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ABSTRACT
The currently marketed antibody-drug conjugates (ADC) destabilize microtubule assembly in cancer cells
and initiate apoptosis in patients. However, few tumor antigens (TA) are expressed at high densities on
cancer lesions, potentially minimizing the therapeutic index of current ADC regimens. The peptide/human
leukocyte antigen (HLA) complex can be specifically targeted by therapeutic antibodies (designated T cell
receptor [TCR]-like antibodies) and adequately distinguish malignant cells, but has not been the focus of
ADC development. We analyzed the killing potential of TCR-like ADCs when cross-linked to the DNA
alkylating compound duocarmycin. Our data comprise proof-of-principle results that TCR-like ADCs
mediate potent tumor cytotoxicity, particularly under common scenarios of low TA/HLA density, and
support their continued development alongside agents that disrupt DNA replication. Additionally, TCR-like
antibody ligand binding appears to play an important role in ADC functionality and should be addressed
during therapy development to avoid binding patterns that negate ADC killing efficacy.

Abbreviations: ADC, antibody drug conjugate; ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, comple-
ment-dependent cytotoxicity; CEA, carcinoembryonic antigen; HLA, human leukocyte antigen; MIF, macrophage
migration inhibitory factor; SAP, saporin; TA, tumor antigen; TCR, T cell receptor
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Introduction

Numerous unmodified antibodies are marketed for the treat-
ment of patients with cancer. This antibody format generally
requires accessory immune components, such as complement
and natural killer cells, to engage the Fc region of a bound anti-
body and destroy tumor cells through complement-dependent
cytotoxicity (CDC) or antibody-dependent cell-mediated cyto-
toxicity (ADCC), respectively.1 Select antibody molecules may
also abrogate downstream signaling cascades that are important
in cell growth by interacting with surface-exposed targets such
as growth factor receptors.2 However, many external factors
govern the clinical success of this targeted approach, including
issues such as solid tumor penetrance and the moderate-to-
high antibody binding needed to effectively elicit anti-tumor
immunologic accessory responses or signaling pathway disrup-
tions.3 Additionally, with respect to CDC and ADCC, distinct
Fc receptor polymorphisms in patients have been shown to dic-
tate the degree of responsiveness to an antibody-based
strategy.4,5

Engineered molecules such as antibody-drug conjugates
(ADC) represent a conceptual improvement over the use of
unmodified antibody molecules. Instead of relying on external
factors to mediate cancer cell destruction, the antibody itself

delivers a cytotoxic payload (i.e., small molecule drug) to tumor
cells following endocytosis.6 Cytotoxic drugs are stably attached
to the antibody molecule via a short linker sequence and are
released during endosome/lysosome fusion pathways, subse-
quently disrupting microtubule polymerization or DNA repli-
cation.7 Several ADCs (brentuximab vedotin, ado-trastuzumab
emtansine) are currently marketed and have met with degrees
of success in treating malignant disease, albeit with a narrow
therapeutic index.8-10 Efforts are now underway to further
improve clinical efficacy by optimizing ADC properties such as
systemic stability, antibody-linker chemistry, off-target cytotox-
icity, and drug potency.11

Tumor antigen (TA) selection (with a preferred internaliza-
tion profile) represents an additional area for therapeutic index
improvement within the ADC field, but the selection is limited
because of the need for sufficient target availability on cancer
lesions to deliver adequate drug payloads.6,11 Of the more than
50 ADCs in clinical development, none binds a given peptide/
human leukocyte antigen (HLA) expressed by tumor cells.8 The
peptide/HLA is a unique targeting moiety since it is expressed
by nucleated cells within the body and can phenotypically distin-
guish normal and malignant cells.12 Indeed, considerable work
within the area of immunotherapy has incorporated vaccines
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and genetic engineering to route effector CD8C T cells to engage
and destroy tumor cells through distinct peptide/HLA profiles.13

Therapeutic antibodies (designated T cell receptor [TCR]-like
antibodies) can also be raised to specifically bind a given pep-
tide/HLA complex, much like a TCR engages the peptide/
HLA.14 Our group and others have successfully developed high
affinity TCR-like antibodies against several tumor targets across
different HLA alleles and reported favorable anti-tumor proper-
ties and protection in preclinical models.15-17 In an extension of
this work, we provide here proof-of-principle that TCR-like anti-
bodies effectively function as small molecule drug carriers, partic-
ularly when delivering payloads to cancer cells that disrupt DNA
replication (via duocarmcyin analogs). The TCR-like ADCs
under study were capable of eliciting destruction of breast and
colorectal cancer lines and diminishing tumor cell growth at
physiologically relevant peptide/HLA surface-bound levels (350–
2,000 copies/cell).18,19 Specific TCR-like antibody and peptide/
HLA interactions also modulated ADC killing potential, indicat-
ing that, regardless of drug conjugate potency, TCR-like antibody
docking to defined regions of the peptide/HLA severely damp-
ened ADC cytotoxicity. Taken together, these findings provide
support for the continued preclinical development of TCR-like
ADCs, with a long-term goal of clinical evaluation in patients
with cancer.

Results

TCR-like antibodies deliver an immunotoxin to cancer cells
but target copy number affects killing efficacy

Our group has reported on the utility of unmodified TCR-like
antibodies to specifically bind peptide/HLA, mediate CDC/
ADCC in vitro, and provide protection against tumorigenic
growth in vivo.20,21 Interestingly, TCR-like antibodies engage
their specific target and become internalized over a short period
of time,16,22 but we have not previously focused on the killing
potential of TCR-like antibodies conjugated to toxins or small
molecule drugs. To initially assess cytotoxicity, the TCR-like
antibodies YLL-Ab and FLS-Ab (Supplementary Table 1) were
indirectly labeled with the ribosomal inhibiting protein saporin
(see Materials and Methods) and incubated alongside breast
(MDA-MB-231 (Fig. 1A)) and colon adenocarcinoma (SW620
(Fig. 1B)) cell lines, which express cognate peptide/HLA-A2
ligands (Fig. S1). Although saporin levels remained constant in
treated wells, increasing concentrations of YLL-Ab and FLS-Ab
enhanced tumor cell death, suggesting a direct correlation with
killing efficacy and internalized TCR-like immunotoxin com-
plexes and payload release. These data also confirmed our ear-
lier findings of TCR-like antibody internalization upon
peptide/HLA binding.16,22 Tumor cell killing was not a result of
unmodified TCR-like antibody binding since no appreciable
cell killing was observed with TCR-like antibody concentra-
tions up to 2 mg/ml in vitro (data not shown).

