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Viral replication places oncolytic viruses (OVs) in a unique
niche in the field of drug pharmacokinetics (PK) as their self-
amplification obscures exposure-response relationships.
Moreover, standard bioanalytical techniques are unable to
distinguish the input from replicated drug products. Here,
we combine two novel approaches to characterize PK and bio-
distribution (BD) after systemic administration of vesicular
stomatitis virus pseudotyped with lymphocytic choriomeningi-
tis virus glycoprotein (VSV-GP) in healthy mice. First: to
decouple input drug PK/BD versus replication PK/BD, we
developed and fully characterized a replication-incompetent
tool virus that retained all other critical attributes of the
drug. We used this approach to quantify replication in blood
and tissues and to determine its impact on PK and BD. Second:
to discriminate the genomic and antigenomic viral RNA
strands contributing to replication dynamics in tissues, we
developed an in situ hybridization method using strand-spe-
cific probes and assessed their spatiotemporal distribution in
tissues. This latter approach demonstrated that distribution,
transcription, and replication localized to tissue-resident mac-
rophages, indicating their role in PK and BD. Ultimately, our
study results in a refined PK/BD profile for a replicating OV,
new proposed PK parameters, and deeper understanding of
OV PK/BD using unique approaches that could be applied to
other replicating vectors.

INTRODUCTION
Replication-competent oncolytic viruses (OVs) are emerging and
promising cancer immunotherapies with demonstrable clinical effi-
cacy.1–4 Their pharmacological effects (e.g., oncolysis, progeny infec-
tion, local inflammation, immune activation, and in situ cargo expres-
sion) are mediated largely by viral replication in the tumor, which
drives the drug’s potency.5–7 Rhabdoviruses are excellent OV candi-
dates owing to their rapid cytopathic replication, low seroprevalence
in humans, immunomodulatory capacity, and ease of achieving high
190 Molecular Therapy: Methods & Clinical Development Vol. 28 March
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titers in production cell lines.8–12 The prototypical rhabdovirus vesic-
ular stomatitis virus (VSV) has demonstrated therapeutic efficacy in a
variety of mouse cancer models,8,13–16 as well as early clinical proof of
principle and tolerability in canine cancer patient trials and phase I/II
human cancer patient trials.17–19

Comprehensive pharmacokinetic (PK) and pharmacodynamic (PD)
characterization is essential for cancer drug development. PK is the
study of drug fate in the body and is conducted by measuring drug
(and metabolite) concentrations over time—typically in blood or
serum. Concentration-time profiles are then used to calculate PK pa-
rameters. The primary PK parameters, clearance (CL) and volume of
distribution (Vd), are used to describe the disposition and elimination
of drugs, which enables their half-life (t1/2) calculation. Area under
concentration-time curve (AUC) and maximal concentration
(Cmax) are used to quantify exposure. Biodistribution (BD) studies
may also be performed as part of the PK assessment to determine dis-
tribution of the dosed therapeutic throughout tissues in the body
(particularly relevant for viral vectors as a critical endpoint in preclin-
ical safety and pharmacology studies).20,21 In contrast to PK, PD is the
study of drug effect and is conducted by measuring the patient
response to drug, as defined by one or more biomarkers that are
selected based on the drug’s specific mechanism of action. Character-
izing the relationship between PK and PD helps determine clinical
strategies for therapeutic development (e.g., human efficacious dose
predictions and defining optimal dosing regimens).
2023 ª 2022
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In general, the fate of systemically administered viral vector-based
drugs is known—they rapidly clear from the blood within minutes
to hours and distribute to tissues throughout the body, particularly
the liver and lymphoid organs.22–30 Distribution is driven primarily
by interactions between the virus and the mononuclear phagocytic
system (MPS) via a panoply of nonspecific interactions (e.g., sialic
acids) and serum factors (e.g., complement and natural anti-
bodies).15,24,31–34 To date, PK/BD studies of OVs have used various
methods for measuring virus replication in vivo (e.g., qRT-PCR,
infectivity assays, protein reporters, reporter imaging35–41), which
do not easily discern between the input virus disposition and replica-
tion. Furthermore, replication impacts both concentration-time (PK/
BD) and concentration-effect (PD) profiles, resulting in a bidirec-
tional relationship between PK and PD, which has been alluded to
by others.6,35,42,43 Thus, standard PK analysis and dose prediction ap-
proaches commonly used for other drug modalities (e.g., biologics
and small molecules) are not easily applied to replication-competent
OVs.44 Indeed, unlike traditional biologics or small molecules, it is
not common to describe the fate of replication-competent OVs using
traditional PK parameters, likely because replication confounds PK
parameter calculations (e.g., CL rates or t1/2 values in the context of
increasing drug levels).45

Herein, we characterize the PK and BD of a model OV, VSV
pseudotyped with the lymphocytic choriomeningitis virus (LCMV)
glycoprotein (VSV-GP). VSV-GP, and variants thereof, are currently
undergoing preclinical and clinical development for treatment of solid
tumors.46–48 For this characterization, we developed a UV light-inac-
tivated tool virus (VSV-GPUV) that could be used to decouple input
drug concentrations from replicated drug concentrations in vivo
(a.k.a. input and replicated virus). Our approach resulted in two
unique PK profiles: PK1 to describe the concentration-time profile of
input virus and PK2 to describe the concentration-time profile of repli-
cated virus products. Importantly, this approach facilitated calculation
of classical PK parameters to quantify input disposition aswell as addi-
tional unique PK parameters (DAUC and AUCR) that enabled quan-
tification of replication in blood and tissues. In addition, by employing
a unique strand-specific in situ hybridization (ISH) method in duplex
with immunohistochemistry (IHC), we demonstrate that the PK1 and
PK2 profiles of VSV-GP in tissue are driven by tissue-resident macro-
phages. We anticipate these findings will have implications for devel-
opment of other OVs and replication-competent vectors.

