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A heparan-sulfate-bearing syndecan-1
glycoform is a distinct surface marker for
intra-tumoral myeloid-derived suppressor cells

Thomas Welte,1 Junhua Mai,1 Zhe Zhang,1 Shaohui Tian,1 Guodong Zhang,1 Yitian Xu,2 Licheng Zhang,2

Shu-shia Chen,2 Tian Wang,3 and Haifa Shen1,4,5,6,*

SUMMARY

Myeloid-derived suppressor cells (MDSCs) infiltrate cancer tissue, promote tu-
mor growth, and are associated with resistance to cancer therapies. However,
there is no practical approach available to distinguish MDSCs from mature coun-
terparts inside tumors. Here, we show that a recently isolated thioaptamer probe
(T1) binds to MDSC subsets in colorectal and pancreatic tumors with high speci-
ficity. Whole transcriptome and functional analysis revealed that T1-binding cells
contain polymorphonuclear (PMN)-MDSCs characterized by several immunosup-
pression pathways, ROS production, and T cell suppression activity, whereas T1-
non-binding PMNsweremature and nonsuppressive.We identified syndecan-1 as
the T1-interacting protein on MDSCs and chronic myelogenous leukemia K562
cell line. Heparan sulfate chains were essential in T1-binding. Inside tumors
PMN-MDSCs expressed heparan sulfate biogenesis enzymes at higher levels. Tu-
mor-cell-derived soluble factor(s) enhanced MDSCs’ affinity for T1. Overall, we
uncovered heparan-sulfate-dependentMDSCmodulation in the tumormicroenvi-
ronment and identified T1 as tool preferentially targeting tumor-promoting
myeloid cell subsets.

INTRODUCTION

Myeloid-derived suppressor cells (MDSCs) are a key component of the tumor microenvironment, shaping

this milieu via immunosuppressive activities, including impeding the accumulation and function of tumor-

fighting cells such as cytotoxic CD8+ T cells and NK cells (Gabrilovich et al., 2012). MDSCs also pose hurdles

for cancer immunotherapy (Ostrand-Rosenberg and Fenselau, 2018). Advanced, reoccurring and drug-

resistant cancers are often associated with massive increases of MDSCs and significant changes in the

tumor microenvironment (Gonda et al., 2017; Weide et al., 2014). MDSCs include heterogeneous cell pop-

ulations, which are mostly immature cell types (Almand et al., 2001). Based on cell surfacemarkers and func-

tional profiles, at least three subsets have been recognized, including polymorphonuclear (PMN-MDSCs),

monocytic (M-MDSCs), and early stage (eMDSCs) (Bronte et al., 2016). PMN-MDSCs, most commonly

found in cancer, resemble progenitors of neutrophils and express high levels of Ly6G in mice. M-MDSCs

carry high levels of Ly6C and, unlike monocytes, barely express MHC II. A third subset at an earlier devel-

opmental stage was termed eMDSC (Bronte et al., 2016). MDSCs can also be grouped based on biological

functions. For example, reactive oxygen species (ROS) production is high in PMN-MDSCs, whereas nitric

oxide (NO) production is elevated in M-MDSCs (Gabrilovich et al., 2012).

The distinction between PMN-MDSCs and mature neutrophils is still under intense investigation. Certain

features such as differences in gradient centrifugation, ER stress-related factor LOX-1, and GM-CSF-acti-

vated FATP2 have been shown to be associated with PMN-MDSCs. However, by themselves they may

be insufficient for clearly separating PMN-MDSCs (Veglia et al., 2021). Other markers including Ly6G,

Ly6C, and CD11b show only incremental differences in immature PMN-MDSCs relative to fully differenti-

ated neutrophils. Furthermore, compared with peripheral sites, within tumors distinctive markers between

MDSCs and mature anti-tumor myeloid subsets have not been established as well. This may in part be due

to modulation and plasticity of myeloid cells. Upon entry into tumor site, M-MDSCs are capable to differ-

entiate into tumor-associated macrophages (Tcyganov et al., 2018). A trans-differentiation of monocyte
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progenitors into PMN-MDSCs has also been reported (Mastio et al., 2019). Tumor-associated neutrophils

show clear differences to splenic PMN-MDSCs based on their transcriptomes (Fridlender et al., 2012). Yet,

immunosuppressive function—the defining feature of PMN-MDSCs—is a common attribute of tumor-asso-

ciated neutrophils. Overall, there are still significant gaps in our knowledge of the markers andmechanisms

that control MDSC formation and activity in tumors.

Despite these limitations, drug targeting tumor-promoting myeloid cells is a promising approach in cancer

treatment (Cassetta and Pollard, 2018; De Henau et al., 2016; Elinav et al., 2013; Highfill et al., 2014; Kim

et al., 2014; Welte et al., 2016). Directly suppressing myeloid cells or interfering with CXCR2-mediated

MDSC migration alleviated resistance to immune checkpoint inhibitor treatment (Highfill et al., 2014;

Kim et al., 2014). However, recent studies including single-cell sequencing analysis suggest that myeloid

cells in the tumor microenvironment are a mixture of pro- and anti-tumor subtypes (Cassetta and Pollard,

2018; Lavin et al., 2017; Solito et al., 2014). Thus, ideal drugs will preferentially target the former subtypes.

Aptamers are short single-stranded nucleic acids that form sequence-specific secondary structures. They

can selectively recognize specific protein domains or other molecular entities (Ellington and Szostak,

1990; Mi et al., 2010; Tuerk and Gold, 1990; Zhou and Rossi, 2017). In order to exploit this feature in cancer

drug targeting, we screened a thiolated DNA aptamer library for sequences that could target components

of tumors or metastatic microenvironment and identified a thioaptamer (T1) that was highly enriched in tu-

mor tissue (Liu et al., 2018; Mai et al., 2018). The aptamer bound to PMN-MDSCs with highest affinity and

T1-conjugated liposomes carrying doxorubicin had superior tumor-inhibition effects. However, the recep-

tor for T1 on its target cells, the mechanism that leads to targeting of pro-tumor cell types, and the func-

tional and transcriptomic features of T1 target cells remained all unknown. In the current study, we ad-

dressed these questions and identified the cell surface protein syndecan-1 as target for T1 binding and

heparan sulfate as an essential part of the T1-binding site. In addition, we noted that T1 binding is a feature

that distinguishes intra-tumoral immunosuppressive myeloid cells from fully mature, anti-tumor neutro-

phils. Heparan-sulfate-modified syndecan-1 was modulated inside tumors toward greater affinity to the

T1 probe, providing an intrinsic mechanism for high targeting specificity and sparing protective bystander

cells from T1. Furthermore, whole-transcriptome and functional analysis of T1 binding intra-tumoral PMN-

MDSCs showed that they dampen the anti-tumor immune response through multiple pathways.

RESULTS

Morphologic and transcriptomic characteristics of tumor-associatedMDSCs in colorectal and

pancreatic tumors

We previously identified a T1 thioaptamer that binds toMDSCs (Liu et al., 2018). Here we utilized this probe

to separate T1 binding- and T1 nonbinding cells for systematic MDSC characterization. We employed an

in vitro binding assay with Cy5-conjugated T1 (T1-Cy5) to investigate interaction between T1 thioaptamer

and tumor cells. T1-binding cells were identified by flow cytometry through co-staining with cell surface

markers. Cells from colon cancers (established with murine CT26 and MC38 colon tumor lines) and pancre-

atic cancer (established with murine KPC cells) were applied in the study. In all tumors, T1 preferentially

bound to large subsets of the myeloid lineage (CD45+CD11b+, Figure S1, upper panels). By comparison,

T1 displayed only low percentage of binding to nonmyeloid lineages (CD45+CD11b� cells (Figure S1, up-

per panels). We also compared cells from subcutaneous and orthotopic tumors that were inoculated with

the same batch of tumor cells and found that T1-binding characteristics of tumor-infiltrating CD45+ cells

were indistinguishable for each model (Figure S1, bottom panels). The results suggest that tumor cells

were decisive in regulation of T1 binding.

