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Figure 5. ImmunoBLI of the tumor-associated Her2 antigen using an scFv-QLuc fusion protein. (a)
Domain arrangement of the anti-Her2 scFv-QLuc fusion construct. An scFv derived from trastuzumab
(Herceptin) was genetically fused to the N-terminus of QLuc, and the fusion construct was expressed and
purified from E. coli. The illustration was created based on PDB entries 1IN8Z and 7MJB. (b) Workflow
to test the enrichment of the anti-Her2 scFv-QLuc fusion protein at the surface of cultured Her2(+) MDA-
MB-453 cells using a BL immunoassay. The plate reader readings of the BL intensities are presented as
mean + s.e.m. of three technical replicates. P values were determined by unpaired t-test (****P<0.0001).
(c) Workflow to use the fusion protein for in vivo InmunoBLI. The Akaluc-Akalumine luciferase-luciferin
pair, biochemically orthogonal to QLuc-QTZ, was used as a stable intracellular label of Her2(+) and
Her2(-) cells. (d) Representative pseudocolored BL images of mice for QLuc-QTZ signals (top) and Aka-
luc-Akalumine signals (bottom), showing the biodistribution of the anti-Her2 scFv-QLuc fusion protein
in relation to the Akaluc-labeled tumors. (e) Quantitative analysis of QLuc signals over the regions of the
Her2(+) and Her2(-) tumors, showing the specific accumulation of the scFv-QLuc fusion protein in
Her2(+) tumors. Values are normalized to Akaluc intensities (top) or tumor sizes measured with a caliber
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(bottom) and expressed as mean + s.e.m. of three biological replicates. P values were determined by

unpaired t-test (*P< 0.05).

QLuc as a nonradiative tracer for antibody-based molecular imaging in vivo

The activity of QLuc is independent of ATP, and thus, it remains functional in the extracellular space
where ATP concentrations are low.’ Because of its bright and red-shifted emission and excellent photon
penetration in mammalian tissue, we envisaged that QLuc could be used to tag antibodies or antibody
fragments for imaging specific cell-surface markers in vivo. To test this hypothesis, we genetically fused
QLuc to an anti-Her2 scFv derived from the trastuzumab (Herceptin) antibody (Figure 5a, Table S3 &
Table S4). The variable domains of trastuzumab (Herceptin) light and heavy chains (Vi and Vu) were
linked with four copies of a GGGGS linker, and the C-terminus of the Vi was fused to the N-terminus of
QLuc through a previously reported protease-resistant floppy linker.>? A Hiss tag was further appended to
the C-terminus of QLuc for affinity purification. We expressed and purified the fusion protein from E.
coli. A SHuftle T7 bacterial strain, engineered from the E. coli B strain with glutaredoxin and thioredoxin
reductase knockout and disulfide bond isomerase overexpression, was used for protein expression, since
we expected it to promote the formation of the disulfide bonds in the scFv. Indeed, the fusion protein was
soluble in the cytoplasm, and we gained ~ 30 mg of the protein from a liter of liquid culture without
optimizing the expression and purification conditions.

To prove that the prepared scFv-QLuc fusion protein is functional, we incubated the proteins with equal
numbers of Her2(+) MDA-MB-453 cells and Her2(-) HeLa cells. After washing, emission intensities were
quantified with a plate reader after supplementing the QTZ substrate (Figure Sb). The signal from MDA -
MB-453 cells was ~ 3.3-fold higher than HeLa cells. Thus, the bioluminescence immunoassay suggests
that the scFv-QLuc fusion protein was explicitly enriched at the surface of the Her2(+) cells.

We next used the scFv-QLuc fusion protein to image Her2(+) tumors in a xenograft mouse model. To
facilitate the tracking of implanted cancer cells, we first modified MDA-MB-453 and HeLa cell lines to
stably express an Akaluc luciferase. Akaluc was recently engineered from FLuc, with peak emission
around 650 nm in the presence of a synthetic Akalumine luciferin.®* Akaluc was reported for superior in
vivo sensitivity. Because it is an ATP-dependent luciferase, we expressed Akaluc in the cytosol of the
cancer cells. Three weeks after tumor inoculation in the left and right shoulders in NU/J nude mice with
the Akaluc-labeled cells, we performed BLI (Figure 5¢). We injected 1 mg of the scFv-QLuc fusion pro-
tein into each mouse via the tail vein. Next, we waited for 6 h to allow protein circulation, enrichment,
and partial clearance, before performing BLI with anesthetized mice right after an intravenous (i.v.) ad-
ministration of QTZ. On the next day, when luminescence signals from QLuc and QTZ were entirely
dissipated, we intraperitoneally (i.p.) administered Akalumine to mice and acquired another set of images
for signals from Akaluc. The first set of images gave information on the biodistribution of the scFv-QLuc
fusion protein, whereas the second set of images highlighted the locations of tumors. To our delight, we
observed strong QLuc emission from where MDA-MB-453 cells were inoculated (Figure 5d). Compared
to the intensity of residual QLuc in normal tissues, a signal-to-background ratio (S/B) of >4 was obtained.
We also observed strong QLuc emission from the low abdomen around the kidney and bladder regions,
corroborating previous immunoPET studies showing the excretion of scFvs via the kidney into the
urine**3% and our work showing the high activity of NLuc-derived luciferases in blood and urine.® There
was a low level of scFv-QLuc enrichment at the location where HeLa cells were inoculated. This nonspe-
cific enrichment is known as the enhanced permeability and retention (EPR) effect of tumors.*® We further
quantitatively compared the ability of the two types of tumors for enriching the scFv-QLuc fusion protein.
Because the MDA-MB-453 and HeLa tumors showed notably different volumes, we normalized the QLuc
signals from the tumors with either the Akaluc BL intensities or tumor sizes measured with a caliber
(Figure 5e). The Her2(+) MDA-MB-453 tumors were over 3-fold more effective in enriching the scFv-
QLuc fusion protein. Collectively, the experiments demonstrate an “immunoBLI” approach, which uses
QLuc as a nonradiative tracer for antibody-based molecular imaging of tumor-associated antigens in a
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mouse model. Furthermore, the results presented here support the feasibility of using QLuc and Akaluc