RESULTS
Generation and characterization of VSV-GPUV replication-

incompetent tool virus

Toward our goal of a more refined pharmacological assessment of
VSV-GP, we set out to uncouple input virus concentrations (PK1)
from replicated virus concentrations (PK2). As a first step, we used
UV irradiation to generate a tool virus that would be nearly identical
to VSV-GP, except deficient in its ability to replicate. Early experi-
ments revealed that, despite effective inactivation, UV exposure
impacted genome recovery by qRT-PCR (Figure S1). After method
optimizations to dampen UV intensity, increasing UV exposures
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were then tested to determine a dynamic range of inactivation. As
shown in Figure 1A, inactivation was found to be dose-dependent
and impacts were observed with exposure times as short as 1 s. By
120 s (equivalent to �650 mJ/cm2) of exposure, measured infectious
units fell below the limit of detection (LOD) of the assay (�125 tissue
culture infectious dose 50% (TCID50)/mL). Importantly, these expo-
sure times had minimal to no impact on genome recovery. We
confirmed, using light microscopy, a lack of cytopathic effect (CPE)
in cells treated with VSV-GP exposed to 60 s (�360 mJ/cm2) UV irra-
diation (Figure 1B). Finally, we performed 60 s exposure on VSV-GP
expressing GFP (VSV-GP-GFP) to detect whether transgene expres-
sion remained despite loss of infectivity. As shown in Figure 1C, GFP
expression was not detected in cells infected with VSV-GP-GFP
exposed to 60 s UV irradiation.

Next, we further assessed the impacts of UV exposure on specific steps
of the VSV-GP life cycle (i.e., cell binding/entry, gene transcription,
and progeny release). To examine cell binding/entry, we co-incubated
cells with virus and measured the loss of genomes in supernatant over
time (as an indirect measure for virus entry). We observed no impact
of UV irradiation (up to 60 s) on cell binding/entry (Figure 1D). To
examine intracellular transcription, we co-incubated cells with virus
and then measured VSV-N RNA in cells over time. As shown in Fig-
ure 1E, the impacts of UV irradiation on gene expression were expo-
sure dependent, with near complete loss of transcription observed
following 60 s exposure. At the same time points, we measured virus
genomes in the supernatants and found that progeny release was
also exposure-dependent, with near complete loss of progeny virus
following 20 s exposure (Figure 1F). Interestingly, trace residual intra-
cellular VSV-N transcription was detected after exposure of 20 and
60 s (Figure 1E), despite the absence of either released progeny (Fig-
ure 1F) or replicated genomicRNAat 6 h (Figure S1). This latter obser-
vation is consistent with previous findings that higher UV doses are
needed to completely deplete VSV transcription versus infectivity.49,50

Having demonstrated the impacts of UV on the VSV-GP life cycle, we
next wanted to characterize its impact on VSV-GP antigenic, struc-
tural, and morphological integrity. As UV has been demonstrated
to crosslink both nucleic acids and proteins,51–53 we probed for dam-
age to the viral GP using binding immunoassays. As shown in
Figures 2A and 2B, UV exposure up to 600 s (�4000 mJ/cm2) did
not impact the ability of VSV-GP to bind either its receptor, a-dystro-
glycan (aDG),54,55 or a neutralizing antibody, Wen1.3,56,57 indicating
that the conformational integrity of GP is maintained. As heat-inac-
tivation of virus is known to damage viral protein conformation,58 we
used it as a control for comparison and observed a significant loss in
antibody binding potency compared with VSV-GP and VSV-GPUV.
Next, we assessed the impacts of UV on virus particle size distribution
and particle concentration using nanoparticle tracking analysis
(NTA). As shown in Figure 2C, 600 s exposure did not alter particle
size distribution or concentration. We further probed for morpholog-
ical impacts using cryogenic electron microscopy. We found that 60 s
of UV exposure did not impart morphological alterations or generate
aggregates (Figures 2D and S2).
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Figure 1. Generation and biological characterization of UV-inactivated tool virus

(A) Viral titers measured in genome copies (gc)/mL) and infectious units (TCID50/mL) after escalating exposure of UV254 irradiation. The geometric means (± geometric SD) of

two independent experiments in technical triplicates are plotted. (B) Representative phase-contrast microscopy images of BHK-21 cells 72 h post-virus challenge with VSV-

GP (left), VSV-GPUV after 60 s of UV exposure (middle), or mock treated (right). Scale bars, 1 mm. (C) Representative fluorescence microscopy images of BHK-21 cells 16 h

post-treatment with VSV-GP-GFP (left), VSV-GP-GFPUV after 6 0s UV exposure (middle), or mock treated (right). Scale bars, 0.2 mm. (D) Viral genomes remaining in su-

pernatant after co-incubation of HEK293-F suspension cells with VSV-GP exposed, or not, to varying levels of UV exposure. The percent recovery (compared with nominal

input genomes) is plotted against time through 1 h. (E) Intracellular VSV-N RNA expression in HEK293-F cells over time after adherent synchronized infection. Fold change in

relative N expression (in relation to time zero) is plotted over time. Data points represent means (±SD) of biological duplicates (error bars may not be shown if smaller than data

