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Non-invasive approaches to longitudinally monitor vaccine 
responses and efficacy in a reliable manner are urgently 
needed. Current vaccine efficacy prediction metrics (known 

as correlates of protection) are often dependent on host-responses 
that take months to develop1 and are invasive in nature. The req-
uisite gap between administration and evaluation2 may result in 
potential infection with the pathogen of concern before vaccine 
protection is verified.

In-vitro-transcribed (IVT) messenger RNA has garnered con-
siderable interest as a biotechnology method. The short-lived 
nature of mRNA provides an inherent safety advantage over DNA-
based approaches as the transcripts are unlikely to enter the nuclear 
compartment and cannot integrate into genomic DNA. Critically, 
mRNA-based vaccines are particularly attractive due to their sim-
plicity of design and production, which allows the medical com-
munity to respond quickly and at scale to mutating and emerging 
pathogens. They are also highly amenable to personalized therapy, 
such as for various cancers3.

In the context of RNA vaccine development, a balance between 
expression of the epitopes that host immunity needs to target and 
immune stimulation is required to develop adaptive immunity 
and protection4. Efficacious mRNA vaccines often contain adju-
vants that are used in tandem with mRNA to stimulate directed 
innate responses that drive the appropriate adaptive immunity5,6. 
In addition to protecting mRNA from nucleases, delivery vehicles 
such as lipid nanoparticles can be considered adjuvants, as they 
are not immunologically inert and demonstrate innate stimulat-
ing properties independent of the complexed mRNA7,8. The use 
of adjuvants with mRNA to elicit protection has been demon-
strated, among others, in animal models of vaccines to Flu9 and 
Zika10 viruses, and cancer3. However, to date no mRNA-based 

vaccine has successfully demonstrated protection in a phase III 
clinical trial3.

It is apparent that a vaccine or therapeutic agent can only be 
effective if it localizes to the relevant tissues that require the inter-
vention. After intramuscular (i.m.) or intradermal administration 
of mRNA, dendritic cells, which when activated migrate to drain-
ing lymph nodes (LNs), have a strong proclivity for uptake of 
mRNA11, whether naked12 or encapsulated in lipid nanoparticles5,13. 
The complex immune milieu that ultimately develops requires the 
expression and presentation of antigens to lymph-node-based B and  
T cells for robust humoral and cell-mediated adaptive immunity 
to develop14. Multiple delivery routes (intraperitoneal, intravenal, 
i.m. and intradermal) are typically evaluated for a given adjuvant/
delivery vehicle formulation on the basis of their ability to generate 
differential correlates of protection15,16. In addition, off-target deliv-
ery to unintended organs should be thoroughly investigated due to 
safety concerns.

New non-invasive strategies that allow precise monitoring of 
mRNA after delivery in large mammals (that is, non-human pri-
mates and humans) would prove a useful tool to rapidly screen, 
evaluate and compare potential vaccine formulations. No such 
systemic and non-invasive methodology for clinical investigations 
exists at present. In preclinical studies, light scattering by tissues 
impedes the utility of commonly deployed optical-imaging meth-
odologies, such as luminescence and fluorescence, in larger animal 
models. Invasive molecular tagging techniques, such as barcoding, 
are useful tools to investigate drug distribution but they would be 
even more powerful if used in combination with an unbiased sys-
temic imaging approach.

Here, we demonstrate the use of positron emission tomography–
computed tomography (PET–CT) imaging as a non-invasive means 
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to monitor the trafficking of a model mRNA vaccine to draining LNs 
in cynomolgus macaques in a quantitative manner. We chose yellow 
fever (YF) prME mRNA as a model system, as the live, attenuated 
17D virus vaccine provides robust and widespread protection, and 
as such represents a gold standard to evaluate and compare experi-
mental vaccines. We directly labelled the mRNA with an orthogonal 
dual PET–near-infrared (IR) probe, an approach agnostic to formu-
lation, carrier or route of delivery. The mRNA was complexed with 
lipid derivatives of natural amino sugars used to deliver RNA struc-
tures17–19 and delivered via i.m. injection, which is the most com-
mon route of delivery for vaccines in humans. By choosing 64Cu, a 
radioisotope with a half-life of 12.7 h, we reasoned that any vaccine 
formulation could be tracked for days following administration.

The first 28 h of mRNA trafficking dynamics with high spa-
tio–temporal resolution were monitored using PET–CT (Fig. 1 
and Supplementary Video). Substantial signal in draining LNs was 
observed in three anatomical regions at 4 h post injection and it 
increased over the next 28 h by an average of 70%. Subsequently, 
near-IR fluorescence and flow cytometry confirmed the systemic-
level events indicated by PET imaging and identified the cell types 
involved in vaccine uptake at the injection site and in the draining 
lymphoid organs. Confocal microscopy was used to investigate the 
mRNA distribution and protein expression within tissues and at the 
cellular level. We believe that this study establishes PET imaging as 
a viable modality to monitor and characterize the delivery of mRNA 
therapeutics and vaccines in large mammals, and thus has potential 
implications for preclinical and clinical mRNA studies.

