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Abstract:  

Immune cells in the tumor microenvironment are not only powerful regulators of 

immunosuppression and tumorigenesis, but also represent a dominant cell type, with tumor-

associated macrophages (TAMs) comprising up to 50% of total cell mass in solid tumors. 

Immunotherapies such as immune checkpoint inhibitors (ICIs) derive their efficacy from this 

cancer-immune cell interface, however, immune-related adverse events resulting from systemic 

blockade remain a significant challenge. To address this need for potent, yet highly tumor-specific 

immunotherapies, we developed Tumor-Immune Cell Targeting Chimeras (TICTACs), antibody 

conjugates that are capable of selectively depleting immune checkpoint receptors such as SIRPa 

from the surface of TAMs. These chimeric molecules consist of a synthetic glycan ligand that 

binds the C-type lectin CD206, a well-established TAM marker, conjugated to a non-blocking 

antibody that binds but does not inhibit the checkpoint receptor. By engaging CD206, which 

constitutively recycles between the plasma membrane and early endosomes, TICTACs facilitate 

robust removal of the checkpoint receptors from the surface of CD206high macrophages, while 

having no effect on CD206low macrophages. By decoupling antibody selectivity from its blocking 

function, we present a new paradigm for developing highly tumor-specific immunotherapies.  
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Introduction: 

Over the past 10 years, cancer immune therapy has significantly improved the therapeutic 

landscape for multiple cancer subtypes.1 In particular, the PD-1 blocking immune checkpoint 

inhibitors (ICIs) pembrolizumab and nivolumab have become a mainstay in the first-line treatment 

of melanoma and non-small cell lung cancer (NSCLC).2 These antibody-based therapeutics act 

through blocking the inhibitory receptor PD-1 that is present on immune cells, thus potentiating 

the body’s immune response against the tumor. Nonetheless, significant challenges remain with 

respect to efficacy in diverse cancer subtypes as well as target-related side effects that can be 

dose limiting. FDA-approved ICI therapies against PD-1, CTLA-4,3 and LAG-34 target cell surface 

markers without further specificity for immune cell subtype, leading to pleiotropic effects including 

unwanted immune-related adverse events (irAEs).5–8 It has been proposed that ICIs with 

increased immune cell and tissue specificities would provide a path towards decreased irAEs 

without sacrificing efficacy. With this principle in mind, we sought to develop a platform for tumor-

immune cell targeting with the eventual goal of interfacing with existing ICI technologies.   

We focused on tumor-associated macrophages (TAMs), which represent a highly 

abundant immune cell type within the tumor microenvironment (TME).9–11 Unlike classically 

activated M1 macrophages that are akin to the inflammatory Type 1 T helper (Th1) immune 

response, TAMs predominantly adopt the M2-like, pro-tumor phenotype in response to cytokines 

such as IL-4 within the TME. These M2-like macrophages notably aid cancer cells in metastasis, 

angiogenesis, and proliferation via diverse anti-inflammatory mechanisms.12 CD206, also known 

as the macrophage mannose receptor (MMR), is one of the most prominent M2 markers, and its 

expression is correlated with a significantly worse overall survival of patients with solid 

malignancies (Fig. 1A).13–15  

Here we developed tumor-immune cell targeting chimeras (TICTACs), which are 

bifunctional small molecule-antibody conjugates that selectively bind CD206 on macrophages. 

Through a click-based two-step approach, we created a modular platform that enables facile 
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optimization of the multivalent display of the small molecule ligand and show that these chimeras 

can be used to uptake cargo selectively into CD206+ cells (Fig. 1B, C). This antibody-based ligand 

screening platform led to the identification of a new low-molecular weight ligand for CD206. 

Moreover, this approach is modular with respect to the antibody employed, enabling virtually any 

antibody to be rapidly transformed into a TICTAC, including those targeting immune-checkpoint 

proteins. We demonstrate that TICTACs can facilitate robust depletion of immune checkpoint 

receptors from the surface of CD206high, but not CD206low macrophages.  This approach may lead 

to a new class of immune therapies with reduced risk of systemic immune activation and 

associated toxicities. 

 

Results 

Prior work targeting CD206 largely employed mannose-functionalized glycopolymers that 

invoke avidity effects to compensate for the low monomeric affinity of mannose.16–22 However, the 

heterogeneous nature of these glycopolymers would render reproducible synthesis and 

characterization of the resulting antibody-conjugates challenging. Therefore, we sought 

alternative low molecular weight homogeneous ligands that bind CD206. A recent glycan array 

study identified L-fucose as a promising candidate: >60% of the top 20 binders were fucosylated, 

and fucose-containing glycans were structurally simpler than those containing mannose.23 We 

also explored sulfated glycans such as 3-SO4 galactose, which bind the N-terminal R-type 

carbohydrate recognition domain (R-type CRD) instead of the C-type lectin-like domains (CTLDs) 

commonly targeted by mannose (Fig. 1A).24 Therefore, we prepared a panel of propargyl-, azide-

, or aminooxy-functionalized mannose, fucose, and 3-SO4 galactose mono, di, and trisaccharides 

(Supplementary Fig. 1). Antibody-glycan conjugates were generated in a two-step sequence, 

where goat-anti-rabbit secondary antibodies were first modified on lysine residues with linkers 

displaying alkynes, azides, or aldehydes in various valencies and orientations, then conjugated 

to the carbohydrate ligands via Cu-catalyzed or strain-promoted click reactions, or oxime ligations 
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(Fig. 1B). Characterization of the antibody-glycan conjugates by MALDI-MS analysis revealed 

average ligand-to-antibody ratios between 10 and 16 (Supplementary Fig. 2-5).  