point shapes). (F) Viral genomes released from HEK293-F cells measured in supernatants via qRT-PCR. Mean (±SD) genome copies per mL are plotted against time from

biological duplicates each in qPCR triplicate. All cell-based assay data is representative of at least three independent experiments. ND, not detected; VSV-N, gene encoding

vesicular stomatitis virus nucleoprotein; gc/mL, genome copies per mL; TCID50, tissue culture infectious dose 50%.
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Early innate responses to virus in vivo are expected to influence PKand
BD of the input virus, as viral entry is known to induce type-I inter-
feron (IFN) production via input-dependent pathways in addition
to pathways dependent on replication.59,60 To determine whether
UV exposure impacted the ability of VSV-GP to induce early IFN in
response to input virus, we infected primary mouse splenocytes
ex vivo with VSV-GP before or after 60 s UV exposure and measured
IFN release in supernatants. As shown in Figures 2E and S3, 60 s of UV
exposure did not impact the ability ofVSV-GP to induce IFN. The IFN
releasedwas likely due to input genomes of each test article, asminimal
to no replication was observed in the ex vivo cultures (Figure S3).
192 Molecular Therapy: Methods & Clinical Development Vol. 28 March
In summary, 60 s UV exposure was sufficient to arrest viral replica-
tion and ablate infectious titer while retaining genome recovery, bind-
ing, structural, and innate immunogenic properties of live VSV-GP.
Based on these results, this exposure level was selected to generate
the tool virus (a.k.a. VSV-GPUV) for in vivo PK and BD assessment.

Whole-blood PK of VSV-GP and VSV-GPUV

Next, using the tool virus above (60 s exposure), we set out to charac-
terize PK1 and PK2 for VSV-GP. For this characterization, BALB/c
mice were administered a single intravenous (i.v.) bolus dose of either
live VSV-GP or VSV-GPUV at an equivalent genome copy dose
2023
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B C Figure 2. Structural and conformational

characterization of UV-inactivated tool virus

(A and B) Binding electrochemiluminescence immuno-

assays to measure aDG (A) or an anti-LCMV-GP

neutralizing antibody (B) to VSV-GP samples to determine

integrity of GP binding. Viruses were coated on plates and

then incubated with either increasing amounts of aDG

and detected with an anti-aDG detection antibody (A),

or anti-LCMV-GP mouse monoclonal antibody and

detected with an anti-mouse detection antibody (B).

Binding profiles are representative of two independent

experiments and data points are mean RLUs of

duplicates (±SD), which were curve-fitted with four-

parameter nonlinear regression. (C) Particle size

distribution profile of VSV-GP before and after 10 min

(�7,400 mJ/cm2) of UV exposure measured by NTA. (D)

Representative cryogenic electron micrographs taken at

73,000� magnification of VSV-GP before (left) and after

(right) UV exposure of 60 s (600 s exposure and lower

magnification images can be seen in Figure S2). Scale

bar, 200 mm. (E) IFN-b release from primary naive

BALB/c mouse splenocytes after ex vivo treatment with

live VSV-GP or VSV-GPUV, where MOI was calculated

using input genome copies. At 12 and 24 h post-infection, cell supernatants were collected and measured for IFN-b (and IFN-a, see Figure S3) using an MSD U-plex kit.

Bars represent mean concentrations in pg/mL (±SD) from four independent experiments (each performed with n = 2 mice). Statistical testing was performed using

ANOVA with Tukey’s multiple comparisons test (a = 0.05). aDG, alpha-dystroglycan; RLU, relative light units; LCMV-GP, lymphocytic choriomeningitis virus

glycoprotein; mAb, monoclonal antibody; VSV-GPHI, heat-inactivated VSV-GP (65�C for 10 min); IrAb Ctrl, irrelevant antibody control (VSV-GP samples with irrelevant

isotype-matched control antibody); IFN, type-I interferon; MSD, MesoScale Discovery; MOI, multiplicity of infection; SD, standard deviation; ns, not significant.
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(�2 � 1010 genome copies). Mice dosed with VSV-GP received 109

TCID50, whereas mice dosed with VSV-GPUV received <102

TCID50. Whole-blood samples were collected at 12 time points using
composite sampling, and viral genome concentrations were measured
using qRT-PCR.

As shown in Figure 3, genome concentrations of both VSV-GP and
VSV-GPUV decreased rapidly (>99.9% cleared the blood) within 1 h
and then plateaued between 1 and 3 h. After the 3 h time point,
VSV-GP and VSV-GPUV concentrations diverged with concentra-
tions of live virus increasing over the next several hours, peaking at
9 h, and then decreasing through 1 week. By contrast, concentrations
of the tool virus continued to rapidly decline after 3 h through 1 week.
Trace genome concentrations (�6 logs lower than Cmax) for both test
articles converged near the limit of quantification (LOQ) by 1 week.
The concentration-time profile was then split into two phases at an
inflection point we observed at the 1 h time point: an early distribu-
tion phase (0–1 h) and a late replication-elimination phase (1–168 h).
Analysis of variance (ANOVA) demonstrated that the early distribu-
tion phase profiles of VSV-GP and VSV-GPUV were not significantly
different (p = 0.1861), whereas the replication-elimination phase pro-
files were significantly different (p < 0.0001).