Results
64Cu–DyLight 680 labelling of YF prME mRNA and i.m. injection. 
We previously demonstrated the orthogonal fluorescent labelling 
of IVT mRNA through the use of tetravalent NeutrAvidin–oligo-
nucleotide complexes (multiply labelled tretravalent RNA imaging 
probes, MTRIPS) that target the 3ʹ untranslated region (UTR) of 
a gene20–22, achieving sufficient signal-to-noise ratios without com-
promising translational capacity or stimulating immune responses. 
Here, in addition to fluorescently labelling the oligos, we conjugated 
the divalent cationic chelator DOTA to the NeutrAvidin protein 
core (Fig. 2a). The resulting probes contained two components: 
DyLight 680-labelled oligos complementary to the 3ʹ UTR of the 
mRNA for near-IR imaging and NeutrAvidin core labelled with the 
chelator DOTA for whole-body PET–CT.

The probes were labelled with the radionuclide PET reporter 
64Cu and annealed to the mRNA 3ʹ UTR at a mRNA-to-probe 
molar ratio of 1:0.5, as optimized through size exclusion high-
performance liquid chromatography (data not shown). Efficient 
protein expression and negligible innate immune activation were 

confirmed through in vitro transfection (Fig. 2b–d), with respect to 
unlabelled mRNA. Before injection, the 64Cu–DyLight 680-labelled 
YF prME mRNA was complexed with the aminoglycoside lipidic 
derivative CholK containing a kanamycin polar head group and a 
cholesterol moiety as a hydrophobic portion. We have previously 
demonstrated that mRNA complexed with CholK, at low mRNA-
to-nanoparticle charge ratios (0.1), enters cells via clathrin-medi-
ated endocytosis and is released from the endosomal system and 
translated efficiently in vivo22.

PET–CT characterization of IVT-mRNA spatial distribution. To 
assess the bio-distribution of the model mRNA vaccine, four cyno-
molgus monkeys (6–8 kg) were injected with 200 µg (0.8 mCi in a 
total volume of 500 µl Ringer's lactate solution) CholK-formulated 
YF prME mRNA in the right quadriceps. The animals were imaged 
via whole-body PET–CT at 4 and 28 h post injection in a clinical 
grade scanner. PET–CT images of animal AFO32 at 4 h post immu-
nization have been used to illustrate the general results observed at 
the injection site and draining LNs (Fig. 3a). The labelled mRNA 
was clearly visible at the site of injection in the right quadriceps as 
well as in three draining LN regions: inguinal, iliac and para-aortic. 
At 4 h post injection, the signal magnitude in a given LN decreased 
with Euclidian distance from the injection site (Fig. 3b). The dis-
tance between the injection site and the most distal para-aortic LN 
was 9.2 cm. This observation, combined with known draining pat-
terns, indicates that the order of trafficking from the injection site 
is inguinal, iliac, then para-aortic, all confined to the ipsilateral side 
of the injection.

The exact number and connections between LNs within an 
anatomical chain varies per animal. As a result, if the signal con-
trast is appropriately enhanced, numerous LNs within an anatomi-
cal region can be resolved—for example, animal AFO32 displayed 
two draining iliac LNs (Fig. 3c). For the purpose of quantification 
and comparison, these individual LNs were grouped according 
to anatomical regions into single entities in subsequent analyses 
(that is, the two draining iliac LNs of AFO32 are reported as a 
single iliac LN).

These consistent trafficking patterns were confirmed at 28 h post 
immunization. Figure 4 shows the four relevant anatomical regions 
of each animal, presented from the anterior to the posterior, all with 
equal contrast enhancement.

Longitudinal PET–CT monitoring of mRNA trafficking. The 
distribution of labelled mRNA over time was assessed by measur-
ing the changes in the PET signal with time, as highlighted through 
heat-map profiling of the maximum standard uptake value (SUV; 
radioactivity normalized to dose and body weight) intensity at the 

PET–CT imaging
(4 and 28 h post injection)

Whole body Organ Tissue and cells

Identification of near-IR-positive tissue
with handheld imager Microscopy Flow cytometry

d

Fig. 1 | Experimental workflow and outline after i.m. injection with YF prME mRNA labelled with64Cu–DyLight 680. Whole-body PET–CT imaging was 
performed at 4 and 28 h following i.m. injection with 64Cu–DyLight 680-labelled YF prME mRNA. Two animals were sacrificed at 28 h and the mRNA-
positive tissues were identified with a portable near-IR camera and extracted. The extracted tissues were then examined at the cellular level by microscopy 
and flow cytometry. The images in the figure illustrate the data collected at each step of the experiment. Scale bar, 750 µm.
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injection site and iliac LN at 4 and 28 h post vaccination, after equal 
contrast enhancement (Fig. 5a). For each anatomical area, a region 
of interest (ROI) was circumscribed based on high-pass thresh-
olding above the lowest 28% of signal. The integrated SUV values 
across these ROIs were reported for each organ (Fig. 5b). The total 
signal at the injection site was an order of magnitude higher than in 
any of the draining LNs for all time points. In general, the total SUV 
of a given LN was inversely correlated with its Euclidian distance 
from the injection site (that is, inguinal, iliac, then para-aortic LN).

The signal changes over time for inguinal and iliac LN were sta-
tistically significant (P < 0.05; see Methods for calculations). The 
average decrease in total SUV was 45% in the muscle at the injection 
site, whereas the draining LNs showed average increases of 1.5×, 
1.9× and 1.4× in the inguinal, iliac and para-aortic LNs, respectively 
(Fig. 5c). To achieve accurate comparisons across time, background 
levels in the contralateral muscles were used to normalize the abso-
lute SUVs and account for any instrument parameter differences 
during image acquisition.

