgM+; Mature B: CD19+ (or B220+) 

CD93− IgM+ IgD+ or CD19+ (or B220+) CD93− CD23+; T1 B cells: CD19+ (or B220+) 

CD93+ IgM+ CD23− (or IgD−); T2 B cells: CD19+ (or B220+) CD93+ CD23+ (or IgD+); 

CD4+ T cells: CD3e+ CD4+; CD8+ T cells: CD3e+ CD8+; thymocytes: double negative 

(DN) 1: CD4− CD8− CD44+ CD25−, DN2: CD4− CD8− CD44+ CD25+, DN3: CD4− 

CD8− CD44− CD25+, DN4: CD4− CD8− CD44− CD25−, double positive (DP): CD4+ 

CD8+, CD4 single positive (SP4): CD4+, CD8 single positive (SP8): CD8+ ; Neutrophils: 

CD11b+ CD115− Gr1high; Monocytes: CD115+ Gr1int; The following antibodies were used 

to identify non-hematopoietic cell populations: anti-mouse GP38 (8.1.1), CD31 (390), 

CD144 (BV13), LEPR (goat polyclonal, R&D), LTβR (5G11). MSC: CD45− Ter119− 

CD31− CD144− LEPR+; lymph node GP38+ SC: CD45− Ter119− CD31− GP38+; For live/

dead cell discrimination, cells were stained with DAPI. For detection of apoptotic cells, 

cells were first stained for surface proteins, then cells were washed twice with FACS buffer 

and stained for 15 min at RT with fluorescently labeled Annexin V in Annexin V Binding 

Buffer (Biolegend). Samples were recorded with LSRII cytometers (BD) and FACS Diva™ 

software (BD) and analyzed with FlowJo™ software (BD).

Flow cytometric detection of BAFF.

Cells were stained with anti-BAFF (clone 121808, R&D Systems, FITC-coupled). For 

intracellular staining cells were fixed with Cytofix/Cytoperm solution (BD) for 20 min on 

ice and washed twice with PermWash buffer (BD). Then cells were stained for 30 min at 
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RT with anti-BAFF and then for 20 min at RT with a goat anti-rat IgG-BV421 antibody 

(Biolegend).

Immunofluorescence microscopy.

Tissue fixation and cryosectioning was performed as described (8). Sections were rehydrated 

in PBS for 20 mins, blocked with 5% FBS in PBS/0.1% TWEEN®20 for 20 mins, 

and stained with primary antibodies for 1 h. Sections were washed 5 times with PBS/

0.1% TWEEN®20 and secondary antibodies applied for 1 h. Slides were mounted 

with Fluorescence Mounting Medium (DAKO). Images were acquired on a Zeiss Z1 

Observer fluorescent microscope equipped with Colibri LED light sources, or with Leica 

SP8 confocal microscope. The following primary antibodies were used: anti-MAdCAM1 

(MECA-367, Biolegend), rabbit anti-RFP (polyclonal, Rockland), CD3-biotin (1452C11), 

CD35-biotin (8C12, BD). The following secondary reagents were used: donkey anti-rat-

IgG (H+L) Alexa Fluor 488 (Jackson Immuno Research), donkey anti-rabbit-IgG (H+L) 

Alexa Fluor 555 (Thermo Fisher Scientific), Streptavidin-Alexa Fluor 488 and Streptavidin-

Alexa Fluor 555 (Thermo Fisher Scientific). Conjugated antibodies: IgD-Alexa Fluor 647 

(11-26c.2a, Biolegend), CD21/35-FITC (7E9). Nuclei were labeled with DAPI. Images were 

analyzed with ImageJ (69) and Zen (Zeiss).

Preparation of MSCs for RNA sequencing.