We calculated PK parameters for both phases using noncompartmen-
tal analysis (NCA) in WinNonlin (Table 1). In the early distribution
phase, PK parameters were similar between VSV-GP and VSV-GPUV

and the volume of distribution (Vd) for both viruses was near the
approximate total blood volume of BALB/c mice.61 By contrast,
Molecular
most parameters differed in the late phase; notably, live VSV-GP ex-
hibited a slower CL rate, later Tmax, greater Cmax, and larger AUC. Of
note, concentration measurements for live virus in the late phase cap-
ture both input and replicated drug, thus confounding the interpreta-
tion of some late-phase PK parameters (e.g., CL and Vd).

Finally, as AUC is a measure of exposure, we compared the exposure
to replicating (live) versus non-replicating (UV) virus. As noted in
Table 1, we approximated AUC from time zero to the final time point
(AUC0-t) for each test article. We then calculated exposure as a ratio,
AUC0-t(live)/AUC0-t(UV) (AUCR), to quantify the fold increase in
exposure contributed by genomic replication in blood. The calculated
AUCR was 48 (i.e., a 48-fold higher exposure for live virus), indicating
that replication significantly impacted systemic exposure
(p < 0.0001). In addition, we calculated the absolute exposure directly
contributed by replication by subtracting AUC0-t(live)-AUC0-t(UV)

(DAUC). TheDAUC in blood was 2� 109 genome copies (gc)/mL*h.

Based on the above, we wanted to investigate whether the genomic
replication resulted in generation of infectious virus progeny. For
this, we performed TCID50 analysis on the same blood samples that
were assayed for genome copies (Figure 3). As expected, no TCID50

activity was detected in mice dosed with VSV-GPUV at any time point
(data not shown). For mice dosed with live VSV-GP, TCID50 concen-
tration decreased rapidly within the first hour. During this time, the
�log10-fold ratio between genome copies and TCID50 concentration
for the live virus was consistent with the genome-to-TCID50 ratio of
the starting test article (�20-fold). The maintenance of this ratio
Therapy: Methods & Clinical Development Vol. 28 March 2023 193
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Figure 3. Blood PK of VSV-GP and VSV-GPUV

Concentrations of VSV-GP or VSV-GPUV in mouse whole blood following i.v. in-

jection of 2 � 1010 genome copies (equivalent to 109 TCID50 for live VSV-GP). Viral

titers were determined by qRT-PCR (to measure genome copies) and TCID50 assay

(to measure infectious units). Data points represent the geometric mean (± geo-

metric SD) of three animals (n = 3), which are plotted against time. The x axis (time) is

discontinuous for facile visualization of the distribution phase in the first hour post-

dose. qRT-PCR for each animal was performed in technical triplicates. TCID50

measurements per animal were performed in duplicate. TCID50 assays for all

samples from mice dosed with VSV-GPUV were negative (below LOD �10 TCID50/

mL) and are not plotted in the graph. SD, standard deviation; LOQ, limit of quan-

tification; LOD, limit of detection.
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suggests that CL during this time is due, predominantly, to virus leav-
ing the blood compartment and entering tissues rather than continu-
ously infecting circulating blood cells or being inactivated by serum
factors. After the first hour, TCID50 concentration continued to
decrease and fell below the LOD after 24 h, except for trace amounts
(<LOQ) in two mice (�102 per mL): one at 48 h and another at 72 h
(not graphed). This result suggests that the increase in genomes de-
tected in blood for the live virus was abortive genomic replication
and resulted in little to no production of extracellular infectious prog-
eny (which would have been indicated by increasing TCID50 values or
a milder elimination slope compared with genome copy values of the
tool virus).

Next, we calculated PK parameters for VSV-GP using TCID50 con-
centration in the early and late phases and then compared them
with the PK parameters obtained using genome copies. As shown
in Table 1, PK parameters (Tmax, t1/2, Vd, and CL) derived using
TCID50 concentrations were similar to PK parameters using genome
copies for both VSV-GP and VSV-GPUV in the early phase. In the late
phase, TCID50 PK parameters were distinct compared with genome
copy parameters for live VSV-GP (and VSV-GPUV). Interestingly,
CL rates for TCID50 were even greater than CL rates for VSV-
GPUV genomes in the late phase. This could be explained by the ex-
istence of an additional clearance mechanism(s) for TCID50 values
(e.g., infectious virions entering circulating blood cells). This is
consistent with the notion that TCID50 values are lost upon entering
194 Molecular Therapy: Methods & Clinical Development Vol. 28 March
cells, whereas genome copy values are retained (i.e., “free” infectious
particles are no longer detectable upon binding/entering cells, but its
genomes remain detectable).

Tissue BD and PK of VSV-GP and VSV-GPUV

Given that most virus clears rapidly from blood within the first hour,
we next investigated the fate of this material after leaving the blood
compartment. Tissue samples from spleen, liver, lung, and kidney
were collected at six different time points, and viral genomes were
measured at each time point using qRT-PCR. To evaluate systemic
BD, we selected the earliest time point sampled (1 h) and performed
a mass balance to assess the percent of input dose (%ID) distributed
across all tissues and blood. As shown in Figure 4A, the predominant
sites of distribution for both VSV-GP and VSV-GPUV virus were liver
and, to a lesser extent, spleen. These two organs accounted for�65%–
90%of the ID. By contrast, lower levels of distributionwere observed in
the lung, kidney, and blood (<0.1% ID).We note that, as animals were
not perfused prior to sample collection, trace genome concentrations
in blood may contribute (albeit minimally) to tissue concentrations.

Next, we assessed tissue PK by analyzing the genome concentrations
of VSV-GP and VSV-GPUV in each tissue over time. As shown in the
concentration-time profiles in Figures 4B–4E, genome concentrations
were similar betweenVSV-GP and VSV-GPUV at the 1 h time point in
all tissues, confirming that early tissue distribution of virus was not
impacted by UV irradiation. Thereafter, the concentrations of live
and UV-inactivated virus diverged as the live virus genome concen-
trations increased in all tissues (to varying degrees), except for the
liver where genomes decreased slightly.