Next, we focusedon the Ly6G+myeloid subset, which contains PMN-MDSCs, a predominantMDSCpopulation

in tumors. Using T1 binding as a defining property, we observed three populations: (1) CD45+CD11b+

Ly6GhighT1+ (assigned as Ly6GhighT1p), (2) CD45+CD11b+Ly6GhighT1� (assigned as Ly6GhighT1n), and (3)

CD45+CD11b+Ly6GlowLy6ClowT1+ (assigned as Ly6GlowT1p) (Figure 1A top panel). These cells were isolated

by FACS, and their cell morphology, gene expression profile, and functional activities were investigated. Cyto-

genetic analysis showed that the T1-binding fraction of Ly6Ghigh cells was not fully mature with frequent pres-

ence of ‘‘band-shape’’ nuclei, whereas the nonbinding fraction was apparently more differentiated containing

multi-lobed nuclei typical for mature neutrophils (Figure 1A bottom panels). In RNA sequencing analysis a

group of genes previously established as PMN-MDSC markers were highly expressed in T1-binding

Ly6GhighT1p cells compared with T1 nonbinding Ly6GhighT1n subset (Figure 1B). In particular, the subunits
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Figure 1. Intratumoral, T1 thioaptamer binding PMNs display immature myeloid cell features and enhanced expression of genes in

immunosuppression pathways

(A) T1 binding and nonbinding populations were identified in CT26 tumors by FACS revealing three cell subsets based on the following criteria: (1)

CD45+CD11b+Ly6Ghigh T1 binding (assigned Ly6GhighT1p), (2) CD45+CD11b+Ly6Ghigh T1 nonbinding (assigned Ly6GhighT1n), and

CD45+CD11b+Ly6GlowLy6Clow T1 binding (assigned Ly6GlowT1p). The three populations were separated by FACS sorting. Lower panels: (Left) H&E and

DAPI staining of Ly6GhighT1p; (right) Ly6GhighT1n. H&E and DAPI pictures are from two different individual cells of same indicated group. All panels: 100x.

B-D RNA seq. transcriptomic comparison of Ly6GhighT1p and Ly6GhighT1n.

(B) shows genes previously associated with PMN-MDSCs are highly expressed in Ly6GhighT1p relative to Ly6GhighT1n.

(C) Ly6GhighT1p and Ly6GhighT1n were subjected to gene set enrichment analysis (GSEA) with datasets related to hematopoietic development. Results were

accepted at NOM p < 0.05, FDR q < 0.25.

(D) Genes with higher expression in Ly6GhighT1p were ranked based on expression level; top 20 genes are shown. Pink arrows: previous evidence for

involvement in immunosuppression function of myeloid cells. Dark blue arrows: involvement in T cell inhibition. Green arrows: anti-inflammatory.

(E) Same cell sorting as in A but with MC38 and KPC tumor-derived cells. Representative H&E staining of Ly6GhighT1p cells is shown.

See also Figures S1–S4.
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ofNOX2 (also known as Cyba andCybb), important players in ROS production and prototypicmarkers of PMN-

MDSCs, were also expressed higher in Ly6GhighT1p cells compared with Ly6GhighT1n cells. Previous studies

have shown that MDSCs and immunosuppressive regulatory dendritic cells are characteristically immature.

By GSEA, we noticed an overlap in gene expression of Ly6GhighT1p with a previously published hematopoietic

progenitor population (Figure 1C), and myeloid-progenitor-associated markers ApoE and Gusb were ex-

pressed at a higher level in these cells (green highlights in Figure 1D). These results corroborate the cellular

and molecular findings of immature status of Ly6GhighT1p cells.

The transcriptomes of Ly6GhighT1p and Ly6GhighT1n cells were also analyzed for immunoregulatory gene

expression. The top 50 genes significantly upregulated in T1-binding cells were arranged based on their

expression levels (Figures 1D and S2). Remarkably, at least 32 of the top 50 genes have been previously

linked to immunosuppression/anti-inflammatory function through different pathways (indicated by ar-

rows next to the respective genes, Figures 1D and S2). Some genes have been associated with synergis-

tically dampening immune response with PD-L1/PD-1 checkpoint axis (Trem2 [Molgora et al., 2020],

Mertk and Gas6 [Holtzhausen et al., 2019; Lee-Sherick et al., 2018], CD38 [Chen et al., 2018], C1q [Rou-

menina et al., 2019a, 2019b]); regulatory T cell recruitment/induction (CCL12, CCL2 [Kudo-Saito et al.,

2013], progranulin [Kwack and Lee, 2017]); extracellular matrix remodeling/angiogenesis (Dab2 [Marigo

et al., 2020], legumain [Shen et al., 2016]); dysfunction in antigen presentation (Msr1 [Herber et al., 2010]);

and direct roles in myeloid cell polarization/differentiation toward MDSC (Lifr [Won et al., 2017], CCL2

[Chun et al., 2015], cathepsin S [Yang et al., 2014]). These findings support the notions that a T1-targeted

myeloid subset in the tumor expresses immunosuppression-related genes at a higher level than the T1

nonbinding cells of a similar lineage and may be involved in several suppression pathways. We extended

the MDSC separation studies to other colorectal (MC38) and pancreatic (KPC) tumors and found that in

these models Ly6GhighT1p cells are enriched for immature cells with band-shaped nuclei as well

(Figure 1E).

The third cell subset of this study, the T1-binding Ly6GlowT1p cells, was also submitted to transcriptomic

analysis. They were distinguished as a separate cell type in principal component analysis and tree/heatmap

(Figure S3A). They displayed a similarity to hematopoiesis early progenitors (by GSEA, Figure S3C) and ex-

pressed the early hematopoietic development-marker CD34 (green highlight in heatmap of Figure S3C).

Therefore, we concluded that this population is at an even earlier developmental stage than the

Ly6GhighT1p subset.

T1 thioaptamer-binding cells display pro-tumor activities, such as ROS production,

suppression of T cell activation, and induction of T cell exhaustion

MDSCs regulate immune responses through multiple mechanisms. We wished to discern the pathways

prevalent in intra-tumoral T1-binding myeloid subsets. ROS production is a characteristic feature for

MDSC subsets. More than 85% of T1-binding myeloid cells produced ROS in all three tumor models

(Figure 2A).

To directly test MDSC-effects on T cell activation, we carried out in vitro T cell suppression assays with spe-

cific antigen (ovalbumin-peptide)-stimulated T cells as described earlier (Nagaraj et al., 2010; Sinha et al.,

2012). In order to match their respective genetic background, we applied T cells of TCR-transgenic

DO11.10 mice for studies of CT26-tumor-derived MDSCs, and T cells of TCR-transgenic OT1 mice for

MC38 tumor-associated MDSCs. T cells were labeled with CFSE to follow their proliferation status and

co-cultured with Ly6GhighT1p and Ly6GhighT1n populations isolated from tumors, and suppressive activity

was measured. Ly6GhighT1p cells diminished formation of IFNg+ T cells (ELISPOT assay, Figure 2B). In addi-

tion, Ly6GhighT1n cells did not show any detectable suppressive activity on the T cells (Figure 2B). The total

number of T cells at end of co-culture with Ly6GhighT1p was diminished more significantly in the CT26

model than in MC38 model (Figure 2C). This bears a similarity with findings in previous reports on

MDSC functional evaluation (Nagaraj et al., 2010; Sinha et al., 2012). Furthermore, tumor-derived

Ly6GhighT1p cells had increased propensity to induce PD1 in nonproliferating (CFSEhigh) compartment

of T cells, supporting a role in the induction of ‘‘exhausted’’ T cell phenotype (Figure 2D). PD1 ligand

PD-L1 was expressed at a higher level in Ly6GhighT1p cells compared with Ly6GhighT1n (Figure 2E). Taken

together, the immature MDSCs can be separated from mature myeloid cells based on their T1-binding

property, and tumor-derived MDSCs are more immunosuppressive than their T1 nonbinding PMN

counterparts.
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Syndecan-1 mediates T1 binding to immature myeloid cells

Using GSEA analysis we detected similarity between the T1-binding subsets Ly6GhighT1p and Ly6GlowT1p

cells inside solid tumors and subsets of acute and chronic myeloid leukemia (Figure S4, Table 1). Accord-

ingly, we found that T1 specifically bound to the immortalized human CML cell-line K562 in a dose-depen-

dent manner (Figure 3A).

Figure 2. T1 thioaptamer-target cells produce high levels of ROS and have immunosuppressive effects on T cells

(A) Detection of ROS by flow cytometry. CT26, MC38, and KPC tumors were dissociated and treated with ROS detector (Cell ROX) for 30 min at 37�C,
followed by staining with anti-CD45 to identify leukocytes, and T1 binding assay. Bar graphs (panel on the right) show percentage of ROS-producing cells in

T1-binding (T1p) and T1 nonbinding (T1n) cells, respectively; n = 2–4 per group. Data are presented as mean +/� standard error.

(B–D) T cell suppression and exhaustion after co-culture with tumor-derived T1-binding PMN-MDSCs. Ly6GhighT1p and Ly6GhighT1n cells were isolated from

indicated tumors and co-cultured with antigen-stimulated, OVA peptide-specific T cells. (B and C) T cell activation was followed by ELISpot assay for IFNg+

T cells (B) and T cell number quantification at the end of co-culture period (C). (D) Exhausted T-cells were enumerated based on high expression of PD1 on

nonproliferating (CFSE-high) cells. Bar graph shows group average of percentage of CFSEhighPD1++ (exhausted T cells) among total T cell population with

standard error. Black bar: no MDSC control; blue bar: coculture with Ly6GhighT1n; green bar: coculture with Ly6GhighT1p. Representative results of three

experiments are shown; *p < 0.05, **p < 0.01.