Long bones were flushed with HBSS supplemented with 2% heat-inactivated FBS, 1% 

Penicillin/Streptomycin, 1% L-glutamine, 1% HEPES and 200 U/ml Collagenase IV. The 

flush out was digested for 30 min at 37°C, cell clumps were dissociated by gentle 

pipetting, and cells were filtered through a 100 μm nylon mesh and washed with HBSS 2% 

FBS, 1% Penicillin/Streptomycin, 1% L-glutamine, 1% HEPES. Hematopoietic cells were 

stained with biotin-conjugated CD45 and Ter119 antibodies and magnetically depleted using 

Dynabeads ® Biotin Binder (Thermo Fisher Scientific). The remaining cells were stained 

with antibodies against CD31, CD144 and LEPR, fluorochrome-conjugated Streptavidin 

and DAPI. Sorting was performed using a BD FACS Aria II and MSCs were identified as 

CD45− Ter119− CD31− CD144− LEPR+ cells. Cells were sorted into DMEM/10% FBS and 

re-sorted with the same strategy directly into 350 μL RLT plus buffer (Qiagen).

RNA sequencing of BM stromal cells.

RNA sequencing was performed using the Illumina HiSeq2500 system, with paired-end 2 

× 76 bp read length. Using the TopHat v2.1.0 software, the sequencing reads were aligned 

onto the Mus musculus GRCm38/mm10 reference genome. Using HTSeq v0.8.0 software, 

the mapped reads were converted into the count matrix with default parameters, followed by 

the variance stabilizing transformation (VST) offered by DESeq2. followed by the variance 

stabilizing transformation (VST) offered by DESeq2. Differentially expressed genes (DEGs) 

were identified using the same software based on a negative binomial generalized linear 

models and visualized in hierarchically-clustered heatmaps using the pheatmap package in 

R.
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Single-cell RNA sequencing of BM stromal cells.

ScRNAseq was performed by the Yale Center for Genome Analysis. The libraries were 

prepared using the Chromium Single Cell 3ʹ Reagent Kits v3.0 according to the protocol 

and run on an Illumina NovaSeq system with 100-bp paired-end reads to a coverage of 

~ 40,000 - 44,000 mean reads per cell and ~ 80% saturation. The sequencing reads were 

aligned onto the Mus musculus GRCm38 (mm10) reference genome.

Preparation of secondary lymphoid organ stromal cells for single-cell RNA sequencing.

Peripheral lymph node stromal cell suspensions were prepared from 2 mice per genotype 

and pooled. Cells were stained with biotinylated antibodies against CD45 and Ter119 

and hematopoietic cells were depleted using Dynabeads® Biotin Binder (Thermo Fisher 

Scientific). The leftover cells were stained with Streptavidin-BV711 (Biolegend), DAPI and 

antibodies against CD31, CD71 and GP38. Lymph node stromal cells were sorted as CD45− 

Ter119− CD71− CD31− cells into 350 μL DMEM with 20% FBS. GP38 was used to control 

for the presence of stromal cells in the suspension. Splenic stromal cells suspensions were 

prepared from 3 mice per genotype and pooled. The leftover cells were stained for CD45, 

Ter119, LIN (CD3e, B220, CD19), CD31, GP38 and PDGFRα. Splenic stromal cells were 

sorted as CD45− Ter119− LIN− CD71− CD31− into 350 μL DMEM with 20% FBS. GP38 

and PDGFRα was used to control for the presence of stromal cells in the suspension. 

Single-cell RNA sequencing was performed as described for BM stromal cells, to a coverage 

of ~ 65,000 mean reads per cell and > 90% saturation for lymph node stromal cells and 

to a coverage of ~ 30,000 - 57,000 mean reads per cell and > 80% saturation for splenic 

stromal cells. The sequencing reads were aligned onto the Mus musculus GRCm38 (mm10) 

reference genome.

BM stromal cell single cell RNA sequencing

Pre-processing of scRNA-seq data – The Gene-Barcode matrix generated from 10x 

Genomic Cell Ranger was preprocessed using the Seurat (version 3.2.3) R package (70). 

Briefly, cells that had fewer than 200 or more than 6,000 detected features and more 

than 25% of mitochondrial gene content were excluded to remove low quality cells. 

Subsequently, contaminating hematopoietic cells were filtered out from the downstream 

analysis. After quality control, SCTransform (71) was used to normalize the count data and 

stabilize variance.

