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Abstract

Cancer vaccination using tumor antigen-primed dendritic cells (DCs) was introduced in the
clinic some 25 years ago, but the overall outcome has not lived up to initial expectations. In
addition to the complexity of the immune response, there are many factors that determine the
efficacy of DC therapy. These include accurate administration of DCs in the target tissue site
without unwanted cell dispersion/backflow, sufficient numbers of tumor antigen-primed DCs
homing to lymph nodes (LNs), and proper timing of immunoadjuvant administration. To address
these uncertainties, proton (‘H) and fluorine (F) magnetic resonance imaging (MRI) track-
ing of ex vivo pre-labeled DCs can now be used to non-invasively determine the accuracy of
therapeutic DC injection, initial DC dispersion, systemic DC distribution, and DC migration
to and within LNs. Magnetovaccination is an alternative approach that tracks in vivo labeled
DCs that simultaneously capture tumor antigen and MR contrast agent in situ, enabling an
accurate quantification of antigen presentation to T cells in LNs. The ultimate clinical premise
of MRI DC tracking would be to use changes in LN MRI signal as an early imaging biomarker
to predict the efficacy of tumor vaccination and anti-tumor response long before treatment
outcome becomes apparent, which may aid clinicians with interim treatment management.

Key words Dendritic cell - Antigen presentation - Cancer vaccination -
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Introduction

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs) of the myeloid and lymphoid lineage and are
one of the first responders of our immune system with an
overall versatile controlling role [1]. These lymphoid cells
continuously traverse throughout our body, engulfing live and
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dead cells, with subsequent migration to lymph nodes (LNs)
where they present non-self-epitopes (antigens) on their cell
surface including those expressed by tumor cells [2]. Dis-
covered in 1973 [3], their name is derived from the Greek
word dendpov (tree), which refers to their tree-branch cell
membrane protrusions leading to a large surface enhance-
ment through which CD4 and CD8 T cells have ample access
to bind their antigen-specific receptors to presented antigens
in conjunction with recognition of the major histocompat-
ibility complexes (MHC) I and II (Fig. 1). Since cancer cells
often escape our adaptive immune system, DCs have garnered


http://crossmark.crossref.org/dialog/?doi=10.1007/s11307-021-01647-4&domain=pdf

Bulte J.W.M. and Shakeri-Zadeh A.: In Vivo MRI Tracking of Tumor Vaccination 199

Activation
L —

Activated
CD8* T cell

Antigen-presenting DC

CD8* T cell

°

QFQ/' o
°

@ o O o°

° -
o /;FN\A . @

GzmB = = '{ﬁ.Lﬂ
P Tl @

=
4

Binding to R

cancer cell /‘ o i Ws Apoptosis > . ) 7
— ~e ‘\ . ‘ v (e ¢ o |L
N - .
A0 N A d

N\ o

IFNy “FCancer cell

o ° L]
°

Fig. 1. Antigen presentation of DCs, activation of cytotoxic T effector cells, and tumor apoptosis. With the help of CD4*T cells, cyto-
toxic CD8T cells are activated upon tumor antigen and MHC | and Il class molecule presentation by DCs but only when both types
of T cells carry the proper antigen-recognizing receptor. Following clonal expansion, they recognize the same antigen expressed by
tumor cells, following which they induce tumor cell apoptosis through the perforin (PFN)/granzyme B (GzmB) pathway with the help

of interferon gamma (IFNy) and tumor necrosis factor alpha (TNFa).

much interest as anti-tumor immune boosters through isolat-
ing them from peripheral blood and priming them ex vivo
with tumor antigens [4] followed by reintroduction with or
without immunoadjuvants into the patient, a process known
as cancer vaccination [5].

The first clinical trial using DCs as tumor vaccine was
reported in 1995 [6]. In 2010, Sipuleucel-T (PROVENGE®)
became the first approved dendritic cell cancer vaccine for
the treatment of prostate adenocarcinoma [7]. However,
since then, no other therapeutic cancer vaccines have been
approved, and uncertainties with FDA approval of cancer vac-
cines remain [8]. Aside from tumor cell intrinsic and local or
systemic immunosuppressive (extrinsic) mechanisms respon-
sible for vaccination failure, much remains unknown about the
fate of DCs once injected. In particular, for intranodal injec-
tion in regional draining LN, it is in most cases not known if
cells are indeed injected correctly, without undesired reverse
backflow, and how many LNs are accumulating the injected
cells. The same holds true for intradermal or intravenous (sys-
temic) injections, with the best injection route having been
debated for some time [9]. For instance, it has been estimated
that less than 5% of intradermally administered mature DCs
reach the draining LNs [10]. Immunoadjuvants can be admin-
istered that activate DCs and drive their migration [11], but
the overall effect and best timing of giving these immunostim-
ulators (pre-, co-, or post-injection of DCs) are murky at best.