(E) High expression of PD-L1 in CT26-tumor-associated T1-binding PMNs (Ly6GhighT1p) relative to T1 nonbinding PMN subset, by CYTOF. n = 3, **p < 0.01.

ll
OPEN ACCESS

iScience 24, 103349, November 19, 2021 5

iScience
Article



In order to molecularly identify the biomarker recognized by T1, we applied K562 cells as a reagent and

determined the T1-binding partner on their cell surface. To that end, T1 was modified with an ABALmoiety,

which allowed covalent UV cross-linking to the nearby interaction partner via phenyl-azide residue, as well

as streptavidin column purification of T1-ABAL:protein complexes via biotin residue (Vinkenborg et al.,

2012) (Figures 3B and S5). Subsequently, T1-ABAL-binding cell surface proteins were identified by mass

spectrometry. Syndecan-1 was revealed as prime candidate T1-binding protein (Figure 3B). In a transcrip-

tomic study, SDC1 encoding syndecan-1 was expressed at higher level (5.75fold increase) in the T1-binding

fraction of K562 cells (T1pK562) than the nonbinding fraction (T1nK562) (Figure 3C), pointing again to syn-

decan-1 as candidate for T1 binding. Syndecan-1 is highly expressed on the surface of K562 cells (Fig-

ure 3D). Confocal microscopy detected overlap of T1 and syndecan-1 on the cell surface (Figure S6A).

To verify the finding, we took a CRISPR-based approach to generate SDC1 knockout (KO) cells. In contrast

to parental K562 cells, SDC1 KO cells showed diminished T1 binding (Figures 3D–3F, S6B and S6C).

In tumor-infiltrating leukocytes, the syndecan-1+ cell fraction showed much higher percentage of T1 bind-

ing compared with the whole leukocyte population, with up to 80%–98% T1 binding by syndecan-1+ cells in

tumors of CT26, MC38, and KPC (Figure 4A). For comparison, we also analyzed the syndecan-3+ population

in CT26 tumors. We performed tSNE analysis on the CD45+ leukocytes combining myeloid lineage

markers, syndecan-3, and T1-Cy5 thioaptamer binding. This revealed two very different patterns for the

‘‘spread’’ of syndecan-3 expression and T1-Cy5 binding within the cellular landscape of CD45+ cells (Fig-

ure 4B). Thus, syndecan-3 and T1-binding are not directly correlated, in contrast to what is found with syn-

decan-1. These results support syndecan-1 as T1-binding partner on the cell-surface.

T1 interacts with heparan sulfate side chains on syndecan-1

Syndecan-1 is a member of the proteoglycan protein family, carrying four chains of heparan sulfate and two

chains of chondroitin sulfate on its extracellular domain as a result of posttranslational modifications. Pre-

vious studies have shown that heparan sulfate side chains are sites of interaction between syndecan-1 and

extracellular factors such as chemokines (Bernfield et al., 1999; Li et al., 2002b; Pasqualon et al., 2016). Inter-

estingly, soluble heparin was a strong competitor against T1 in binding to K562 cells even at the lowest con-

centration in a binding assay, suggesting that T1 had affinity to heparin/heparan sulfate (Figures 5A and

S7A). In contrast, we did not observe an effect of heparin on binding of E-selectin thioaptamer (ESTA), a

control aptamer that binds to cell surface E-selectin (Mai et al., 2018) at low to medium concentrations

of heparin (Figure 5A). Chondroitin sulfate and hyaluronic acid, two other polysaccharides sharing a simi-

larity with heparan sulfate, were also tested as competitors for T1 binding. However, these displayed only

low affinity for T1 in comparison to heparin (Figure 5B). Other negatively charged polymers such as polyIC

(pIC) could also compete against T1 binding at a moderate concentration (Figure S7B), suggesting that

negative charge was relevant in T1 binding, although heparin was more efficient in the competition.

It has been reported that deficiency in the EXT1 gene encoding exostosin 1, a key enzyme in mediating

heparan sulfate polymerization, leads to inhibition of heparan sulfate synthesis (Ren et al., 2018). We

applied CRISPR technology to knock out EXT1 in K562 cells. Knockout of this gene dramatically diminished

heparan sulfate on the cell surface, almost down to an undetectable level (Figures 5C and 5D). As a result,

the EXT1 KO cells were impaired in their ability to bind T1 compared with parental K562 (Figures 5E and 5F).

Heparan sulfate cleavage can be carried out enzymatically with heparanases (Reiland et al., 2004).

Table 1. Similarity of intra-tumoral T1 binding myeloid cells with CML and AMLa

Cell subset Gene set NOM p-val FDR q-val

Ly6Ghigh T1p VALK AML Cluster 5 0.006 0.011

Ly6Ghigh T1p VALK AML Cluster 11 0.002 0.012

Ly6Ghigh T1p VALK AML Cluster 13 0.007 0.011

Ly6Ghigh T1p VALK AML with MLL Fusion 0.007 0.011

Ly6Glow T1p VALK AML Cluster 10 0.021 0.070

Ly6Glow T1p GRAHAM_CML_DIV._VS_NORM._QUIESC._UP <0.001 0.003

aTranscriptomes of Ly6GhighT1p, Ly6GlowT1p and Ly6GhighT1n cells were subjected to gene set enrichment analysis (GSEA)

with datasets related to leukemia. Results were accepted at NOM p < 0.05, FDR q < 0.25.
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Figure 3. T1 thioaptamer-binding protein on cell surface is syndecan-1, as identified by mass spectrometry and confirmed by CRISPR KO

(A) Human K562 CML cells were evaluated for T1-binding. Cy5-labeled T1 (T1-Cy5) was compared with Cy5-labeled analogue with scrambled sequence

(SCR-Cy5) as specificity control. *p < 0.05 for percentage of binding of T1-Cy5 compared with SCR-Cy5.

(B) Schematic view on approach for T1-binding protein identification in K562 cells. ABAL-modified T1 (T1-ABAL) was used, allowing covalent UV cross-linking

of the aptamer to putative protein binding partner (via phenyl azide) and column enrichment (via biotin) followed by mass spectrometric (MS) protein

identification. Specificity control: same procedure but in presence of 50x excess of unmodified T1 (K562 PRE). Right panel: MS results identified syndecan-1

as candidate T1-binding partner. Graph shows quantities of syndecan-1 associated with T1-ABAL based on syndecan-1 peptide fragments detected by MS

in samples (K562) relative to specificity control (K562 PRE). n = 6 identical experimental repeats. p value for difference between sample and specificity control

is shown.

(C) T1-binding (T1p) and T1 nonbinding (T1n) fractions of K562 cells were isolated by flow cytometric cell sorting and analyzed by RNA sequencing. Statistical

significance for differential expression: p adj<0.05. Upregulated gene (SDC-1) is highlighted by red circle. (D–F) CRISPR knockout of SDC1 in K562 cells.

Parental K562 cells stably expressing CAS9 (K562 CAS9) and K562 CAS9 cells stably transduced with SDC1 specific guide RNA (SDC-1 KO line, K562 CAS9

sgSDC1) were compared in syndecan-1 expression and T1 binding.

(D) Representative confocal microscopy images of syndecan-1-stained cells (100x) are shown.

ll
OPEN ACCESS

iScience 24, 103349, November 19, 2021 7

iScience
Article



Pretreatment of K562 cells with recombinant human heparanase 1 reduced T1 binding (Figure 5G). Simi-

larly, pretreatment with bacterial heparinases I/III reduced heparan sulfate levels on K562 and PMN-MDSCs

and resulted in reduced T1 binding (Figure S8B). Taken together, our data demonstrated the involvement

of heparan sulfate chains in T1 binding. In addition, correlation study on the FACS data revealed that, within

a cell-type, T1 binding increases with the amount of heparan sulfate present on cell surface (Figure S8A).

Heparan sulfate biogenesis enzymes are upregulated in PMN-MDSC upon tumor-entry, and

tumor-cell-derived soluble factors induce a higher T1 affinity on these cells

Next, we isolated tumor-associated leukocytes of a CT26 tumor and performed the T1 binding assay in

absence or presence of heparin competition. Heparin diminished T1 binding on target cells, thus repli-

cating the results of leukemia cells in tumor-associated leukocytes and implicating that heparan sulfate

is of general importance in T1 binding to target cells in tumors (Figure 6A). We hypothesized that heparan

sulfate fine-structure could be a decisive factor in T1 binding. Besides sugar chain polymerization steps,

enzymatic modifications such as sulfation/desulfation on specific O- and N-positions and sugar epimeriza-

tion are intrinsic to heparan sulfate synthesis, creating the fine structure of heparan sulfate. We compared

gene expression of the heparan sulfate synthesis/modification machinery in T1-binding and nonbinding

cells and noted a specific subset of heparan sulfate biosynthesis/modification genes was expressed higher

in T1 binding Ly6GhighT1p subset compared with T1 nonbinding subset (Figure 6B, Table 2). Several of

these genes are expressed at a higher level in tumor-associated PMNs compared with PMN subsets

outside of tumors (normal neutrophils and splenic PMN-MDSCs, Figure 6C). To test whether this may

impact T1-binding, we analyzed T1-binding cells in different tissues of the same mouse. It was noted

that CD11b+Ly6Ghigh cells isolated from tumors had a higher percentage and greater mean fluorescence

intensity (MFI) of T1 binding compared with counterparts in spleen and blood (Figures 6D and S9A). Anal-

ogous results were obtained when comparing the totality of CD11b+ cells in tumor, spleen, and blood (Fig-

ure S9B). These findings suggested two nonexclusive possibilities: either cells with high T1-binding capac-

ity were preferentially recruited to the tumor or tumor-microenvironment might foster and modify T1

binding of myeloid cells in their vicinity. We tested the latter possibility by co-culturing naive CD11b+

bone marrow cells with tumor cells. Compared with bone marrow cells alone, co-cultures with CT26 or