PK parameters were assessed for tissues using the genome copy values
(Table 2). As shown, PK parameters differed between VSV-GP and
VSV-GPUV in all analyzed tissues. Notably, live VSV-GP exhibited
a higher Cmax, later Tmax, longer t1/2, and larger AUC in nearly all tis-
sues (the exception being VSV-GP Tmax values in liver, which were
similar). Interestingly, t1/2 values were comparable among tissues
for each virus. We surmise that t1/2 values at these time points may
reflect RNA metabolism rates, which may be conserved across tissues
(e.g., by nonspecific cytoplasmic/endosomal RNases).63

As in blood, we wanted to quantify the fold change and absolute expo-
sure directly contributed by replication in each tissue by calculating
AUCR and DAUC. As shown in Table 2, AUCR varied across tissues,
with spleen exhibiting the highest value (97.1), followed by kidney
(33.4), lung (24.5), then liver (4.2). Similar to AUCR, DAUC varied
across tissues and directly correlated to both the relative BD and extent
of genomic replication in each tissue (spleen > liver > lung > kidney).
Based on thesefindings,we conclude that viral replication impacts expo-
sure in healthy mouse tissues to varying extents, as the tissues exhibit
variability in their permissivity to virus replication.

Finally, we investigated whether the replication observed in tissues re-
sulted in detectable generation of infectious virus progeny. For this,
we measured TCID50 over time in tissue homogenates. As shown in
2023



Table 1. Approximated whole-blood PK parameters in the early and late disposition phases

Analyte

Parametera

Cmax (units/mL)b CL (mL/h) Vd (mL) t1/2 AUC0-t (units/mL*h)b Tmax

Early phase

VSV-GP genomes 6.9 � 109 21.8 1.21 12.3 min 4.6 � 108 1 min

VSV-GPUV genomes 5.0 � 109 28.3 1.68 6.4 min 3.5 � 108 1 min

VSV-GP TCID50 6.3 � 108 22.9 1.59 14.6 min 4.4 � 107 1 min

Late phase

VSV-GP genomes 1.0 � 108 6.0 119.3 11.9 h 1.7 � 109 9 h

VSV-GPUV genomes 1.0 � 108 282.8 3,272.5 45.9 h 3.5 � 107 1 h

VSV-GP TCID50 2.5 � 105 594.1 5,570.3 11.2 h 1.7 � 106 3 h

aCmax, maximum concentration; CL, systemic clearance; Vd, volume of distribution; Tmax, time of maximum concentration; t1/2, half-life, AUC0-t, area under the concentration-time
curve from starting time (0 for early phase and 1 h for late phase) to time t (1 h for early phase and 168 h for late phase). Parameters were approximated using noncompartmental
analysis of concentration-time profiles with mean concentrations from sparse sampling datasets. Concentration at time zero (C0) was extrapolated for early phase approximations.
bConcentration units for total virus genomes and infectious virus genomes are gc/mL or TCID50/mL, respectively.
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Figures 4B–4E, infectious virus was detected at low levels in all tissues
at the 1 h time point. TCID50 values in liver, lung, and kidney rapidly
decreased near or below the LOQ by 24 h. Conversely, TCID50 values
in the spleen transiently increased 5.6-fold (p = 0.041) between 1 and
6 h before decreasing below the LOQ by 72 h. This result corroborates
previous findings with wild-type VSV by Breitbach et al. (as measured
by plaque assay).29 The low concentrations and rapid clearance
of TCID50 suggest that genomic replication in healthy tissues did
not result in persistent generation of virus progeny (as would be ex-
pected in the case of tumor tissue), with the potential exception of
spleen, which may support transient and low-level productive
replication.
In situ localization and replication dynamics of VSV-GP and VSV-

GPUV in tissues

Considering the differences observed in PK parameters between tis-
sues, we sought to further investigate viral replication dynamics in
situ. For this, we developed strand-specific ISH methods against
VSV-GP RNAs, which enabled localization of both antisense (nega-
tive-strand) genomes and sense (positive-strand) intermediary viral
RNAs independently (Figure 5A). Applying this technique to both
VSV-GP and VSV-GPUV allowed us to differentiate the sub-tissue
location of input virus genomes and the spatiotemporal dynamics
of negative- and positive-strand viral RNA amplification.

We focused on liver and spleen, given that these tissues sequestered
the highest levels of dosed virus and yet showed distinct PK profiles.
In the liver, input negative-strand genomes were detected at 1 h with
similar magnitude and localization for VSV-GP and VSV-GPUV (Fig-
ure 5B). This result indicates that distribution and trafficking of the
input (negative-strand) virus is independent of replication in the liver,
as input distribution of VSV-GP was recapitulated with VSV-GPUV.
For both viruses, RNA localized specifically to the cytoplasm of stel-
late-shaped mononuclear cells within the sinusoidal/perisinusoidal
spaces (Kupffer cells). The identification of these cells was confirmed
using IHC for a prototypic Kupffer cell marker, F4/80, as well as the
prototypic sialic acid receptor, CD169, which is variably expressed (or
Molecular
induced) by a subset of Kupffer cells (Figure S5).64 No ISH signal was
observed in mature hepatocytes or endothelial cells.