Hence, non-invasive, whole-body imaging of the entire
process of DC injection, migration, and antigen presentation
is highly desirable [12]. Given its exquisite soft tissue contrast,
high spatial resolution, ubiquitous availability, the existence of
clinically approved DC labeling agents, and last but not least,
the capability to perform true real-time imaging to guide local
cell injection, magnetic resonance imaging (MRI) of labeled
DCs is now considered to be the most comprehensive tool
available to further guide cancer vaccine development.

Direct Pre-labeling or Ex Vivo Labeling
of DCs with SPIO for "H MRI

Superparamagnetic iron oxides (SPIOs) are the most widely
used cell labeling agents due their relative higher sensitivity
of cell detection with clinical "H MRI compared to clini-
cal "F MRI, which is in the order of 1.5x 10° DCs in a
human LN [13], whereas ~35 x 10% cells are needed for
visualization with '°F MRI [14] (see below), both at 3 T.
For pre-clinical '"H SPIO MRI and '°F MRI at higher field
strengths (> 9.4 T), the detection sensitivity is 100 X higher,
reported as ~2 x 10° SPIO-labeled cells in mouse LN [15]
and ~4 x 10* PFC-labeled cells in mouse brain [16]. A
general scheme for direct pre-labeling of DCs is shown in
Fig. 2. Lymphoid cells including DCs can be labeled with
a variety of methods such as antibody-conjugated SPIOs
[17-20], SPIO-liposomes [21, 22], poly(lactic-co-glycolic
acid) (PLGA) nanoparticles [23], iron oxide-zinc oxide
core—shell nanoparticles [24], “carbonized” SPIOs [25],
polystyrene beads coated with SPIO by means of a layer-by-
layer technique [26], SPIO combined with protamine sulfate
[15] or poly-L-lysine [27], SPIOs coated with an amphiphilic
alkylated low-molecular-weight polyethyleneimine [28], or
transfection agent coated and quantum dot (QD)-doped SPIO
allowing multimodal MRI/near-infrared imaging [29]. By
coating SPIO with an antigen such as ovalbumin, it is pos-
sible to simultaneously label and prime DCs with antigen
[30, 31].

An alternative to the use of non-SPIO nanoparticles for 'H
MRI is gadolinium-doped gold-Prussian blue nanoparticles,
which as bimodal agent also enable visualization on surface-
enhanced Raman spectroscopic (SERS) imaging [32]. A radi-
cally different approach is to transduce DCs with ferritin [33],
which stores excess iron inside their protein cages. While the
advantage is continuing production of the protein following
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Fig. 2. Direct pre-labeling or ex vivo labeling of DCs with SPIO for 'H MRI. DCs are first pulsed with tumor antigen (to prevent label
dilution) and then labeled with SPIO for 24-48-h incubation. Shown is a pre-clinical example where DCs are injected into the footpad
and accumulate in regional LNs (i.e., popliteal LNs) where tumor vaccination takes place. DCs homing to LNs show up as hypointensi-

ties on 'H MRI.

cell division, DCs need to be pre-loaded with excess iron,
and it is not clear how much free iron is available in vivo
to continue forming anti-ferromagnetic iron oxide cores and
what the loading factor [34] would be.

In general, no significant adverse effects have been
observed following labeling with the appropriate SPIO con-
centration as far as DC survival, maturation, antigen presenta-
tion, and/or surface marker expression is concerned in vitro
and in vivo both in small [28, 35-41] and large [42] animal
models. However, it was shown that the migration of SPIO-
labeled DCs can somewhat be decreased compared to unla-
beled cells, in particular when using larger size micron-sized
particles of iron oxide (MPIO) [43]. Interestingly, impairment
of migration could be partially rescued by magnetic cell sepa-
ration of labeled and unlabeled cells [44]. It is possible that
the magnetic separation resolved some of the cell aggregates,
as it has reported that large clusters/high densities of DCs
can have an impaired migration [45]. High concentrations
of SPIO can enhance immature DC maturation, possibly
through an autophagy-related pathway [46].