We next sought to identify a suitable in vitro macrophage model system. Phorbol 12-

myristate 13-acetate (PMA)-differentiated THP-1 or U-937 cells are frequently utilized as human 

macrophage surrogates, however, polarization with IL-4, IL-10, or IL-13 all failed to induce 

expression of CD206.25 We thus turned to the murine macrophage cell line RAW264.7, another 

extensively used model for studying macrophage biology.26 Gratifyingly, addition of 25 ng/mL IL-

4 over 24 hours resulted in robust upregulation of CD206 (M2-polarized) in comparison to 

unpolarized cells (Fig. 1C).  

We examined the ability of the antibody-glycan conjugates to internalize an extracellular 

target, rabbit IgG-488, via CD206, leading to the identification of tris-dendron TICTACs 1a-c (Fig. 

1D, E). M2-polarized RAW264.7 cells were incubated with rabbit IgG-488 and goat-anti-rabbit 

(control) or goat-anti-rabbit TICTACs 1a-c for 3 hours, then analyzed by flow cytometry for 

intracellular 488 fluorescence (Fig. 1E). Because of the broad expression profile of CD206, cells 

were co-stained with an anti-CD206 antibody and gated for CD206high and CD206low populations. 

In the CD206high population, treatment with 3-SO4 Gal TICTAC 1c resulted in a 6-fold increase in 

intracellular fluorescence relative to the control, while Fuc TICTAC 1b and Man TICTAC 1a gave 

2.6-fold and 2-fold increases, respectively (Fig. 1F). Direct triazole linkage at the anomeric 

position of mannose (1d) completely ablated internalizing activity. In the CD206low population, 1a-

d did not result in significant increases in intracellular fluorescence.  

We then evaluated whether TICTAC-mediated uptake was generalizable across other 

macrophage cell lines. Internalization of fluorophore-conjugated rabbit-IgG was observed for M2-

polarized BMA3.1A727 and J774A.1 cell lines using TICTACs 1a-c (Fig. 1G left, Supplementary 

Fig. 6), with 1b and 1c showing superior uptake. The M2-polarized microglial cell line BV-2 was 

also treated with control, TICTACs 1b, 1c, or a tris-Gal analogue (negative control), resulting in 

internalization of 1b and 1c, but not tris-Gal (Fig. 1G right). Finally, to validate the mechanism of 
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uptake, we generated a CD206-knockout RAW264.7 cell line and subjected it to M2-polarization 

conditions before treatment with fluorophore-conjugated rabbit IgG and control, 1b, or 1c (Fig. 

1H). Uptake was abolished in the knockout cells, while preserved in cells that were treated with 

Cas9 without sgRNA (mock control). 
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Figure 1. TICTACs target CD206 on M2-polarized macrophages. A.) CD206 is upregulated on 
the surface of M2-polarized TAMs and binds multivalent mannose, fucose, and glucosamine via 
its C-type lectin-like domains (CTLDs) and sulfated galactose and galactosamine via its N-
terminal R-type carbohydrate recognition domain (R-type CRD). B.) Two-step protocol for 
generating TICTACs, where X represents the linker, and the gray sphere represents the 
carbohydrate ligand. C.) Murine macrophages (RAW264.7) can be polarized to M2 upon 
treatment with IL-4, leading to increased expression of CD206. D.) Tris-dendron scaffold 1 
enables CD206-targeting with mannose, fucose, and 3-SO4 galactose ligands 1a-c. E.) TICTAC-
mediated internalization of fluorophore-conjugated rabbit IgG into M2-polarized macrophages. F.) 
Fold change in mean fluorescence intensity (MFI) relative to the control for M2-polarized 
RAW264.7 cells incubated at 37 °C for 3 h with 25 nM rabbit IgG-488 and 25 nM goat-anti-rabbit 
or various goat-anti-rabbit-TICTACs. MFI was determined by live cell flow cytometry. G.) MFI 
relative to control for M2 polarized murine macrophage cell line BMA3.1A7 and microglia cell line 
BV-2. H.) Knocking out CD206 ablates 1b and 1c-mediated uptake in RAW264.7 cells.  
For F, G, and H, error bars represent the SD from 3 independent experiments. For F and G, P 
values were determined by Welch’s two-tailed t-tests. Statistical significance was defined as 
P<0.05, and the asterisks * indicates P<0.1, ** indicates P<0.01, *** indicates P<0.001, and **** 
indicates P<0.0001. 
 

