
B cells and granulopoiesis   Irons et al. 

 
1 

B cells suppress medullary granulopoiesis by an extracellular glycosylation-1 

dependent mechanism 2 

Eric E. Irons1, Melissa M. Lee-Sundlov2, Karin M. Hoffmeister2, and Joseph T.Y. Lau1 3 

 4 

1 - Department of Molecular and Cellular Biology, Roswell Park Comprehensive Cancer Center, Buffalo, 5 

NY, USA 6 

2 - Blood Research Institute Versiti, Milwaukee, WI, USA 7 

 8 

*Correspondence:  9 

Joseph.Lau@roswellpark.org 10 

 11 

Short title:  B cells and granulopoiesis 12 

 13 

*The authors declare no competing interests. 14 

  15 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 9, 2019. ; https://doi.org/10.1101/604264doi: bioRxiv preprint 

https://doi.org/10.1101/604264
http://creativecommons.org/licenses/by/4.0/


B cells and granulopoiesis   Irons et al. 

 
2 

Abstract 16 

The immune response relies on the timely integration of cell-intrinsic processes with cell-extrinsic cues. 17 

During infection, B cells vacate the bone marrow for the emergency generation of granulocytes. However, 18 

it is unclear if cross-talk between B cells and neutrophils also encourages the return to homeostasis. Here, 19 

we report that B cells remodel glycans on hematopoietic progenitors to suppress granulopoiesis. Human 20 

B cells secrete active ST6Gal-1 sialyltransferase to modify the sialylation and Gr-1 expression of co-21 

cultured hematopoietic progenitors. After adoptive transfer, total hematopoietic and B cells modified the 22 

sialylation of non-self cells and elevated blood ST6Gal-1. Mature IgD+ B cells co-localized with 23 

megakaryocytes to sialylated bone marrow niches, suggesting their role in medullary extrinsic sialylation. 24 

Finally, ST6Gal-1 expression in multiple myeloma cells negatively correlated with neutrophil abundance in 25 

human patients. Our results highlight the growing significance of extracellular glycoslytransferases as 26 

mediators of a novel glycan-dependent interaction between B cells and granulocytes.   27 
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 28 

Introduction 29 

     Hematopoiesis generates the blood cells necessary for gas exchange, hemostasis, and immune 30 

defense.  Cell-intrinsic developmental programs orchestrate these lineage decisions, but they are guided 31 

by systemic signals to convey the dynamically changing needs for specific cell types [1].  Dysregulated 32 

communication of such extrinsic cues results in imbalanced blood cell production and can trigger 33 

pathologic processes including anemia, thrombocytopenia, inflammation, and autoimmunity [2; 3].  In 34 

malignancy, the disruption of normal differentiation within hematopoietic stem and progenitor cells by 35 

tumors can lead to insufficiencies in one or more blood cell lineages, a common complication [4].  36 

     The sialyltransferase ST6Gal-1 is a glycan-modifying enzyme mediating the attachment of a2,6-sialic 37 

acids.  Canonically, it resides within the intracellular ER-Golgi secretory apparatus, but there is also an 38 

extracellular blood-borne form [5; 6; 7].  In addition to ST6Gal-1, a number of other terminal 39 

glycosyltransfearases are also present in systemic circulation [8].  Fluctuating levels of blood-borne 40 

ST6Gal-1 are associated with a wide array of conditions, especially metastatic cancers, where the level of 41 

blood-borne enzyme is often associated with poorer patient outcomes [9; 10; 11; 12; 13; 14; 15; 16].  Early 42 

reports also associated elevated blood ST6Gal-1 with systemic inflammation [17; 18], atherosclerosis [19], 43 

Alzheimer’s disease [20], and alcohol-induced liver disease [21; 22; 23; 24].  The physiologic contributions 44 

of extracellular ST6Gal-1 in these diseases, however, remain poorly understood.  We have hypothesized 45 

that secreted ST6Gal-1 can access distant sites to modify circulating plasma components and surfaces of 46 

target cells that do not express ST6Gal-1 [25; 26]. Previously, we observed that blood-borne ST6Gal-1 47 

can profoundly modify leukocyte differentiation by attenuating G-CSF dependent granulocyte production 48 

[27] while promoting BAFF-dependent survival in B cells [28].   In mouse models, circulatory ST6Gal-1 49 

insufficiency results in an exuberant granulocytic inflammatory response [29; 30] that can be 50 

therapeutically ameliorated by intravenous infusion of recombinant ST6Gal-1 [31].  Extracellular, liver-51 
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derived ST6Gal-1 is also a major determinant of serum immunoglobulin G sialylation, which activates anti-52 

inflammatory pathways within innate immune cells through Fc receptors [32; 33; 34].  In the periphery, 53 

activated platelets supply the necessary sugar donor-substrate to support such extrinsic glycosylation 54 

reactions [8; 26; 35; 36], but the source of extracellular sugar donor-substrate within the marrow medullary 55 

spaces is not known. 56 

     The principal source of extracellular ST6Gal-1 in circulation is believed to be the liver [18; 37; 38], where 57 

ST6Gal-1 expression is activated by glucocorticoids and IL-6 [18; 39; 40; 41].  However, B cells also 58 

robustly express ST6Gal-1, which synthesizes the ligands for sialic acid-binding receptors CD22 and 59 

Siglec-G [42; 43].  Here, we report that hematopoietic lineage cells, particularly B cells, contribute 60 

significantly to the extracellular pool of functional ST6Gal-1 and the sialylation of non-self cells both in vitro 61 

and in vivo.   B cells secrete functionally active ST6Gal-1 that sialylates hematopoietic progenitors in co-62 

culture and suppresses granulopoietic differentiation.  In vivo, we observed consistent and frequent co-63 

localization of IgD+ mature B cells and PF4+ megakaryocytes in richly a2,6-sialylated niches of the bone 64 

marrow.  In bone marrow specimens of treatment-naïve human multiple myeloma, we observed a striking 65 

negative association between marrow plasma cell ST6Gal-1 expression and prevalence of bone marrow 66 

neutrophils.  Our study is the first to demonstrate that the liver is not the sole source of ST6Gal-1 67 

responsible for extracellular sialylation, and underscores a novel relationship between B lymphocytes and 68 

hematopoietic progenitors influencing neutrophil production in the marrow. 69 

Results 70 

Human B lymphoblastoid cells secrete enzymatically active ST6Gal-1.  71 

     B cell expression of ST6Gal-1 is critical for B cell development and function secondary to engagement 72 

of the lineage-specific lectin CD22 with α2,6-sialic acid [44]. Although ST6Gal-1 is expressed in multiple 73 

tissue and cell types, it is thought that secreted, extracellular ST6Gal-1 is exclusively derived from the liver, 74 

as a hepatocyte conditional knockout of ST6Gal-1 results in vastly reduced serum ST6Gal-1 activity [37]. 75 
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In addition to hepatocytes, ST6Gal-1 is expressed strongly in mature B cells [42], although numerous other 76 

cell types also express ST6Gal-1 to varying degrees [45].   The ability of non-hepatic cells to secrete 77 

functional ST6Gal-1 to drive extrinsic sialylation has not been formally studied.  78 