A historic day was April 26, 2004, when the first can-
cer patient was injected in the Netherlands with SPIO
(Endorem® aka Feridex®)-labeled DCs (Fig. 3) [13]; this
day represents the start of the first clinical MRI cell tracking
trials in general. SPIO-labeled dendritic cells were primed
with synthetic melanoma antigens and injected under ultra-
sound (US) imaging guidance into the regional draining LNs
in patients with advanced stage melanoma. Aside from visu-
alization of DCs migrating to several (up to five) nearby LN,
a major surprise was that cells were mis-injected in 4 out of
8 patients, a result that would preclude any effective form
of immunotherapy. It is likely that real-time MRI-guided
injections instead of using US for needle placement would
improve accuracy, as exemplified for SPIO-labeled mesen-
chymal stem cells [47, 48] and encapsulated pancreatic islet
cells [49]. One can imagine a situation in the interventional
MRI scanner procedure room where a less-experienced radi-
ologist (possibly a first-year resident) performs a mis-injec-
tion, but this can be immediately identified and corrected on
the spot. With half the injected cell population being labeled
with SPIO and the other half with '''In-oxine, the detection

of LNs that contained migrated DCs was more accurate with
MRI compared to SPECT, due to its higher resolution and
superior multi-planar imaging nature (Fig. 3). Aside from
this, due to its lack of anatomical information and the need
for post-image acquisition overlay with CT, SPECT cannot
be used for real-time image-guided injections.

The production of the original clinical SPIO formulations
Feridex®(aka Endorem®) and Resovist® has been discon-
tinued for some time now in Europe and the USA, but to
the best of our knowledge, Resovist® is still being sold and
used in Japan. Feridex®/Endorem® was approved for use as
a liver agent by the FDA in 1996, and their patents have since
then long expired. A primary reason for discontinuation in
terms of cost-effectiveness is that nowadays, the quality of
abdominal MRI has advanced in such a manner that these
liver contrast agents are no longer needed for an accurate
detection of primary and metastatic hepatic tumor lesions.
Possible SPIO alternatives that are currently on the market
include Feraheme®, Magtrace®, SentiMag®, Sienna®, Nan-
oTherm®, and Ferrotran®, but these formulations consist of
ultrasmall SPIO (USPIO) not yet fully optimized for ex vivo
cell labeling and MRI.

Aside of the critically important verification of targeted
injections, how can we use the information obtained by MRI
DC tracking to our advantage to better design clinical trials?
One could hypothesize that the decreased LN MR imaging
signal intensity may be used as an early imaging biomarker
for the efficacy of cancer vaccination [50]. Indeed, in pre-
clinical models, it has been shown that the T2*-weighted
MRI intensity in LN has a strong correlation of DC trafficking
and can be a predictor of a successful anti-tumor response.
MRI predicted that “responding” DCs identified 2 days after
vaccination had significantly smaller tumors 2 — 5 weeks after
treatment and with animals living 73% longer than MRI-
predicted “non-responders” [22]. Similarly, there was a cor-
relation between post SPIO-labeled injection T2-weighted
SNR decreases in the draining LN 24 h after injection and
tumor sizes (R=0.8) [51]. However, in the latter study, the
DC vaccination did not lead to regression of the tumor but
merely delayed its growth as compared with tumor growth in
unvaccinated control mice.
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Fig. 3. Clinical "H MRI cell tracking of DCs using direct/ex vivo pre-labeling. Monocytes are obtained by cytapheresis from stage Il
melanoma patients and differentiated into mature DCs. Half of this DC population is labeled with SPIO for 48 h in culture and the other
half for 15 min with '""In-oxine as SPECT radiotracer. A total of 1.5x 107 DCs are then injected intranodally into a regional draining LN
basin, and their biodistribution is monitored in vivo by 3 T '"H MRI and scintigraphy. After resection, individual LNs are also visualized ex
vivo with high-resolution 7 T MRI. The far right panel with actual data is reproduced, with permission, from Ref. [13].
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Fig.4. Direct pre-labeling or ex vivo labeling of DCs with fluorinated emulsions for °F MRI. DCs are first pulsed with tumor antigen (to
prevent label dilution) and then labeled with PFC for 24-h incubation. Shown is a pre-clinical example where DCs are injected into the
footpad and accumulate in regional LNs (i.e., popliteal LNs) where the tumor vaccination takes place. DCs homing to LNs show up as

“hot spots”on '°F MRI.
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Direct Pre-labeling or Ex Vivo Labeling
of DCs with Fluorinated Emulsions
for '°F MRI