We next asked whether the conjugated tris-fucose ligand in 1b could function 

independently as a small molecule CD206 ligand. We synthesized tris-Fuc 647 (2), wherein the 

tris-fucose ligand was conjugated to a 647-dye in a 1:1 stoichiometry (Fig. 2A). Polarized 

RAW264.7 cells were treated with various concentrations of the unconjugated dye or compound 

2 for 2 hours, and intracellular fluorescence was analyzed by flow cytometry (Fig. 2B). Uptake 

was dependent on the concentration of 2, and significant differences were observed between 2 

and the unconjugated control at concentrations as low as 0.1 nM. This result was confirmed by 

confocal microscopy, where treatment with 2 resulted in a high 647 signal that concentrated in 

certain cells over others, mirroring the broad expression profile of CD206 (Fig. 2C). Next, we 

tested whether 2 is internalized by primary human macrophages. Upregulation of CD206 was first 

confirmed upon polarizing the macrophages with IL-4/IL-10 over several days (Fig. 2D). M2-

polarized and non-polarized macrophages were subjected to the unconjugated dye or 2 at various 

concentrations, and intracellular fluorescence was measured by flow cytometry (Fig. 2E). In 

addition to a significant increase in fluorescence observed by treatment with 2 compared to the 
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unconjugated control, we observed a notable preference for M2-polarized over nonpolarized cells. 

CD206-knockout RAW264.7 cells were unable to internalize compound 2, confirming the 

selectivity of the ligand for CD206 (Fig. 2F). Binding of 2 to CD206 was also analyzed by surface 

plasmon resonance (SPR), which revealed an extremely slow off rate (< 2.4 x 10-4 min-1) that 

likely drives internalization even at very low nM concentrations (Supplementary Fig. 7).   

 

 
 
Figure 2. Tris-fucose ligand functions independently as a small molecule CD206 binder. 
A.) Tris-fucose ligand was independently synthesized and conjugated to a 647 dye to generate 
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tris-Fuc-647 2. B.) Changes in 647 MFI in M2-polarized RAW264.7 cells (gated for CD206high 
population) upon treatment with unconjugated 647 dye or 2 at varying concentrations for 2 h at 
37 oC. C.) Confocal microscopy imaging of M2-polarized RAW264.7 cells treated for 2 h with 2 or 
unconjugated 647 dye. D.) Monocytes were isolated from human PBMCs and differentiated into 
macrophages either in the absence of presence of IL-4 (20 ng/mL) and IL-10 (50 ng/mL). CD206 
is upregulated in M2-polarized macrophages. E.) Changes in 647 MFI in M2-polarized human 
macrophages upon treatment with unconjugated 647 dye or 2 at varying concentrations for 2 h at 
37 oC. F.) Knocking out CD206 ablates uptake of 2 in RAW264.7 cells.  
For B, E, and F, error bars represent the SD from 3 independent experiments. For B and E, P 
values were determined by parametric two-tailed t-tests. Statistical significance was defined as 
P<0.05, and the asterisks ** indicates P<0.01, *** indicates P<0.001, and **** indicates P<0.0001. 

                        

 Having demonstrated that TICTACs can efficiently internalize soluble extracellular cargo, 

we investigated whether they could mediate internalization of membrane proteins in M2-polarized 

macrophages. For proof-of-concept, we chose CD54 (ICAM-1) as a target due to its robust 

expression in several macrophage cell lines. TICTACs were constructed using a commercially 

available primary antibody against CD54 following a similar scheme to 1b and 1c to generate 3b 

and 3c (Fig. 3A). We treated RAW264.7 cells with 3b and 3c, then measured surface levels of 

CD54 by flow cytometry using an orthogonal detection antibody. TICTAC 3b resulted in >80% 

depletion of surface CD54 in CD206high RAW264.7 cells, whereas TICTAC 3c resulted in >60% 

depletion (Fig. 3B, left). In CD206low cells, this effect is greatly attenuated, with 3b and 3c 

treatment resulting in 30% and 15% depletion of surface CD54, respectively. We also evaluated 

the activity of 3b in BMA3.1A7 cells and J774A.1 cell lines. We observed >60% depletion of 

surface CD54 in CD206high BMA3.1A7 cells, while <30% depletion was observed in CD206low cells 

(Fig. 3B, right). J774A.1 cells also exhibited comparable reduction in cell surface CD54, which 

was dependent on expression levels of CD206 (Supplementary Fig. 13). Visualization of surface 

CD54 by confocal microscopy following TICTAC treatment showed significantly reduced 

membrane CD54, consistent with our flow cytometry observations (Fig. 3C). Reduction of cell-

surface CD54 on CD206high RAW264.7 cells was concentration dependent, where 3b 

demonstrated a detectable decrease in surface CD54 at concentrations as low as 0.1 nM. 
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Maximum activity of 3b was reached at 5 nM, where the same degree of depletion was maintained 

at higher concentrations up to 100 nM with no observable “hook effect” (Fig. 3D). Compounds 3b 

and 3c depleted cell-surface CD54 over 48 hours, where >50% reduction was observed for 3b 

after 3 hours, which further increased to >80% removal after 24 hours (Fig. 3E). Depletion of cell-

surface CD54 mediated by 3c was markedly slower than by 3b. Finally, because CD206 

expression is dependent on the cytokine IL-4, we reasoned that TICTAC activity must also be 

dependent on IL-4. We set up two parallel experiments where RAW264.7 or J774A.1 cells were 

either polarized with IL-4 or not prior to treatment with 3b. We observed 3b-mediated depletion of 

cell-surface CD54 that was dependent on the presence of IL-4, demonstrating that TICTACs can 

be “turned on” with IL-4 (Fig. 3F).  