     We have recently analyzed the expression of ST6Gal-1 within bone marrow and splenic B cell 79 

populations in mice and found that maximal ST6Gal-1 expression occurred in transitional and mature 80 

stages of development [28]. In order to assess if human B cells are capable of secreting ST6Gal-1, we 81 

analyzed four B cell lines representing pre-B cell receptor (NALM-6), B cell receptor expressing (Louckes), 82 

and post-B cell receptor (RPMI 8226, MM1.S) developmental stages. ST6Gal-1 mRNA expression was 83 

detectable in all cell lines except RPMI 8226, with highest expression in the germinal center line. This is 84 

consistent with our previous observation that BCR activation induces ST6Gal-1 expression [46]. 85 

Expression of the β-site amyloid precursor protein-cleaving enzyme 1 (BACE1), believed to be required to 86 

liberate the secreted ST6Gal-1 domain from its N-terminal membrane anchor [47; 48],  was detectable 87 

within all lines except the plasma cell MM1.S  (Fig 1a). The pattern of ST6Gal-1 expression was confirmed 88 

on the intracellular level by western blot (Fig 1b). To assess the size and functional activity of secreted 89 

ST6Gal-1, B lymphoblastoid cell lines were seeded in serum-free medium for 3 days, and ST6Gal-1 in the 90 

conditioned medium analyzed by western blot and assayed for sialyltransferase activity towards an artificial 91 

acceptor. ST6Gal-1 protein was present in the conditioned medium of all expressing cell lines, and 92 

accumulated with time (Fig 1c). B cells expressing BACE1 secreted a 42-kDa, soluble form of ST6Gal-1 93 

(NALM-6, Louckes), consistent with the proteolysis of the full-length protein. Unexpectedly, all cells also 94 

secreted the 50-kDa, full-length form of ST6Gal-1. This was the predominant secreted form in MM1.S cells, 95 

which express minimal levels of BACE1. In conditioned medium from day 3 of culture, α2,6-96 

sialyltransferase activity generally agreed with protein analyses, whereas α2,3-sialyltransferase activity 97 

varied independently (Fig 1d). These results demonstrate that human B cell lines are capable of secreting 98 

ST6Gal-1 in vitro.  Moreover, the secretion of the apparently full-length ST6Gal-1 form from MM1.S in the 99 

absence of BACE1 was also of interest, as the canonical mechanism of glycosyltransferase release from 100 
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the intracellular Golgi membrane involves proteolysis of the exposed stem joining the catalytic domain with 101 

the N-terminal transmembrane anchor.  Although to the best of our knowledge, the secretion of 102 

unprocessed, full-length ST6Gal-1 has never been reported, its potential biologic significance is not 103 

explored further here. 104 

     Theoretically, extracellular ST6Gal-1 can enzymatically reconstruct sialic acid on cell surfaces in the 105 

presence of a sialic acid donor substrate [36]. In order to determine if B cell secreted ST6Gal-1 is capable 106 

of extrinsically remodeling cell surfaces, we applied concentrated conditioned medium from Louckes cells 107 

(concentrated ~50X) to metabolically fixed, sialidase pretreated human hepatoma HepG2 cells, in the 108 

presence or absence of the sialic acid donor substrate CMP-sialic acid for 1hr. The conditioned medium 109 

alone did not restore SNA reactivity,but required the presence of the sugar donor substrate to result in a 110 

striking increase in cell surface SNA reactivity (Fig 2). These results indicate that the sialyltransferase 111 

secreted by B cells is enzymatically active and capable of extrinsic sialylation of cell surface glycans.  112 

 113 

B cells glycosylate c-kit+ hematopoietic progenitors and suppress granulopoiesis in co-culture.  114 

     Mice deficient in circulatory ST6Gal-1 exhibit exaggerated neutrophilia inducible by various 115 

inflammatory stimuli [29; 30; 37]. Supplementation of recombinant ST6Gal-1 is sufficient to blunt 116 

development of G-CSF and IL-5 dependent colonies from whole bone marrow cells [49]. This is due to 117 

sialylation of the multipotent granulocyte/monocyte progenitor (GMP), leading to reduced expression of 118 

myeloperoxidase, C/EBP-a, Gr-1, and neutrophil production [27]. Early B cells, mature B cells, and 119 

antibody-producing plasma cells represent a significant fraction of bone marrow cells. Therefore, we 120 

hypothesized that B cell-derived extrinsic ST6Gal-1 participates in the modification of neighboring 121 

hematopoietic stem and progenitor cells (HSPC) to suppress granulopoiesis.  122 

     To test this, human B lymphoblastoid cell lines were co-cultured with murine HSPCs (c-Kit+) and SCF, 123 

IL-3, TPO, Flt-3, G-CSF, and CMP-sialic acid for 3 days.  In order to resolve the two populations by flow 124 

cytometry, the murine cells were labeled with the plasma membrane dye CellTrace Violet (Fig 3a). Co-125 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 9, 2019. ; https://doi.org/10.1101/604264doi: bioRxiv preprint 

https://doi.org/10.1101/604264
http://creativecommons.org/licenses/by/4.0/


B cells and granulopoiesis   Irons et al. 