In vivo imaging of the radiolabelled mRNA by PET–CT dem-
onstrated that following i.m. injection, mRNA reaches draining 
LNs relatively quickly and continues to accumulate for at least 28 h 
after injection. Notably, the iliac LN of AF031 was distinct from 
the other LNs, with detectable yet extremely low total SUV values. 
Nevertheless, the sensitivity and high dynamic range of PET imag-
ing allowed for quantification over time. This result may be due to 
the i.m. injection for this animal being markedly medial and periph-
eral compared with the other injection sites (Fig. 4). As such, the 
iliac LN of AF031 was used to estimate the sensitivity of PET–CT 
imaging to be 15.4 ng mRNA cm−3 (see Methods for calculations).

Two of the animals were euthanized 28 h post injection and the 
experimentally relevant tissues were selectively extracted during 
necropsy with the help of a portable near-IR camera. In general, 
we observed that for each anatomical region, a single node of a 
chain was positive for mRNA signal, whereas the other nodes were 
negative (Fig. 6a). Interestingly, a resected inguinal node contained 
only one well-demarcated portion of its volume that was positive 
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Fig. 2 | Approach to orthogonally label YF prME mRNA with dual radionuclide–near-iR probes. a, Schematic demonstrating mRNA labelling with 
radionuclide–near-IR probes. b, Immunofluorescence analysis of protein expression in HeLa cells after Lipofectamine 2000 transfection with YF prME-
encoding mRNA. Scale bars, 45 µm. c, Quantification of immunofluorescence analyses demonstrating the efficient translation of both YF prME mRNA 
labelled with DOTA–DyLight 680 and the corresponding unlabelled mRNA. The results were not statistically different (n.s.) based on a Mann–Whitney 
test; the mean and s.d. are shown in red; n = 30. d, Quantitative PCR analysis of gene expression demonstrates no differential activation between labelled 
and unlabelled mRNA of innate immune response genes (IL1b, IL6 and IFNb1) in HeLa cells 28 h after transfection. The experiment was repeated twice in 
triplicate with similar results. The mean and s.d. are represented. **, significant difference by two-way analysis of variance (ANOVA) with Tukey’s multiple 
comparison test.
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for mRNA signal (Supplementary Fig. 1). These tissues were subse-
quently processed for immunofluorescence imaging.

Evaluating the stability of dual labelling by PET–CT. We next 
assessed the stability of dual radionuclide–near-IR mRNA labelling 

to confirm that the systemic events observed with whole-body 
PET–CT are indicative of actual mRNA trafficking and not of 
potential probe dissociation. To achieve this, we measured the fol-
lowing, all in the same animal: (1) total SUV signal from PET within 
individual organs, (2) near-IR fluorescence status of those organs 
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(positive/negative), (3) radioactivity measured with a well counter, 
(4) percentage of near-IR-positive cells and (5) the number of acti-
vated cells, reflective of innate immune stimulation.

To this end, one additional cynomolgus monkey (CM653) was 
injected with 200 µg (1.26 mCi in a total volume of 500 µl Ringer's 
lactate solution) near-IR and radiolabelled YF prME mRNA formu-
lated with CholK. Whole-body PET–CT imaging was performed 
24 h post injection in a clinical grade scanner, revealing the previ-
ously observed trafficking pattern from injected muscle to ipsilat-
eral iliac, inguinal and para-aortic LNs (see Supplementary Table 1 
for the total SUV values). The animal was subsequently euthanized 
and a near-IR portable camera was used at the time of necropsy 
to identify putative mRNA-positive tissues. The injected muscle, 
ipsilateral para-aortic and iliac LNs were isolated. The contralateral 
organs (left side) were collected as controls. The radioactivity of the 
collected tissues was measured in a well counter and subsequently 
analysed by flow cytometry to quantify the percentage of labelled-
mRNA-positive cells and the number of activated intermediate 
monocytes (Supplementary Fig. 2).

A correlation matrix between these variables in Supplementary 
Table 1 reveals significant positive linear relationships between 
the total SUV value and the radioactivity (coefficient of multiple 
correlation (R) = 1.000, P = 1.2 × 10−4) and the percentage of near-
IR positive cells (R = 0.9638, r = 0.0362). Increased activation of 
intermediate monocytes was also observed in the injected muscle 
and ipsilateral LNs. These results solidified our confidence that the 
oligo-based probe remained associated with the YF prME mRNA, 

indicating that the PET–CT whole-body tracking is reflective of 
mRNA trafficking. Furthermore, these data underscore the value of 
co-opting ultrasensitive PET imaging for whole-body trafficking of 
mRNA, as SUV signal was measured in LNs that did not register 
positive with near-IR imaging or flow cytometry analyses.

Professional APCs uptake mRNA in muscle and draining LNs. 
We next investigated which cell types were involved with mRNA 
processing in both muscle and LNs. Three flow cytometry panels 
were designed and optimized to identify T and B cells and sub-
types of monocytes and dendritic cells, while allowing for efficient 
detection of the fluorescently labelled mRNA (Supplementary 
Tables 2,3 and Figs. 3–5). Analysis of the injected muscle revealed 
significant recruitment of infiltrating immune cells with respect to 
its contralateral counterpart (left muscle), prevalently monocytes 
(classical, non-classical and intermediate) and dendritic cells (con-
ventional and plasmacytoid; Fig. 6b), which is in line with previously  
reported observations23.