 To determine whether internalized CD54 was subsequently degraded, we measured total 

CD54 levels in RAW264.7 cells following treatment with 3b or 3c by Western blot. No significant 

differences in total protein levels were observed between TICTAC treatment and the 

unconjugated control (Supplementary Fig. 8). The lack of degradation may be consistent with 

previous observations that CD206 primarily traffics cargo to a distinct class of early endosomes 

as opposed to the lysosome.28 Notably, these endosomes are stable and non-degradative, 

playing a critical role in storing and routing antigens for subsequent loading onto MHC-I for cross-

presentation. Because internalized CD54 is not degraded, we wondered whether TICTAC-

mediated depletion of surface CD54 was a reversible process. To test this, we conducted a series 

of washout experiments, wherein M2-polarized RAW264.7 cells were first exposed to media 

containing 25 nM 3b, 3c, or the unconjugated antibody for 1, 3, or 8 hours (treatment time), then 

allowed to grow in TICTAC- or antibody-free media for various time periods (washout period). For 

all treatment times, washout periods did not result in a rebound of surface CD54 levels. In 

particular, a 16-hour washout period following 8-hour treatment with 3b resulted in no significant 

change in cell-surface CD54, which remained >70% lower than that of the control 

(Supplementary Fig. 9). Taken together, these data suggest that TICTACs are non-degradative 
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and downmodulate surface CD54 by altering its steady-state localization within the cell in a 

process that is not readily reversible.  

 

 
 
Figure 3. Anti-CD54 TICTAC depletes cell-surface CD54. A.) Proposed mechanism for the 
removal of cell-surface CD54 mediated by TICTACs. B.) Depletion of cell-surface CD54 in M2-
polarized RAW264.7 and BMA3.1A7 cells determined by live cell flow cytometry following 24 h of 
treatment with 25 nM unconjugated anti-CD54 antibody or conjugates. C.) Visualization of cell-
surface CD54 by confocal microscopy after 25 nM TICTAC treatments for 24 h. D.) Dose-
response curve for cell-surface CD54 removal in M2-polarized RAW264.7 cells following 
treatment with unconjugated antibody or 3b at 0.1 nM, 1 nM, 5 nM, 10 nM, and 100 nM for 24 h. 
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E.) Time-course of CD54 downmodulation in M2-polarized RAW264.7 cells incubated with 25 nM 
unconjugated antibody or conjugates at 3 h, 8 h, 24 h, and 48 h. F.) Depletion of cell-surface 
CD54 in RAW264.7 and J774A.1 cells that have been polarized with IL-4 (25 ng/mL) or not 
following treatment with 25 nM unconjugated antibody or 3b.  
For B and F, error bars represent the SD from 3 independent experiments. P values were 
determined by Welch’s two-tailed t-tests. Statistical significance was defined as P<0.05, and the 
asterisks * indicates P<0.1, ** indicates P<0.01, *** indicates P<0.001, and **** indicates 
P<0.0001. 
 

We next sought to determine whether TICTACs could provide an alternative form of 

immune checkpoint blockade that was specific to M2-polarized macrophages, which are known 

to drive immune suppression in the tumor microenvironment. In a canonical checkpoint blockade, 

the antibody drug systemically blocks the immune checkpoint protein (ICP) and activates immune 

cells in healthy and cancerous tissue alike, leading to irAEs. We hypothesized that by generating 

TICTACs from non-blocking antibodies that bind but do not inhibit the ICP, we could selectively 

remove the ICP from TAMs while mitigating off-target effects (Fig. 4A). We targeted signal 

regulatory protein alpha (SIRPα), which is highly expressed on myeloid-derived immune cells and 

potently engages the “don’t eat me” signal CD47.29–33 Blocking antibodies against both SIRPα 

and CD47 are currently being evaluated as cancer immune therapies.31,34,35   

We first generated TICTACs 4b and 4c from a commercially available primary antibody 

against SIRPα following a similar scheme to 1b and 1c. M2-polarized RAW264.7 and J774A.1 

cells were treated with 4b and 4c, after which cell-surface SIRPα levels were quantified by flow 

cytometry using an orthogonal detection antibody. TICTAC treatment resulted in significant 

decreases in cell-surface SIRPa (>60%) for CD206high cells across both cell lines (Fig. 4B). 4b-

mediated downmodulation of SIRPα was concentration dependent, reaching a maximum at 100 

nM (Fig. 4C). Similar to CD54, measuring the total protein levels by Western blot revealed that 

4b and 4c do not induce degradation of SIRPa (Supplementary Fig. 10).  