 
7 

cultures were generated at 1:1 and 4:1 ratio of B cells to HSPCs. Co-culture of B cells with HSPC resulted 126 

in modifications to cell surface sialic acid levels, as measured by reactivity towards the lectins Sambucus 127 

nigra (SNA) and Maackia amurensis II (MAL-II), which recognizes a2,6- and a2,3-sialic acids, respectively 128 

(Fig 3b). Furthermore, only ST6Gal-1 secreting B cell lines (NALM-6, Louckes, MM1.S) were able to 129 

increase cell-surface SNA reactivity of HSPC in a dose-dependent manner.  In contrast, changes in MAL-130 

II reactivity had no apparent correlation with ST6Gal-1 status, and only exhibited dose-dependent changes 131 

in RPMI 8226 co-cultures. We also assessed expression of CD11b and Gr-1, markers of myeloid 132 

differentiation, on the murine HSPC after co-culture (Fig 3c). After co-culture, we observed that ST6Gal-1 133 

expressing B cells were able to modify expression of the granulocyte-specific marker Gr-1, but not the pan-134 

myeloid marker CD11b on the murine HSPCs.  When the frequencies of Gr-1+ cells from all co-cultures 135 

were plotted against SNA reactivity, there was a striking negative correlation (r2 = 0.66, p < 0.0001) (Fig 136 

3d). This pattern was not present when frequencies of CD11b+ myeloid cells were plotted against SNA 137 

reactivity (r2 = 0.04, p = 0.2491).  Based on these observations, we conclude that B cells are able to modify 138 

α2,6-sialylation and granulocytic differentiation of HSPCs in co-culture, and that the α2,6-sialylation of 139 

HSPCs was strongly and negatively associated with a key granulocytic marker.  140 

 141 

B cells secrete ST6Gal-1 to modify non-self hematopoietic cells in vivo. 142 

     Our data demonstrate that human leukocytes in the B cell lineage can release functional ST6Gal-1 that 143 

modifies the glycosylation and granulopoietic differentiation of co-cultured hematopoietic progenitors in 144 

vitro. However, we wished to understand whether hematopoietic cells are a significant source of 145 

extracellular ST6Gal-1 in vivo. To answer this, we performed bone marrow transplantation of either wild 146 

type (C57BL/6) or St6gal1-KO whole bone marrow into St6gal1-KO /μMT recipients. These recipients were 147 

ST6Gal-1 deficient as well as B cell deficient due to the loss the heavy chain of IgM (Ighm-/-). In this 148 

scheme, all ST6Gal-1 present in extracellular compartments must originate from the donor hematopoietic 149 

cells (Fig 4a). Since the acquisition of IgM expression in the B cell lineage roughly coincides with the exit 150 
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of immature B cells from the bone marrow prior to their development into naïve, recirculating mature B 151 

cells, all mature B cells recovered from the chimeras also must be of donor origin.  In order to ascertain if 152 

ST6Gal-1 had been secreted, we measured sialyltransferase activities in the blood of the chimeras up to 153 

8 weeks after transplantation using artificial O-benzyl-linked sialyltransferase substrates.  Blood α2,3-154 

sialyltransferase activity, which did not depend on ST6Gal-1, was not changed.  In contrast, α2,6-155 

sialyltransferase activity was entirely dependent upon ST6Gal-1 expression in the donor hematopoietic 156 

cells, and this was steadily increased with time (Fig 4b).  Blood ST6Gal-1 activity even reached the baseline 157 

wild-type average by 8 weeks post-transplant, demonstrating that hematopoietic cells alone, without 158 

contribution from liver, were sufficient to maintain baseline blood ST6Gal-1.    159 

     In order to distinguish between donor and recipient hematopoietic cells, we utilized CD45.1+ mice as 160 

donors, and CD45.2+ / St6gal1-KO /μMT mice as recipients.  Amongst the CD45.2+ residual host-derived 161 

CD11b+ myeloid, c-kit+ hematopoietic progenitors, and CD41+ megakaryocyte-lineage cells, all of them 162 

unable to express their own ST6Gal-1,  increases in SNA reactivity were noted (Fig 4c, 4d).  Particularly, 163 

progenitor Lin-/c-kit+/Sca-1- (LK) and Lin-/c-kit+/Sca-1+ (LSK) populations, as well as CD41+ 164 

megakaryocyte lineage progenitors, were dramatically modified by cell non-autonomous extrinsic ST6Gal-165 

1, in comparison to CD11b+ myeloid cell subtypes and Ter119+ erythrocyte progenitors.  These 166 

obeservations suggest target-dependent bias in the activity of extracellular ST6Gal-1. 167 

     In order to understand the spatial distribution of a2,6-sialic acid, we visualized SNA reactivity within the 168 

chimeric marrow of B cell deficient, St6gal1-KO/μMT recipients reconstituted with WT marrow cells.  169 

Formalin-fixed and frozen whole femurs were stained with FITC-conjugated SNA lectin.  These chimeras, 170 

in which functional ST6Gal-1 and B lineage cells can only come from the donor, exhibited heterogenous 171 

areas of SNA reactivity across the bone marrow.  This data suggested areas of preferred enzymatic 172 

sialylation in the bone marrow environment.  Hence, areas representing varying SNA positivity, designated 173 

as Regions of Interest (ROIs) were selected for analysis.  Four such ROIs are outlined in white, with 174 

observed SNA staining intensity of Region 1 > Region 4 > Region 3 > Region 2 (Fig 5a, top).  The whole 175 
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femur was further stained for IgD (mature recirculating B cells from donor) and PF4 (megakaryocytes) 176 

(Fig5a, middle).   The co-localization of donor-derived IgD+ B cells and PF4+ megakaryocytes within the 177 

pre-selected ROIs was examined.  ROIs that were SNA-bright tend to have both megakaryocytes and 178 

IgD+ B cells, whereas the ROIs with poor SNA staining were notably deficient in megakaryocytes, IgD+ B 179 

cells, or both.  This is represented in magnified images of Region 1 and Region 2, representing the highest 180 

and lowest regions based on SNA-reactivity (Fig 5a, bottom). Numerous IgD+ and PF4+ cells were 181 

observed colocalizing in Region 1, but far fewer PF4+ cells in Region 2.  Quantitative analysis of the ROIs 182 

is summarized in Fig 5b.  The analysis demonstrate that the number of IgD+ B cells and PF4+ 183 

megakaryocytes are positively correlated with SNA-reactivity of ROIs, and that the two cell types also 184 

tended to colocalize with each other.  Distinctly, SNA+ cells were not limited to the IgD+ B cells, but often 185 

encompassed groups of cells in their vicinity, consistent with their extrinsic modification.  Collectively, this 186 

information suggests strongly that not only medullary B cells, but also megakaryocytes are participants in 187 

medullary extrinsic ST6Gal-1 sialylation.  The contribution of megakaryocytes in medullary extrinsic 188 

sialylation is most intriguing, since megakaryocytes generate the platelets that supply activated sialic acid 189 

donor substrates for extramedullarly extrinsic sialylation [26; 36]. 190 

     Though our observations demonstrate the feasibility for hematopoietic cells to drive extrinsic sialylation 191 

by ST6Gal-1, our histologic data strongly suggest B cells may be responsible for a portion of this effect.  192 