Dimension reduction and clustering - Highly variable genes were identified and utilized for 

dimensionality reduction of the entire 12,598 cell dataset with principal component analysis 

(PCA). IKAP (Identifying K mAjor cell Population groups in single-cell RNA-sequencing 

analysis,(72)) was used to estimate the number of optimal principal components (PCs) and 

clusters. Cell clustering was performed using FindClusters function of Seurat and visualized 

in a 2D space using the UMAP (Uniform Manifold Approximation and Projection,(73, 74)) 

visualization method. MSC clusters were further subjected to Markov Affinity-based Graph 

Imputation of Cells (MAGIC, (75)) to restore the structure of the data by imputing plausible 

gene expression in each cell.
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Cell type annotation - Pairwise differential expression analysis was performed for each 

cluster using the MAST method (76) to identify marker genes. Cluster-specific marker 

genes were matched to the cell types based on the previously identified expression signature 

and the known marker expression in the publicly available databases, PanglaoDB (77) and 

the Human Protein Atlas (78). Top 10 significant positive marker genes were selected to 

generate feature plots and heatmap plots.

Differential abundance test - To conduct differential abundance analysis of neighborhoods, 

R implementation of Milo (https://github.com/MarioniLab/miloR, (79)) was applied. Cell 

neighborhoods were defined under parameters (k=12, d=20) and the proportion of 

randomly sampled graph vertices was set to prop = 0.1. Cell neighborhoods having 

statistically significant differential abundance between two groups were determined and 

plotDAbeeswarm was used to display abundance differences.

Secondary lymphoid organ stromal cell scRNA-seq data preprocessing and 
analysis.—scRNA sequencing data from lymph node and splenic stromal cells was 

analyzed using SCANPY (80). For this scatter plots were first manually inspected for 

total gene expression count (500 to 20,000), the number of expressed genes (> 100), and 

mitochondrial gene expression fraction (< 0.2 for the lymph node data and < 0.1 for the 

spleen data) to filter and preprocess the data. The lymph node data resulted in 12,521 cells 

(Cxcr4WHIM/+: 7,332; Cxcr4+/+: 5,189) and 17,944 genes. The spleen data resulted in 19,741 

cells (Cxcr4WHIM/+: 13,660; Cxcr4+/+ 6,081) and 18,362 genes. Log-normalization and PCA 

with 50 PCs was performed and 10 neighbors were used for UMAP visualization. Next, all 

contaminating cells with non-zero expression of any of 44 hematopoietic marker genes were 

removed. Gene expression distributions were manually inspected in histograms, ordered 

dot plots, and UMAP plots. The filtering resulted in 3,113 cells for the lymph node data 

(Cxcr4WHIM/+: 2,131; Cxcr4+/+: 982) and 3,484 cells for the spleen data (Cxcr4WHIM/+: 

1,283; Cxcr4+/+: 2,201). For unsupervised clustering, Leiden clustering with resolution = 

0.2 and 0.1 for the lymph node and spleen data, respectively was performed (after manual 

inspection of several resolution choices in UMAP plots). 8 and 12 clusters were identified 

for the lymph node and spleen data, respectively. For differential gene expression analysis, 

Wilcoxon rank-sum tests were performed in two ways: (1) for each cluster against all the 

rest and (2) for the Cxcr4WHIM/+group against the Cxcr4+/+ group in each cluster.

Marker genes used for excluding hematopoietic contaminants: general hematopoietic 

markers (Ptprc, Ptpn22, Itga4, Gpr183), B-lineage (Igkc, Igha, Ighm, Ighd, Jchain, Iglv1, 
Iglv2, Iglv3, Iglc1, Iglc2, Iglc3, Igll1, Rag1, Rag2, Il7r, Vpreb1, Vpreb2, Vpreb3, Cd19, 
Cd79a, Cd79b, Dntt), T- and NK-lineage (Ccr7, Cd3e, Cd2, Gmza, Gmzb), myeloid lineage 

(Il1b, Ccr1, Cxcr2, Siglech, Ccr9, Lair1, Csf3r, Trem1, Cd300c), erythroid lineage (Ciita, 
Slc4a1, Rhd, Alas2).