To investigate trafficking to LNs, flow cytometry was per-
formed on the extracted para-aortic LN to determine which cell 
types contained labelled mRNA and whether the presence of 
labelled mRNA correlated with immune cell activation. We found 
that antigen-presenting cells (APCs), particularly monocytes, 
contained the majority of the labelled mRNA in the muscle and 
LN (Fig. 6c). Analysis of the para-aortic LNs revealed that den-
dritic and B cells accounted for the predominant labelled-mRNA-
positive population (Fig. 6d). With regards to cellular activation, 
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surface expression of CD80, CD69 and CD44 was observed for 
monocytes and B cells (Fig. 6d), particularly in the mRNA-posi-
tive subset. Although these results were obtained on flow cytom-
etry analyses performed on a single animal, they are in overall 
agreement with previously reported data23. We next sought to 

examine mRNA distribution and protein expression at the tissue 
and cellular level via confocal microscopy.

Expression of prME protein with mRNA uptake in muscle and 
LNs. Two animals (AF032 and AF036) were euthanized 28 h post 
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determine the percentage of each cell type containing labelled mRNA. Path a of the gating strategy was used for each of the three flow cytometry panels 
(Supplementary Figs. 3–5). The bars represent the absolute values. d, Cell-type breakdown of labelled mRNA-positive cells. Right para-aortic and right 
muscle samples were gated for mRNA uptake followed by cell-type markers to determine the frequency of mRNA-positive cells according to cell type.  
Path b of the gating strategy was used for each of the three flow cytometry panels (Supplementary Figs. 3–5). e, Left and right para-aortic LN samples 
were analysed for activation markers among all monocytes and B, CD4 T and CD8 T cells. Cells in the right para-aortic LN that were positive for mRNA 
were also analysed for activation markers. The bars represent the absolute values. L, left; R, right.
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injection and the experimentally relevant tissues were extracted 
during necropsy with the help of the portable near-IR camera. 
Portions of the tissues (positive and negative) were cryopreserved as 
whole tissues. The spatial distribution of both administered fluores-
cently labelled YF prME mRNA and expressed prME protein within 
the extracted organs was investigated through immunofluorescence 
microscopy. Yellow fever prME protein expression in the LN was 
confirmed by staining with two different polyclonal antibodies 
(Supplementary Fig. 6).

Stitched cross-sectional low magnification images of iliac LN 
(Fig. 7a) and skeletal muscle (Supplementary Fig. 7) indicated that, 
as expected, mRNA retained its translational capacity, as evidenced 
by protein staining with respect to sham controls (Supplementary 
Fig. 8). In the iliac LN, the prME antigen was mainly concentrated 
in the region of the subcapsular sinus, whereas the mRNA was 
distributed immediately outside the trabecular sinuses, near the 
periphery of the well-demarcated germinal centres (Fig. 7a). The 
large quantity of antigen detected on the external edges of the LN 
could be representative of secreted (that is, non-cell encapsulated) 
antigen transport through lymphatics24,25.

At higher magnifications, line profile analyses on LN samples 
indicated that the mRNA fluorescence signal spatially overlapped 
and correlated with staining of the prME antigen and the repre-
sentative immune-cell markers CD86 (APCs), CD20 (B cells), 
CD11c and CD123 (dendritic cells), and CD4 (T cells; Fig. 7b,c 
and Supplementary Fig. 9). A similar analysis was performed for 
muscle samples (Supplementary Figs. 10 and 11), where colocaliza-
tion between mRNA and encoded protein was assessed in tissues 
sections stained for specific cell markers including dendritic cells 
(CD11c), macrophages and monocytes (CD11b), APCs (CD86) and 
T cells (CD4).

Discussion
Non-invasive whole-body imaging technologies (that is, lumines-
cence) are less applicable to large mammals, due to size constraints 
as well as being optically thick. As a result, during vaccine develop-
ment, an assumption is often made that the delivery distributions 
observed in lower animal models reliably translate to non-human 
primates and, ultimately, to humans. The PET–CT tracking data 
presented here demonstrate a quantitative, tomographic and sensi-
tive method to longitudinally follow mRNA trafficking after deliv-
ery in an in vivo setting in non-human primates. The estimated 
fundamental resolution limit for clinical and preclinical PET scan-
ners is 1.83 and 0.67 mm, respectively26. According to our experi-
mental data, we estimate the sensitivity to be 15.4 ng mRNA cm−3. 
Based on this sensitivity and 64Cu half-life of 12.7 h, it is reasonable 
to expect signal above background for at least 4 d (or 7.6 half-lives) 
post administration. In addition, PET scanners are a staple of most 
hospitals and are thus relatively available as a resource for transla-
tional studies.

At 4 h post i.m. vaccine administration, labelled mRNA was 
present in three draining LN anatomical regions. Over a 28-h 
period, the signal increased in the draining LNs by an average of 
70%, whereas mRNA in the muscle injection site decreased by 40%. 
Cellular analysis of near-IR-positive tissues 28 h post injection dem-
onstrated translation of the encoded protein. This robust technol-
ogy allowed us to visualize, in the five monkeys of this study, mRNA 
trafficking to the draining LNs and to quantify differences in mRNA 
uptake, which may be a consequence of experimental variations 
during injection. The route of vaccine injection, dose, timing and 
formulations are known to influence mRNA trafficking and, ulti-
mately, the elicited vaccine-specific responses23,27.