To test directly the idea that B lymphocytes can secrete a significant portion of ST6Gal-1 for extrinsic 193 

sialylation, CD45.2+ μMT recipients were irradiated and reconstituted with either syngeneic μMT bone 194 

marrow cells or an equal mix of μMT and Ighm+/+ wild-type bone marrow cells. The donor wild-type cells 195 

were CD45.1+, allowing them to be distinguished from the CD45.2+ μMT-derived cells during analysis (Fig 196 

6a). In order to understand if the presence of Ighm+ B cells influenced the extracellular pool of ST6Gal-1, 197 

we analyzed serum samples for α2,6-sialyltransferase activity. Our data indicate that from week 6 post-198 

transplant, mice reconstituted with B cells exhibited higher blood ST6Gal-1 activity (Fig 6b). Furthermore, 199 

at 10 weeks post-transplant, mice receiving Ighm+/+ donor bone marrow demonstrated increased SNA 200 
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reactivity on the Ighm-/- hematopoietic cells within the blood and bone marrow, indicating that IgM+ B cells 201 

contribute to the sialylation of non-self hematopoietic cells (Fig 6c). Importantly, this occurred even in target 202 

cells expressing endogenous ST6Gal-1, indicating that the extrinsic sialylation process likely occurs 203 

naturally in wild-type, ST6Gal-1 expressing animals.  204 

 205 

ST6Gal-1 expression in human multiple myeloma negatively correlates with bone marrow 206 

neutrophil abundance. 207 

     B cells exist within the bone marrow medullary spaces at several stages during development. Whereas 208 

early B cells occupy the niche until successful arrangement of a functional BCR, mature B cells freely 209 

recirculate between the marrow, blood, and lymphoid tissues. In contrast, plasma cells can remain for 210 

years within the bone marrow to maintain systemic titers of protective antibodies, and are thought to occupy 211 

a specialized niche in proximity to megakaryocytes, eosinophils, and soluble pro-survival factors [50]. In 212 

order to understand if B cell-derived ST6Gal-1 is able to perturb normal HSPC development into mature 213 

leukocytes in a clinically relevant setting, we performed histological analyses of human bone marrow 214 

samples from freshly diagnosed, treatment-naïve patients with a plasma cell dyscrasia , multiple myeloma. 215 

Samples from only a limited number of patients (n=15) were available, and these were examined.  Because 216 

of the clonal origin of multiple myeloma, the ST6Gal-1 expression of the neoplastic plasma cell could be 217 

assessed. Moreover, the high occupancy of the bone marrow by the neoplasm, which in some cases 218 

approached 60%, allowed for an assessment of the consequences of pathologically elevated ST6Gal-1 219 

within the bone marrow microenvironment.  220 

     Paraffin-embedded bone marrow sections were stained for ST6Gal-1 using a DAB reagent. Plasma 221 

cell-specific expression of ST6Gal-1 was assessed according to intensity (1-5) and frequency (0-100%) by 222 

counting five groups of ten cells each in at least five fields of view per patient. The product of intensity and 223 

frequency is referred to as “ST6Gal-1 score”. ST6Gal-1 expression was highly heterogeneous between 224 

patients, and varied from nearly completely absent to intense expression in 100% of examined cells (Fig 225 
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7a). The expression of ST6Gal-1 in tumor cells was not associated with altered patient survival (Fig 7b). 226 

However, whereas the plasma cell burden and abundance of segmented neutrophils varied completely 227 

independently (r2 = 0.001, p = 0.88), we observed a striking relationship between plasma cell ST6Gal-1 228 

expression and segmented neutrophils (Fig 7c). Qualitatively, patients with low ST6Gal-1 expression in 229 

plasma cells had evidence of abundant granulocytes on H&E staining, whereas high ST6Gal-1 expressing 230 

patients had far fewer visible granulocytes (Fig 7d, arrows). When ST6Gal-1 score was compared to the 231 

frequency of granulocyte lineage cells, as assessed by pathologist evaluation, we identified a strong 232 

negative correlation between ST6Gal-1 score and presence of segmented neutrophils (r2 = 0.42, p = 233 

0.0083) (Fig 7e). Patients with low ST6Gal-1 scores (<100) had higher frequencies of mature neutrophils 234 

(22.32+4.11%), whereas those with high ST6Gal-1 scores (>100) had markedly lower frequency 235 

(9.1+2.6%) (Fig 7e inset).  236 

Discussion 237 

     Effective cross-talk between components of the medullary environment is central to the demand-driven 238 

production of different lineages of blood cells.  During systemic inflammation, B cells vacate the bone 239 

marrow due to the release of TNF-a and downregulation of CXCL12, salvaging space in preparation for 240 

the emergency generation of granulocytes [51]. However, it remains unclear if the departure of marrow B 241 

cells merely creates physical space for granulopoiesis or also disinhibits intrinsic granulopoietic processes.  242 

Our data support the existence of a paracrine signaling relationship, mediated by B cells via a novel 243 

extracellular glycosylation pathway, to influence the generation of granulocytes.  This molecular pathway 244 

involves the release of catalytically active sialyltransferase ST6Gal-1 from B cells, and may contribute to 245 

the reciprocal inhibition of granulopoiesis during homeostasis. Our observations add to the body of 246 

literature documenting the emerging regulatory relationship between B cells and neutrophils. The newly-247 

defined ‘B-helper’ subset of neutrophils (NBH) can prime marginal zone B cells for antibody production 248 

during inflammation by the release of BAFF [52; 53]. Conversely, evidence suggests that B cells inhibit 249 
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neutrophil functions in a number of ways, including blocking chemotaxis and initiating b2 integrin-mediated 250 

apoptosis [54; 55]. B cell suppression of neutrophilic influx into the liver and spleen is necessary for the 251 

resolution of infections with a number of intracellular organisms, where neutrophils can cause damaging 252 

local and systemic inflammation [56; 57; 58].  Here, our observations suggest that B cells c influence the 253 

generation of new neutrophils by regulating glycosylation within the bone marrow, which are consistent 254 

with a separate body of literature documenting the development of excessive neutrophilic inflammation 255 

due to ST6Gal-1 insufficiency [27; 29; 30; 33; 49]. 256 

     While localized gradients of cytokines, chemokines, and growth fators are already understood to create 257 

functional and developmental marrow niche spaces [59], our recent data also implicate a role for 258 

extracellular glycan-modifying enzymes such as ST6Gal-1 in the marrow hematopoietic environment. 259 