for orthogonal two-population BLI in vivo.

DISCUSSION AND CONCLUSIONS

In this work, we designed and chemically synthesized QTZ, a CTZ analog with the 4-quinolinyl sub-
stitution at the C8 position of the imidazopyrazinone core. We further engineered a QLuc luciferase from
LumiLuc to pair with QTZ. The resultant QLuc-QTZ luciferase-luciferin pair showed a peak emission at
~585 nm, and more than half of its total emission was above 600 nm. The intrinsic brightness of QLuc-
QTZ was about a quarter of NLuc-FRZ but still over 70-fold higher than FLuc-D-luciferin. Because of its
red-shifted emission profile and reasonably high brightness, QLuc-QTZ significantly improved tissue
penetration in a mouse model with luciferases expressed in the liver. More impressively, the BL of QLuc
sustained much longer than other tested marine luciferases, making QLuc an exceptionally promising
reporter for in vivo BLI in small mammals. We expect further studies to continue improving this lucifer-
ase-luciferin pair (e.g., increase substrate solubility and redder and brighter emission)

Animal models are indispensable for understanding new mechanisms in physiological and pathological
processes, as well as testing new therapies for diseases. Antibody-based molecular imaging in mammalian
model organisms urgently needs the development of inexpensive and convenient nonradiative tracers.
Luciferases, which may be used to label antibodies or antibody fragments, have the potential to fill the
niche. However, ATP-dependent insect luciferases only work under conditions with plenty of ATP (e.g.,
intracellular space). On the other hand, marine luciferases are enzymatically active in the extracellular
space, but conventional marine luciferases, such as RLuc, have blue emission, low brightness, and limited
serum stability, so the luciferase-antibody fusion proteins do not give reliable sensitivity in vivo.>” The
photon production rate of the recently developed NLuc-FRZ luciferase-luciferin pair is much improved
from RLuc-CTZ. Also, NLuc and its mutant luciferases are small and stable, and they retain high activity
in complex biological media, such as serum and urine. Leveraging the favorable features of QLuc inher-
ited from NLuc and the drastically red-shifted emission of QLuc, we used QLuc as a nonradiative tracer
for labeling antibody fragments and visualizing tumor-associated antigens in a xenograft mouse model.
This immunoBLI method is attractively positioned between immunofluorescence imaging and im-
munoPET. It is a convenient and inexpensive molecular imaging tool for animal models in basic and
preclinical research.

This study used an scFv for target recognition because the fast penetration of the scFv to tumors and
its fast clearance from circulation is an advantage for imaging applications.’® We developed a scalable
and straightforward method to express the scFv-QLuc fusion protein in the E. coli cytosol with a high
yield. Periplasmic expression or more complex expression hosts are not needed. We thus believe other
researchers can broadly adapt our approach.

NLuc has been successfully used to label full-length antibodies for in vitro BL assays.* Therefore, it
may be possible to follow a similar procedure to generate QLuc-labeled full-length antibodies. Since full-
length antibodies have prolonged pharmacokinetics,*® such fusion proteins will be less suited as in vivo
imaging agents. However, the fusion proteins may be valuable tools for studying the pharmacokinetics
and therapeutic effects of antibodies in animal models, accelerating the preclinical development of anti-
body-based drugs.

The applications of this amber-light emitting QLuc may be further explored in many other scenarios.
For example, its small molecular size may facilitate the integration of the luciferase gene into a viral
genome for investigating viral replication and propagation in vivo. Moreover, the photophysical properties
of QLuc make it a desirable start-point for developing point-of-care assays since the red-shifted emission
is less absorbed by hemoglobin in the blood. Furthermore, QLuc may pave the way for developing red-
shifted luminescent indicators, facilitating the noninvasive visualization of biochemical events in deep
sites in animals. In addition, QLuc may be a suitable BRET donor for far-red and near-infrared (NIR)
fluorophores. Thus, it may be used to study molecular interactions or develop new BRET-based lumines-
cent indicators. Finally, can QLuc or QLuc-based immunoBLI be applied to humans? We can imagine
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potential clinical applications, but the toxicity of the substrate and the immunogenicity of the luciferase

in humans must be carefully investigated.
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