MC38 cells, respectively, contained a higher number of CD11b+ cells at the end of culture period (Fig-

ure S10). Tumor cells also enhanced T1-Cy5 binding capacity as evident from increased MFI of T1-Cy5 in

CD11b+Ly6Ghigh cells (Figure 6E). To investigate the mechanism behind tumor-cell-induced T1 binding

of myeloid cells, we co-cultured bone marrow cells and CT26 tumor cells in a trans-well format. Although

bone marrow and CT26 cells were separated by a membrane in this setup, CT26 still enhanced binding of

T1 aptamer to Ly6G+ cells of the bone marrow (Figures 6F and S11). Similarly, treatment with CT26-tumor-

cell-conditioned medium also led to enhanced T1 binding (Figures 6F and S11). Combined, these results

suggest that soluble factor(s) derived from CT26 tumor cells could enhance T1 binding on myeloid cells.

Overall, tumor cells are known to coopt myeloid cells and enhance their pathogenic functions. The afore-

mentioned findings indicate this may entail tumor-cell-derived soluble factor(s) and transcriptional upregu-

lation of heparan sulfate biosynthesis pathway.

T1 thioaptamer-tagged, oxaliplatin-loaded liposomes are effective in tumor therapy

To apply the unique affinity of T1 probe for intra-tumoral MDSCs and achieve enhanced targeting of

MDSCs in colon cancer therapy, we coupled T1 to a cytotoxic drug, oxaliplatin. We incorporated T1 thio-

aptamer into oxaliplatin-loaded liposomes and utilized this regimen in therapy of CT26-tumor-bearing

mice (T1-lipOXPt, Figure S12). This strategy efficiently reduced the numbers of T1-binding PMN-MDSCs

present within tumors (Figure S12A). Although the drug treatment led to a decrease in T1-binding

PMNs among tumor-infiltrating leukocytes, it did not affect T1 nonbinding PMNs (Figure S12A). This result

supports that specific targeting of pro-tumor PMN-MDSCs by T1 thioaptamer is maintained in vivo when

utilized in a liposomal drug. Even when starting treatments at relatively big tumor size (average tumor vol-

ume approximately 250 mm3), T1-lipOXPt significantly reduced tumor progression and was more efficient

than free oxaliplatin at a moderate oxaliplatin dose (5 mg/kg, Figure S12B). By repeatedly applying

Figure 3. Continued

(E) Quantification of percentage of syndecan-1 expressing cells measured by FACS. Data are presented as means with standard errors; **p < 0.01.

(F) Representative FACS plots of syndecan-1-stained cells subjected to T1-Cy5 binding assay are shown. Right panel: quantification of percentage of T1-

binding cells. **p < 0.01. n = 3 experimental repeats.

See also Figures S5 and S6.
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Figure 4. Syndecan-1 expression and T1 thioaptamer binding are correlated in tumor-associated leukocytes

Tumor-associated leukocytes from CT26, MC38, and KPC tumors were analyzed based on T1-binding and co-staining with CD45, CD11b, and syndecan-1

antibodies.
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T1-lipOXPt (5 mg/kg, three times per week for two weeks), durable drug efficacy in tumor inhibition was

achieved even at later time points (Figure S12C). Feasibility of the latter approach of multiple treatments

with T1-lipOXPt (5 mg/kg per treatment) was supported by the observation that such a regimen was well

tolerated by the animals as assessed by the animals’ body weight.

DISCUSSION

PMN-MDSC is an important pro-tumor player in the tumor microenvironment. Here we addressed several

open questions regarding their mechanism of action and their therapeutic depletion to support tumor im-

munotherapies. (1) We used a PMN-MDSC targeting probe—T1 thioaptamer to isolate them from colo-

rectal tumors for transcriptomic/functional analysis and determined the immunosuppression pathways pre-

sent in these cells. (2) We further identified a syndecan-1 glycoform as a specific marker on the cell surface

of PMN-MDSCs and (3) unraveled tumor-cell-dependent mechanisms that result in changes of the heparan

sulfate biosynthesis machinery and upregulation of the syndecan-1 glycoform marker when the cells are

inside tumors.

Transcriptome analysis revealed that 32 of the top 50 genes overexpressed in tumor-associated, T1-bind-

ing myeloid cells were genes associated with dampening immune response. The nature of these upregu-

lated genes indicates that T1-binding myeloid cells suppress immune responses through multiple path-

ways. The Col14A1 gene, a collagen family member, was also overexpressed in T1-binding myeloid

cells. It was previously reported that collagen deposition promoted therapy resistance through T cell

exhaustion, and Col14A1 was upregulated in PD-L1-therapy-resistant lung tumors (Peng et al., 2020).

Furthermore, the same T1-binding myeloid subsets are also efficient inducers of PD-1 expression, leading

to the development of nonproliferating, PD-1-expressing T cells, a phenotype linked to T cell exhaustion

(Ahmadzadeh et al., 2009; Barber et al., 2006; Day et al., 2006; Zhou et al., 2017). Thus, accumulation of T1-

bindingMDSCs will most likely lead to resistance to PD-L1/PD-1-based immunotherapies, and depletion of

these cells provides an avenue for sensitizing treatment.

Our studies also suggest syndecan-1 as the target protein for T1 binding on tumor-associated MDSCs as

well as the essential role of heparan sulfate in modulating T1:MDSC interaction. Previous studies have

implicated syndecan-1 and other syndecan family members in immunoregulation. Interactions between

syndecan-1 and extracellular factors either entirely or at least partially depend on its heparan sulfate chains

(Bernfield et al., 1999; Pasqualon et al., 2016; Pinhal et al., 2001; Zhang et al., 2013). Although syndecans are

expressed in multiple cell types, the fine structure of heparan sulfate that is attached to the protein as a

result of posttranslational modification may define binding specificity and function of the protein. A previ-

ous study showed that alterations in heparan sulfate contributed to the immature, pro-tumor state of DCs

(El Ghazal et al., 2016). Deficiency of Ndst1 (N-deacetylase/N-sulfotransferase), one of the enzymes in hep-

aran sulfate biogenesis, promoted DC maturation and led to priming T cell immunity and tumor growth

inhibition. In addition, knockout of the Sdc4 gene led to DCmaturation and diminished tumor growth, sug-

gesting a role of syndecan-4 in immature DC function. Applying IL-10 treatment on human PBMCs, Heine

et al. derived a monocyte population, which reduced DC-induced T cell proliferation, whereas adding a

blocking antibody against syndecan-4 restored T cell expansion in these co-cultures, implicating a direct

role of syndecan-4 in T cell suppression (Heine et al., 2017). An ex vivo study with lymphocytes of inflamma-

tory and noninflammatory breast cancer patients co-cultured with syndecan-1-silenced tumor cell lines

showed that depending on disease subtype, syndecan-1 knock-down promoted Th17 or Th1 cell expan-

sion, suggesting an immunomodulatory role of syndecan-1 in T cell regulation (Saleh et al., 2019). These

findings are reminiscent of an early study reporting that heparin, a competitor disrupting cellular interac-

tions via heparan sulfate, could enhance T cell activation in mixed leukocyte reaction and anti-tumor cyto-

toxicity (Dziarski, 1989).

Figure 4. Continued

(A) FACS plots and graph depict T1 binding of syndecan-1+ and syndecan-1� fractions, as well as whole leukocyte population. *, #p < 0.05 for comparison

between T1 binding in syndecan-1+ fraction and whole leukocytes in CT26 model (*) and MC38 model (#), respectively. n = 4 for CT26, n = 3 for MC38, and

n = 2 for KPC.

(B) Another family member—syndecan-3 was examined for comparison and did not show correlation with T1 thioaptamer binding. CT26 tumor data were

analyzed by tSNE. Individual cell subsets are assigned different colors in tSNE plots as determined based on markers expressed. T1 Cy5 binding is shown as

red overlay (middle panel). Syndecan-3 expression is shown as dark blue overlay (right panel). Result is representative of two tumors analyzed.
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Increasing evidence suggest that heparan sulfate is an important (co-)receptor for binding of proinflamma-

tory cytokines, chemokines, and growth factors (Kiefer et al., 1991; Pasqualon et al., 2016; van Gemst et al.,

2018). Among them, macrophage migration inhibitory factor (MIF) is a cytokine binding to syndecan-1 via

heparan sulfate (Pasqualon et al., 2016). MIF is involved in myeloid cell development. MIF secreted from

4T1 breast cancer cells is known to induce the ‘‘differentiation’’ of myeloid cells into MDSCs (Simpson

et al., 2012). It’s also likely that T1-targeted, heparan-sulfate-modified syndecan-1 controls immature status

of myeloid lineages and is directly involved in T cell suppression.