Lymph node stromal cell preparation for Quantitative Real Time PCR.—Lymph 

node stromal cell suspension were prepared as described and sorted as CD45− Ter119− 

CD31− GP38+ cells directly into 350 μL RLT plus buffer with 3.5 μL β-mercaptoethanol 

(Qiagen) using a BD FACS Aria II. RNA was extracted from the lysates using the RNeasy® 

Plus Micro Kit (Qiagen).
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RNA isolation and Quantitative Real Time PCR.—Total RNA was isolated from 

sorted stromal cells using the RNeasy® Plus Micro Kit (Qiagen). cDNA was synthetized 

from the isolated RNA using SuperScript™ III Reverse Transcriptase, Oligo(dT)12-18 

primer, dNTPs and RNAseout™ RNase inhibitors (all Thermo Fisher Scientific). Q-PCR 

was performed with the SensiFAST™ SYBR Lo- ROX Kit (Bioline) and the CFX Touch™ 

Real-Time PCR detection system (BioRad). Hprt mRNA levels were used as control. PCR 

primer sequences: Hprt forward AGG TTG CAA GCT TGC TGG T; Hprt reverse TGA 

AGT ACT CAT TAT AGT CAA GGG CA; Il7 forward GCT GCC TGT CAC ATC ATC 

TG; Il7 reverse CAG CAC GAT TTA GAA AAG CAG C; Tnfsf13b forward: ACA CTG 

CCC AAC AAT TCC TG; Tnfsf13b reverse: TCG TCT CCG TTG CGT GAA ATC;

Human BAFF serum ELISA.—BAFF plasma concentrations were measured using 

commercial ELISA (R&D Systems, Minneapolis, MN).

Statistical analysis.—Statistical analyses were performed using Prism 8 (GraphPad). 

Unpaired two tailed Student’s t-test was used to determine statistical significance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Increased lymphocyte retention in BM and reduced lymphopoiesis in WHIM mice.
(A) BM B cell numbers of Cxcr4+/+ and Cxcr4WHIM/+ mice. (B) Numbers of transitional 

(T)1 and 2 B cells in the spleen. (C-E) Numbers of mature follicular (FO) B cells in blood 

(C), spleen (D), and peripheral lymph node (E). In panels A-E n=6-8 mice. (F and G) 

CXCR4 surface expression on developing B cells: (F) representative CXCR4 histogram; 

(G) quantification of CXCR4 geo. mean on developing B cells. (H) CXCL12-mediated 

CXCR4 desensitization measured on proB and preB cells from WT and WHIM mice. (I 

and J) BM sinusoidal versus parenchymal localization of B cell subsets in WT and WHIM 
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mice: (I) representative histograms of CD45-PE labeling on Immature B cells 2 minutes 

after injection intravenously; (J) quantification of developing B cell subsets in sinusoids 

and parenchymal BM of WT and WHIM mice. Data in all panels are representative of at 

least 2 independent experiments. Bars indicate mean, error bars show standard deviation, 

circles depict individual mice. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 by unpaired two-sided 

Student’s t-test.
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Figure 2: Transcriptional heterogeneity of BM non-hematopoietic stromal and endothelial cells 
of WHIM mice.
(A) UMAP visualization of scRNAseq data from BM endothelial and stromal cells.