These include demonstrations of a profound role for extracellular, distally produced ST6Gal-1 in muting 260 

the transition of granulocyte-monocyte progenitors (GMP) to granulocyte progenitors (GP) [27], and that 261 

intravenously infused recombinant ST6Gal-1 can attenuate demand granulopoiesis in a mouse model of 262 

acute airway inflammation [31].   263 

     The existence of sialyltransferases within the extracellular milieau, particularly the blood, has been 264 

known for quite some time. Upregulation of serum ST6Gal-1 during inflammation was attributed to the 265 

induction of hepatic expression, leading to the designation of ST6Gal-1 as an acute phase reactant [17; 266 

18; 39; 60; 61]. However, it was also recognized that in addition to hepatocytes, B cells are sophisticated 267 

expressers of ST6Gal-1, utilizing multiple tissue-specific transcripts during development [42; 46; 62]. Given 268 

the widespread distribution of ST6Gal-1 expressing mature B cells within secondary lymphoid tissues, 269 

blood, and bone marrow, we hypothesized that this population could be contributing to the extracellular 270 

pool of ST6Gal-1, thus regulating the sialylation and development of other hematopoietic cells. The 271 

observations in this study demonstrate that human B cells secrete functional ST6Gal-1 and are capable of 272 

modifying hematopoietic stem and progenitor cells (HSPC) in co-culture conditions to suppress 273 

granulocytic differentiation. In vivo, both hematopoietic and B cell-derived ST6Gal-1 are significant 274 
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modifiers of bone marrow cell sialylation. Indeed, the limited endogenous expression of ST6Gal-1 in 275 

hematopoietic stem and progenitor populations may be compensated for by secreted, extracellular enzyme, 276 

making the bone marrow microenvironment a distinct niche space for extrinsic sialylation [25].  In contrast 277 

to untreated wild-type mice, we observed striking regional heterogeneity in bone marrow sialylation among 278 

St6gal1-KO chimeras reconstituted with wild-type bone marrow, with higher sialylation generally at the 279 

epiphysis and metaphysis of long bones. Interestingly, these sites of high sialylation contained high 280 

frequencies of IgD+ donor mature B cells that release the ST6Gal-1.  We also observed spatial co-281 

localization with megakaryocytes.  In light of our previous observations that platelets can drive extrinsic 282 

sialylation in the periphery, it stands to reason that megakaryocytes, the ontogenic precursors to platelets 283 

[26], could provide the required sugar donor for this process in the bone marrow.  Moreover, 284 

megakaryocytes emerge as organizers of the bone marrow niche, providing secreted HSC regulatory 285 

components, including TGF-b and CXCL4 [63; 64; 65].  It remains to be determined if megakaryocytes, 286 

like their peripheral ontogenic descendents [26], can release sialic acid donor substrates to influence 287 

medullary hematopoietic decisions.     288 

     ST6Gal-1 has been implicated in a variety of biological processes relevant to the development of 289 

disease, particularly in systemic inflammation [18] and in metastatic diseases [66] . The sialylation of IgG 290 

by ST6Gal-1 is necessary for the anti-inflammatory effects of IVIG therapy in autoimmune disease, and 291 

variations in serum IgG sialylation have been widely associated with inflammatory diseases [67; 68; 69].  292 

Human GWAS studies have also associated genetic variation in ST6GAL1 with IgA nephropathy and 293 

flucloxacillin-induced liver damage [70; 71]. In epithelial carcinomas, ST6Gal-1 expression confers 294 

increased resistance to chemotherapy, hypoxia, and nutrient deprivation by promoting a stem-like 295 

phenotype, bolstering signaling through pro-survival and pro-proliferative EGFR, HIF-1α, and NF-κB 296 

pathways [72; 73; 74; 75; 76; 77].  Numerous early studies in both rodent models and humans have also 297 

documented concurrent increases in serum protein sialylation and sialyltransferase activity during 298 

malignancy, including in multiple myeloma, implying that ST6Gal-1 expressing tumor cells are capable of 299 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 9, 2019. ; https://doi.org/10.1101/604264doi: bioRxiv preprint 

https://doi.org/10.1101/604264
http://creativecommons.org/licenses/by/4.0/


B cells and granulopoiesis   Irons et al. 

 
14 

secreting into the extracellular pool [6; 78; 79; 80; 81; 82; 83].  In line with this, we observed that the 300 

hematopoietic compartment was able to completely restore the serum pool of ST6Gal-1 after bone marrow 301 

transplantation, and that B cells contributed a significant portion of this serum ST6Gal-1 activity. These 302 

results strongly argue in favor of a tissue-agnostic model of extrinsic sialylation, wherein extra-hepatic cell 303 

types secrete ST6Gal-1 into circulation. The functional consequences of fluctuations in blood ST6Gal-1 304 

are yet unexplored, especially in malignancy.  This current work examines specifically how cancer-derived 305 

ST6Gal-1 can perturb the generation of granulocytes, the best documented biologic role associated with 306 

extrinsic ST6Gal-1 sialylation [25; 30; 31; 49]. Multiple myeloma was examined because of the natural 307 

localization of tumor cells in the marrow, in proximity to nearby healthy HSPCs.   ST6Gal-1 expression in 308 

MM varied dramatically from patient to patient.  We observed that the abundance of segmented 309 

granulocytes within the marrow was strikingly and negatively associated with the level of ST6Gal-1 310 

expression, but not with the overall abundance of multiple myeloma plasma cells.  The data support the 311 

hypothesis that ST6Gal-1 negatively regulates granulocyte production in surrounding healthy progenitors, 312 

independently of disease burden. 313 

     Recent work in our group suggests that extrinsic ST6Gal-1 may have a broad ability to coordinate the 314 

development and function of multiple immune cell types [27; 28; 31].  Given the well-documented role of 315 

immune cells in cancer, further investigation into the role of extrinsic glycosylation in cancer is merited. 316 