During necropsy, near-IR signal from the dual-labelled probes 
was used to extract relevant portions of organs that contained 
the RNA of interest. We believe that the use of a dual-screening 
approach is critical to achieve high signal-to-noise and to mitigate 

sampling errors, particularly in the case where cell types present  
at low frequencies are being investigated (that is, antigen-specific 
CD8 cells and dendritic cells). In addition, blind sampling of only 
the superficially accessible LNs may hamper investigations during 
clinical studies.

Analysis through flow cytometry allowed us to characterize the 
following at the single-cell level: (1) the population of immune cells 
infiltrating the muscle, (2) mRNA uptake by different cell types in 
the muscle and draining LNs and (3) immune cell activation due 
to mRNA uptake. Stitched images of the whole LN at 28 h post i.m. 
injection indicated that the mRNA was spatially located just outside 
the B cell follicles, whereas YF prME antigen was observed in the 
interior of the germinal centres.

The proposed imaging technology is inherently flexible and 
modular, with regards to both the protein that is encoded by the 
mRNA and the carrier that encapsulates the mRNA cargo. Labelling 
the mRNA directly (that is, before encapsulation) allows this tech-
nique to be used with any carrier or delivery system. In this study, 
the nanoparticle CholK was selected because aminoglycosides are 
natural compounds that are known to interact specifically with RNA 
structures. However, any nanoparticle could be utilized in practice. 
Furthermore, the technical hurdle to label DNA in an analogous 
manner is minimal. This allows head-to-head comparisons between 
vaccine formulations of interest to be conducted.

A question that remains to be answered is the degree to which 
protein expression in the muscle is a determining factor in subse-
quent antigen-specific immune responses. Producing an innate 
immune response in the muscle is beneficial due to the potent pro-
duction of chemokines and cytokines that recruit immune cells28,29, 
but it is possible that the primary consequence of this in terms of 
vaccine efficacy is increased antigen transport to LNs where antigen 
presentation to T helper cells and costimulatory molecule activa-
tion occurs30–32. In this study, we observed prME expression in the 
muscle and general recruitment of APC immune cells to the injec-
tion site. In the LNs, professional APCs were the primary cell types 
containing labelled mRNA.

The transport of vaccine components to secondary lymphoid tis-
sue can occur in a passive manner that is driven by convective forces 
or in an active, cell-mediated manner by APCs that infiltrate the 
tissue due to cytokine- and chemokine-signalling gradients brought 
about by inflammation30. Passive convection occurs in minutes to 
hours after delivery, whereas active transport is on the order of 
hours to days. However, these two modes of antigen delivery to lym-
phoid tissue are not equivalent and there is evidence that antigen 
presentation without cellular activation contributes to tolerance30. 
Although we are not able to resolve which transport mechanisms 
are primarily responsible using this approach, the strong draining 
LN signal we observed at 4 h suggests that imaging 30–60 min after 
injection could help delineate the transport mechanism.

A barrier slowing down effective vaccine development is the 
empirical manner in which vaccines are evaluated, in a trial-and-
error fashion, without a detailed understanding of the reasons they 
worked in the first place4. The parameters of a given vaccine, includ-
ing adjuvant, delivery vehicle and route of administration, each 
have profound impacts on the type of immune response generated 
and subsequent vaccine efficacy33. With each vaccination approach 
having its advantages and disadvantages based on the treatment set-
ting, understanding and reverse engineering the spatio–temporal 
kinetics of successful vaccines could allow for the rational devel-
opment of vaccines that share similar trafficking characteristics. In 
other words, knowing the ‘why’ and ‘how’ of a successful vaccine 
can aid in improving the efficacy of other less efficacious vaccines.

Although beyond the scope of this study, linking acute vaccine 
trafficking events with downstream adaptive immune responses, in 
comparison with what is observed in lower animal models, has the 
potential to shed light on critical spatio–temporal determinants of vac-
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cine efficacy. The early sequelae following injection of vaccine formu-
lations determine the nature and magnitude of downstream adaptive 
immune responses34–36. This information could be used to correlate 
vaccine efficacy with trafficking patterns in the days immediately fol-
lowing injection. Generating such a predictive model could help save 
time, financial resources, lower animal numbers and, in the long-term, 