Corresponding clusters are color coded, non-hematopoietic cell populations are marked 

with dashed lines. (B) Overlay of BM endothelial and stromal cell clusters as in 

(A) from Cxcr4+/+ and Cxcr4WHIM/+ mice. (C) Cluster representation in Cxcr4+/+ and 

Cxcr4WHIM/+ samples (D) Differential abundance test with Milo. Graphical representation 

(left). Beeswarm plot of logFC distribution in neighborhoods of cells from different Seurat 

clusters (right). Nodes represent neighborhoods colored by logFC between Cxcr4+/+ and 
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Cxcr4WHIM/+. Node size corresponds to number of cells in each neighborhood. Graph 

edges show the number of cells shared between adjacent neighborhoods. (E) Normalized 

expression of Il7 in MSC clusters 0-3 of Cxcr4+/+ and Cxcr4WHIM/+ mice. Adjusted p-value 

is shown. (F) Normalized expression of Cxcl12 in MSC clusters 0-3 of Cxcr4+/+ and 

Cxcr4WHIM/+mice. (G) Cytometric analysis of Il7 expression in CD45− Ter119− CD31− 

CD144− LEPR+ MSC of Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ mice. (H) Il7-GFP MFI in 

Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ MSC. Data in panels G and H are representative of 3 

independent experiments with 4-5 mice in each group/experiment. Bars indicate mean, error 

bars show standard deviation. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 by unpaired two-sided 

Student’s t-test.

Zehentmeier et al. Page 26

Sci Immunol. Author manuscript; available in PMC 2023 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: LTβR signaling in MSCs and control of Il7 expression.
(A) Expression of Ltbr in BM endothelial and stromal cells of Cxcr4+/+ and Cxcr4WHIM/+ 

mice as violin plots. Data from clusters 0-11 of scRNAseq analysis as shown in Figure 1. 

(B) Normalized mRNA counts of Ltbr and key niche genes in sorted MSC measured by 

bulk RNA sequencing. (C) Experimental setup for LTβR signaling inhibition in Il7GFP/+ 

mice for 3 weeks. (D) PCA distribution plot (E) Differentially expressed genes (LogFC 

< 0.5 and adjust p< 0.05) between MSC from LTβR-Ig treated mice and HEL-Ig treated 

C57BL6/J mice. (F) Normalized Il7 expression in MSC from LTβR-Ig treated mice (blue, 
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n=4) and HEL-Ig treated controls (white, n=4). (G) Histogram of Il7-GFP in MSCs of 

Il7GFP/+ mice treated with LTβR-Ig (blue) or HEL-Ig (grey). (H) Cell numbers of B cell 

developmental stages in the BM of LTβR-Ig treated (blue) and HEL-Ig treated (grey) WT 

mice. (I) Cytometric analysis of surface LTβR in MSCs of Lepr+/+ Ltbrfl/fl (LTβR WT) 

and LeprCre/+ Ltbrfl/fl mice (LTβR cKO). (J) Histogram of Il7-GFP in MSC of LTβR cKO 

and LTβR WT Il7GFP/+ mice. Histograms (left), grey: LTβR WT, blue: LTβR cKO, LTβR+ 

MSC, purple: LTβR cKO, LTβR− MSC. Bar graph (right), white: LTβR WT MSC, blue: 

LTβR cKO, LTβR− MSC. (K) Cell numbers of B cell developmental stages in the BM of 

LTβR WT (white) and LTβR cKO (blue) mice. Data in panels G-K are representative of 3 

independent experiments. Bars indicate mean, circles depict individual mice. * p ≤ 0.05; ** 

p≤ 0.005; *** p≤ 0.0005 by unpaired two-sided Student’s t-test.
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Figure 4: LTβR signaling blockade and effects on Il7 expression and lymphopoiesis in WHIM 
mice.
(A) Model of interactions between lymphotoxin-expressing leukocytes and LTβR-expressing 

MSCs in WT and WHIM mice generated with Biorender. (B and C) LTβR ligand expression 

on WT an WHIM B-lineage cells in BM: (B) Histogram of LTβR-Ig binding to mature B 

cells in BM of WT and WHIM mice; (C) Quantification of LTβR-Ig binding to developing 

B cells. (D) Normalized RNA counts of LTβR-regulated genes in WT and WHIM MSCs; 

data analyzed from bulk RNA sequencing. (E) Experimental setup for LTβR signaling 

inhibition in Cxcr4+/+ and Cxcr4WHIM/+ mice. (F) histogram of Il7-GFP in MSCs of 

Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ mice after 1 week of LTβR-Ig or HEL-Ig treatment. 