The strong negative association between human multiple myeloma ST6Gal-1 expression and neutrophil 317 

prevalence indicates that tumor-derived ST6Gal-1 may dysregulate the development of bystander immune 318 

cells in the tumor microenvironment, with a variety of potential implications. At the very least, the ability of 319 

cancer-derived ST6Gal-1 to disrupt granulopoiesis predicts a diminished capacity for the patient to combat 320 

bacterial infections. Furthermore, the correlation between ST6Gal-1 levels and worse patient outcomes in 321 

a number of other cancers may be in part due to the extrinsic modification of mature tumor-associated 322 

leukocytes. This is consistent with reports that myeloid cell surface a2,6-sialylation diminishes maturation, 323 

activation, antigen cross-presentation and anti-tumor immune responses in dendritic cells, for example [84; 324 
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85; 86].  Collectively, our data hint at biologic effects of ST6Gal-1 in cancer that extend beyond the cell-325 

intrinsic modulation of oncogenic signaling pathways, instead being mediated by a novel, extrinsic axis of 326 

glycosylation, and galvanized by the growing importance of immune cells in malignancy.   327 

Materials & Methods 328 

Animal models: The St6gal1-KO strain has been backcrossed 15 generations onto a C57BL/6J 329 

background and maintained at Roswell Park’s Laboratory Animal Shared Resource (LASR) facility.  The 330 

B cell deficient B6.129S2 – Ighmtm1Cgn/J  mouse μMT (The Jackson Laboratory) was used as a donor and 331 

recipient in bone marrow transplantation. The reference CD45.1 expressing wild-type strain used was 332 

B6.SJL-Ptprca Pepcb/BoyJ, in order to distinguish donor cells from recipient mice, which express the 333 

CD45.2 allele of the Ptprc locus. For transplantations, mice received 6 Gy whole body gamma-radiation 334 

and were rescued with 4.0x106 whole bone marrow cells from a single donor or two donors equally. Mice 335 

were euthanized after 8-10 weeks for analysis. Unless otherwise indicated, mice between 7-10 weeks of 336 

age were used, and both sexes were equally represented. Roswell Park Institute of Animal Care and Use 337 

Committee approved maintenance of animals and all procedures used. 338 

Antibodies: For immunoblots and immunohistochemistry, anti-ST6Gal-1 (R&D Biosystems), anti-β-tubulin 339 

(Cell Signaling Technology), anti-PF4 (Peprotech), anti-IgD (eBioscience clone 11-26c), SNA-FITC (Vector 340 

labs) were used. For flow cytometry, SNA-FITC (Vector Labs), biotinylated MAL-II (Vector Labs), anti-Gr1-341 

PE/Cy5, anti-CD11b-BV711, anti-CD45.2-PE/Cy7, anti-CD45.1-PerCP/Cy5.5, anti-Ly6G-APC, anti-342 

Ter119-BV510, anti-CD41-BV421, anti-c-kit-APC/Cy7, and anti-Sca-1-PE (all Biolegend) were used.  343 

Analysis of cell lines: Human B lymphoblastoid cell lines were grown in RPMI base medium supplemented 344 

with 10% non-mitogenic heat-inactivated fetal bovine serum. All analyses were performed during 345 

logarithmic growth phase, and cell lines were kept in passage for no more than 6 weeks. 346 

     For RNA analysis, cells were washed, pelleted, and resuspended in TRI Reagent (MRC Inc.) and RNA 347 

extracted according to manufacturer’s instructions. 1.0μg RNA was converted to cDNA (iSCRIPT kit, Bio-348 
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rad), and then amplified by qPCR (iTaq Universal SYBR Green, Bio-rad) with intron-spanning primers 349 

towards human ST6Gal-1 and BACE1. Relative expression (2dCt) was calculated in reference to B2-350 

microglobulin. Primer sequences are as follows: B2M: F 5’-GTGCTCGCGCTACTCTCTCT–3’, R 5’-351 

TCAATGTCGGATGGATGAAACCC–3’; ST6GAL1: F 5’-CCTTGGGAGCTATGGGACATTC–3’, R 5’-352 

TATCCACCTGGTCACACAGC–3’; BACE1: F 5’-TCTTCTCCCTGCAGCTTTGT–3’, R 5’-353 

CAGCGAGTGGTCGATACCT–3’. 354 

     For intracellular protein, cells were washed, pelleted, and resuspended in RIPA cell lysis buffer with 355 

protease inhibitors, and 5-10ug of total protein resolved on 10% SDS gels, transferred onto activated PVDF 356 

membranes, and blocked in 5% fat-free milk for 1 hour. Blots were probed with primary antibody overnight 357 

at 4C, then washed and incubated with HRP-conjugated secondary for 1 hour. Membranes were 358 

developed using Pierce ECL WB Substrate (Thermo Scientific) and imaged using ChemiDoc Touch (Bio-359 

rad). For analysis of secreted protein, cells were seeded at a density of 106 cells/ml in serum-free RPMI, 360 

and cell-free conditioned medium collected after 24, 48, and 72 hours. In order to control for secreted 361 

protein per cell, an equal volume (1%) of conditioned media was resolved by 10% SDS-PAGE. 362 

Densitometric quantification of adjusted band intensity was performed separately for 50kD and 42kD forms 363 

of ST6Gal-1 using ImageJ software.  364 

     Enzymatic activity within conditioned medium was quantified using an artificial O-benzyl conjugated 365 

Gal-β1,4-GlcNAc acceptor, as has been described before [36].  Briefly, conditioned medium was incubated 366 

at 37C with artificial acceptor molecule and tritium-labeled CMP-sialic acid for 1 hour. The resulting reaction 367 

mix was applied to an O-benzyl reactive column and extensively washed, then eluted with methanol. 368 

Radioactive counts in the sample were quantified using a Beckman Coulter LS 6500 scintillation counter. 369 

α2,6-sialylated product was precipitated with SNA-agarose beads, and SNA-reactive fraction once again 370 

counted to quantify α2,6-sialyltransferase activity. Remaining α2,3-sialyltransferase activity was inferred.  371 