The MDA-MB-231 and SW620 cell lines were further ana-
lyzed for peptide/HLA copy number expression by flow cytom-
etry (QIFIKIT assay) relative to YLL-Ab and FLS-Ab binding
(Fig. S1). Interestingly, cell killing for a high target cell line
such as MDA-MB-231 appeared linked to endogenous copy
number expression. For example, at a 1 mg/ml TCR-like

antibody/saporin concentration, cell viability was 39.08% and
51.63% for YLL-Ab (80,000 relative antibody bound/cell) and
FLS-Ab (38,000 relative antibody bound/cell), respectively
(Fig. 1A). Such high frequencies of FLS-Ab and YLL-Ab posi-
tive MDA-MB-231 cells were generally expected since the FLS
and YLL peptides represent a significant fraction of surface-
exposed peptide/HLA-A2 complexes in cells when detected by
mass spectrometry.20,24 The antibody BB7.2 was also used to
stain all available HLA-A2 molecules at 475,000 copies per cell,
and BB7.2/saporin (1 mg/ml) binding/internalization achieved
the highest level of cell killing at 23.48%. SW620 cells were
determined to endogenously express low levels of YLL-Ab and
FLS-Ab-specific peptide/HLA molecules. Again, BB7.2 staining
revealed the highest HLA-A2 copy number expression and kill-
ing through saporin conjugation at 45.93% (1 mg/ml) (Fig. 1B).
SW620 destruction was not observed using FLS-Ab (1,000 rela-
tive antibody bound/cell), while minimal YLL-Ab-mediated
killing was attained with target levels at 2,000 (»80% viability),
suggesting a sensitivity threshold for inhibiting ribosomal func-
tion and initiating cell death using TCR-like antibody immuno-
toxins. It is conceivable that the flow-based QIFIKIT method
overestimated total peptide/HLA-A2 complexes (via multimer-
ized anti-mouse FITC labeling) in cases of moderate-to-high
level expressing cells such as MDA-MB-231, given that typical
estimates for surface-exposed HLA-A2 nears 100,000 molcules
per cell for some lines.23 Though, other studies have calculated
HLA-A2 levels as high as 750,000 copies per cell.23 As low tar-
get copy number is a major focus of the current work, we
attempted to confirm relative levels of bound FLS-Ab and YLS-
Ab using the flow-based BD QuantibriteTM assay (BD Bioscien-
ces), which relies upon a distinct phycoerythin (PE)-conjugated
anti-mouse antibody (light chain-specific) and PE-conjugated
reference standard. Overall, both the QIFIKIT and BD
QuantibriteTM methods predicted approximately equal pep-
tide/HLA-A2 values for the SW620 cell line (data not shown).

To further study the role of target copy number and
minimize extraneous cell line variability, MDA-MB-231
cells were peptide-pulsed with 1 and 10 mg/ml of the HLA-
A2 peptide KIF over a 3-hour period. Unpulsed MDA-MB-
231 cells do not exhibit observable reactivity against the
KIF-Ab TCR-like antibody (Fig. 1C). However, as detailed
in Fig. 1C, KIF-Ab bound tumor cells in a concentration-
dependent manner following increasing KIF peptide loading
conditions (range of »21,000 to 40,000 relative antibody
molecules per cell). Saporin was again used as a secondary
immunotoxin strategy to peptide-pulsed MDA-MB-231
cells. As more tumor cell peptide/HLA targets were specifi-
cally bound by KIF-Ab, cell viability decreased, although
EC50 values were similar at 0.130 nM and 0.119 nM for
1 mg/ml KIF and 10 mg/ml KIF peptide-loaded cells, respec-
tively. Under peptide-pulsing conditions of 1 mg/ml KIF,
»21,000 molcules of KIF-Ab bound MDA-MB-231 cells
and reduced viability near 80% through inhibition of pro-
tein synthesis (Fig. 1C). Once KIF-Ab engaged 40,000 mol-
cules per tumor cell, target viability dropped to 63.05%
(Fig. 1C). Overall, these results demonstrate that TCR-like
antibodies can function to directly disrupt tumor cell viabil-
ity with linked immunotoxins, but killing potential is lim-
ited to high surface accessible peptide/HLA.
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TCR-like ADCs represent feasible targeted strategies
against cancer cell growth

To circumvent the seeming requirement for high target expres-
sion, we incorporated a strategy to increase the killing potency

of conjugated TCR-like antibodies by using a duocarmycin
analog that alkylates DNA. In similar experiments outlined in
Fig. 1, the TCR-like antibodies YLL-Ab and FLS-Ab were indi-
rectly labeled with duocarmycin using a secondary anti-mouse
ADC reagent (see Materials and Methods) and co-cultured