Positive-strand RNA, in contrast, was observed only in mice treated
with live VSV-GP. Within this group, positive-strand signal was pre-
sent starting at the 1 h time point, confirming that transcription/anti-
genomic replication occurs rapidly in the liver following i.v. dosing.
Levels of both positive-strand RNA (VSV-GP) and negative-strand
RNA (VSV-GP and VSV-GPUV) decreased by 6 h post-dosing, with
only rare ISH staining in the liver by 24 h. At all time points, negative-
and positive-strand RNAs localized mainly to CD169+ cells (Fig-
ure S5). These results demonstrate that liver macrophages rapidly
capture virus from the blood and support a transient burst of posi-
tive-strand amplification. Notably, this burst did not result in nega-
tive-strand genomic replication (or persistent generation of virus
progeny, based on the corresponding TCID50 values in the liver).

Next, we examined viral RNA localization over time in the spleen
(Figure 5C). At 1 h, we observed input negative-strand genomic
RNA for both VSV-GP and VSV-GPUV predominantly in the splenic
marginal zone (MZ), which surrounds the lymphocyte-rich areas of
white pulp and contains CD169+ macrophages.65 The distribution
andmagnitude of VSV-GP and VSV-GPUV negative-strand RNA sig-
nals were similar at 1 h, indicating that, as in the liver, the initial BD of
VSV-GPUV recapitulated the input live virus in spleen (and that
genomic replication of VSV-GP had not occurred by 1 h). At 1 h, pos-
itive-strand RNA was observed predominantly in MZ regions, and
only in mice dosed with live VSV-GP (Figure 5D). In this group,
the positive-strand signal was more abundant compared with the
negative-strand signal at 1 h, indicating rapid transcription/antige-
nomic replication (Figures 5C and 5D, top panels). By 6 h, both nega-
tive- and positive-strand RNA signals increased in the MZs of mice
dosed with VSV-GP, whereas the negative-strand genome signal
decreased in VSV-GPUV-treated mice. By 24 h post-dosing with
VSV-GP, the signal for both positive- and negative-strand RNAs
had decreased overall and shifted further from the MZs into deeper
regions of white pulp (i.e., closer to the central arterioles). The loss
of VSV-GP RNA signal in the MZs coincided with lower cellularity
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Figure 4. Biodistribution and tissue PK of VSV-GP

and VSV-GPUV in mouse tissues

(A) Systemic input dose biodistribution at 1 h post-infec-

tion in blood and select tissues (spleen, liver, lung, and

kidney). Percent input dose (%ID) was approximated

using average female BALB/c organ weights and the

average total blood volume62 to approximate total ge-

nomes in each tissue and then dividing by the input

genomic dose. Bars represent mean %ID (error

bars ±95% CI). (B–E) Mass-normalized biodistribution

kinetics in spleen (B), liver (C), lung (D), and kidney (E).

Mice received 2 � 1010 genomes of either test article via

bolus i.v. injection (109 TCID50 equivalent to the live test

article). Concentration-time profiles were generated by

measuring viral genomes by qRT-PCR and infectious

units by TCID50 assay of tissue homogenates collected

at necropsy 1, 6, 24, 48, 72, or 168 h post-dose. Data

points represent mean concentrations (±SD) from n = 3

animals per time point. LOQ, limit of quantification; ns,

not significant at a = 0.05 (unpaired Student’s t test); CI,

confidence interval.
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and scattered cell debris throughout the MZs, suggesting lysis of resi-
dent macrophages following VSV-GP uptake. In comparison, in the
VSV-GPUV group, negative-strand genomes were largely absent by
24 h. These results demonstrate that a transient burst of VSV-GP
replication occurs in the splenic MZs during the initial 24 h post-
dosing. By 72 h and through 168 h (168 h seen in Figure S6), scattered
residual VSV-GP negative-strand signal was observed mainly within
the interior regions of the white pulp; however, scant to no positive-
strand RNA was detected. This latter finding is consistent with previ-
196 Molecular Therapy: Methods & Clinical Development Vol. 28 March 2023
ous reports that residual VSV genomic RNA
can persist in lymphoid organs in the absence
of active replication.33

Cell-specific IHC markers were used to further
define the cell type(s) responsible for VSV-GP
uptake and replication in the splenic MZ. As
noted, the splenic MZ is populated by macro-
phages expressing CD169, which we probed
by IHC in combination with viral RNA ISH.
As shown in Figure 5E, positive-strand VSV-
GP RNA at 6 h colocalizes with CD169, con-
firming that in vivo replication of VSV-GP
occurs predominantly within this subset of
macrophages in the spleen. This observation is
concordant with previous findings by Honke
et al., who demonstrated that CD169+ MZmac-
rophages permit “enforced” replication of wild-
type VSV as a mechanism to activate adaptive
immune responses.66 As MZ macrophages
share similar functions with subcapsular lymph
node macrophages during infections,67 we
assessed inguinal and mandibular lymph
nodes for viral RNAs in duplex with CD169 (Figure S7). Similar to
spleen, both negative- and positive-strand RNAs were detected in
CD169+ cells by 1 h and increased in magnitude by 6 h. This finding
was indicative of distribution to, and transcription/replication in,
lymph node subcapsular macrophages. Genomic replication was
confirmed and quantified by qRT-PCR and this replication was deter-
mined to be abortive by TCID50 analysis (Figure S7). In the other
remaining tissues (lung and kidney), viral RNAs were also observed
primarily colocalizing with tissue-resident macrophages, although



Table 2. Tissue biodistribution kinetic parameters

Analyte

Parametera

Cmax (units/10 mg)b Tmax (h) t1/2 (h) AUC0-t (units/10 mg*h)b DAUCc (gc/10 mg*h) AUCR
d