The approach for direct pre-labeling is shown in Fig. 4, which
essentially follows the same protocol described above but then
using perfluorocarbons (PFCs) instead of SPIOs. The first '°F
MRI cell tracking study was published in 2005, using PFC
emulsion-labeled DCs [52]. There are certain advantages
of 'F MRI over '"H MRI cell tracking [53], chief amongst
which is the ease of image interpretation, where labeled cells
appear as “hot spots” [54] instead of the at times ambiguous
"H MRI hypointense signal, the ability to directly quantify
cells in vivo (“in vivo cytometry”) [55] by virtue of the direct
detection of the '°F nucleus acting as a tracer agent instead
of a contrast agent, and the ability to detect cells in organs
that have intrinsic hypointensities on 'H MRI, such as the
air-filled lung and colon [56]. On average, labeled DCs con-
tain~0.5-2x 10'3 19F atoms per cell [52, 57]. There has been
much activity in developing optimized '°F MRI cell labeling
tracers and clinical protocols [58]. Lager perfluoro-15-crown-
5-ether (PFCE) particles in the order of 560 nm were shown
to have a better DC labeling efficacy with more '°F signal but
altered the maturation state and phagocytic activity of DCs
[59]. Large '°F nanoparticles can be synthesized using PLGA
and customized in terms of content (imaging agent, fluores-
cent dye, drug), size (200-2000 nm), coating (targeting agent,
antibody), and surface charge (40-30 mV) [60]. Similar to
the use of SPIO contrast agents, using appropriate labeling
protocols, no significant adverse effects have been observed
following the internalization of fluorine tracer agents in terms
of DC survival, maturation, antigen presentation, and/or sur-
face marker expression in vitro and in vivo [61, 62]. When
indocyanine green was entrapped in PFC emulsions, which
prevented photobleaching of the dye, as little as 1x 10° labeled
DC:s could also be tracked in vivo with photoacoustic imaging
[63], as well as ultrasound imaging [64].

The first clinical '°F MRI cell tracking was published in
2014 [14], and as in the case of SPIO-labeled cells for 'H
MRI, it was again with pre-labeled DCs (Fig. 5). Autolo-
gous DCs were labeled with the commercial PFC formulation
CS-1000, and 10 million cells were injected intradermally in
3 colorectal carcinoma patients. The cell injection site was
clearly visualized, with a 50% loss of signal after 24 h due
to either cell death followed by PFC clearance or cell migra-
tion away from the injection site towards the draining LNs.
However, no cells were detected in the LNs within the same
field of view. The !°F MRI signal at the injection site for
two patients receiving a lower dose of 1 x 10° cells could not
be observed. As mentioned earlier above, it has been esti-
mated that less than 5% of intradermally administered mature
DCs reach the draining LNs [10], which would be 5 X 10°
cells in this specific study. If one assumes that the cell dose
disperses within a comparable tissue volume as the higher
dose patients, then the current detection limit threshold for

clinical scanning at 3 T is between 1 x 10 and 1x 107 labeled
cells. However, future studies could enhance the sensitivity
of detection using one or more of the following approaches:
(1) using optimized imaging pulse sequences and parameters
such as compressed sensing [65] and ultrashort echo-times
[66]; (2) incorporation of paramagnetic metals to shorten '°F
relaxation times [67, 68]; (3) improved hardware/coils; and
[4] imaging at higher clinical field strength (7 T).

Indirect Labeling or In Vivo/in
Situ Labeling of DCs for 'H MRI:
Magnetovaccination

A different approach for cancer vaccination is not to label
DCs but instead irradiated tumor cells which die upon injec-
tion, followed by in vivo/in situ uptake of tumor cells and
their antigen content. Tumor cells engineered to secrete
murine granulocyte—macrophage colony-stimulating factor,
known as the GVAX vaccine, have shown to induce potent,
specific, and long-lasting anti-tumor immunity [69]. By pre-
labeling GVAX with SPIO, DCs can be indirectly labeled
in situ known as a process called magnetovaccination [70,
71] (Fig. 6A). A similar approach can be imagined for using
PFC emulsions which would then be termed fluorovacci-
nation (Fig. 6B), but this has not yet been attempted and
may be more challenging due to the lower sensitivity of '°F
MRI. Importantly, only DCs that captured tumor antigen are
simultaneously labeled with SPIO, and hence, one can now
monitor trafficking of DC antigen capture and trafficking to
LNs. This approach mimics the natural biological process
of DC tumor cell interactions, is more specific than labeling
DCs ex vivo, and can visualize the subset of true antigen-
presenting DCs. However, using ex vivo pre-direct labeling,
it has been suggested that it is possible to establish whether
an antigen-specific response is initiated by assessing migra-
tion of successive rounds of antigen-loaded dendritic cells;
in the case of a successfully primed cytotoxic response, the
bulk of antigen-loaded cells are eradicated on-route to the
LN, whereas cells without antigen can reach the LN unim-
paired [72].