Figure 1. Surface-bound peptide/HLA-A2 availability affects TCR-like antibody killing potential against breast and colon cancer lines. MDA-MB-231 (A) and
SW620 (B) cells (5£103) were cultured in the presence of 100 ng Mab-Zap reagent (goat anti-mouse saporin conjugate) alongside 10-fold dilutions of murine
TCR-like (FLS-Ab, YLL-Ab), BB7.2 (anti-HLA-A2 control), or isotype control antibodies. (C) MDA-MB-231 cells were either left unpulsed or loaded with 1 mg/ml
and 10 mg/ml KIF peptide for 3 hours at 37 �C. Unbound peptide was washed away and cells co-cultured with 10-fold dilutions of the TCR-like antibody KIF-
Ab C 100 ng Mab-Zap. Plates were incubated for 3–5 d at 37 �C with 5% CO2, and target cell viability was determined through conversion of an MTS tetrazo-
lium compound to a soluble formazan product. Specific viability of target cells was calculated by dividing background-corrected specific antibody/Mab-Zap val-
ues from isotype control/Mab-Zap absorbance readings at 490 nm. The resulting data was fit to a 4-parameter curve and EC50 values determined for each
antibody treatment. In parallel experiments, relevant peptide/HLA-A2 target numbers were assessed on tumor lines using the QIFIKIT assay (Dako) (outlined in
the Materials and Methods section) and reported as relative antibody bound per cell. Bars, § SD.
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with MDA-MB-231 and SW620 cells for a period up to 5 d in
vitro (Panel I, Fig. 2A/2B). Tumor cell viability was generally
reduced at EC50 and saturating (1 mg/ml) TCR-like ADC doses
(Panel I, Fig. 2A/2B) compared with the killing potential of
TCR-like immunotoxin conjugates (Fig. 1). TCR-like ADC
EC50 values between MDA-MB-231 and SW620 cell lines were
also impressive with concentrations in the sub-nanomolar
range, which is typical of ADCs approved by the US Food and
Drug Administration (FDA) and under clinical development.25

Additionally, sufficient SW620 cell killing was achieved when
targeting low endogenous levels of surface-bound peptide/
HLA-A2 molecules (»1,000–2,000 bound TCR-like antibodies
per cell) as documented in Panel I, Fig. 2B, with cancer cell
cytotoxicity levels exceeding 30% and 65% using conditions
with 1 mg/ml FLS-Ab and YLL-Ab, respectively. The nature of
using secondary ADCs as a proof-of-principle approach did
not appear to drastically bias tumor cell destruction since pri-
mary ADCs using duocarmycin similarly affected the viability

of both MDA-MB-231 and SW620 cells (Panel II, Fig. 2A/2B).
Yet, secondary FLS and YLL ADCs tended to outperform their
primary ADC counterparts when target cell cytotoxicity was
directly compared at equivalent log[nM] concentrations. These
results may highlight the potential limits of our experimental
system that incorporates a secondary ADC approach (which
could multimerize TCR-like antibodies and increase target kill-
ing) or suboptimal primary ADC conjugation scheme (that
produces a TCR-like ADC with heterogeneous duocarmycin
distribution). To overcome such variables and achieve maxi-
mum benefit, we are currently exploring the cytotoxicity of
TCR-like antibodies engineered for site-specific conjugation of
potent drugs.

The findings in Fig. 2A and B were subsequently extended to
determine the minimum surface-bound peptide/HLA-A2 con-
tent required to initiate target cell death in vitro using a TCR-
like ADC. KIF-Ab was linked to duocarmycin and incubated
alongside MDA-MBA-231 cells pulsed with the KIF peptide. As

Figure 2. TCR-like ADCs effectively mediate killing of cancer cells expressing high and low peptide/HLA-A2 targets. As described in Fig. 1, plated MDA-MB-231 (high
endogenous peptide/HLA-A2 target line) (A) and SW620 (low endogenous peptide/HLA-A2 target line) (B) cells were exposed to 10-fold dilutions of TCR-like, BB7.2, or
isotype control antibodies alongside 100 ng of a duocarmycin-conjugated anti-mouse IgG Fc reagent (Panel I). Each tumor cell line was also subjected similarly to co-cul-
ture with FLS-Ab and YLL-Ab directly conjugated to duocarmycin (Panel II) (see Materials and Methods). (C) MDA-MB-231 cells were pulsed with 0.1 mg/ml KIF peptide
(representing 350 peptide/HLA-A2 copies per cell) and incubated with duocarmycin-conjugated isotype or KIF-Ab antibodies. Percent target viability was calculated after
a culture period of 3–5 d and fit to a 4-parameter curve and EC50 values subsequently determined. Bars, § SD.
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indicated in Fig. 2C, »25% of MDA-MB-231 cells harboring as
little as 350 KIF/HLA-A2 molecules could be killed in culture.
In all, select TCR-like ADCs were adept at minimizing tumor
cell growth when targeting physiologic levels of peptide/HLA
complexes (< 1,000 copies per cell) routinely observed in clini-
cal specimens.18,19 These data also provide material support for
the clinical development of TCR-like antibodies conjugated to
potent small molecule drugs such as DNA alkylating agents.