Spleen

VSV-GP genomes 1.4 � 109 6 16.4 5.2 � 1010

5.1 � 1010 97.1VSV-GPUV genomes 4.0 � 107 1 31.0 5.4 � 108

VSV-GP TCID50 8.4 � 104 6 6.4 1.4 � 106

Liver

VSV-GP genomes 1.3 � 108 1 17.3 1.7 � 109

1.3 � 109 4.2VSV-GPUV genomes 6.3 � 107 1 35.9 4.1 � 108

VSV-GP TCID50 9.9 � 103 1 2.4 8.6 � 104

Lung

VSV-GP genomes 1.8 � 107 6 16.7 5.8 � 108

5.5 � 108 24.5VSV-GPUV genomes 5.5 � 105 1 52.4 2.4 � 107

VSV-GP TCID50 3.3 � 103 6 11.8 2.8 � 104

Kidney

VSV-GP genomes 1.8 � 106 6 17.6 8.2 � 107

7.9 � 107 33.4VSV-GPUV genomes 9.1 � 104 1 31.4 2.5 � 106

VSV-GP TCID50 6.8 � 102 1 47.3 2.0 � 104

aCmax, maximum concentration; Tmax, time of maximum concentration; t1/2, terminal half-life; AUC0-t, area under the concentration-time curve from time 0 to time t (time t is 168 h
for tissues). Parameters were approximated using noncompartmental analysis of concentration-time profiles with mean concentrations from sparse sampling datasets.
bConcentration units for total virus genomes and infectious virus genomes are gc/10 mg or TCID50/10 mg, respectively.
cDAUC was calculated by subtracting AUC0-t(live)-AUC0-t(UV) calculated based on genome copies only.
dAUCR was calculated by taking the quotient AUC0-t(live)/AUC0-t(UV), calculated based on genome copy values.
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ISH-positive cells were sparse in these tissues in comparison with the
liver and spleen (Figure S7).

Having observed marked qualitative differences between liver and
spleen, we next examined replication/transcription dynamics and tis-
sue innate immune responses in situ. First, we quantified VSV-GP
and VSV-GPUV ISH signals over time using image analysis. As shown
in Figure 5F, negative- and positive-strand RNA kinetics for the live
virus in liver were significantly different (p < 0.001) due to greater
positive-strand RNA signals at 1 and 6 h. In spleen, per-unit area
signal levels for both strands of the live virus were generally greater
than in liver. Interestingly, both strands amplified with similar ki-
netics in the spleen; however, positive-strand RNA was dominant
(but not found to be significantly different, p = 0.09) in the early
time points (1 and 6 h) and then cleared earlier. This finding is consis-
tent with the expected proportions of VSV RNA strands early in the
infection life cycle (i.e., greater amounts of positive-sense VSV-N
mRNA transcripts and antigenomes precede negative-sense genome
replication).68 By 24 h and through 168 h, there were no significant
differences observed between strands in either liver (p = 0.9) or spleen
(p = 0.1).

To investigate whether the tissue-specific difference in permissivity
was associated with innate immune responses, we probed the liver
and spleen for IFN-b mRNA using ISH to compare innate activation
in response to VSV-GP and VSV-GPUV (Figure S8). IFN-b signal
localized primarily to cells in which negative- and positive-strand
RNAs were found: CD169+/F480+ macrophages in liver (Figure S5),
CD169+/F480- macrophages in spleen (Figures 5E and S6). We
then quantified the IFN-b response signals in liver and spleen (Fig-
ure 5G). In the liver, the highest level of IFN-b signal was detected
Molecular
at 1 h. Early responses to VSV-GP trended higher than VSV-GPUV,
but the differences in responses were found to not be significantly
different (p = 0.4). In the spleen, the IFN-b response was detected
at low levels by 1 h and increased by an order of magnitude at the
6 h time point, before returning to baseline at 24 h. In contrast
with liver, the spleen IFN response to live VSV-GP was significantly
higher than VSV-GPUV (p = 0.0003) despite a delayed onset. These
results demonstrate that IFN-b response correlates with replication
and permissivity (and thus PK/BD) in vivo.

DISCUSSION
Applying classical PK principles to replication-competent OVs neces-
sitates unique considerations as the drug’s effect (PD) increases its
own concentration (PK/BD), thus making exposure-response rela-
tionships challenging to define. Studies to date exploring PK and
BD of OVs do not differentiate between the input virus and replicated
virus (which can mask input virus exposure), thus confounding stan-
dard PK and BD analysis. Toward addressing these considerations,
we decoupled the PK and BD of VSV-GP to independently examine
its primary (PK1) and secondary (PK2) PK profiles. This approach
enabled use of quantitative techniques to describe OV fate in vivo.
The utility of this approach was demonstrated by both enabling appli-
cation of standard PK principles to a replication-competent vector
and elucidating newly proposed PK parameters to account for viral
replication (DAUC and AUCR).

This approach required thorough development of a replication-
incompetent tool virus that retained other critical attributes of the
drug to elucidate the PK1 profile. We focused on optimizing UV irra-
diation, as it had been reported to minimally impact viral antigenicity
and entry for some viruses (presumed determinants of BD).69,70
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Treatment with UV abrogates infectivity of RNA viruses primarily by
damaging their genome—specifically by inducing crosslinks between
adjacent uracil (U) residues and between RNA and proteins in an
exposure- and wavelength-dependent manner.53,71 Our early experi-
ments revealed that qRT-PCR genomic recovery was sensitive to UV,
confirming previous findings.71 Thus, the inactivation process
required careful optimization to balance genome recovery and infec-
tivity ablation. The final conditions resulted in an inactivated tool
virus with minimal perturbations to other critical qualities and equiv-
alent detectability in our specific assays.