Mechanistically, we discovered through trans-well co-culture experiments that soluble CT26-tumor-cell-

derived factor(s) are capable to induce the syndecan-1 glycoform marker on myeloid cells. Corroborating

the finding, CT26-tumor-cell-conditioned medium had the same effect. Such changes occurred without

alteration of the syndecan-1 protein level, supporting the role of posttranslational syndecan-1 modification

(TW unpublished). Heparan sulfate is a variable part of syndecan-1 and is subject to different modulation

mechanisms. We detected higher expression levels from genes encoding heparan sulfate biosynthesis/

modification enzymes in PMN-MDSCs compared with nonsuppressive PMNs, indicating their potential

relevance in establishing the syndecan-1 glycoform marker. Multiple mechanisms may be responsible

for the differential expression (Suhovskih et al., 2014; Swart and Troeberg, 2019). Tumor cell-derived cyto-

kines may induce the expression of these genes. Alternatively, tumor-derived extracellular factors such as

heparanases (Escobar Galvis et al., 2007), sulfatases (Dhanasekaran et al., 2015; Hossain et al., 2010), and

hypoxia (Khurana et al., 2012; Li et al., 2002a) may directly modify heparan sulfate structure, thereby modu-

lating affinity to T1.

Aptamers can interact not only with proteins but also with sugar moieties such as those present in heparan

sulfate. Previous studies indicated that positive charges on guanines of an aptamer and negatively charged

residues in the sugar back bone contributed to the interaction (McRae et al., 2017). Indeed, there is a gua-

nine-rich region within T1. Future studies should explore the role of such structural features in binding af-

finity and specificity. Due to the wide-spread physiologic importance of cell surface glycoproteins, ap-

proaches have been developed to derive aptamers against them (Ma et al., 2018). We speculate that

aptamer-sugar chain contact is a common mechanism in these scenarios. In this study, confocal fluores-

cence microscopy results suggest T1-binding sites overlap with syndecan-1 location on the cell surface.

In addition, we found that T1-binding sites on syndecan-1 are distinctly distributed during cellular pro-

cesses such as cell-cycle progression (Figure S6A). Thus, although the disaccharide unit sequences of hep-

aran sulfate chains have not yet been identified due to the lack of available experimental tools (Kurup et al.,

2007; van den Born et al., 2005), T1 aptamer may serve as a novel tool for detection of heparan-sulfate-asso-

ciated biological molecules and cellular events.

Our studies have also shown that T1 recognizes chronic myelogenous leukemia (CML) line K562. In addi-

tion, GSEA study revealed similarity of T1-binding tumor-infiltrating cells with several types of AML and

CML. Similar as in MDSCs, blockage of differentiation is a hallmark feature of AML and CML (Chang

et al., 2007; Chopra and Bohlander, 2019; Rosenbauer and Tenen, 2007; Terstappen et al., 1992). These

results further support that T1-binding capability is a characteristic feature of myeloid cells at an

immature developmental stage. MDSC marker expression and immunosuppression by the transformed

clone itself has been reported in myeloid leukemias (Christiansson et al., 2013; Giallongo et al., 2014;

Pyzer et al., 2017). Despite of differences in autonomous growth and stem cell potential, myeloid leuke-

mias and the T1-binding tumor-infiltrating myeloid cells/MDSCs share phenotypic and functional

similarities.

Figure 5. Heparan sulfate is an essential part of T1 thioaptamer binding site

(A) Competition of T1 binding to K562 cells by increasing concentrations of heparin (0–100 ug/mL). E-selectin thioaptamer (ESTA) served as a negative

control in the assay. **p < 0.001 relative to percentage of T1-Cy5 binding in absence of heparin.

(B) Comparison of heparin, chondroitin sulfate, and hyaluronic acid in T1-binding competition assay.

(C–F) CRISPR knockout of exostosin 1 in K562 cells. Parental K562 CAS9 cells were stably transduced with guide RNA for EXT1 gene (EXT1 KO, K562 CAS9

sgExt1). (C) Parental and EXT1 KO cells were evaluated for presence of heparan sulfate by anti-heparan sulfate staining and confocal fluorescence

microscopy. (D–F) Heparan sulfate levels on cell surface and T1-Cy5 binding were quantified by flow cytometry; **p < 0.01 between parental and KO cell line.

(G) K562 cells were treated with recombinant human heparanase I (HPSE I) for 1 h at 37�C, followed by T1 binding assay. Amount of T1 binding per cell was

determined based on MFI of T1-Cy5 binding to cells. *p < 0.05.

See also Figures S7 and S8.
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Figure 6. Heparan sulfate biogenesis gene expression is increased in PMN-MDSCs upon entry into tumor leading to binding of T1 thioaptamer

probe with higher affinity

(A) CT26-tumor-associated leukocytes were isolated and analyzed for T1 binding in absence or presence of heparin (20ug/mL). Percentages of T1-Cy5

binding by CD45+/CD11b+ population in absence or presence of heparin is shown represented as means with standard errors; n = 3 (three individual tumors

analyzed); **p < 0.01.

(B) Gene expression analysis of T1-binding Ly6GhighT1p and T1 nonbinding Ly6GhighT1n myeloid cell fractions isolated from CT26 tumor. Ly6GhighT1p and

Ly6GhighT1n cells were subjected to gene set enrichment analysis (GSEA) with datasets related to heparan sulfate biosynthesis. Results were accepted at

NOM p < 0.05, FDR q < 0.25. Heatmap shows heparan sulfate biogenesis genes with higher expression in Ly6GhighT1p relative to Ly6GhighT1n (including top

ranked genes in GSEA).

(C) Gene expression dataset (GSE43254, deposited by Zvi G Fridlender) available at gene expression omnibus (NCBI) was analyzed for the expression of

heparan sulfate biosynthesis genes in tumor-associated PMNs (TAN) relative to PMNs outside of tumor (normal neutrophils: neutrophils in tumor-free mice;

PMN-MDSC (spleen): splenic PMNs of tumor-bearing mice). Data are represented as means with standard errors; *p < 0.05 comparing TAN with normal

neutrophils.

(D) Tumor, blood, and spleen of tumor-bearing mice (CT26, MC38, and KPC models) were analyzed for T1 binding by FACS. Results for T1 binding by

CD45+CD11b+Ly6Ghigh cell subset are shown and displayed as mean MFI of T1 binding with standard errors. *p < 0.05 in student’s t test comparing tumor

and blood; #: p < 0.05 in student’s t test comparing tumor and spleen. n = 3 per model.

(E) Naive mouse bone marrow (BM) cells were co-cultured with tumor cell lines CT26 and MC38, respectively, for 3 days. At end of culture period, T1 binding

to CD11b+/Ly6G+ cells was evaluated by measuring MFI of T1-Cy5 bound to the cells. Data are represented as means with standard errors. Representative

results of two experiments are shown. Differences to BM-alone culture were evaluated by student’s t test; *p < 0.05, **p < 0.01.
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A number of approaches have been developed to indirectly inhibit tumor growth by targeting tumor-asso-

ciatedmyeloid cells. However, a potential caveat is that they may not always discriminate between pro- and

anti-tumor myeloid cell populations apparently present together in the tumor microenvironment (Cassetta

and Pollard, 2018; Lavin et al., 2017; Solito et al., 2014). De La Fuente et al. recently reported RNA aptamers

3, 6, 11, and 14 isolated in a screen for targeting tumor-associated myeloid cells. Aptamers 3 and 11 bind to

the receptors commonly expressed on myeloid cells, annexin A4 and vimentin, respectively. A mixture of

the four aptamers was used to transport doxorubicin into tumors, which is likely to have bystander cell

killing activity (De La Fuente et al., 2020). In our current study, T1 thioaptamer allowed an alternative

therapeutic strategy by targeting the disease perpetuating MDSCs, without affecting tumor attacking

mature subsets. Indeed, T1-guided delivery of chemotherapeutics oxaliplatin or doxorubicin showed

improved effects in anti-tumor therapy. The cell specificity of T1 thioaptamer will also be an essential

feature when combining with immunotherapy agents. In those scenarios, antigen-presenting myeloid cells

will be needed for T cell activation, and we found that these myeloid subsets are less targeted by T1

thioaptamer.