TCR-like antibody target docking affects ADC potential

Although duocarmycin-conjugated TCR-like antibodies facili-
tated effective tumor cell lysis, target copy number appeared to
still affect the overall killing efficacy of TCR-like ADCs, partic-
ularly when specific peptide/HLA-A2 expression was endoge-
nously low (see Fig. 2B and C). However, additional factors
seemed to play a role in the capacity of duocarmycin-conju-
gated TCR-like antibodies to mediate tumor cell clearance. For
example, although »2,000 YLL/HLA-A2 molecules were acces-
sible on the surface of SW620 cells, YLL-Ab-duocarmycin was
capable of achieving cytotoxic levels similar to the pan HLA-
A2 antibody BB7.2, which binds 37,000 HLA-A2 molecules per
cell (Fig. 1B). Likewise, as shown in Fig. 2B, discrepancies were
observed in SW620 cytotoxicity between YLL-Ab-duocarmycin
and FLS-Ab-duocarmycin, even though the pattern of specific
peptide/HLA-A2 expression differed by 2-fold (Fig. 1B). Previ-
ous attempts using TCR-like antibody saporin-conjugates
(Fig. 1A and B) did not achieve such differences in target kill-
ing. We, therefore, sought to evaluate additional TCR-like anti-
body parameters that could potentially influence ADC
function. Our group generated 6 distinct antibody clones (des-
ignated YLSG-Ab1–6) against the carcinoembryonic antigen
(CEA)-specific HLA-A2 peptide YLS (Supplementary Table 1).
To impart TCR-like antibody reactivity, the murine breast can-
cer line 4T1 was first stably transfected with a single chain tri-
mer construct26 encoding the YLS/HLA-A2 molecule, referred
to hereafter as 4T1-CEA (see Materials and Methods).
Although parental 4T1 cells did not exhibit YLSG-Ab1–6 bind-
ing, 4T1-CEA cells endogenously expressed high YLS/HLA-A2
copies per cell and demonstrated similar mean fluorescent
intensity profiles by flow cytometry following YLSG-Ab1–6
staining (data not shown). 4T1-CEA cells were plated in culture
alongside various concentrations of each YLSG-Ab clone
(0.0001–1 mg/ml) and 100 ng of secondary anti-mouse duocar-
mycin reagent. Due to an overexpression of YLS/HLA-A2 com-
plexes on 4T1-CEA cells, each YLSG ADC incited target lysis
(Fig. 3A). However, YLSG-Ab3,5 failed to adequately elicit
4T1-CEA cell killing as ADCs at both 0.1 and 1 ug/ml concen-
trations (in comparison to YLSG-Ab1,2,4) (Fig. 3A) even
though YLSG-Ab3,5 were functional antibodies based on lysis
of 4T1-CEA cells through CDC (Supplementary 2). Addition-
ally, antibody isotype differences could not alone explain ADC
potential variability among the YLSG-Ab clones (YLSG-
Ab1,2,4,6 D IgG1; YLSG-Ab3,5 D IgG2b) since BB7.2 is an
IgG2b antibody and effectively cleared 4T1-CEA cells in cul-
ture. We, therefore, determined YLSG-Ab binding affinity to
YLS/HLA-A2 via surface plasmon resonance (SPR), but no
obvious pattern emerged to explain the killing dynamics of
YLSG-Ab3,5 (particularly in reference to YLSG-Ab1,2) as

outlined in Table 1. Interestingly, despite levels of > 90%
purity, the ADC profile of YLSG-Ab4,6 TCR-like antibodies
may be partly described by a combination of reduced antibody
Ka and T1/2 properties, respectively, since 4T1-CEA cytotoxic-
ity was directly proportional to antibody concentration.

A panel of alanine substituted YLS peptides were next gener-
ated at specific residues (1 and 3–8) (see Fig. 3B inset) to ana-
lyze whether certain amino acids determined YLSG-Ab TCR-
like antibody target binding. Briefly, T2-A2 cells were pulsed
with native and altered CEA peptides, incubated with YLSG-
Ab clones, and assessed for positive events by flow cytometry
using a fluorophore-conjugated secondary antibody. Positions
2 and 9 of the CEA native peptide were left unaltered as they
represent anchor residues for stably binding the HLA-A2 mole-
cule.27 As demonstrated in Fig. 3B, alanine substitutions at
positions 3 and 8 did not result in observable reductions in
YLSG-Ab and CEA peptide/HLA-A2 binding and, therefore,
do not likely influence ADC cytotoxicity. YLSG-Ab1,2,3 target
specificity was partially reduced when modifying position 1,
while YLSG-Ab6 binding was affected to a degree by alanine
substitutions at positions 6 and 7. Interestingly, YLSG-Ab3,4,5
experienced substantial reductions in peptide/HLA-A2 binding
following T2-A2 altered CEA peptide loading. Positions 1 and
4 were critical to YLSG-Ab4 binding, while position 6 appeared
required for YLSG-Ab3,5 staining. Since YLSG-Ab4 adequately
performed as a TCR-like ADC (Fig. 3A), native residues at
positions 1 and 4 do not likely negatively affect ADC potential.
However, the reduced ability of YLSG-Ab3,5 to mediate tumor
cell killing as an ADC (Fig. 3A) may be explained by a strict
requirement for binding aspartic acid at position 6 of the CEA
native peptide (Fig. 3B). Altogether, specific TCR-like anti-
body/target docking properties appear to correlate with ADC
cytotoxicity in our YLSG-Ab-CEA/HLA-A2 model system.

Discussion

During the late 1950s, ADC anti-cancer benefit was first docu-
mented in preclinical models using antibodies cross-linked to
agents such as methotrexate (anti-metabolite), mitomycin
(DNA cross-linker), and vinblastine (anti-microtubule assem-
bly).7 However, early ADC formats had several technical hur-
dles including antibody immunogenicity and reduced drug
potency and drug linker stability. Gradual improvements in
these basic design components led to the FDA approval of gem-
tuzumab ozogamicin (Mylotarg�) in 2000, with approvals of
brentuximab vedotin (Adcetris�) and ado-trastuzumab emtan-
sine (Kadcyla�) following in 2011 and 2013, respectively.6 Con-
siderable efforts are now underway to further enhance the
therapeutic index of ADCs by improving half-life and drug-
linker stability in humans, as well as improving batch-to-batch
homogeneity since current linker schemes rely on accessible
antibody lysine or cysteine residues, causing heterogeneous
preparations with poorly-defined properties.7,11 Yet, it should
also be noted that current preclinical in vivo assessments do
not accurately predict clinical issues such as dose-limiting tox-
icities, off-target effects, and efficacy (particularly in unison
with an endogenous immune response), underscoring the
notion that improvements within the ADC field will be inexo-
rably linked to the reliability of our animal models.8
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In addition to the above constraints, ADC strategies are
greatly influenced by the tumor microenvironment. Character-
istics such as cancer cell target expression, ADC penetrance/
payload delivery, and drug resistance all contribute to an

ADC’s therapeutic index against tumorigenic growth and
spread. Most ADCs under preclinical/clinical development use
payloads that affect microtubule assembly (i.e., auristatin or
maytansinoid classes).28 Additionally, cancer cell sensitivity
clearly associates with ADC/target occupancy when correcting
for variables such as inter-cell line comparisons. In one experi-
mental system, increasing target levels in a melanoma parental
line enhanced monomethylauristatin E (MMAE)-based ADC
killing 100-fold.29 It is generally assumed, however, that a mini-
mum target threshold must exist to achieve sufficient tumor cell
killing with tubulin-specific ADCs.30,31 For example, Wang and
colleagues designed a prostate-specific membrane antigen
(PSMA) antibody conjugated to MMAE (designated PSMA-
ADC) that is under clinical trial evaluation in individuals with
castration-resistant, metastatic prostate cancer.31 In a series of
in vitro assays, killing potency was assessed against a panel of
human prostate cell lines, and the PSMA-ADC was highly
effective against cells expressing more than 100,000 PSMA
molecules with lower levels of ADC-specific killing against
prostate lines bearing »10,000 copies per cell.

