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Abstract

We report a rationally designed nanobody activation immunotherapeutic that selectively redirects 

anti-dinitrophenyl (anti-DNP) antibodies to the surface of HER2-positive breast cancer cells, 

resulting in their targeted destruction by antibody-dependent cellular cytotoxicity. Since 

nanobodies are relatively easy to express, stable, can be humanized, and can be evolved to potently 

and selectively bind virtually any disease-relevant cell surface receptor, we anticipate broad utility 

of this therapeutic strategy.

Killer nanobody

We report a rationally designed nanobody activation immunotherapeutic that selectively redirects 

anti-dinitrophenyl antibodies to the surface of HER2-positive breast cancer cells, resulting in their 

targeted destruction by antibody-dependent cell cytotoxicity.
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Current proteinaceous cellular probes and therapeutics (including 10 of the 20 top selling 

prescription drugs in Q4 2013[1]) demonstrate their remarkable ability to modulate disease-

relevant cell function and fate. Historically, the therapeutic mechanisms of action of protein-

based reagents (principally antibodies) has been limited to recognition of a cell surface 

receptor. For example, Trastuzumab[2] (marketed as HerceptinTM), is an FDA-approved 

monoclonal antibody that works by binding to Human Epidermal growth factor Receptor 2 

(HER2[3]), a protein overexpressed on the surface of ~20–30% of breast cancers and ~20% 

of gastric cancers.[4] Overexpression of HER2 is correlated to aggressive phenotypes and 

poor patient prognosis.[5] Additionally, dye conjugation to an antibody that selectively binds 

a disease-relevant cell surface receptor can identify diseased cells, but a more powerful 

strategy would be to couple recognition of a disease-relevant cell surface receptor to 

destruction of the bound cell.

Activation immunotherapeutics are designed to elicit or amplify an immune response, 

resulting in destruction of specific (labeled) diseased cells.[6] Antibody-Recruiting 

Molecules (ARMs) are a recently reported example of activation immunotherapeutics.[7] 

These chimeric molecules consist of two chemically linked, but functionally orthogonal 

components (Figure 1a). The Cell Binding Domain (CBD) selectively binds a disease-

relevant cell surface receptor, while the Antibody Recruiting Domain (ARD) binds to an 

endogenous antibody, recruiting it to the targeted cell surface.

Dinitrophenyl (DNP) has previously been used as an ARD reagent.[8] Antibodies 

recognizing the DNP epitope have been estimated to constitute ~1% of circulating IgM and 

~0.8% of circulating IgG[9], likely resulting from exposure to DNP-containing dyes, 

preservatives, and/or pesticides.[9b] Alone, DNP is insufficient to incite immune-mediated 
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cytotoxicity. However, when conjugated to a CBD, a high effective molarity of the DNP 

reagent on the cell surface can trigger immune-mediated cytotoxicity (Figure 1b), including 

antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis 

(ADCP), or complement dependent cytotoxicity (CDC).[7–8]

In many ways, proteins are particularly well suited to serve as the cell-binding component 

within an activation immunotherapeutic platform. The relatively large size, well-defined 

structure and functional group diversity found in proteins often allows these structures to 

potently and selectively bind macromolecular surfaces that challenge–or entirely evade–

small-molecule drug discovery. Additionally, high-throughput molecular biology-based 

screening and evolution-based methods (principally phage[10]-, yeast[11]-, bacterial[12]-, and 

mRNA[13]-display) often make the identification of new protein binders (including proteins 

that bind a cell surface receptor) substantially simpler than the analogous small molecule 

discovery process. Finally, the potency and selectivity profiles of protein drugs often exceed 

their small molecule counterparts.

In an effort to rationally engineer a protein as an activation immunotherapeutic—to 

selectively induce antibody-dependent cellular cytotoxicity—we used a previously described 

nanobody that selectively binds HER2 with excellent affinity (dissociation constant, KD 

~510 pM).[14] This HER2-binding nanobody (referred to as 5F7 herein) is a camelid-derived 

protein, which has many features that are well suited for therapeutic utility. For example, 

unlike monoclonal antibodies, nanobodies are typically produced in large amounts in 

bacterial expression systems, are small in size (~15 kDa), and are usually very stable and 

thus amenable to modification, evolution (to recognize a different target), and protein 

engineering.[15] Nanobodies can also be humanized by mutating a small number of 

residues[16], and often bind their target with excellent affinities (KD ~0.1–100 nM) and 

selectivity profiles through interactions involving well-defined antigen binding loops (Figure 

2a, binding loops are labelled in green); since the structure of the HER2-binding nanobody 

5F7 has not been reported the structure of a GFP-binding nanobody[17] is shown as a 

representative example of nanobody structure and placement of antigen binding loops.