In conclusion, we have found that tumor-associated MDSCs in colon and pancreatic cancer express hep-

aran-sulfate-modified syndecan-1. Tumor microenvironment promotes high affinity binding between T1

and tumor-infiltrating MDSCs but not other cell types within tumors and in the periphery, an advantageous

feature in therapeutic application limiting bystander cell damage. Thus, the T1 thioaptamer can serve as a

useful tool for targeting MDSCs in tumor therapy. Furthermore, our findings support the concept that hep-

aran-sulfate-modified syndecans control immature myeloid developmental status, a mechanism exploited

by tumors to maintain immunosuppressive immature cells instead of host protective mature cells within

their vicinity.

Limitations of the study

Our data strongly support a specifically modulated heparan sulfate on syndecan-1 as part of the binding

site for a T1 thioaptamer probe. However, we do not know the exact molecular structure of this heparan

sulfate chain. Based on current technology it is not feasible yet to determine the precise molecular compo-

sition of such complex sugar chains.

Regarding clinical application of T1 aptamer, liposomal oxaliplatin formulated with T1 showed greater

efficacy in inhibiting tumor progression than free oxaliplatin in the preclinical colon cancer model

CT26. However, we did not achieve tumor eradication. Therefore, despite this proof of principle result

we need an optimization of the therapeutic T1 regimen to enhance its clinical value. First, driven by

tumor-cell-derived factors PMN-MDSCs show a high regeneration rate, indicating that application of

more than one single dose of drug may be warranted to deplete these cells for extended periods

of time in vivo. Indeed, multiple treatments with T1 regimen had superior anti-tumor efficacy compared

with single treatment. In recent preliminary studies, due to low systemic toxicity of T1-aptamer-

guided liposomal chemotherapy-drug, it was feasible to give the drug every 3 days for 3 weeks without

limiting toxic effects in mice. Second, the current study presents multiple evidences that T1 aptamer

preferentially targets immunosuppressive myeloid cell types over nonsuppressive counterparts. Thus,

Figure 6. Continued

(F) BM and CT26 were co-cultured for 18 h. For comparison, BM was cultured with CT26-tumor-cell condition medium (CM), or BM and CT26 were separated

by a membrane during co-culture in a transwell format (transw.). T1-binding was evaluated as in (E).

See also Figures S9–S11.

Table 2. Heparan sulfate biogenesis genes are enriched in Ly6GhighT1p cellsa

Gene set NOM p-val FDR q-val

KEGG glycosaminoglycan biosynthesis—heparan sulfate 0.00246 0.0173

Reactome heparan sulfate HS GAG metabolism 0.00677 0.0112

Reactome HS GAG degradation 0.0114 0.0108

aTranscriptomes of Ly6GhighT1p and Ly6GhighT1n cells were subjected to gene set enrichment analysis (GSEA) with datasets

related to heparan sulfate biogenesis. Results were accepted at NOM p < 0.05, FDR q < 0.25.
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it is an ideal candidate to reduce immunosuppression and support the action of immunotherapies such

as adoptively transferred T cells, CAR T cells, tumor vaccines, etc. in a combination treatment

approach.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a biotin Biolegend (San Diego, CA) Clone 1D4-C5

a mouse CD45.2 Tonbo (San Diego, CA) Clone 104

a mouse CD45 Tonbo (San Diego, CA) Clone 30-F11

FcR shield (a mou CD16/32) Biolegend (San Diego, CA) Cat.nr. 101302

a mouse Ly6G-FITC Biolegend (San Diego, CA) Clone 1A8

a mouse Ly6C-PECy7 Biolegend (San Diego, CA) Clone HK1.4

a hu/mou CD11b-APC Cy7 Tonbo (San Diego, CA) Clone M1/70

a mouse syndecan-1 PE Biolegend (San Diego, CA) Clone 281-2

a human syndecan-1-PE Biolegend (San Diego, CA) Clone DL101

a mouse syndecan-3 R&D Systems (Minneapolis, MN) Clone AF2734

a heparin/heparan sulfate MilliporeSigma (St. Louis, MO) MAB2040

a mouse IgG-AF488 Thermo Fisher Sc. (Waltham, MA) Cat.nr. A11001

a goat IgG-AF350 Thermo Fisher Sc. (Waltham, MA) Cat.nr. A21081

a mouse CD3e Tonbo (San Diego, CA) Clone 145-2C11

a mouse CD4 Biolegend (San Diego, CA) Clone GK1.4

a mouse CD8a Tonbo (San Diego, CA) Clone 53-6.7

a mouse PD-1 Biolegend (San Diego, CA) Clone RMP1-14

a mouse PD-L1 BD Biosciences (San Jose, CA) Clone MIH5

Streptavidin-PE Tonbo (San Diego, CA, USA) Cat.nr.50-4317-u100

CFSE Thermo Fisher Sc. (Waltham, MA) Cell Trace CFSE

Chemicals, peptides, and recombinant proteins

Ova-1 peptide Peptide 2.0 (Chantilly, VA) Sequence: SIINFEKL

Ova-2 peptide Peptide 2.0 (Chantilly, VA) Sequence: ISQAVHAAHAEINEAGR

Collagenase type IV Worthington (Lakewood, NJ) Cat.nr. LS004188

DNAse I Worthington (Lakewood, NJ) Cat.nr. LS006344

ACK red blood cell lysis K D Medical (Columbia, MD) Cat.nr. RGF-3015

mouse bFGF Peprotech (Cranbury, NJ) Cat.nr. 450-33

mouse EGF Peprotech (Cranbury, NJ) Cat.nr. 315-09

mouse IL-2 Peprotech (Cranbury, NJ) Cat.nr. 212-12-5ug

B27 Thermo Fisher Sc. (Waltham, MA) Cat.nr. 17504044

Heparin MilliporeSigma (St. Louis, MO) Cat.nr. H3149-250ku

Chondroitin sulfate MilliporeSigma (St. Louis, MO) Cat.nr. C9819-5G

Hyaluronic acid MilliporeSigma (St. Louis, MO) Cat.nr. H6388-100mg

pLE400 (MW 60,000 Da) Alamanda Polym. (Huntsville, AL) CAS nr. 26247-79-0

human heparanase I Thermo Fisher Sc. (Waltham, MA) Cat.nr. 7570GH005

Heparinase I-III MilliporeSigma (St. Louis, MO) Cat.nr. H3917-50un

Oxaliplatin Selleck Biochem (Houston, TX) Cat.nr. S1224

DSPE-PEG-Mal Avanti Polar Lipids (Alabaster, AL) Full name in Liu et al., 2018

DPPC Avanti Polar Lipids (Alabaster, AL) Full name in Liu et al., 2018

Cholesterol MilliporeSigma (St. Louis, MO) Cat.nr. C8667-25G

DSPE-PEG(2000) Avanti Polar Lipids (Alabaster, AL) Full name in Liu et al., 2018

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Haifa Shen (Hshen@houstonmethodist.org).

Materials availability

CRISPR KO lines of K562 cells that were generated in this study (SDC-1 KO and EXT-1 KO) and parental

K562 expressing GFP-CAS9 will be available upon reasonable request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Counting beads Thermo Fisher Sc. (Waltham, MA) Cat.nr. C36950

CellROX ROS Deep Red Thermo Fisher Sc. (Waltham, MA) Cat.nr. C10422

RNeasy Plus Micro Kit Qiagen (Germantown, MD) Cat.nr. 74034

mouse IFNg ELISpot BD Biosciences (San Jose, CA) Cat.nr. 551881

T cell isolation kit StemCell Tech Vancouver, Canada Cat.nr. 19851A

Thy1.2 T cell isolation kit StemCell Tech Vancouver, Canada Cat.nr. 18951

Deposited data

RNA sequ. Raw data This paper GEO: GSE185974

Experimental models: Cell lines

CT26 ATCC (Manassas, VA) CRL-2638

K562 ATCC (Manassas, VA) CCL-243

Experimental models: Organisms/strains

BALB/C Charles River (Wilmington, MA) Strain code 028

C57BL/6 Charles River (Wilmington, MA) Strain code 027

OT1 The Jackson Lab (Bar Harbor, ME) Stock nr. 003831

DO11.10 The Jackson Lab (Bar Harbor, ME) Stock nr. 003303

Oligonucleotides

T1 aptamer IdT Technologies (Coralville, IA) Sequence in Liu et al., 2018

Cy5-T1 aptamer IdT Technologies (Coralville, IA) Sequence in Liu et al., 2018

5’ SH-T1 aptamer IdT Technologies (Coralville, IA) Sequence in Liu et al., 2018

ABAL MilliporeSigma (St. Louis, MO) Structure in Vinkenborg et al., 2012

ABAL-T1 aptamer IdT Technologies (Coralville, IA) Sequence in Liu et al., 2018

Cy5-SCR aptamer IdT Technologies (Coralville, IA) Sequence in Liu et al., 2018

Cy5-ESTA aptamer IdT Technologies (Coralville, IA) Sequence in Mai et al., 2018

Recombinant DNA

pLenti-CAS9-GFP Addgene (Watertown, MA) Addgene #86145 in Wang et al., 2017

pLentiGuide-gRNA(SDC-1) Genscript Biotech (Piscataway, NJ) gRNA sequence in Fan et al., 2017

pLentiGuide-gRNA(EXT-1) Genscript Biotech (Piscataway, NJ) gRNA sequence in Ren et al., 2018