Table 1. Specific affinity determination of YLSG-Ab clones to YLS/HLA-A2.

TCR-like antibody Ka (M¡1S¡1) Kd (M
¡1S¡1) KD (nM) T1/2 (sec)

YLSG-Ab1 1.11£104 1.00£10¡7 34 1856
YLSG-Ab2 1.20£104 6.28£10¡4 52 1103
YLSG-Ab3 2.67£103 8.04£10¡4 301 862
YLSG-Ab4 4.96£103 2.80£10¡4 58 2475
YLSG-Ab5 1.11£104 1.48£10¡3 134 2392
YLSG-Ab6 2.96£104 1.00£10¡7 188 125

COOH chips specific to the SensiQ plasmon resonance system were first activated
with EDC/NHS and subsequently immobilized with protein A/G. Chips were then
exposed to individual YLSG-Ab clones, washed with Hank’s Balanced Saline-Tris
EDTA, and subjected to various concentrations of YLS/HLA-A2 folded monomers.
Phosphoric acid (10 mM) was used to regenerate chips between YLS/HLA-A2 injec-
tion steps. Antibody:peptide/HLA-A2 binding kinetics were plotted and affinity
determined using Qdat software. Ka: association rate; Kd: dissociation rate; KD:
dissociation rate constant; T1/2: analyte half-life dissociation.

Figure 3. TCR-like antibody/target docking influences ADC potency. (A) 4T1-CEA cells endogenously express high copy numbers of the CEA-specific YLS/HLA-A2 molecule,
which is specifically reactive to 6 distinct TCR-like antibody clones (designated YLSG-Ab1–6). Five thousand 4T1-CEA cells were incubated for 3 d with various concentra-
tions of YLSG-Ab1–6 antibodies C 100 ng of a duocarmycin-conjugated anti-mouse IgG Fc reagent. Isotype-corrected viability was then determined using an MTS assay
as described in Fig. 1. (B) T2-A2 cells were pulsed for 3 hrs with an HLA-A2 CEA-specific peptide library consisting of native and alanine-substituted peptides at indicated
positions. Cells were washed and stained with PE-labeled YLSG-Ab and subsequently analyzed for positivity by flow cytometry. The degree of YLSG-Ab binding to altered
HLA-A2 peptides was compared with signals achieved with T2-A2 cells bearing the control native YLS peptide as demonstrated by representative flow histograms and
summarized in table format. (C): No observable effect on YLSG-Ab clone binding; (C/¡): Partial loss of YLSG-Ab clone binding (i.e., � 50% relative to native peptide sig-
nal); (¡): Substantial loss of YLSG-Ab clone binding (i.e., � 50% relative to native peptide signal). Bars, § SD.
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The human epidermal growth factor receptor (HER)2/neu
has also served as an excellent target for ADCs disrupting
microtubule networks within breast cancer cells due in part to
its level of distribution. HER2/neu commonly exceeds
1,000,000 copies per cell on metastatic breast lesions, and ADC
binding initiates internalization and drug delivery to mediate
cancer protection in preclinical models.25,32 These results have
extended to the clinic, with the FDA-approved ado-trastuzu-
mab emtansine therapy significantly prolonging median pro-
gression-free and overall survival rates in breast cancer patients
previously treated with first-line trastuzumab.9 Most surface-
exposed TAs, however, are retained at levels several fold lower
than model targets such as HER2/neu,33 possibly limiting the
anti-tumor functions of ADCs counteracting microtubule poly-
merization. This presumed higher level requirement for target
expression would also constrain the application of ADCs under
clinical settings.

A potential alternative strategy against “low-to-moderate”
TA expressing cells (i.e., < 10,000 copies/cell) uses drug conju-
gates that intercalate DNA and initiate cell-cycle arrest and
apoptosis in dividing and non-dividing cells.7 Of this class, the
highly potent duocarmycin analogs act by binding the minor
groove of DNA and alkylating adenine residues. ADC variants
linking the duocarmycins have shown excellent anti-tumor
profiles in preclinical models of breast cancer,34,35 and a lead
anti-HER2/neu duocarmycin-conjugated antibody (SYD985)
recently entered clinical development for patients with HER2/
neu-expressing tumors (ClinicalTrials.gov Identifier:
NCT02277717). Interestingly, SYD985 was explored under pre-
clinical settings using various HER2-expressing breast cancer
lines.25 In a direct comparison to ado-trastuzumab emtansine
(a maytansinoid ADC), SYD985 sensitization provided
enhanced tumor protection against HER2/neu patient-derived
xenografts graded 1–3C by immunohistochemistry (generally
50,000–800,000 copies per cell). Ado-trastuzumab emtansine
only achieved significant benefit in vivo against high-expressing
HER2/neu 3C tumors.