The rational construction of a HER2-binding nanobody activation immunotherapeutic is 

shown in Figure 2a. Using standard molecular biology techniques, we prepared a 5F7 variant 

that contains a flexible and soluble N-terminal (GGS)4 linker, lipoic acid ligase acceptor 

peptide (LAP tag[18]) and C-terminal His6 tag. This protein is referred to as LAP-5F7 herein. 

LAP-5F7 was expressed in E. coli and purified on nickel-NTA. The modified 5F7 nanobody 

was then selectively conjugated to carboxylic acid-aldehyde 1, using a previously reported 

strategy[19], by the action of a lipoic acid ligase mutant (W371LpIA). This aldehyde-

functionalized HER2-binding nanobody was then reacted with 50 molar equivalents of DNP 

hydrazine 2 to generate the DNP-functionalized nanobody (referred to as DNP-5F7 herein). 

Following removal of excess DNP hydrazine by dialysis, DNP conjugation on the 5F7 

nanobody was verified by mass spectrometry and Western blot: we observe a mass that is 

consistent with the DNP-conjugated nanobody (Supporting Information, Figure S1); the 

DNP-conjugated nanobody is also detected by a commercially available anti-DNP antibody 

(Figure 2b, lane 3). In contrast, the unconjugated nanobody is not recognized by the same 

anti-DNP antibody (Figure 2b, lane 2). DNP conjugation via the hydrazone is stable under 
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physiological conditions. When DNP-5F7 is incubated in phosphate buffered saline at 37 °C, 

we observe no significant protein degradation or loss of DNP over 48 hours (Supporting 

Information, Figure S2).

Conjugation to the N-terminus of 5F7 does not dramatically alter the affinity or selectivity of 

HER2-recognition. When high HER2 expressing SK-BR-3 breast cancer cells are treated 

with a solution containing 500 nM eGFP-5F7 fusion protein, then washed to remove 

unbound material, the cells exhibit observable levels of cell surface-bound GFP (Figure 3a). 

In contrast, when the same fusion protein is incubated with MCF-7 or MDA-MB-231 breast 

cancer cells—which express lower levels of cell surface HER2—no observable cell surface 

fluorescence is observed (Supporting Information, Figure S3). DNP conjugation to 5F7 

results in exogenous anti-DNP antibody recruitment, and in a manner that is selective for 

HER2-positive breast cancer cells. We observe high levels of SK-BR-3 cell fluorescence 

following incubation with 500 nM DNP-5F7 and Alexa Fluor® 488-labelled anti-DNP 

antibodies. (Figure 3b). In contrast, when SK-BR-3 cells are first treated with HER2-

targeting siRNA, leading to decreased cellular levels of HER2 as determined by Western 

blot and flow cytometry (Supporting Information, Figures S4 and S5), we observe ~75% 

lower cellular fluorescence, indicating that much lower levels of Alexa Fluor® 488-labelled 

anti-DNP antibody are recruited to the cell surface. In addition, we did not observe 

appreciable levels of fluorescently-labelled anti-DNP on the surface of HER2-negative 

MCF7 and MDA-MB-231 cells, following incubation with DNP-5F7. The effect, or lack 

thereof, of DNP conjugation on cell surface HER2 recognition was quantitatively assessed 

by flow cytometry. DNP-5F7 binds HER2-positive SK-BR-3 cells with a half maximal 

effective concentration (EC50) of ~7.14 nM. LAP-5F7, which lacks DNP, is not recognized 

by anti-DNP antibody (Figure 3C).