Extrinsic sialylation of fixed hepatocytes: HepG2 cells (ATCC) were seeded onto sterile glass cover slips 372 

in 6-well dishes for 3 days. Wells were washed with PBS and fixed for 5 minutes in 5% formalin solution. 373 
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Cover slips were carefully removed from wells, and subjected to 1 hour treatment with bacterial sialidase 374 

C (Roche) at 37C, followed by incubation with concentrated Louckes conditioned medium for 1-2 hours at 375 

37C, in the presence or absence of 100µM CMP-sialic acid charged sugar donor (EMD Millipore). Cover 376 

slips were blocked in 5% BSA, stained with SNA-FITC lectin, further stained with DAPI, then mounted onto 377 

charged microscope slides in 10% glycerol. Fluorescence was visualized immediately using a Nikon 378 

Eclipse E600 microscope with EXFO X-cite 120 light source. Spot RT3 camera and Spot Software were 379 

used to capture images.  380 

LK (Linneg cKitpos) cell co-culture: St6gal1-KO mouse bone marrow mononuclear cells were obtained and 381 

enriched for c-Kit+ cells using MACS columns (Miltenyi Biotechnology). Resulting Lin-neg:cKit+ (LK) 382 

hematopoietic progenitors (HSPCs) were stained for 20 minutes at room temperature with CellTrace Violet 383 

(Thermo Fisher), as per manufacturer’s instructions. Stained cells were quenched with media and washed 384 

thoroughly before quantification, and 10,000 cells cultured in 96-well round-bottom plates with either 385 

10,000 or 40,000 human B lymphoblastoid cells at logarithmic growth phase. To induce differentiation and 386 

proliferation, cultures were supplemented with recombinant SCF (50ng/ml; BioVision), G-CSF (20ng/ml; 387 

Peprotech), IL-3 (5ng/ml; BioVision), TPO (25ng/ml; Peprotech), and FLT-3 (30ng/ml; Peprotech). After 388 

three days, cells were analyzed by flow cytometry for CellTrace Violet to discriminate between HSPCs and 389 

B cells, and murine cells further analyzed for cell surface glycans and expression of granulocyte markers. 390 

Flow cytometry data was acquired with BD LSR II flow cytometer and analyzed with FlowJo software.  391 

Analysis of bone marrow chimeras: Femurs of indicated bone marrow transplantation chimeras were 392 

flushed extensively to obtain cells. Peripheral blood was collected from the retro-orbital venous plexus in 393 

citrate-containing anticoagulant. All samples were subjected to ACK lysis in order to remove anucleated 394 

cells, then stained with the appropriate combination of antibodies for 20 minutes, washed, and analyzed 395 

by BD LSR II flow cytometer. Data was analyzed with FlowJo software, and donor status of individual cells 396 

was distinguished by CD45.1 and CD45.2 staining.  397 
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Histological analysis of whole murine femurs: Femurs were fixed in a paraformaldehyde–lysine–periodate 398 

fixative overnight (0.01 M Sodium-M-Periodate, 0.075M L-Lysine, 1% PFA), rehydrated in 30% sucrose in 399 

a phosphate buffer solution for 48 hours, embedded in OCT (TissueTek, Sakura), and snap frozen in an 400 

isopentane/dry ice mixture [87]. Whole longitudinal sections (7 µm) sections were obtained using a Leica 401 

Cryostat and the Cryojane tape transfer system. Tissue sections were thawed, rehydrated and 402 

permeabilized in Tris-buffered saline with 0.1% Tween (T-TBS), blocked with 5% BSA, then incubated with 403 

FITC-conjugated SNA lectin (VectorLabs) for 1h, then washed prior to incubation with the appropriate 404 

primary antibodies.  These were followed by the corresponding Alexa Fluor secondary antibodies (1:500, 405 

Invitrogen). Fluorescence whole slide imaging was performed on a Nikon Eclipse Ti2. Quantification of 406 

SNA density staining, megakaryocytes and IgD+ cell localization and numeration analysis was executed 407 

using Imaris (Bitplane) and Matlab (MathWorks) software. SNA density staining of the marked regions of 408 

interest (ROIs) was normalized from different femurs by accounting for total SNA intensity in the whole 409 

bone scan. 410 

Histological analysis of human bone marrow: All experiments involving human samples were evaluated 411 

and approved by the Institutional Review Board (IRB) prior to their initiation. Banked human biospecimens 412 

were provided by the Disease Bank and BioRepository at Roswell Park Comprehensive Cancer Center 413 

under protocol BDR 082017. Human multiple myeloma samples, collected from newly diagnosed and 414 

treatment-naïve patients, were examined.  Samples from 15 treatment-naïve patients were available from 415 

the Repository, and these were de-identified prior to transfer, and associated patient information and 416 

pathology reports were provided via an honest broker. Paraffin-embedded sections of human bone marrow 417 

were melted at 55C for 1 hour, twice dehydrated in xylene-containing HistoClear (National Diagnostics), 418 

then rehydrated in successive ethanol solutions, and heated in Antigen Unmasking Solution (Vector Labs) 419 

for 30 minutes. Slides were blocked in 5% BSA for 1 hour, incubated overnight with anti-ST6Gal-1 antibody, 420 

then with anti-goat-HRP secondary (R&D Biosystems) for 1 hour. Tissues were then immersed in Impact 421 

DAB stain (Vector Labs) for 120 seconds and rinsed in water for 3 minutes. Slides were counterstained for 422 
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60 seconds with hematoxylin. ST6Gal-1 expression was quantified by counting of positively-staining 423 

plasma cells and evaluation of intensity of staining in at least 5 fields of view per specimen, typically 424 

containing 50 cells each. Bone marrow plasma cells and neutrophils were quantified by pathologist 425 

evaluation at time of diagnosis and provided by the Pathology Shared Resource Network (PSRN).  426 

Statistical analyses: Experiments were conducted with a minimum sample size calculated for appropriate 427 

power to detect changes of at least 2-fold (α = 0.05, b = 0.80, SD = 0.5). Raw data is presented in all 428 

figures as mean+SD.  429 
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 692 

 693 

Figure 1. Human B lymphoblastoid cells secrete ST6Gal-1 of 50kD and 42kD size. Human 694 

lymphoblastoid cell lines derived from the pre-B (NALM-6), germinal center (Louckes) and plasma cell 695 