Once a drug’s potency becomes less reliant on target expres-
sion and cell proliferative index (as noted with the duocarmy-
cins), novel targets for ADC development can be identified and
explored.28,36 Nucleated cells within the host process and pres-
ent diverse peptides via the HLA class I molecule. In a series of
distinct steps, intracellular proteins are first degraded via the
proteasome in the cell cytosol, peptide fragments loaded into
the HLA class I complex within the ER lumen, and the fully
assembled molecule transported to the outer membrane.12

Under normal settings, surface-expressed peptide/HLA serves
as a warning beacon to circulating immune cells such as CD8C
T and NK cells, which maintain the general health of the host.
Yet, in diseased conditions such as cancer, tumor sub-types can
present distinguishing TA peptide/HLA complexes to poten-
tially “protective” cytotoxic T cells following vaccination or
passively administered strategies.13 Antibodies (termed TCR-
like antibodies) can also be developed against a given TA pep-
tide/HLA complex, bind with high affinity, and elicit down-
stream immunologic reactions such as CDC and ADCC, which
in turn mediate effective anti-tumor immune responses.17,20

There is currently considerable focus in adapting TCR-like
antibodies as Fc and bispecific engineered therapies for patients

with cancer.37 However, less attention has been devoted to
developing TCR-like ADCs, due in part to concerns for achiev-
ing suitable cytotoxicity with low target density27,37 Yoram
Reiter’s group first reported on the efficacy of incorporating
TCR-like antibodies to specifically bind and deliver toxins to
tumor cells.15,38,39 In a series of studies, anti-tumor activity was
observed using a construct that consisted of a TCR-like single-
chain variable fragment fused to the Pseudomonas exotoxin A,
although tumor peptide/HLA expression level and TCR-like
antibody killing potential were not directly compared. Our
efforts linking the ribosomal inhibitor saporin to several TA-
specific TCR-like antibodies largely confirmed these previous
experiments. The TCR-like immunotoxin approach, however,
was generally ineffective against tumor cell lines expressing <

10,000 peptide/HLA copies per cell, limiting their scope of use
to tumor lesions with high TA peptide/HLA content. Based on
the degree of endogenous peptide/HLA expression18,19 and
results from the current report, TA peptide/HLA molecules
appear suited for ADC strategies, particularly when incorporat-
ing DNA alkylating agents. Our duocarmycin-conjugated
TCR-like antibodies were capable of diminishing breast and
colorectal tumor cell growth at physiologically relevant pep-
tide/HLA levels between 350–2,000 copies per cell.

Our experimental results also suggest that TCR-like anti-
body target docking plays a role in ADC function. A series of
distinct TCR-like antibodies were developed against folded
HLA-A2 harboring the CEA-specific YLS peptide (Fig. 3).
Although all TCR-like antibody clones bound the target cancer
cell line 4T1-CEA at high density, YLSG-Ab3,5 performed less
ideally as ADCs. A number of TCR-like antibody parameters
(e.g., isotype, target affinity) (Fig. S2 and Table 1) revealed no
obvious insight, but a potential pattern emerged from efforts to
understand YLSG-Ab engagement of the peptide/HLA. Alanine
substitutions at positions 1, 4, and 7 within the CEA peptide
sequence affected the YLSG-Ab binding profiles but failed to
overwhelmingly disrupt ADC activity relative to other YLSG-
Ab clones (Fig. 3). However, interactions between YLSG-Ab3,5
and YLS/HLA-A2 were abrogated upon altering residue 6 of
the CEA peptide, suggesting this particular docking behavior
negatively influenced YLSG-Ab ADC killing. To date, several
reports have analyzed the structural binding properties between
TCR-like antibodies and cognate peptide/MHC ligands,
although these studies only assessed similarities/differences to
T cell receptor-MHC engagement.40-43 Our data introduce a
previously unpublished aspect of TCR-like antibody binding,
but the mechanism behind how TCR-like antibody docking
influences ADC function is currently unknown and a focus of
study in our laboratory. Certainly, it has been previously recog-
nized that ADC candidacy depends to a large degree on anti-
body internalization kinetics (following surface protein
interaction)44 since internalization rates vary even among anti-
body clones generated against the same
target.45 However, the peptide/HLA is unique to other surface-
derived receptors since the folded complex retains a short
cytoplasmic domain that lacks known amino acid sorting
sequences, and, therefore, constitutively internalizes several
times every hour via clathrin-/adaptor-protein-independent
mechanisms.46,47 Endocytic vesicles containing peptide/HLA
molecules subsequently fuse with early endosomes, whereupon,
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the peptide/HLA is recycled back to the membrane or routed
for complete degradation through late endosomes/lysosomes.48

It is not entirely clear how the cell determines the fate of inter-
nalized peptide/HLA material, but recent evidence suggests the
existence of sorting mechanisms during endosomal transit. In
one example, peptide-null MHC-I molecules have reduced sur-
face half-lives (compared with peptide-loaded MHC-I) and are
excluded from early endosomal recycling pathways.47

We have previously documented the internalization of KIF-
Ab and YLL-Ab in MDA-MB-231 cells using confocal micros-
copy.16,22 All other TCR-like antibodies under study here also
internalize following peptide/HLA binding based on subse-
quent cancer cell killing, presumably due to cathepsin B-spe-
cific release of pro-drug duocarmycin conjugates within
lysosomes, which spontaneously rearrange to an active form
and travel to the nucleus to mediate irreversible DNA dam-
age.34,49,50 Even in the case of YLSG-Ab3,5 ADCs, some degree
of target cytotoxicity (»25%) was observed following co-cul-
ture with 4T1-CEA cells (Fig. 3). Yet, it remains possible that
YLSG-Ab3,5 engagement of CEA peptide/HLA-A2 somehow
reduces HLA-A2 internalization altogether or precludes
nuclear accumulation of duocarmycin by directing internalized
material through recycling endosomes.51