By using artificial intelligence (AI)-mediated analysis of
hypointense pixel histograms, it was shown that the number
of hypointense pixels in the LN, representing labeled DCs,
corresponded to the number of magnetically labeled DCs
recovered with magnetic cell separation [70] as well as with
the number of SPIO-Evergreen fluorescent dye-labeled cells
using flow cytometry [71]. Recovered cells were fully func-
tional and able to present antigen when put back in culture
with antigen-specific T cells.

The high resolution of high-field (9.4 T) 'H MRI enabled
single pixel counts representing single-labeled DCs, with a
tendency of antigen-presenting DCs to migrate over time
from the LN cortex to the medulla, where T cell activation
takes place in the follicles (Fig. 7). While fluorovaccination
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does not have single-cell resolution to enable pixel count
histograms, when properly calibrated with labeled reference
samples, the total '°F signal could still be used to quantify
antigen-presenting DCs.

The magnetovaccination strategy has been used to study
the timing and dosing of immunoadjuvants. One of the
widely used clinically immunoadjuvant is the Toll-like
receptor 4 (TLR4) agonist vaccine adjuvant glucopyrano-
syl lipid A (GLA), a synthetic glycolipid that stimulates
APCs via TLR4, induces a type I immune response, and
increases immunogenicity to vaccine antigens [73, 74].
Clinically, it is currently given together with the DC vac-
cine. It was shown that injection of GLA 24 h prior or
simultaneously with the injection of DCs paradoxically
decreased the amount of SPIO-labeled DCs homing to
LNs, but this could be rescued by injecting GLA 24 h
after the injection of DCs [71]. It was postulated that
the immunoadjuvant has such a potency that it induces

DC LN homing before these cells have sufficient time to
capture the tumor antigen and SPIO in situ. Interestingly,
the reduced homing of DCs to LNs was accompanied by
a massive proliferation of vaccine-primed, antigen-spe-
cific luciferase (Luc)-expressing transgenic T cells in the
spleen, as visualized using bioluminescent imaging (BLI).
This was accompanied by an enhanced tumor therapeutic
effect of the vaccine [71]. Needless to say, the clinical
implications of these findings are significant.

Future Clinical Outlook
and Perspectives

We need non-invasive imaging methods capable to (a) verify
that tumor antigen-primed DCs are administered correctly at
the targeted injection site; (b) to assure that tumor antigen-
primed DCs home in sufficient numbers to the LN follicles
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Fig. 7. Magnetovaccination Day 1
enables high resolution of
single antigen-presenting cells
migrating from the popliteal LN
cortex to the LN medulla over
time. A-D 'H MR images 1, 3,
4, and 8 days post-magnetovac-
cine injection in the footpad.
Open arrows indicate draining
LN of the lateral foot pad site Day 4
injected unlabeled vaccine;
closed arrows indicate the other
foot pad site of injected SPIO-
labeled (magneto)vaccine. E
Schematic drawing of F magni-
fied 'H MR image at day 8
post-magnetovaccination shows
accumulation of magnetovacci-
nated DCs in the medullar area,
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follicles. Panels (A-D, F) are v}
reproduced, with permission,
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where recipient T cells reside and are waiting to be activated,;
and (c) that homing, tumor antigen-primed DCs indeed carry
the required amount of antigen needed for sufficient T cell
activation and treatment efficacy. Ideally, the quantification
of LN signal changes will serve as an early predictor for
the efficacy of cancer vaccination and anti-tumor treatment
response. While MRI has become the primary clinical imag-
ing modality for tracking DCs, new emerging techniques such
as magnetic particle imaging (MPI) may be combined with
MRI to perform tracer-labeled DC quantification and hot spot
imaging interpretation [75, 76], similar as can be currently
done with "°’F MRI. The number of clinical MRI DC tracking
studies has been few, which may have its roots in the paucity
of available GMP-grade labeling agents, their cost of produc-
tion and testing, and the need for cumbersome IND approval
for their off-label use (unlike the use of radionuclides, where
often the microdosing tracer principle applies). Chemical
exchange saturation transfer (CEST) MRI tracking of unla-
beled cells would avoid these hurdles but has so far only be
applied for mesenchymal stem cells [77]. Finally, it should be
noted that there have been recent efforts to develop artificial
APCs (aAPCs) based on SPIO nanoparticles [78, 79], where
"H MRI aAPC tracking could be further used to add value to
their evaluation in vivo.
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