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Monitoring the immune system is compli-
cated by its enormous cellular heterogeneity
and by the continuous flux in the phenotypes
and numbers of immune cells throughout
the body. Measurements can be performed
on tissue biopsies or peripheral blood, but
these methods do not provide whole-body
systemic information and may suffer from
sampling errors. Noninvasive imaging tech-
niques could provide an alternative strategy
to sampling-based approaches and are being
developed to allow for whole-body measure-
ments of immune cell locations and changes
(1). In particular, positron emission tomog-
raphy (PET) is a highly sensitive imaging
modality that provides three-dimensional
and quantitative information on the accu-
mulation of radiolabeled probes specific for
either intracellular proteins or cell surface
markers. The versatility of PET comes from
the possibility of using radiolabeled small
molecules, peptides, or proteins of interest
as molecular probes, allowing for measure-
ments of a wide range of biological pro-
cesses in vivo (2). However, in practice,
canonical approaches to produce libraries
of PET probes specific for various cellular
immune subsets are lacking, and many clin-
ical applications of this imaging platform rely
on a very small subset of probes, in partic-
ular the fluorinated glucose analog [18F]-2-
fluorodeoxyglucose ([18F]FDG). In PNAS,
Rashidian et al. (3) describe a potentially

generalizable solution to the current limited
availability of PET imaging assays for cell
surface markers. The authors focused on
alpaca-derived antibody fragments comprised
of VHHs [the variable domain (VH) of a
camelid heavy-chain–only antibody]. VHHs
consist of single-domain variable regions
(12–15 kDa) isolated from antibodies found
in camels, alpacas, and sharks that are able
to bind to a specific antigen with high af-
finity (Fig. 1A) (4). Traditional antibodies,
isolated from species such as mice, rats,
and humans contain a variable region that
consists of two chains VH and VL creating
the binding specificity. If the antibody vari-
able region is isolated and expressed similar
to VHHs, the resulting antibody fragment
is ∼25-kDa fragment (scFv) or double the
size of VHHs (Fig. 1A). Similar to scFv and
other antibody fragments, VHHs do not
contain an Fc domain, thereby removing all
Fc-mediated functions such as antibody-de-
pendent cell-mediated cytotoxicity (4). VHHs
can provide reagents toward previously hard-
to-target proteins or may bind to regions that
are not typically accessible to traditional an-
tibodies (such as catalytic sites in enzymes)
(4). Additionally, VHHs that target alternate
peptide motifs could be used as companion
imaging agents toward protein targets of tra-
ditional antibodies, ideally without block-
ing the therapeutic efficacy.

In the current study, VHHs were raised
against mouse MHC class II (VHH7) and the
myeloid surface marker CD11b (VHHDC13)
(3, 5). In both preclinical and clinical
PET, there is an abundant need to track
myeloid cells to better understand the cell lo-
cations and dynamics of the innate response.
The most commonly used PET probe,
[18F]FDG, accumulates in most tumor cells,
but also in myeloid cells making it difficult
to distinguish between inflammation and
malignant transformation in some in-
stances (6–8). Furthermore, cancer thera-
pies, such as immune-modulating drugs or
ionizing radiation can increase tumor in-
filtration by immune cells (9, 10). For this
reason, [18F]FDG enhancement following
some treatments may be due to inflam-
mation, and not additional tumor growth
termed pseudoprogression (11, 12). Follow-
up scans with VHH7 or VHHDC13 in pre-
clinical models could begin to delineate pseu-
doprogression or identify patients who are
responding to treatment without the need
for tumor biopsies. In addition, the small size
of VHHs is favorable for these applications
and allows for rapid blood clearance, high
tissue penetrance, and should reduce any en-
hanced permeability and retention effect that
may occur with full-length antibodies (13).
These properties are advantageous for im-
aging and reduce the time from injection to
scanning. With the described VHHs, the
blood half-life is ∼20 min and animals were
scanned as early as 1 h after injection with
labeled VHH7 or VHHDC13 allowing for
high-contrast PET (with 18F) images (3).
To enable multimodality imaging applica-

tions, the VHHs were engineered to contain
a C-terminal sortase recognition motif. Upon
incubation with sortase A, the threonine–gly-
cine is broken allowing for site-specific mod-
ifications (Fig. 1B) (5). VHHs were then
conjugated with fluorochromes (for FACS
and intravital microscopy applications),
and with various glycine-based linkers to en-
able the attachment of PET radioisotopes:

Fig. 1. (A) The smallest traditional antibody fragment is composed of a binding domain containing two chains (VH
and VL). The smallest binding domain of a camelid heavy-chain only antibody is the variable heavy domain (VHHs).
(B) VHHs contain a sortase recognition motif. Incubation with sortase allows for cleavage between T/G residues and
addition of the multi-modality imaging agents. Creating VHH-LPET(G)3-(agent of interest).
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(Gly)3-Tetrazine (for
18F labeling), or (Gly)3-

NOTA (for 64Cu labeling) (Fig. 1B). For PET
imaging, the radiolabeling was fast and effi-
cient with a 20-min labeling time and ∼70%
(18F) and 90% (64Cu) decay-corrected radio-
chemical yield (3). These imaging agents
were easily produced, therefore demonstrat-
ing how sortase allows for a broad range of
selective modifications to engineered VHHs
to generate a variety of multimodality imaging
agents. Rashidian et al. then obtained PET
scans of CD11b, or MHC class II-expressing
cells with increased signal seen in the lymph
nodes, spleen, and either the tumor or site of
induced inflammation. For VHH7, the spec-
ificity of the probe was demonstrated by im-
aging MHC class II−/− mice that had no
observable signal in lymphoid tissue. The
sensitivity of 18F-VHH7 PET was demon-
strated by obtaining scans at 6-d post
tumor implantation, before the tumor
reaching a palpable size. In a comparison
of VHH7, VHHDC13, and FDG for moni-
toring inflammation, the accumulation of
VHHDC13 was significantly higher in the
inflamed footpad.
Although Rashidian et al. demonstrate two

examples of VHH imaging agents, several
questions remain to be addressed in future
studies. These VHHs come from alpacas
and are likely immunogenic. Although future
clinical applications will certainly require
“humanized” reagents (4), will the same
hold true for preclinical studies? Without

understanding the immunogenicity, sequen-
tial imaging with immune-specific VHHs
may cause artifacts due to immune responses
to the injected antigen. 18F radiolabeling

Rashidian et al. describe
a potentially generaliz-
able solution to the cur-
rent limited availability
of PET imaging assays
for cell surface markers.
allowed for images to be obtained at 1–2 h
postinjection. In the 64Cu labeling, scans were
performed up to 24 h after injection with a
reduced tumor/blood ratio compared with

earlier time points. Will all VHHs have op-
timal imaging at earlier time points? Addi-
tionally, does binding of the VHHs increase
internalization/turnover of targeted epitope
and will this change the image? Last, what is
the sensitivity of these probes: (i) how many
epitopes are needed per cell, (ii) how many
cells are needed per area, and (iii) will loca-
tion and/or cell type change either of these
parameters? In total, imaging with VHHs
has the potential to have a broad impact by
creating targeted imaging agents for almost
any defined extracellular antigen. We an-
ticipate this strategy will be adapted for
multiple applications including those out-
side of the cancer/immunology field.
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