The notion that TCR-like antibody target docking can
modulate intracellular trafficking patterns of surface-derived
HLA is supported by a previous finding from Owen and
colleagues.52 The investigators developed a unique anti-
HER2 antibody (designated 73JIgG) that bound an extracel-
lular domain of HER2/neu distinct from trastuzumab
despite retaining comparable binding specificity/affinity pro-
files. Although trastuzumab remained associated with HER2
upon internalization and plasma membrane recycling,
73JIgG had an increased propensity to disassociate from the
receptor internally and localize within lysosomes in an
unbound form. Relatedly, earlier published work has impli-
cated that trastuzumab does not observably influence HER2
cell distribution dynamics, being instead passively bound to
recycled material.53 The HER2 molecule itself appears
inclined to heterodimerize with other epidermal growth fac-
tor receptors (EGFRs), regardless of trastuzumab bind-
ing,54,55 enhance growth factor stimulation, and stabilize
cell-surface activated EGFRs by promoting recycling or
reducing internalization.56,57 HER2 signaling dynamics may
also play a decisive role in the potential of anti-HER2
ADCs (such as ado-trastuzumab emtansine or SYD985) to
mediate cytotoxicity against tumor cells, particularly in sit-
uations where HER2 densities are far below 10,000 copies
per cell. We, therefore, performed a pilot comparison of the
ability of TCR-like antibodies and the murine anti-HER2
antibody 4D5 (parent molecule of trastuzumab58) to func-
tion as ADCs against HER2C SW620 cells (Fig. S1,59-61),
with the hope of gauging ADC efficacy against 2 molcules
(i.e., peptide/HLA and HER2/neu) with distinct internaliza-
tion properties. Fig. S3 indicates observable killing of
SW620 cells when FLS-Ab, YLL-Ab, and BB7.2 were linked
to duocarmycin, as initially documented in Fig. 2B. How-
ever, the 4D5-Ab failed to disrupt SW620 viability when
used as an ADC despite yielding identical SW620 binding
parameters as FLS-Ab (Fig. S1). In replicate experiments, we

were also unable to detect cytotoxicity against low HER2C
MDA-MB-231 cells (Fig. S1,60,61) following co-culture with
duocarmycin-conjugated 4D5-Ab (data not shown).

Overall, the larger implications of our work provide compel-
ling evidence that select TCR-like antibodies adequately target
and destroy malignant cells (irrespective of peptide/HLA den-
sity) using existing ADC strategies approved by the FDA and
undergoing clinical development.6,28 Additionally, TCR-like
antibodies are not created equal to perform as ADCs, and
TCR-like antibody/ligand binding may override potent drug
conjugates such as the duocarmycins. It, therefore, seems rea-
sonable to incorporate target docking characteristics in preclin-
ical screening methods designed to identify ADC-compatible
TCR-like antibodies for patients with cancer.

Materials and methods

Cell culture

The murine breast 4T1 and human tumor lines MDA-MB-231
(mammary adenocarcinoma; HLA-A2C, HER2C60,61) and
SW620 (colorectal adenocarcinoma; HLA-A2C, HER2C59-61)
were purchased from ATCC (Manassas, Virginia). All cells
were Mycoplasma free and maintained in complete RPMI-1640
media containing 10% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and
10 mM L-glutamine (all from Thermo Fisher Scientific, Wal-
tham, MA) at 37 �C with 5% CO2. 4T1 cells were stably trans-
fected with a vector encoding a single chain HLA-A2/H-2Db
trimer presenting CEA HLA-A2 altered peptide YLSGADLNL
(YLS) (designated 4T1-CEA) (kind gift of Dr. Ted Hansen,
Washington University).26 The murine 4D5 hybridoma (CRL-
10463) was also purchased from ATCC and expanded in
serum-free media (Thermo Fisher Scientific) for the purpose of
purifying the HER2-specific 4D5 antibody, which is the parent
molecule of trastuzumab.58

Peptides

The following HLA-A2 peptides were synthesized to >95%
purity by 9-fluorenylmethoxycarbonyl (Fmoc) chemistry (Gen-
script, Piscataway, NJ) and used for peptide-pulsing experi-
ments in vitro: KIFGSLAFL (KIF), YLS, ALSGADLNL,
YLAGADLNL, YLSAADLNL, YLSGAALNL, YLSGADANL,
YLSGADLAL.

TCR-like antibodies

The murine TCR-like antibodies FLS-Ab, KIF-Ab, and YLL-Ab
were developed after extensive screening for reactivity against
specific peptide/HLA-A2 molecules (summarized in Supple-
mentary Table 1).16,20,21 Briefly, 6–8 week-old female BALB/c
mice were subcutaneously immunized with specific peptide/
HLA-A2 tetramers admixed with Quil-A adjuvant (Sigma-
Aldrich, St. Louis, MO), splenocytes fused with a myeloma cell
line, and stable hybridoma lines isolated for TCR-like antibody
production and specificity. KIF-Ab was raised against a HER2/
neu-specific HLA-A2 peptide (i.e., KIF) while YLL-Ab was
developed against the HLA-A2-derived YLLPAIVHI (YLL)
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peptide from the RNA helicase p68. Murine FLS-Ab binds to a
macrophage migration inhibitory factor (MIF)-specific HLA-
A2 peptide (FLSELTQQL) (FLSL). Both the FLSL and YLL pep-
tides occupy a significant fraction of HLA-A2 molecules on
tumor cells.20,24 Additionally, a series of distinct murine clones
(designated YLSG [clones 1–6]) were isolated and expanded
following peptide/HLA-A2 immunizations against the CEA
altered peptide YLS. YLSG-Abs were than purified by protein
G affinity chromatography (GE Healthcare, Pittsburgh, PA)
and the purity subsequently was determined by HPLC to be
greater than 80%. An antibody isotyping kit (Thermo Fisher
Scientific) confirmed YLSG-Ab1,2,4,6 are IgG1 antibodies,
while YLSG-Ab3,5 are IgG2b antibodies.

Flow cytometry

Tumor cells (1 £ 104) were resuspended in 100 ml fluorescence
activated cell sorting (FACS) buffer (0.5% bovine serum albu-
min/0.1% sodium azide in phosphate-buffered saline) contain-
ing 2 mg/ml of a primary mouse antibody and incubated for
20 min at 4 �C. Cells were washed once and reconstituted in
FACS buffer containing 1:200 of a goat anti-mouse PE-conju-
gated secondary antibody (Jackson ImmunoResearch [Catalog
#115–115–164; Lot #120789], West Grove, PA). Again, cells
were incubated in the dark at 4 �C, washed, resuspended in
300 ml FACS buffer, and fluorescence analyzed using a BD
LSRFortessaTM. All acquired data was analyzed using FlowJo
software (FlowJo, LLC, Ashland, OR).