To begin to test our hypothesis regarding non-blocking TICTACs, we first determined 

whether TICTACs could withstand changes in the binding epitope of the target protein. We 
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generated tris-fucose TICTACs from four different monoclonal antibodies against SIRPα and 

tested their activity in M2-polarized RAW264.7 cells. TICTACs derived from all clones reduced 

surface SIRPα by >40% in CD206high cells (Fig. 4D). We next determined whether each of the 

antibodies inhibited CD47 binding by assessing orthogonality with a CD47-Fc chimera by flow 

cytometry. Only clone P84 was fully orthogonal to CD47, whereas other clones such as 012 

resulted in near complete blockade of CD47 binding (Fig. 4E). Finally, we subjected RAW264.7 

cells to P84-derived tris-Fuc TICTAC or the unconjugated P84 antibody and measured levels of 

CD47 binding after treatment. TICTAC treatment resulted in a 50% decrease in CD47 binding 

relative to the unconjugated control, demonstrating that TICTACs can selectively activate non-

blocking ICP antibodies in the presence of CD206.   
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Figure 4. Anti-SIRPα TICTACs downmodulate immune checkpoint protein SIPRα 
regardless of their ability to block CD47. A.) Left: Canonical checkpoint inhibitor systemically 
blocks the ICP regardless of whether the interacting cell is healthy or cancerous; Right: Non-
blocking TICTACs have no function-ablating activity in healthy tissue but can remove ICPs in 
CD206high TAMs. B.)  Downmodulation of cell-surface SIRPα in M2-polarized RAW264.7 and 
J774A.1 cells determined by live cell flow cytometry following 24 h of treatment with 25 nM 
unconjugated anti-SIRPα antibody or conjugates (4b, 4c). C.) Dose-response curve for cell-
surface SIRPα removal in M2-polarized RAW264.7 cells following treatment with unconjugated 
antibody or 4b at 0.1 nM, 1 nM, 10 nM, and 100 nM for 24 h. D.) TICTACs generated from multiple 
antibody clones targeting different epitopes on SIRPa downmodulate cell-surface SIRPα in M2-
polarized RAW264.7 cells following treatment at 25 nM for 24 h. E.) Orthogonality of SIRPα 
antibody to CD47 was probed by live cell flow cytometry using an AF647-labeled CD47-Fc 
chimera. F.) CD47-binding to M2-polarized RAW264.7 cells was determined using an AF647- 
labeled CD47-Fc chimera following treatment with non-blocking clone P84 or its tris-fucose 
conjugate at 25 nM for 24 h. Data is normalized to unconjugated P84 antibody treatment. 
For B, D, and F, error bars represent the SD from 3 independent experiments. P values were 
determined by Welch’s two-tailed t-tests. Statistical significance was defined as P<0.05, and the 
asterisks * indicates P<0.1, ** indicates P<0.01, *** indicates P<0.001, and **** indicates 
P<0.0001. 

      

 Having established the concept of non-blocking TICTACs for membrane targets, we 

wondered whether this technology could be applied to the selective clearance of soluble targets 

that are known to contribute to cancer immune modulation. Cytokines are ubiquitous signaling 

molecules that regulate a large number of processes, often having differing or even contrasting 

effects on different cell-types or tissues. We envisioned a strategy wherein TICTACs generated 

from non-blocking antibodies that do not disrupt binding of the cytokine to its receptor could result 

in tumor-specific clearance mediated by CD206, while having no inhibitory effect elsewhere (Fig. 

5A). To test this strategy, we chose to target IL-4, a driver for M2 polarization in TAMs and immune 

suppression within the tumor microenvironment.36 We generated TICTACs 5b and 5c through 

conjugation of tris-Fuc and tris-3-SO4 Gal ligands with a known non-neutralizing anti-IL4 antibody 

(clone BVD6-24G2).37 Polarized RAW264.7 cells were subjected to 488-labeled murine IL4 and 

unconjugated anti-IL4 antibody, 5b, or 5c. In CD206high populations, 5b and 5c induced >10-fold 

increase in intracellular 488 fluorescence relative to the unconjugated antibody, whereas the 

change in CD206low populations was less than 2-fold.  (Fig. 5B). These results suggest that non-
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blocking TICTACs can also be employed for tumor-specific removal of soluble targets such as 

cytokines.   

  

 
 
Figure 5. CD206-dependent uptake of IL-4 using a non-neutralizing anti-IL-4 antibody. A.) 
Non-blocking TICTAC against a soluble target would have no effect on tissue with low CD206 
expression (top) but would internalize and eliminate soluble targets in the presence of TAMs 
(bottom). B.) Fold change in 488 MFI relative to the control for M2 polarized RAW264.7 cells 
incubated at 37 °C for 3 h with 25 nM 488-labeled IL-4 and 25 nM anti-IL4 antibody or various 
anti-IL-4 TICTACs 5b and 5c. MFI was determined by live cell flow cytometry. Error bars represent 
the SD from 3 independent experiments.  
 

Discussion 

While numerous strategies have been developed to target tumor cells and immune cells 

including antibody-drug conjugates and immune checkpoint inhibitors, few methods specifically 

target tumor-associated immune cells. Targeting the immune cells within the tumor 

microenvironment may be advantageous in mitigating irAEs and improving the efficacy and 

therapeutic window of existing therapies. Toward this objective, we developed tumor-immune cell 

targeting chimeras (TICTACs) that specifically target tumor-associated macrophages via the C-

type lectin CD206. While previously reported synthetic ligands for CD206 mostly comprise 

mannose glycopolymers, we identified tris-Fuc and tris-3-SO4-Gal ligands that potently engage 

CD206 on their own and in the context of antibody conjugates. These conjugates drive the 
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internalization of cell-surface CD54 and SIRPα from M2-polarized macrophages, and this activity 

is dependent on CD206 expression. We also established that TICTACs generated from non-

blocking antibodies can still downmodulate SIRPα in the presence of CD206, which enables 

antibody selectivity to be decoupled from its blocking function. Finally, we demonstrated that non-

blocking TICTACs can be utilized to clear soluble cytokines such as IL-4, which is known to 

contribute to immune suppression within the TME.   