Having established that (1) fusion to the N-terminus of 5F7 does not appreciably suppress 

HER2 recognition, and (2) that enzymatic conjugation of DNP to 5F7 results in cell-

selective recruitment of anti-DNP antibodies, we tested the ability of DNP-5F7 to induce 

antibody-dependent cellular cytotoxicity of SK-BR-3 breast cancer cells. This process is 

known to take place by way of interactions between Fc receptors on cytotoxic immune 

effector cells contained in peripheral blood (such as NK cells, macrophages, and dendritic 

cells) and the Fc regions of antibodies. Thus, SK-BR-3 cells were combined with peripheral 

blood mononuclear cells (PBMCs), anti-DNP antibodies, and DNP-5F7, and cell death was 

measured using a commercially available lactate dehydrogenase (LDH) release assay 

(Figure 4). As expected, we observe a concentration-dependent increase in ADCC in 

response to DNP-5F7 treatment (Figure 4, blue line). The half maximal effective 

concentration (EC50) of ADCC is approximately 60 nM. In contrast, treatment with 

LAP-5F7 (which lacks any conjugated DNP) did not significantly alter cell viability (Figure 

4, red line). Additionally, when low HER2-expressing MB-MDA-231 cells were treated with 

PBMCs, anti-DNP antibodies, and DNP-5F7, no appreciable cell death was observed 

(Figure 4, purple line). In the absence of anti-DNP antibodies (Figure 4, green line) or 

PBMCs (Figure 4, orange line), DNP-5F7 itself does not induce cell death. Collectively, 

these data indicate that cell cytotoxicity is selective, and dependent upon the level of cell 

surface displayed HER2.
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In summary, we have reported a nanobody activation immunotherapeutic (DNP-5F7). This 

reagent was constructed through enzymatic and chemical methods, and is capable of 

selectively binding to HER2-positive breast cancer cells and recruiting anti-DNP antibodies 

to the cell surface. When HER2-positive SK-BR-3 breast cancer cells are co-treated with 

peripheral blood mononuclear cells, anti-DNP antibody, and DNP-5F7, we observe 

antibody-dependent cellular cytotoxicity at concentrations in the sub-micromolar range. In 

contrast, antibody dependent cellular cytotoxicity of low HER2-expressing breast cancer 

cells by this reagent is not observed. Since high-throughput screening and evolution-based 

approaches can be used to generate nanobodies that potently and selectively bind virtually 

any disease-relevant cell surface receptor, we anticipate broad utility of these reagents. 

Efforts toward this end, as well as optimization of the linker and antibody-recruiting 

component are currently underway and will be reported in due course.

Experimental Section

Construction of DNP-5F7

Protein expression and purification—Cells were grown in 0.5 L LB cultures 

containing carbenicillin at 30 °C to OD600 = ~0.6 and induced with 1 mM IPTG at 25 °C for 

12 h. Cells were then collected by centrifugation, resuspended in equal parts B-PER and Tris 

lysis buffer (25 mM Tris, 100 mM NaCl, pH 7.4) and stored at −20 °C. Frozen pellets were 

thawed and sonicated for 2 min. The lysate was cleared by centrifugation (8000 rpm, 20 

min) and the supernatant was mixed with Ni-NTA agarose resin (1 mL) for 1 h at 4 °C. The 

resin was collected by centrifugation (4750 rpm, 5 min) and washed 1×40 mL buffer 

containing 25 mM imidazole, followed by 1×10 mL with buffer containing 40 mM 

imidazole. Proteins were then eluted with 8 mL buffer containing 400 mM imidazole. Next, 

the proteins were dialyzed against buffer and analyzed for purity. Enzymatic Conjugation of 
Aldehyde Linker: In 5 mL total reaction volume W37ILplA (1 μM), ATP (5 mM, from 100 

mM stock solution, pH 7), Aldehyde linker (1 mM, from 200 mM stock in filtered DMSO), 

and LAP-5F7 (20 μM) were added to sodium phosphate reaction buffer (25 mM Na2PO4, 5 

mM Mg(OAc)2, pH 7.2). The reaction was shaken at 200 rpm at ambient temperature for 2 

h. Following this, the buffer was exchanged and excess reagents were removed on a 10 kDa 

ultracentrifugation concentrator by washing and concentrating the reaction 3 × PBS (pH 

5.2). TOF MS (m/z): Calculated for [M+H]+, 16227.7; Found 16228.4. 5F7-Aldehyde 
Reaction with DNP: Immediately following the enzymatic conjugation of the aldehyde 

moiety, the LAP-5F7 conjugate was concentrated in PBS (pH 5.2). In a total reaction 

volume of 2.5 mL, DNP hydrazine (2 mM, from a 1 M stock in DMSO), and aniline (40 

mM) were added to the 5F7 conjugate (40 μM). The reaction was put on a rotator overnight 

at 4 °C. The reaction was then washed and the buffer exchanged for PBS (pH 7.4) with 

several washing and concentrating steps in a 10 kDa MWCO ultracentrifugation 

concentrator. TOF MS (m/z): Calculated for [M+H]+, 16408.5; Found 16408.4.