(G) Geo. Mean of Il7-GFP in MSCs of Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ mice. (H) Cell 

numbers of B cell developmental stages in the BM of Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ 

mice after 1 week of LTβR-Ig and HEL-Ig treatment. Mature B cell numbers in blood 

(I), spleen (J), lymph nodes (K) and combined SLOs (L) of Cxcr4+/+ and Cxcr4WHIM/+ 

mice after 3 weeks of LTβR-Ig or HEL-Ig treatment. (M and N) Cell numbers of B cell 

developmental stages in the BM (M), and peripheral mature B cell numbers (N) of Ltbrfl/fl 

LeprCre/+ (LTβR cKO) or control littermate mice (CTR) carrying Cxcr4+/+ or Cxcr4WHIM/+ 

alleles. Data in all panels are representative of at least 3 independent experiments with n= 

4-6 mice. Bars indicate mean, error bars show standard deviation. * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001 by unpaired two-sided Student’s t-test.
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Figure 5: CXCR4 signaling blockade and effects on Il7 expression and lymphopoiesis in WHIM 
mice.
(A) Experimental setup for CXCR4 signaling inhibition in Cxcr4+/+ and Cxcr4WHIM/+ mice 

for 1 week. (B) Geo. Mean of Il7-GFP in MSC of Cxcr4+/+ and Cxcr4WHIM/+ Il7GFP/+ mice 

after 1 week of CXCR4 signaling inhibition. (C) Cell numbers of B cell developmental 

stages in the BM of Cxcr4+/+ and Cxcr4WHIM/+ mice after 1 week of CXCR4 signaling 

inhibition. Mature B cell numbers in blood (D), spleen (E), and in peripheral lymph nodes 

(F) of Cxcr4+/+ and Cxcr4WHIM/+ mice after 3 weeks of CXCR4 signaling inhibition. Data 

are representative of 2 independent experiments with n=4-6 mice. Bars indicate mean, error 

bars show standard deviation. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 by unpaired two-sided 

Student’s t-test.
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Figure 6: Transcriptional heterogeneity of splenic stromal cells of WHIM mice.
(A) UMAP visualization of scRNAseq data from CD45− Ter119− CD71− LIN− CD31− 

splenic stromal cells of Cxcr4+/+ and Cxcr4WHIM/+ mice. Corresponding clusters are color 

coded, stromal cell populations are marked with dashed lines. (B) Overlay of splenic stromal 

cell clusters of Cxcr4+/+ and Cxcr4WHIM/+ mice. (C) Cluster representation in Cxcr4+/+ 

and Cxcr4WHIM/+ samples; Left graph shows all clusters, right graph shows clusters 1-11 

excluding cluster 4 (hematopoietic progenitors). (D) Cxcl12, Il7 and Tnfsf13b expression 

visualized on UMAP of data pooled from Cxcr4+/+ and Cxcr4WHIM/+ samples. Colors 

indicate average expression value. (E) Violin plots for Cxcl12, Il7 and Tnfsf13b in cluster 8 

of Cxcr4+/+ and Cxcr4WHIM/+ mice. (F and G) Average expression of Il7 (F) and Tnfsf13b 
(G) in white pulp stromal cells (cluster 8) of Cxcr4+/+ and Cxcr4WHIM/+ mice.
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Figure 7: B cell trafficking and transitional B cell differentiation in WHIM mice.
(A) Experimental setup for adoptive transfer of fluorescently labelled Cxcr4WHIM/+ 

(CFSE+) and Cxcr4+/+ (CMTMR+) B cells into wildtype recipients. (B) Distribution of 

Cxcr4WHIM/+ and Cxcr4+/+ B cells 16 hours after adoptive transfer to C57BL6/J recipient 

mice. BM (BM), spleen (SP) and peripheral lymph nodes (LN). Statistical comparisons were 

as follows: * = for Cxcr4+/+ vs. Cxcr4WHIM/+ B cells; § = between organs of Cxcr4WHIM/+ 

mice. (C) Histology of splenic Cxcr4+/+and Cxcr4WHIM/+ follicles. Sections were stained 

for IgD (blue) and nuclei (DAPI, grey); WP = white pulp, RP = red pulp, T = T zone, IF 

= interfollicular zone. Scale bar is 20μm. (D) Distribution of homed Cxcr4WHIM/+ (CFSE, 

green) and Cxcr4+/+ (CMTMR, red) B cells in splenic red (RP) and white pulp (WP). 