provide a rapid proxy for vaccine efficacy during emerging outbreaks 
or military contexts where verifying immunity quickly is vital. Due to 
its non-invasive nature, we believe the presented vaccine monitoring 
approach can help reveal spatio–temporal determinants of vaccine 
efficacy in preclinical and translational vaccine studies, particularly in 
large mammals where safety is paramount.
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Fig. 7 | YF prME mRNA and protein expression in LNs. a, A whole-organ stitch of an ipsilateral LN from animal AF032 at ×20 magnification. YF prME 
mRNA (blue) appears in the cortical sinus and trabeculae, whereas expressed protein (red) is predominately, but not exclusively, located on the cortical 
sinus of the LN. The section was also stained for CD20 (green) and DAPI (white). Scale bar, 500 µm. Magnifications of the areas boxed in white are shown 
on the right; Scale bars, 100 µm. b,c, Sections of LN tissue were stained with the immune cell markers CD20 (b) and CD86 (c), YF prME protein and 
counterstained for DAPI (white). The sham controls from uninjected monkeys are shown. The images were acquired with a Zeiss780 confocal microscope 
with a ×40 objective. Scale bars, 30 µm. The line profiles (bottom right) obtained along the white arrows for the cropped images (top right) indicate the 
mRNA in red, cell markers in blue and protein in green. Representative images are shown (n = 3).
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Methods
IVT-mRNA labelling. The IVT mRNA encoding YF prME was provided by 
CureVac AG. It included a 5ʹ cap, the 3ʹ UTR from human albumin as well as 
a poly(A) tail. MTRIPS for mRNA labelling were synthesized as previously 
described20–22. Briefly, 2ʹ O-methyl RNA–DNA chimeric oligonucleotides 15–17 
nucleotides in length containing three or four amino-modified thymidines, a 
short poly(T) linker and a 5ʹ biotin (Biosearch Technologies) were purchased. 
Three oligonucleotides (termed CV1, CV2 and CV3) complementary to sequences 
in the human albumin 3ʹ UTR of the mRNA were used for annealing. The 
oligonucleotides were labelled with DyLight 680-NHS esters (Pierce) using the 
manufacturer's protocols and excess dye was removed using 3 kDa centrifugal 
filters (Millipore).

The NeutrAvidin core for MTRIPS assembly was conjugated to DOTA-NHS 
ester (5× molar excess) in 0.1 M-phosphate chelexed buffer and excess DOTA was 
removed using 10 kDa filters. For radioactive labelling, NeutrAvidin–DOTA was 
incubated with 64Cu in ammonium acetate for 1 h. Unbound 64Cu was removed 
using 10 kDa filters. Finally, NeutrAvidin–DOTA was separately incubated with 
each fluorescently labelled oligonucleotide at a 1:5 molar ratio for 1 h at room 
temperature (RT). Excess oligonucleotides were removed using 30 kDa filters. For 
mRNA labelling with MTRIPS, 800 µg mRNA was first heated at 75 °C for 10 min 
(to remove secondary structure) and immediately placed on ice for 2 min. MTRIPS 
were added to the mRNA and incubated at 37 °C for 2 h. The mRNA-to-MTRIPS 
ratio was optimized to 1:0.5, which ensured efficient mRNA labelling while 
avoiding the need for a final purification step by filtration. The resulting labelled 
mRNA was tested via HPLC (data not shown).

Animals and i.m. injection. Cynomolgus monkeys were used in this study (n = 5: 
AD036, 8.4 kg; AD031, 6.6 kg; AF032, 7.65 kg; AF093, 6.35 kg, all males aged 9; 
and CM653, 9.6 kg, male aged 12). The macaques were maintained in accordance 
with the regulations of the Guide for the Care and Use of Laboratory Animal at 
New Iberia Research Center, University of Louisiana. Each animal was injected 
intramuscularly in the right quadriceps with 500 µl Ringer’s lactate solution 
formulation CholK (In-Cell-Art) with YF IVT prME mRNA labelled with MTRIPS 
composed of DyLight 680-oligonucleotides conjugated to 64Cu–NeutrAvidin. The 
total radioactivity injected was 0.7–0.9 mCi. Radioactive animals were housed in 
a separate, designated room, according to EH&S policies, with daily radioactivity 
measures, until ten half-lives had elapsed (5.3 d for 64Cu).

PET–CT imaging of non-human primates and image analysis. Four animals 
were imaged at 4 and 28 h post injection, or 24 h post injection where indicated, on 
a clinical grade PET–CT scanner (Siemans Biograph 40) at Our Lady of Lourdes 
Regional Medical Center. The specific PET parameters used during acquisition can 
be requested from the corresponding author.

All quantitative software analysis was completed from DICOM-formatted 
images using MIM Software Inc. A high-pass thresholding filter set at 28% (that is, 
only the highest 72% of the signal within a given region) was used to assign ROIs 
to each LN. These volumetric regions of interest were used to report the average, 
maximum and total SUVs. The volume of the ROIs for a given LN never varied by 
more than 5% across time points. To account for instrument parameters that might 
have altered between imaging sessions, contralateral muscle SUV average values for 
a circumscribed ROI were used to normalize readings. The video clip displaying 
a three-dimensional reconstruction of the PET–CT data was accomplished using 
Amira software (Thermo Fisher Scientific).

PET sensitivity estimation of mRNA. The iliac LN of AF031 was used to estimate 
the sensitivity of PET–CT to quantify mRNA, as it was the lowest, yet detectable, 
organ able to be quantified. The calculations that follow are based on the SUV 
values for this iliac LN and an initial injection quantity of 200 µg mRNA. Assuming 
a closed system (that is, no RNA enters the blood circulation), then the amount 
of mRNA indicated by an SUV of 1.72 is 36.3 ng. This iliac LN signal is 11.80-fold 
greater than that found in an equal volume of control muscle tissue. If we assume 
a detection sensitivity 2× higher than the background, then the sensitivity of 
detection is 6.16 ng for a volume of 0.4 ml (or 15.4 ng cm−3).