TICTACs alter the steady-state subcellular distribution of the target antigen without 

inducing degradation. This observation is consistent with the trafficking properties and biological 

role of CD206 in antigen cross-presentation pathways in APCs.38–40 Future work will explore the 

ability of TICTACs to enhance cross-presentation of relevant soluble and membrane-bound tumor 

antigens.41  

Additionally, we demonstrated that a single tris-fucose ligand can function as a small 

molecule CD206 binder even when it is not multivalently displayed on an antibody. Small molecule 

binders to CD206 are scarce;42 previous approaches focused primarily on glycan-conjugated 

polymers, liposomes, nanoparticles, and other biomaterials. Further, this work presents a rare 

example of small molecule binders that are not based on mannose yet are highly selective for 

CD206 in M2-polarized macrophages.     

Our strategy for generating a library of antibody conjugates through combinatorial 

screening of various linker scaffolds and glycan ligands enables the design of a targeting chimera 

without a pre-optimized small molecule ligand in hand. Antibody conjugation greatly simplifies the 

purification of the small molecule ligands, where size-exclusion techniques such as molecular 

weight cut-off resins can be used to separate the conjugates from unreacted material. Importantly, 

we demonstrated that ligands developed in this way retain their function in the absence of the 

parent antibody. Thus, we anticipate that this workflow can be utilized to discover novel small 

molecule binders to other lectins and find applications in new drug delivery platforms.  
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Reprogramming the immune system represents a powerful strategy for cancer therapy. 

As more targeted approaches are being developed for tumor cell-specific therapies, we envision 

a parallel opportunity to develop of tumor immune cell-specific therapies that alleviate irAEs and 

expand the eligible patient population for cancer immune therapy. TICTACs that leverage CD206 

present one such approach of selectively reprogramming tumor-associated macrophages. 

Further discovery and targeting of immune cell receptors that are upregulated within the TME will 

expand the scope of this strategy to other immune cell types and checkpoint molecules.  

 
 
Methods 
 
General Synthetic Chemistry Procedures 
Unless otherwise noted, all reactions were carried out in flame-dried glassware sealed with rubber 
septa under a nitrogen atmosphere with Teflon-coated magnetic stir bars. Reaction progress was 
monitored using thin layer chromatography on Millipore Sigma glass-backed TLC plates (250 μm 
thickness, F-254 indicator) and visualized with 254 nm UV light or stained by submersion in a 
basic potassium permanganate solution or 5% H2SO4 in methanol solution. Flash column 
chromatography was performed on a Biotage instrument using pre-packed silica gel columns. 
Reagents were purchased in reagent grade from commercial suppliers and used as received, 
unless otherwise described. Anhydrous solvents (dichloromethane, tetrahydrofuran, methanol, 
and acetonitrile) were purchased as sure-sealed bottles and used as received, unless otherwise 
described. See Supplementary Information for detailed synthetic procedures and characterization 
of compounds.  
 
TICTAC antibody conjugation 
General procedure for antibody linker labeling  
A 1 mg/mL solution of antibody was buffer exchanged into PBS using a 7KDa Zeba size-exclusion 
column. The antibody was reacted with 50 equiv. of NHS-linker (10 mM stock solution in DMSO), 
and the reaction was incubated overnight at room temperature. The resulting mixture was purified 
using a 7KDa Zeba size-exclusion column to yield the conjugate.  
 
General procedure for Cu-catalyzed click reaction   
To a 1 mg/mL solution of the antibody-linker conjugate was added 75 equiv. of the carbohydrate 
ligand (10 mM stock solution in H2O). BTTP-Cu(II) pre-catalyst was generated by mixing CuSO4 
(aqueous solution) and BTTP (DMSO solution) in a 1:4 molar ratio. 150 μM BTTP-Cu and 3 mM 
sodium ascorbate (100 mM solution in H2O, prepared immediately prior to addition) were added, 
and the reaction was briefly vortexed. The reaction mixture was allowed to incubate at room 
temperature for 1 h and was filtered using a 7KDa or 40KDa Zeba size-exclusion column.  
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Cell Culture 
All cell lines were purchased from the American Type Culture Collection (ATCC) unless otherwise 
noted. RAW26.7, J774A.1, BV-2, and U937 were cultured in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (HI FBS), 100U/mL Penicillin, and 100 μg/mL Streptomycin. THP-
1 cells were cultured in RPMI supplemented with 10% HI FBS, 100U/mL Penicillin, and 100 μg/mL 
Streptomycin. The CB7BL/6-derived immortalized bone marrow macrophage cell line BMA3.1A7 
was a generous gift from Dr. Kenneth Rock (University of Massachusetts Medical School), and 
the cells were maintained as previously described.43 Cells were cultured in T-75 flasks (Fisher 
Scientific) and incubated at 37 oC and 5% CO2 and tested negative for mycoplasma quarterly 
using a PCR-based assay.  
 