Antibody-dependent cellular cytotoxicity (ADCC) assay

High HER2-expressing (SK-BR-3) or low HER2-expressing (MB-MDA-231) target cells 

were plated at 10,000 cells per well in black clear bottom 96-well plates in growth media 

(100 μL per well) and incubated at 37 °C. Frozen peripheral blood mononuclear cells 
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(PBMCs) were thawed, resuspended at 1e6 cells per mL in assay buffer, and incubated at 

37 °C. After 12–24 h, target cells were washed 2 × 150 μL assay buffer and then incubated 

with varying concentrations of DNP-5F7 or LAP-5F7 in the presence or absence of rabbit 

anti-dinitrophenyl IgG-KLH antibodies (40 μg/mL) in assay buffer at 37 °C for 1 h, followed 

by addition of PBMCs (50:1 effector:target, 100 μL per well final volume). Cells were 

incubated at 37 °C for 4 h, centrifuged, and the supernatant was transferred to new black 

clear bottom 96-well plates. LDH release was measured using the Promega Cytotox 96 Non-

Radioactive Cytotoxicity Assay Kit. The % specific lysis was calculated using the formulas 

below:

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Architecture of an activation immunotherapeutic, which consists of a cell-binding 

domain (CBD) and antibody-recruiting domain (ARD). (b) The CBD of an antibody 

activation immunotherapeutic selectively binds to a receptor displayed on the surface of 

diseased cells. Recruitment of an endogenous antibody—generating a high effective 

molarity of antibody on the surface of the diseased cell—leads to targeted and immune 

system-dependent cytotoxicity.
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Figure 2. 
(a) Nanobody conjugation to a DNP-functionalized molecule by lipoic acid ligase mutant 

(W371LpIA). Molecule 1 is first conjugated to the N-terminal LAP tag on the HER2-binding 

nanobody. This aldehyde-functionalized nanobody is then reacted with DNP-hydrazine 2, 

generating the DNP-conjugated nanobody. (b) Western blot: unconjugated nanobody is not 

recognized by a commercially available anti-DNP antibody (Lane 2), while conjugated 

protein is selectively recognized by anti-DNP antibody (Lane 3).
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Figure 3. 
(a) Fluorescence microscopy images of HER2-positive SK-BR-3 cells following treatment 

with 500 nM GFP-5F7. (b) Flow cytometry data showing recruitment of exogenous Alexa 

Fluor® 488-labelled anti-DNP antibody to HER2-positive SK-BR-3 cells, but not HER2 

siRNA treated SK-BR-3 cells, and not to HER2-negative MCF7 and MDA-MB-231 cells. 

Error bars represent standard deviation from three replicate experiments. (c) Determination 

of the half maximal effective concentration (EC50) of nanobody activation 

immunotherapeutic DNP-5F7 necessary to saturate recruitment of Alexa Fluor® 488-

labelled anti-DNP antibodies to HER2-positive SK-BR-3 breast cancer cells (IC50 ~7 nM, 

blue line). LAP-5F7 is not recognized by anti-DNP antibodies (red line).
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Figure 4. 
Antibody-dependent cellular cytotoxicity (ADCC) of high HER2-expressing SK-BR-3 cells 

(blue), but not low HER2-expressing MB-MDA-231 cells (purple), triggered by the 

nanobody activation immunotherapeutic DNP-5F7. The unconjugated nanobody (LAP-5F7) 

is not toxic to SK-BR-3 cells (red). DNP-5F7 in the absence of anti-DNP antibodies (green) 

or PMBCs (orange) also does not trigger ADCC. Error bars represent standard error from 

three independent experiments.
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