(E) Distribution of Cxcr4+/+ and Cxcr4WHIM/+ B cells within splenic lymphoid niches. 
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Data pooled from four experiments. For panels B, D and E, bars indicate mean, circles 

represent individual mice. (F) B cell chimerism 8 weeks after mixed BM transplantation 

of CD45.2+ Cxcr4+/+ or Cxcr4WHIM/+ and CD45.1+ cells (8:2 ration), n=5 mice/group. 

(G) Frequency of Annexin V+ cells in transitional (T1, T2) and mature follicular B cell 

subsets (FO B) in Cxcr4+/+ and Cxcr4WHIM/+ spleens from mice pre-treated with LTβR-Ig 

or HEL-Ig (black) for 24h. (H-K) Distribution of Cxcr4WHIM/+ and Cxcr4 B cells 24h after 

transfer into C57BL6/J mice pre-treated with LTβR-Ig or HEL-Ig (black) for 24h. (H) BM; 

(I) total spleen; (J) splenic white pulp (WP); and lymph node (K). Bars indicate mean, 

error bars show standard deviation. Data in all panels are representative of 2-4 independent 

experiments. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 by unpaired two-sided Student’s 

t-test.
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Figure 8: LTβR signaling blockade and effects on Il7 and Tnfsf13b expression by fibroblastic 
reticular cells.
(A) Cxcl12-DsRed expression in GP38+ CD31− lymph node stromal cells after one week of 

LTβR-Ig (blue) and HEL-Ig (black) treatment. Left: gating strategy; Right: Cxcl12-DsRed 

histogram on gated FRCs (B). Cxcl12-DsRed geo. mean on FRCs described in panel A. 

(C) Cxcl12-DsRed histogram overlay of FRCs isolated from Cxcr4+/+ and Cxcr4WHIM/+ 

lymph nodes HEL-Ig or LTβR-Ig treated for 1 week. (D) Cxcl12-DsRed geo. mean on FRCs 

described in panel C. Data in panels B-D generated from n=3-4 mice/group. (E) Sorting gate 

of GP38+ CD31− lymph node stromal cells. (F and G) FRC gene expression: Il7 (F) and 

Tnfsf13b (G). mRNA expression is relative to Hprt. Data in panels F and G were generated 

with FRCs sorted from individual mice (n=3-4 mice/group). (H) Intracellular BAFF staining 

in lymph node FRCs after one week of LTβR-Ig (blue) and HEL-Ig (black) treatment. 

Control (grey) shows staining with anti-BAFF antibody pre-incubated with recombinant 

BAFF. (I) BAFF geo. mean on FRCs described in panel H. Data in panels H-I generated 

from n=3-4 mice/group. (J and K) Histogram of BAFF bound to mature B cell plasma 

membrane in lymph nodes of Cxcr4+/+ and Cxcr4WHIM/+ mice 3 weeks after treatment 

with LTβR-Ig and HEL-Ig (J) or with CXCR4 antagonist (K); data generated from n=3-4 

mice/group. In panels B, D, F, G, L, J and K, bars indicate mean, error bars show standard 
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deviation. (L) BAFF concentration (ng/mL) in human sera obtained from healthy donors, 

WHIM patients, and from patients with mutations in RAG gene causing partial RAG 

deficiency. Bars indicate mean, circles depict individual donors. For panels (B-G), bars 

indicate mean, error bars show standard deviation. For all panels, * = p ≤ 0.05, ** = p ≤ 

0.01, *** = p ≤ 0.001 by unpaired two-sided Student’s t-test.
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