Gene Knockout Pool  
CRISPR-Cas9 mediated knockout cell pool of CD206 in RAW264.7 cells were generated by 
Synthego Corporation (Redwood City, CA). Cells were electroporated with Streptococcus 
pyogenes Cas9 (Sp-Cas9) and sgRNAs targeting CD206 using Synthego’s optimized protocol. 
48 h post-electroporation, genomic DNA was extracted, PCR amplified, and sequenced using 
Sanger sequencing to verify editing efficacy. Resulting chromatograms were analyzed using 
Synthego Inference of CRISPR edits software (ice.synthego.com). Mock control cells were 
generated by electroporating Sp-Cas9 without sgRNA. Cells were cultured in DMEM 
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100U/mL Penicillin, and 100 
μg/mL Streptomycin. 
 
Surface plasmon resonance (SPR) 
Sensor NTA chip, 350 mM EDTA, 0.5 mM NiCl2, N-Hydroxysuccinimide (NHS), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and ethanolamine hydrochloride (EA) were obtained 
from GE Healthcare/Cytiva (Marlborough, MA). 
SPR experiments were performed on a BIACORE T200 biosensor system (GE Healthcare/Cytiva) 
at 25 ºC. The Sensor Chip NTA (GE Healthcare/Cytiva) was conditioned by injecting 350 mM 
EDTA regeneration solution over both reference and experimental surfaces for 60 s at a flow rate 
30 μL/min. To capture the His-tagged mouse CD206 protein the experimental NTA flow cell 
surface was saturated with nickel by injecting nickel solution (0.5 mM NiCl2) for 60 s at 10 μL/min, 
followed by an Extra Wash with 3 mM EDTA to remove any remaining traces of nickel in the 
system. The His-tagged CD206 protein captured on the Sensor Chip NTA was stabilized by 
covalent coupling to the chip surface by amine coupling chemistry using N-hydroxysuccinimide 
(NHS) and N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) according to the 
manufacturer’s instructions. The reference surface was treated the same without the presence of 
His-tagged CD206 protein. Amino-PEG4-tris-α-L-fucose was diluted in PBS Assay Buffer and 
injected over the CD206-containing surface for 60 s at different concentrations at a flow rate of 
30 μL/min. For each experiment at least 5 different concentrations of analyte molecules were 
injected over each experimental and control flow cell. Dissociation was allowed to occur at the 
same flow rate for 150 s followed by Regeneration Buffer (150 mM NaCl/NaAc pH 5) at a flow 
rate of 50 µl/min for 30 s and Assay Buffer alone at a flow rate of 30 μL/min to allow the baseline 
to stabilize. All data were corrected for unspecific binding by subtracting the signal measured in 
the reference flow cell lacking immobilized ligand. 
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Soluble target uptake assay via flow cytometry 
For uptake experiments, cells were plated (60,000 cells/well in 24-well plates) two days before 
treatment in complete media supplemented with 25 ng/mL murine IL-4 (Peprotech) for M2-
polarization or without any cytokines (M0). Cells were incubated with 250 μL of M2- or M0-media 
with fluorescent proteins and TICTACs/controls or conjugated/unconjugated dyes for the 
indicated times (<8 h). For overnight uptake experiments, cells were plated/polarized one day 
before treatment. After treatment, cells were washed with PBS, then treated with 200 μL of 
enzyme-free Cell Dissociation Buffer (Gibco) for 10 minutes to dissociate the cells. The 
resuspended cells were transferred to a pre-chilled 96-well v-bottom plate (Corning) and washed 
with cold blocking buffer (PBS supplemented with 0.5% BSA and 5 mM EDTA) two times, pelleting 
by centrifugation at 500g for 3 min at 4 oC between washes. For experiments requiring co-staining 
for CD206 levels, Fc-receptors were first neutralized by incubating cells on ice for 5-10 minutes 
with TruStain FcX (BioLegend) at 2 μg/mL in 100 μL of blocking buffer. The cells were then stained 
with the fluorescently labeled anti-CD206 antibody in 100 μL of blocking buffer for 30 minutes at 
4 oC. Cells were washed two times with blocking buffer, then incubated with Sytox Blue according 
to the manufacturer’s specifications for 10 min at 4 oC.  Flow cytometry was performed on either 
a MACSQuant Analyzer 10 (Miltenyi Biotec), Novocyte Quanteon (Agilent), or Novocyte Penteon 
(Agilent), and FlowJo software was used to gate on single cells, live cells, and CD206high/low cells 
for analysis.  
 
Cell-surface protein internalization assay via flow cytometry 
Cells were plated (60,000 cells/well in 24-well plates) one day before treatment in M2- or M0-
media. Cells were incubated with 250 μL of M2- or M0-media with 25 nM TICTACs/controls for 
the indicated amount of time, washed with PBS, and dissociated with Cell Dissociation Buffer for 
5-10 minutes. Resuspended cells were transferred to a 96-well v-bottom plate and washed with 
cold blocking buffer, Fc-neutralized, and incubated with primary antibodies for 30 min at 4 oC. 
Cells were washed two times with blocking buffer, then incubated with Sytox Blue for 10 min 
before flow cytometry analysis.  
 