Software and algorithms

Image J NIH https://imagej.nih.gov/ij/ RRID:SCR_003070

GraphPad prism GraphPad Software https://www.graphpad.com/ RRID: SCR_002798

FlowJo FlowJo https://www.flowjo.com/ RRID: SCR_008520

GSEA UC San Diego/Broad Institute https://www.gsea-msigdb.org/gsea/RRID: SCR_003199
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Data and code availability

Data reported in this paper will be shared by the lead contact upon request. RNA sequ data were depos-

ited in NCBI’s Gene Expression Omnibus; Accession number GSE185974. This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENT MODEL AND SUBJECT DETAILS

Mouse models

All procedures on animals were performed following protocols approved by the Institutional Animal Care

and Use Committee (IACUC) at Houston Methodist Research Institute. Tumor implantation studies were

done with BALB/C and C57 BL/6 mice purchased from Charles River Laboratories (Boston, MA, USA) at

6 to 10 weeks of age. Both sexes were used equally for colon cancer (CT26, MC38) and pancreatic cancer

(KPC) mouse models. CT26, MC38 and KPC tumor cells were injected subcutaneously in the flank of the

animal at 0.5x106 cells in 67 ul PBS + 33 ul matrigel per mouse utilizing mice of matching genetic back-

ground (BALB/C for CT26, C57BL/6 for MC38 and KPC, respectively). For orthotopic injections, approved,

appropriate analgetic and anesthesia regimen were applied. CT26 and MC38 cells were injected to the

cecum wall. KPC cells were injected to the pancreas. Tumor cell numbers were the same as for subcutane-

ous injection. After surgery, recovery of animals was frequently monitored.

OT1 mice serving as the resource for OVA-1 peptide specific T cells on C57BL/6 background, and DO11.10

mice transgenic for OVA-2 peptide specific TCR on BALB/C background were purchased from The Jackson

Laboratory.

Study cohorts

In tumor-therapy experiments, CT26 tumor-bearing BALB/C mice (age 6-12 weeks) were divided into

experimental groups such that each group contained the same number of mice, and mean tumor size at

the beginning of the experiment was similar in each group. Mice were treated twice with non-liposomal

oxaliplatin, or oxaliplatin in T1 aptamer-tagged liposomes, or in random-sequence (SCR) aptamer-tagged

liposomes, as indicated in figures, with treatment 1 on day 0 of measurements, and treatment 2 on day 7.

Therapeutic drugs were injected intravenously at the indicated amounts in a 100 ul volume. Control groups

received aqueous vehicle only. Tumor size was determined by measuring length and width of tumor mass

with a caliper and calculating tumor volume with the formula V=L*W2*3.14/6.

METHODS DETAILS

Cell lines

Mouse colon cancer cell line CT26 and human chronic myelogenous leukemia cell line K562 were pur-

chased from ATCC (Manassas, VA). Mouse pancreatic cancer cell line KPC was a kind gift of Dr. Sankar

Mitra’s group at Houston Methodist. Tumor cell lines were cultured in DMEM with high glucose, 10%

FBS, and anti-biotic/anti-mitotic reagent. K562 cells were cultured in RPMI-1640, 10% FBS, and anti-biotic/

anti-mitotic reagent.

Tissue/Blood preparation for T1 binding assay and flowcytometry

Mouse tumors were excised, necrotic areas were discarded. Tumors were dissociated with collagenase

type IV (0.8 mg/ml, Worthington, Lakewood, NJ) in presence of DNAse I (50 u/ml, MilliporeSigma, St. Louis,

MO), followed by gentle homogenization through cell strainer. Spleen tissue was disrupted by homogeni-

zation through cell strainer. Blood samples of mice were collected in EDTA coated tubes. Samples were

centrifuged at 500 g for 5 min. All tissue-samples were submitted to ACK red blood cell lysis and wash steps

at end of isolation procedure.

T1 binding assay

Cell suspensions were incubated 30 min on ice with Cy5-labeled T1 aptamer (T1-Cy5, sequence shown in

(Liu et al., 2018), IDT Technologies, Coralville, Iowa). Binding buffer contained PBS, 2% FBS, 0.45 mg/ml

D-glucose, 5 mM MgCl2, 125 ug/ml yeast tRNA and 10 ug/ml salmon sperm DNA. When additional anti-

body staining was performed, FcR shield was added at 0.5 ug per 1x106 cells. Fluorescently labeled anti-

bodies to identify cell lineages were applied in parallel with T1-Cy5. DAPI was used for dead cell exclusion
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and counting beads (Count bright absolute counting beads, Thermo Fisher Scientific, Waltham, MA) were

added for cell number quantification. Non-fixed samples were immediately submitted to flow cytometry on

LSR II or Fortessa instruments (BD Biosciences, San Jose, CA). Data analysis including tSNE was done using

FlowJo_V10_CL software.

T1 binding assay with K562 leukemia cell line, heparin competition study

T1 binding conditions were identical as with tumor-associated myeloid cells. In competition studies, cells

were pre-treated with indicated amounts of competitor for 15 min on ice prior to the addition of T1-Cy5.

Heparin from porcine intestinal mucosa was purchased from MilliporeSigma, St. Louis, MO. pLE400 was

from Alamanda Polymers (Huntsville, AL). As a specificity control, T1 aptamer binding was compared to

an E-selectin-specific aptamer (ESTA, (Mai et al., 2018)). In heparinase treatment studies, cells were pre-

treated with the enzyme for 60 minutes at 37o, followed by three washes and T1 binding assay (Reiland

et al., 2004). Bacterial heparinases I and III were applied at 0.4 units per 100,000 cells in a buffer containing

1 mM CaCl2, 1 mM HEPES, pH8 and 1% FBS in PBS.

ROS assay

Cell suspensions were treated with CellROX Deep Red reagent (Thermo Fisher Scientific, Waltham, MA) at

5 uM for 30 min at 37�C, washed and submitted to T1 binding assay and FACS. Instead of T1-Cy5, bio-

tinylated T1 was used in binding assays, followed by Streptavidin-PE detection, as CellROX was detected

in same channel as Cy5.

CYTOF

To detect T1-binding cells in CYTOF, a biotinylated T1 aptamer was used. Anti-biotin antibody (clone 1D4-

C5, Biolegend) was labeled with a metal suitable for CYTOF detection using metal-labeling kit (Maxpar X8

Multimetal Labeling Kit, Fluidigm, South San Francisco, CA). The CD45+ fraction of CT26 tumors was first

incubated with T1-biotin. Next, sample was stained with metal-labeled anti-biotin in parallel with anti-

bodies against 30 cell-type markers. After T1-binding and antibody staining, samples were further pro-

cessed according to a standard CYTOF protocol at HMRI-ImmunoMonitoring Core, Houston Methodist

Academic Institute). Two different antibodies against CD45 were used during cell enrichment and CYTOF

detection stages to avoid binding interference (anti-CD45.2 clone 104 and anti-CD45 clone 30-F11,

TONBO, San Diego, CA).

Bone marrow/tumor cell co-culture

Mouse bone marrow (BM) was isolated from tibia and femur by flushing out cells in PBS with 10-ml syringe

fitted with a 271/2 G needle, followed by elutriation. Bone marrow and tumor cells were co-cultured as

described (Welte et al., 2016). Briefly, bone marrow cells were flushed from tibia and femur of naı̈ve

mice, treated with RBC lysis buffer, washed and cultured in absence or presence of tumor cells (ratio

BM:tumor cells = 5:1) in a tumor sphere formation medium without FBS, with B27 supplement, bFGF

(20 ng/ml) and EGF (20 ng/ml) in low adhesion plates. In mechanistic studies, cell types were separated

in the chambers of a trans-well culture plate as indicated, with a 3 um-pore size membrane between the

chambers. Conditioned medium (CM) from CT26 tumor-cells cultured alone in tumor sphere medium for

24 h was cleared from cells and cell debris by centrifugation and used to treat BM cells in another exper-

imental group. At end of culture period cells were analyzed by T1-Cy5 binding assay and antibody staining.

In FACS analysis of bone marrow:tumor cell co-cultures, bone marrow-derived cells were discriminated

from tumor cells based on SSC-A and FSC-A properties, and positive staining for CD45. Life (DAPI-nega-

tive) lineage-marker positive cells were enumerated utilizing counting beads.