Peptide/HLA-A2 copy number determination

To assess surface-expressed peptide/HLA-A2 on tumor cell
lines, the QIFIKIT assay (Dako, Carpinteria, CA) was used
according to the manufacturer’s guidelines.62 Endogenous pep-
tide/HLA-A2 expression was first determined by harvesting
tumor cells and staining with various TCR-like antibodies
(1 mg/ml), followed by a QIFIKIT kit-provided anti-mouse
FITC antibody (HCL) reagent. MDA-MB-231 cells were also
pulsed with various concentrations of KIF HLA-A2C peptide
over the course of 3 hours, washed, stained with the KIF-Ab
TCR-like antibody, and indirectly detected with the anti-mouse
FITC antibody. The BB7.2 antibody (purified from the BB7.2
hybridoma [ATCC, CRL-HB-82]) was incorporated in all
assays to assess overall HLA-A2 copy number. Mean fluores-
cence intensities were analyzed by flow cytometry and interpo-
lated to a standard curve calculated using FITC signals from
distinct bead populations containing known amounts of conju-
gated mouse antibodies.

Secondary and direct toxin/drug TCR-like antibody
conjugation

The toxin saporin disrupts protein synthesis by inhibiting ribo-
somal activity. TCR-like antibodies were indirectly bound using
the Mab-Zap reagent (Advanced Targeting Systems, San Diego,
CA), which is a goat anti-mouse saporin conjugate.63 The DNA
alkylating drug duocarmycin was also incorporated to indi-
rectly bind TCR-like antibodies using a secondary ADC reac-
tive against the murine Fc antibody region (aMFc-CL-DMDM;

Moradec, San Diego, CA). For select killing assays, FLS-Ab was
directly conjugated to saporin (Sigma-Aldrich) through
exposed amine groups using an SPDP linker as outlined by the
vendor (Thermo Fisher Scientific). Duocarmycin SA (Levena
Biopharma, San Diego, CA) was also directly conjugated to
FLS-Ab, KIF-Ab, AND YLL-Ab via an amine reactive linker
using the Safe & Easy ToxinTM(SET) kit and purified according
to the manufacturer’s protocol. Both duocarmycin conjugation
schemes comprised a cathepsin B-reactive valine-citruline-PAB
linker (Osu-PEG4-vc-PAB).11

TCR-like antibody killing assay

Tumor cells (5£103) were plated in flat-bottom 96-well plates,
then Mab-Zap (100 ng) or aMFc-CL-DMDM (100 ng) was
added. Various dilutions of isotype control, BB7.2, TCR-like,
and 4D5 antibodies were subsequently added to a final volume
of 120 ml and plates were incubated for 3–5 d at 37 �C with 5%
CO2. In the case of directly-conjugated TCR-like antibodies,
reagents were added to tumor cells in culture without second-
ary conjugated materials. Tumor cell viability was determined
by adding 20 ml MTS reagent (CellTiter 96� AQueous One
Solution Cell Proliferation Assay; Promega, Madison, WI) and
incubating plates for an additional 30 min to 4 hrs at 37 �C.
Absorbance values were recorded at 490 nm and background
values subtracted from all treated wells. Specific percent viabil-
ity was determined by dividing TCR-like antibody treatment
optical density readings from isotype control exposed wells.
Data was fit to 4-parameter curves and half maximal effective
concentration (EC50) values determined using the GraphPad
Prism program (GraphPad Software, Inc., La Jolla, CA). Tumor
cell viability was > 95% when TCR-like antibodies were incu-
bated alongside cells in the absence of toxin/drug conjugates
(data not shown).

Complement-dependent cytotoxicity assay

4T1-CEA cells (1£105) were incubated in 96-well round-bot-
tom plates with 4 mg/ml YLSG-Ab and Low-Tox-H rabbit
complement (Cedarlane, Burlington, NC) in complete media
containing 5% heat-inactivated FBS for 4 hrs at 37 �C with 5%
CO2. Specific tumor cell killing was determined by assessing
supernatant-derived lactate dehydrogenase (LDH) through
absorbance (CytoTox 96� Non-Radioactive Cytotoxicity Assay,
Promega) using the following calculation: Specific cytotoxicity
(%) D (([YLSG-Ab and complement] – [Isotype antibody and
complement]) � (4T1-CEA maximum lysis – 4T1-CEA spon-
taneous release)) X 100. Spontaneous LDH release from 4T1-
CEA cells C rabbit complement (in the absence of antibody)
did not exceed 20% of maximum 4T1-CEA lysis, determined
following one freeze/thaw cycle.

Surface plasmon resonance

Antibody-peptide/HLA-A2 binding interactions were analyzed
through SPR using the SensiQ microfluidics system (SensiQ
Technologies, Oklahoma City, OK). Carboxylic acid-treated
chips were reacted with EDC/NHS followed by injection of pro-
tein A/G (10 mg/ml in acetate buffer [pH 4.5]) (all from
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Thermo Fisher Scientific). Chips were then exposed to 1 M eth-
anolamine (pH 8.0) to remove unbound or weakly reacted
material and block residual reactive NHS esters. YLSG-Ab
(25 nM) were then prepared in HEPES-Tris-EDTA buffer and
injected over chips followed by exposure to various concentra-
tions of purified YLS/HLA-A2 folded monomers.16 Chips were
regenerated between runs using 10 mM phosphoric acid fol-
lowed by injection of HEPES-Tris-EDTA. Binding kinetics and
affinity between YLS/HLA-A2 and each YLSG-Ab clone were
determined using the SensiQ-provided Qdat software package.
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