Tissue extraction, near-IR imaging and flow cytometry. One animal was 
euthanized at 16 h post vaccine administration. During necropsy, muscle tissues 
and LNs were screened for near-IR signal using the Fluobeam near-IR portable 
camera (Fluoptics Imaging Inc.) and the radioactive signal was measured using 
a well counter. Contralateral tissues were also collected as negative controls. 
Excised LNs were mechanically dissociated by pressing and grinding the tissue 
over a 70 µm filter and a 40 µm filter (BD Biosciences) fitted on top of a 50 ml 
conical tube. During mechanical disruption, the tissue was systematically washed 
with RPMI1640 media with 10% Pen/Step under sterile conditions. The muscle 
tissues were cut into small pieces and digested with 0.2% Type IV collagenase 
(Worthington) and 0.01% RQ1 DNase (Promega) for 90 min at 37 °C with gentle 
shaking. Digested muscle tissues were passed through a 15G blunt followed by an 
18G blunt needle several times. The tissues were subsequently filtered through a 
70 µm and a 40 µm strainer. The cells were centrifuged at 1,000g for 10 min at 4 °C; 
the resultant cell pellet was treated with ACK solution for 5 min for red-blood-cell  

lysis and washed with RPMI medium. The cells were resuspended in 10 ml 
complete RPMI, counted with a haemocytometer and immediately processed 
for flow cytometry. One million cells were stained with the cell-type markers 
indicated in Supplementary Tables 2 and 3. Surface cell staining was performed in 
FACS wash buffer (2% fetal bovine serum in 1×PBS). The cells were fixed with 1% 
paraformaldehyde in FACS wash at 4 °C until data acquisition. Cells were gated  
as indicated in Supplementary Figs. 2–5. All samples were acquired using a 
FACSAria Fusion (BD Biosciences). All analysis was performed using the FlowJo 
software package (Tree Star). A minimum total of 300,000 events were recorded for 
each organ.

Tissue extraction, near-IR imaging and immunohistochemistry. Two of the four 
animals were euthanized at 28 h post vaccine administration. During necropsy, 
muscle tissues and LNs were screened for near-IR signal using the Fluobeam 
near-IR portable camera (Fluoptics Imaging Inc.). Images were acquired at 
varying exposure times in low ambient-light conditions. Contralateral tissues 
were also collected as negative controls. For immunohistochemistry tissue 
processing, macaque draining iliac or inguinal LNs and muscle (injection site and 
contralateral), and mouse iliac LN tissues were fixed in 4% paraformaldehyde 
overnight at RT. The next day, the tissues were washed once with PBS and 
incubated with 30% sucrose in PBS overnight at 4 °C, followed by optimal 
cutting temperature (OCT) compound embedding. Tissue blocks in OCT were 
immediately snap frozen in dry-ice-cooled isopentane and stored at −80 °C. 
Frozen tissue blocks were sectioned into 10-µm-tissue sections using a cryostat. 
Tissue sections separated by 50–100 µm were used to stain for the specific immune 
cell markers and antigenic protein. Macaque LN tissue from a sham animal 
(uninjected) and contralateral animal were used as controls.

Immunofluorescence tissue imaging. Cynomolgus monkey iliac LN-tissue 
sections were stained for cell surface markers (Table 4) and expressed YF prME 
antigen. The slides were thawed in a humidified chamber for 5 min and washed 
twice with 1×PBS. The sections were incubated in 1×Dako antigen retrieval 
buffer for 30 min in a steamer, followed by cooling at RT for 20 min. The slides 
were washed once with 1×PBS and permeabilized with PBST (PBS containing 
0.1% Tween 20) for 30 min. The tissues were blocked with 10% donkey serum 
plus 1% BSA for 45 min, followed by incubation with the primary antibodies 
targeting the selected cell-type markers and YF prME protein for 45 min at RT (the 
primary antibodies source and dilutions are listed in Table 1). Tissue sections were 
washed four times with 1×PBST for 10 min each, followed by incubation with the 
secondary antibodies (as listed in Table 1) for 30 min. The slides were washed four 
times with 1×PBST (5 min each) and incubated with DAPI for 5 min at RT. After 
two final washes with 1×PBS, the slides were mounted with 10 µl ProLong gold. 
Muscle-tissue sections were incubated with 1×DAKO antigen retrieval buffer for 
20 min and blocked for 1 h as described previously. The slides were then incubated 
overnight with primary antibodies to the selected immune cell markers. The next 
day, the tissue sections were incubated with secondary antibodies for 30 min, 
followed by three washes with PBST. The YF prME antibody was added for 1 h, 
followed by three washes with PBST. The nuclei were counterstained with DAPI 
and the slides were mounted with ProLong Gold.

Tissue sections from LNs and muscles from macaques were imaged with a 
×40 oil objective. Three or four slides were imaged for each cell marker and 10–12 
images were taken per slide. Stitching was performed using a ×20 objective for LN 
tissue and a ×40 objective for muscle tissue.

Statistics and image visualization. All statistical tests and graphical figures were 
generated using GraphPad Prism.