Isolation and differentiation of donor macrophages 
LRS chambers were obtained from healthy anonymous blood bank donors. PBMCs were isolated 
using Ficoll-Paque (GE Healthcare Life Sciences) density gradient separation. Monocytes were 
isolated by plating ∼1 x 108 PBMCs in T-25 flasks with serum-free RPMI and incubating for 1 h, 
followed by 3x rigorous washes with DPBS (PBS +Ca +Mg) to remove non-adherent cells and 
ensuring that the final wash results in clear supernatant. The media was replaced with IMDM 
supplemented with 10% Human AB Serum (Gemini), and the cells were allowed to differentiate 
into macrophages over 7–9 days. To generate M2 macrophages, the media was replaced on day 
4 with IMDM supplemented with 10% Human AB Serum, 20 ng/mL IL-4 (Peprotech), 50 ng/mL 
IL-10, and 50 ng/mL TGF-β. No media changes were conducted for M0 macrophages throughout 
the differentiation period. 	
 
Western blot analysis 
Cells were plated (60,000 cells/well in 24-well plates) one day before treatment in M2- or M0-
media. Cells were incubated with 250 μL of M2- or M0-media with 25 nM TICTACs/controls for 
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the indicated amount of time, washed with 3x with PBS, and lysed with RIPA buffer supplemented 
with protease inhibitor cocktail (Roche), 0.1% benzonase (Millipore-Sigma), and phosphatase 
inhibitor cocktail (Cell Signaling Technologies) on ice for 30 min. The cells were scraped and 
transferred to 1.5 mL Eppendorf tubes and centrifuged at 21,000g for 15 min at 4 oC. The 
supernatant was collected, and the concentration was determined using a BSA assay (Pierce). 
Equal amounts of protein were loaded onto a 4-12% Bis-Tris gel (BioRad) and separated by SDS-
PAGE. The gel was transferred to a nitrocellulose membrane, stained with REVERT Total Protein 
Stain (LI-COR) and blocked with Odyssey Blocking Buffer (PBS) (LI-COR) for 1 h at room 
temperature. The membrane was then incubated with primary antibody in Blocking Buffer 
overnight at 4 oC, then washed three times with PBS with 0.1% Tween-20 (PBS-T). The 
membrane was incubated with secondary antibody for 1 h at room temperature, washed three 
times with PBST, and visualized with an Odyssey CLx imager (LI-COR). Image Studio (LI-COR) 
was used to analyze the image and quantify band intensities.  
 
Confocal microscopy 
Membrane protein analysis 
Cells were plated (20,000 cells per well in an 8-chamber Labtek plate) 3 days prior to treatment. 
Cells were incubated with 250 μL of complete growth medium with 25 nM TICTACs or control for 
the indicated amount of time. Cells were then washed 3x with DPBS (300 μL/wash) and fixed with 
4% paraformaldehyde in PBS for 10 min at room temperature. Cells were washed 2x with PBS 
and incubated with primary antibody in 300 μL blocking buffer (PBS + 1% BSA) for 1 h at room 
temperature. After washing with PBS, cells were incubated with Hoechst stain in PBS for 10 min 
at room temperature. The wells were aspirated, and the chambers were removed according to 
the manufacturer’s specifications. 15 μL of mounting medium (Vector Laboratories) was added 
followed by a coverslip. The slides were cured for 30 min at room temperature and imaged with 
Nikon A1R confocal microscope using a Plan Fluor x60, 1.30-NA oil objective. The following laser 
settings were used: 405 nm violet laser, 488 nm blue laser, 561 nm green laser, and 639 nm red 
laser.  
 
Matrix-assisted laser desorption/ionization-mass spectrometry 
A 1 mg/mL solution of the antibody conjugate was buffer exchanged into ddH2O using a 7K Zeba 
size-exclusion column to remove excess salts. Samples were prepared by mixing 2 μL of sinapinic 
acid (SPA) matrix (10 mg/mL in 0.1% trifluoroacetic acid and 50% acetonitrile) and 2 μL of the 
antibody sample. The mixture was vortexed, and 1 μL was loaded onto a MALDI stainless steel 
plate. The sample was dried at room temperature for 15 min, and the MALDI-MS was acquired 
by AB SCIEX TOF/TOF and a 5800 CovalX High Mass Detector with a mass range of 10,000 – 
250,000 Da and a fixed laser intensity of 5,900. Greater than 3 scans were taken per sample, and 
the spectra was analyzed and averaged using MALDIquant.44  
  
Statistical analysis and software 
Statistical analysis was performed in GraphPad Prism (version 9). For SPR data, association then 
dissociation models were used to calculate the dissociation constant. For EC50 data, one-site total 
and nonspecific binding models were used to determine the apparent dissociation constant for 
specific binding.  
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Flow cytometry data was analyzed using FlowJo software (version 10.8.1). NMR data was 
analyzed using MestreNova software (version 14.2.3). Figures were created using 
BioRender.com and Adobe Illustrator software (version 26.5).  
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