(RPMI 8226 and MM1.S) stages were profiled for ST6Gal-1 expression and secretion. (A) RT-qPCR 696 

analysis of ST6Gal-1 and beta-secretase BACE-1 mRNA (n=3 technical replciates) (B) Intracellular 697 

ST6Gal-1 protein levels, analyzed by western blot (left) and quantified (right). (C) Protein levels of ST6Gal-698 

1 in the serum-free conditioned medium of cell cultures 1-3 days after plating 10^6 cells/ml, analyzed by 699 

western blot (top) and quantified for 50 kD and 42 kD sizes (bottom). (D) Sialyltransferase activity in 700 

conditioned medium, relative to media only control, as determined by incorporation of 3HNeuAc into 701 
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Gal(β4)GlcNAc-O-Bn acceptor. The α2,6-sialyl product was quantified by SNA-agarose column 702 

chromatography. Data is representative of multiple experiments with similar results. 703 

 704 

 705 

 706 

Figure 2. B cell conditioned medium extrinsically restores SNA reactivity of target cells. HepG2 707 

human liver cells were grown on glass cover slides, fixed (10 min in 5% formalin) to disable endogenous 708 

metabolism. Cells were treated with C. perfringens sialidase C (Roche) for 1 hour at 37C to remove cell 709 

surface sialic acid, then incubated with concentrated (~50X) B cell conditioned medium (CM) from Louckes 710 

grown in serum-free medium, in the presence or absence of 0.05 mM CMP-sialic acid.  711 
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 712 

 713 

Figure 3. B cells modify HSPC SNA reactivity and Gr-1 expression in co-culture. Human B 714 

lymphoblastoid cell lines were co-cultured with CellTrace Violet-labeled murine c-kit+ bone marrow cells, 715 

at indicated ratios of 1:1 or 4:1, for 3 days with SCF, IL-3, G-CSF, TPO, and Flt-3 (A) Representative 716 

resolution of B cells and murine HSPCs by flow cytometry, with the HSPCs staining positive for CellTrace 717 

Violet. (B) Levels of SNA (α2,6-Sia) and MAL-II (α2,3-Sia) reactivity on the HSPCs in monoculture or co-718 

culture with indicated B cells. (C) Flow cytometric separation of CD11b+ and Gr1+ cells from murine 719 

HSPCs, after 3 days of co-culture with human B lymphoblastoid cells. (D) Correlation between SNA 720 

reactivity and frequency of murine Gr-1+ or CD11b+ cells (expressed as % of total CellTrace Violet+ cells). 721 

Data is from a single experiment representative of three individual experiments, with n=4 technical 722 

replicates per condition; *p<0.05, **p<0.01, ***p<0.001 by student’s T-test. 723 

 724 
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 726 

 727 

Figure 4. Hematopoietic Cells Supply Extracellular ST6Gal-1 for Extrinsic Sialylation in vivo. (A) 728 

CD45.1+ ST6Gal-1 sufficient (WT) or deficient (KO) whole bone marrow was used to reconstitute irradiated 729 

CD45.2+/μMT/St6gal1-KO mice. (B) a2,6-sialyltransferase activity was quantified in serum of bone marrow 730 

chimeras at indicated time points. (C) Representative histograms of SNA-reactivity are shown for Lin-/c-731 

kit+/Sca-1- (LK) and Lin-/c-kit+/Sca-1+ (LSK) progenitor compartments in the bone marrow, 8 weeks post-732 

transplant. (D) Mean fluorescence intensity of SNA in CD45.2+ recipient bone marrow cell subsets was 733 

quantified by flow cytometry (n=5). All cell types were significantly (p<0.01) different between WT and KO 734 

donor chimeras by student’s T-test. Data is from a single experiment and representative of two individual 735 

experiments.  736 
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 738 

 739 

 740 

 741 

Figure 5. IgD+ B cells co-localize with Megakaryocytes to Regions of High a2,6-Sialylation within 742 

the Bone Marrow. (A) Wild-type bone marrow was allowed to reconstitute an irradiated μMT/ST6KO 743 

mouse for 8 weeks. Upon sacrifice, whole femurs were fixed, frozen, and sectioned for 744 

immunofluorescence staining. Heterogeneous SNA reactivity was observed and indicated regions of 745 

interest (ROI) were created with variable SNA reactivity (top panel). Megakaryocytes (PF4+) and mature 746 
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B cells (IgD+) were identified within ROIs (middle panel and bottom panel insets). (B) Correlation of SNA 747 

reactivity of ROIs with IgD+ B cells (left panel) and PF4+ megakaryocytes (middle panel), as well as 748 

correlation between B cells and megakaryocytes within ROIs (right panel) from two chimeras. Data is 749 

derived from two biological replicates.  750 

 751 

 752 

Figure 6. B cells Supply Extracellular ST6Gal-1 for Extrinsic Sialylation. (A) B cell-deficient μMT mice 753 

were irradiated and reconstituted with μMT (CD45.2+) or a mixture of μMT and WT (CD45.1+) whole BM. 754 

(B) a2,6-sialyltransferase activity in the serum was quantified over 10 weeks. (C) Bone marrow and 755 

peripheral blood CD45.2+ cells were analyzed for SNA reactivity at 10 weeks. Average SNA MFI and 756 

representative histograms of CD45.2+ μMT BM cells and peripheral blood cells are shown (grey= μMT 757 

donor only, red = μMT + WT donors). Data shown for one experiment with with n=3, but representative of 758 

two individual experiments. *p<0.05 **p<0.01 by student’s T-test. 759 
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 762 

Figure 7. ST6Gal-1 Expression Levels in Human Multiple Myeloma Cells Correlates Negatively with 763 

Bone Marrow Neutrophil Abundance. (A) Quantification of ST6Gal-1 expression in bone marrow 764 

histological specimens from treatment-naive multiple myeloma patients (n=15). (B) Relationship between 765 

ST6Gal-1 expression and patient survival. (C) Relationship between Plasma cell abundance and 766 

segmented neutrophil abundance. (D) Representative data from one patient with high and one patient with 767 

low myeloma ST6Gal-1 expression, with accompanying H&E with neutrophils indicated (arrows). (E) 768 

Negative correlation between ST6Gal-1 expression and frequency of bands and segmented PMNs 769 

(p<0.01). Stratification of patients into low and high ST6Gal-1 expression was predictive of abundance of 770 

segmented neutrophils (**p<0.01, student’s T-test).  771 
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