Quantitative RT–PCR for cytokine expression in vitro. Hela cells (ATCC) were 
cultured in DMEM (Lonza) with 10% fetal bovine serum (Hyclone), 100 U ml−1 
penicillin and 100 µg ml−1 streptomycin (Invitrogen) and were plated one day 
before the experiments. Cells were transfected with 500 ng of either unlabelled or 
MTRIP-labelled mRNA in duplicates using Lipofectamine 2000 (L2K, Thermo 
Fisher Scientific) following the manufacturer's instructions. Vehicle-only 
controls were included. After transfection (28 h), cells were processed for total 
RNA extraction using the RNeasy mini kit (Qiagen). Total RNA was checked for 
integrity through agarose gel electrophoresis and quantified using a NanoDrop 
2000. Total RNA (1 µg) was used for complementary DNA synthesis using the RT2 
first strand kit (Qiagen) according to manufacturer's instructions. The reaction 
product (1 µg) was used for qRT–PCR using the Real-time RT2 qPCR primer 
assay (SYBR green) in the presence of gene-specific primers for IL6, INF1B, 
IL1B and GAPDH (Qiagen). Quantitative RT–PCR was performed using the ABI 
StepOnePlus Real-Time PCR system (Applied Biosciences).

Animal ethics. All animal studies were approved by the IACUC committee at the 
New Iberia Research Center, University of Louisiana at Lafayette and the IACUC at 
the Georgia Institute of Technology.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
The authors declare that all data supporting the findings of this study are available 
within the paper and its Supplementary Information. The PET–CT-scanner 
acquisition settings are available on request from the corresponding author.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Volocity (Microscopy acquisiton; PerkinElmer); StepOnePlus (ABI); BD FACSDiva (Flow acquisition); Fluobeam aquisition software 
(Fluoptics).

Data analysis Volocity (Microscopy analysis; PerkinElmer); StepOnePlus (ABI); FlowJo (Flow analysis); MIM (PET/CT analysis); Amira (PET/CT 3D 
reconstructions); Graphpad Prism 7 (plotting and statistical analyses).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The authors declare that all data supporting the findings of this study are available within the paper and its Supplementary Information. PET/CT-scanner acquisition 
settings are available upon request from the corresponding author. 
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size This study did not require pre-specified effect sizes and therefore no sample-size calculations were needed. All in vitro experiments 
(immunofluorescence in cells and tissues, qPCR) were performed at least twice in triplicates. PET-CT studies were performed in four animals. 
Probe validation and flow cytometry experiments were performed using samples from one animal.

Data exclusions No data were excluded. 

Replication Probe validation and flow-cytometry experiments were not repeated. All other experiments were replicated.

Randomization This study did not require randomization. All animals received the same treatment.

Blinding This study did not require blinding. All animals received the same treatment.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used All information about the antibodies used in the studies for flow cytometry and immunofluorescence are listed in Supplementary 

tables 2–4, including clone, catalogue number and vendor.

Validation Antibodies for immunofluorescence were validated using mock controls or no primary controls. All antibodies for flow cytometry 
were validated by the manufacturer.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HeLA ATCC  CCL-2.

Authentication ATCC cell-line authentication service.

Mycoplasma contamination Cells were routinely inspected for contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Five Cynomolgus monkeys were used: AD036 8.4 kg, AD031 6.6kg, AF032 7.65 kg, AF093 6.35 kg (all age 9 and males), and 
CM653 9.6kg, male, age 12.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight Macaques were maintained in accordance with the regulations of the Guide for the Care and Use of Laboratory Animal at New 
Iberia Research Center, University of Louisiana. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation One animal was euthanized at 16 hours post vaccine administration. During necropsy, muscle tissues and lymph nodes were 
screened for near-IR signal using the Fluobeam near-IR portable camera (Fluoptics Imaging Inc, Cambridge MA), and the 
radioactive signal was measured using a well counter. Contralateral tissues were also collected as negative controls. Excised LNs 
were mechanically dissociated by pressing and grinding the tissue on top of a 70 μm filter and a 40 μm filter (BD Biosciences), 
fitted on top of a 50-mL conical tube. During mechanical disruption, the tissue was systematically washed with RPMI1640 media 
with 10% Pen/Step, under sterile conditions. Muscle tissues were cut into small pieces and digested with 0.2% Type IV 
collagenase (Worthington) and 0.01% RQ1 DNase (Promega) for 90 minutes at 37ºC, with gentle shaking. Digested muscles were 
passed through a 15G blunt followed by an 18G blunt needle several times. Tissues were subsequently filtered through a 70-μm 
and a 40-μm strainer. The cells were centrifuged at 1000xg for 10 minutes at 4°C; the resultant cell pellet was treated with ACK 
solution for 5 minutes for red-blood-cells lysis and washed with RPMI. Cells were resuspended in 10 ml of complete RPMI, 
counted with a hemocytometer, and immediately processed for flow cytometry. One million cells were chosen and stained with 
the cell type markers indicated in Supplementary Tables 2 and 3. Surface cell staining was performed in FACS Wash buffer (2% 
FBS in 1x PBS). Cells were fixed with 1% PFA in FACS Wash at 4°C until data acquirement. Cells were gated as indicated in 
Supplemenary Figs. 2–5. All samples were acquired using a FACSAria Fusion (BD Biosciences). All analyses were performed using 
the FlowJo software package (Tree Star, Ashland, OR, USA). A total of at least 300,000 events were recorded for each organ.

Instrument FACSAria Fusion (BD Biosciences)

Software Acquisition - BD FACSDiva; Analysis - FlowJo software package (Tree Star, Ashland, OR, USA).

Cell population abundance A total of at least 300,000 events were recorded for each experimental condition.

Gating strategy The gating strategy for the main cell types is illustrated and explained in Supplementary figures 3, 4 and 5.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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