Myeloid cell subset isolation by FACS

Tumor cell suspensions were submitted to T1-Cy5 binding assay and staining with antibodies for cell-line-

age identification. The following three subsets were sorted: (1) Ly6GhighT1p = DAPI-CD45+CD11b+Ly6G++

T1-Cy5+, (2) Ly6GhighT1n = DAPI-CD45+CD11b+Ly6G++T1-Cy5- and (3) Ly6Glow T1p = DAPI-CD45+CD11b+

Ly6GlowLy6ClowT1-Cy5+. After sorting, isolated cells were assessed for viability and purity. Isolated cell

populations were processed for histochemistry (H&E staining, HMRI-Research Pathology Core), RNA isola-

tion/transcriptome analysis and functional assays.
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Transcriptomic analysis

Cell populations isolated by flow cytometry sorting were processed with RNeasy Plus Micro Kit (Qiagen) for

RNA isolation according to manufacturer’s instructions. RNA quality and quantity were assessed by

Bioanalyzer (RNA Core at Houston Methodist Research Institute) and samples were submitted to RNA

sequencing (Novogene, Sacramento, CA). During sequencing a library preparation kit was used that is spe-

cifically suited to accommodate low amounts of input RNA.

T cell suppression assay, IFNg ELISpot

In T cell suppression assays we used antigen-specific T-cell activation, and syngeneic T-cell/MDSC co-cul-

tures. Specifically, T cells of TCR-transgenic OT-1 mice on C57 BL/6 background were co-cultured with

MDSCs from MC38 tumor model, DO11.10-derived TCR transgenic T-cells on BALB/C background were

used with MDSCs from CT26 model. T cells of spleen of TCR transgenic mouse (OT-1 on C57 BL/6 back-

ground for experiments with MC38 tumor model, DO11.10 on BALB/C background for CT26 model)

were isolated using mouse T cell isolation kit (Stem Cell Technologies, Vancouver, Canada). Cells were

labeled with 1 uM CFSE following supplier-instructions (Cell Trace CFSE, Thermo Fisher Scientific, Wal-

tham, MA). Antigen presenting cells were prepared from spleen by utilizing negative fraction of Thy1.2

T cell isolation procedure (Stem Cell Technologies, Vancouver, Canada). T cells and antigen presenting

cells were mixed with SIINFEKL peptide (OVA 1, for OT-1 model) or OVA 2 for DO11.10 model at 10 ug/

ml and incubated with 2.5 fold excess (relative to T cell number) of MDSC populations for 72 h at 37�C.
At end of culture period, cells were collected and stained for FACS with anti-CD3, anti-CD8a, anti-CD4,

anti-PD1, anti-CD11b and DAPI, followed by addition of counting beads.

IFNg ELISpot

Protocol was based on previously published approach (Nagaraj et al., 2010). Splenocytes of TCR transgenic

mice (OT-1 on C57 BL/6 background for experiments with MC38 tumor model, DO11.10 on BALB/C back-

ground for CT26 model (Sinha et al., 2012)) were co-cultured with MDSC populations (ratio splenocytes:

MDSC = 1:2.5) in presence of antigen (OVA1 for OT-1 and OVA2 for DO11.10, 10 ug/ml) in T cell medium

for 44 h. T cells were re-stimulated on ELISpot plates as follows: ELISpot plates (IP Sterile Clear Plates with

Immobilon P membrane, MilliporeSigma, St. Louis, MO) were pre-treated and coated with anti-mouse

IFNg capture antibody at 4�C overnight. Membrane was blocked with T cell medium. T cells were isolated

from 44 h-co-cultures with MDSC subset (T cell isolation kit, Stem Cell Technologies), mixed with spleno-

cytes of naı̈ve mouse (ratio T cells:splenocytes = 1:4) and antigenic peptide (10 ug/ml) and cultured for 20 h

on ELISpot plates in T cell medium. To detect IFNg+ spots as final step of the procedure, plates were

treated with 0.01% Tween-20 in PBS and PBS, followed by 2 h incubation at room temperature with bio-

tinylated IFNg detection antibody in assay diluent (BD Biosciences, San Jose, CA), washes, 30 min incuba-

tion with avidin-HRP in assay diluent, washes and final incubation with freshly prepared AEC substrate so-

lution (BD Biosciences, San Jose, CA) for 20-30 min. Plates were extensively washed under running water,

dried and submitted to spot counting using an ELISpot reader.

Mass spectrometric identification of T1 aptamer binding partner

T1 aptamer was modified with ABAL moiety, i.e. attaching a linker coupled to phenyl-azide and biotin

(ABAL moiety: MilliporeSigma, St. Louis, MO, T1-ABAL synthesis: IDT Technologies, Coralville, Iowa).

This allowed for UV-crosslinking T1 aptamer to interacting proteins via phenyl-azide, and enrichment of

T1 binding proteins on streptavidin-columns via biotin. Streptavidin-column enrichment of T1 binding pro-

teins and mass spectrometric identification were carried out by Phenoswitch (Sherbrooke, Canada). We

adopted the approach developed by (Vinkenborg et al., 2012). ABAL-T1 was incubated with target cells

30 min on ice, UV-crosslinked to interacting proteins via phenyl-azide (8000 U irradiation, UV-crosslinker,

Hoefer Instruments, Holliston, MA) and extensively washed to remove unbound aptamer. Control samples

were obtained by pre-incubation with 50x excess of unlabeled T1, followed by the same processing. Re-

maining steps of column enrichment of T1 binding proteins from cell lysates and mass spectrometry anal-

ysis were carried out by Phenoswitch (Sherbrooke, Canada). Cells were lysed (50 mM Tris pH 8, 150 mM

NaCl, 1% Triton, 1 mM EDTA). Biotin pulldown was performed using MagResyn Streptavidin magnetic

beads overnight. The beads were washed with a harsh buffer (50 mM Tris pH 8, 350 mM NaCl, 1% Triton,

1 mM EDTA) to remove unspecific binding. After reduction and alkylation, proteins were digested on the

bead with Trypsin/LysC overnight. Resulting peptides were purified by reversed phase SPE and analyzed by

LC-MS. Data quantification: A publicly available ion library for human samples (Swath Atlas) was used in the
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Peakview software (ABSciex) to quantify the proteins in sample, using 3 transition/peptide and 100 pep-

tides/protein. A peptide was considered as adequately measured if the score computed by Peakview

was superior to 1.5 and had an FDR < 5%. The sum of the AUC was corrected on the total signal for all

the samples within the same group (Pre K and K).

CRISPR KO

CRISPR KO was implemented with a two-step lentivirus-based system: First, K562 parental cells were len-

tivirally transduced with an expression construct for CAS9 and GFP (Wang et al., 2017). GFP+ single cell-

derived clones were generated (K562 CAS9). Clones with high CAS9 expression based on Western blots

were used further. Second, K562 CAS9 cells were transduced with guide RNA targeting gene of interest

(SDC-1 and Exostosin-1 (Ren et al., 2018), respectively). Lentiviral constructs (pLentiGuide-Puro) for the

expression of guide RNA were prepared and verified by sequencing (GenScript Biotech, Piscataway,

NJ). gRNA for SDC-1: 5’ GAGACGTGGGAATAGCCGTC 3’ (Fan et al., 2017); gRNA for Exostosin-1: 5’

GTCTGGTTCCTCGTGGTCGC 3’ (Ren et al., 2018). KO lines (transduced with constructs of gene-specific

gRNA for SDC-1 or Exostosin-1), were purified by puromycin selection. KO was verified by flowcytometry

and confocal microscopy, i.e. loss of syndecan-1 expression in SDC-1 KO line, and loss of heparan sulfate

on cell surface of Exostosin-1 KO line, respectively. Cells were stained with anti-human syndecan-1 PE

(clone DL101, Biolegend, San Diego, CA) or anti-heparin/heparan sulfate (MAB2040, MilliporeSigma, St.

Louis, MO) followed by FITC-labeled anti-mouse IgG.

Confocal microscopy

K562, a non-adherent cell line, and derivatives were all processed in suspension. After blocking in 200 ul

PBS with 4% FBS they were stained with anti-human syndecan-1 (clone MI15, Biolegend), or anti-hepa-

rin/heparan sulfate (MAB2040, MilliporeSigma, St. Louis, MO) and incubated on ice with T1-Cy5

(200 nM) in aptamer binding buffer. Next, cells were stained with secondary AF488-labeled anti-mouse

IgG, 4% PFA-fixed and DAPI-stained (0.5 ug/ml). Cells were applied to positively charged slides (Superfrost

Plus Microscope slides, Thermo Fisher Scientific, Waltham, MA) by Cytospin (10,000-100,000 cells per slide,

8 min, 2000 rpm). Slides were evaluated and imaged on a confocal microscope Fluo View TM3000

(Olympus, Shinjuku, Japan) at 100x magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

GraphPad Prism version 6.01 (GraphPad Software, Inc, California, USA) and statistical functions in Excel

were used. Difference between two values was evaluated with a two-tailed, unpaired Student’s t-test.

For correlation of flowcytometric parameters, each individual cell’s parameter values were exported to

Excel worksheet then correl function in Excel was applied to calculate R (Pearson correlation coefficient).

In multiple comparisons of more than two experimental groups, 2way ANOVA Tukey’s multiple compari-

sons test was used. Gene set enrichment analysis (GSEA): GSEA software, a joint project of UC San Diego

and Broad Institute was applied following instructions on the website https://www.gsea-msigdb.org/gsea/

index.jsp.
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