When dosed in mice, the tool virus mimicked the input disposition of
the live virus in the early phase, which was characterized by rapid
blood clearance and tissue uptake. Thereafter, the concentration-
time profiles in blood and tissues diverged due to transient viral tran-
scription/replication which impacted all PK and BD parameters in the
late phase. This finding demonstrates the ability for healthy non-tu-
mor tissues to permit transient viral transcription/replication, an
important consideration when designing and interpreting preclinical
safety and pharmacology studies. Variability in tissue permissivity to
replication was quantified using AUCR calculations, whereas DAUC
calculations provided absolute measurement of exposure differences
that account for variable distribution and persistence levels across tis-
sues. As DAUC and AUCR quantify viral replication—and thus mea-
sure the drug’s effect—these parameters could serve as quantitative
PD biomarkers for replication (e.g., enabling comparison between
OV candidates and disease models to inform pharmacology and
safety). Future studies will apply these approaches to assess and
compare replication in tumor-bearing mice.We anticipate that tumor
permissivity and efficacy would correlate directly with DAUC and
AUCR in the tumor, and that their values may be orders of magnitude
higher in permissive tumors compared with healthy tissues.

Although replication was detected in healthy tissues and blood, it was
largely found to be abortive in nature, as demonstrated by the lack of
secondary progeny detected by TCID50 assay (with the notable excep-
tion of the spleen). In addition, we found that both input virus and
viral transcription/replication was localized in and restricted to tis-
sue-resident macrophages in the assessed tissues. Together, the
mass balance approximations (accounting for �85%–90% of the
input dose at 1 h) combined with the fact that input virus colocalized
Figure 5. In situ analysis of cellular localization and viral replication dynamics

(A) Schematic depicting the targets of the strand-specific ISH probes during the viral life c

cell entry, the genome is transcribed to positive-strand mRNAs and replicated via an

hybridize to either negative- or positive-strand RNAs to differentiate initial input genomes

(B) Strand-specific ISH time course in liver tissue comparing negative-strand (left two pa

strand (genomic RNA) ISH time course in spleen after dosing with VSV-GP or VSV-GPUV.

of viral RNAs and higher magnifications were used to examine RNAs at a cellular resoluti

dosing with VSV-GP or VSV-GPUV. (E) Duplex ISH (teal)/IHC (yellow) for either negative-s

protein in spleen at 6 h post-dose. Colocalization of viral RNA and IFN-b RNA is demon

expression). (F) Quantification of negative- and positive-strand RNAs on serial sections

assessed for percent hybridized area by image analysis. (G) Quantification of IFN-b RNA

per time point were analyzed to determine percent hybridized area (see Figure S8 for exa

mice per dosing group and time cohort. VSV-N, VSV nucleoprotein; ns, not significant
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almost exclusively with tissue macrophages, suggest that specific
LCMV-GP interactions with its target receptor may not be the major
driver of systemic VSV-GP BD. This observation would be in line
with previous observations demonstrating lack of LCMV muscle
tropism, despite muscle tissue expressing high levels of aDG.72–74

In the case of spleen, MZ macrophages specifically served as a site
for transient viral replication. In addition, we note that the marked
differences in replication (and thus AUCR) observed between spleen
and liver inversely correlated with their relative IFN-b levels at early
time points. In the liver, IFN-b response peaked early in response to
input virus, whereas a delayed response was observed in spleen, sug-
gesting that the liver macrophages respond more rapidly to input
virus and that IFN-b dynamics play a role in tissue permissivity.
Collectively, these findings indicate that, for systemically adminis-
tered VSV-GP, tissue macrophages serve as sentinel immune cells
that drive PK1 and PK2 in normal tissues. In the blood, we suspect
the abortive genomic replication observed also may be driven by
circulating monocytes, as peripheral blood mononuclear cells have
been previously demonstrated to capture and permit VSV-GP tran-
scription/replication in mice.75

In revealing the PK1 profile of VSV-GP, we demonstrate that its elim-
ination in the absence of replication resembles many inert nanopar-
ticle therapeutics (e.g., short half-life, rapid clearance from blood by
liver and the MPS).76–78 Thus, we infer that the PK1 properties of
an OV are largely driven by its biophysical properties in the early
phase, and by RNA metabolism and cellular turnover in the later
phase (as the PK1 elimination profiles in tissues were relatively
similar). Moreover, we infer that PK2 properties are driven by dy-
namic virus-host interactions (e.g., IFN) that influence replication
and thus may be more prone to variability between subjects (relative
to PK1). We also note here that, based on the above, the OV PK field
may benefit from tools used to model and modulate nanoparticle
PK/PD (especially for PK1 properties), in addition to using unique
tools for addressing viral self-amplification (for interpreting PK2).

Despite liver and spleen sequestering similar virus concentrations, and
exhibiting similar PK1 profiles, their PK2 profiles greatly differed (as
demonstrated by a nearly 23-fold difference in their AUCR). Using
ISH, we were able to dissect these differences at the cellular level. Mac-
rophages in both tissues captured input virus; however, their responses
of VSV-GP and VSV-GPUV in liver and spleen

ycle. VSV-GP has a single-stranded antisense (negative strand) RNA genome. Upon

intermediary full-length positive-strand antigenomic template. Probes specifically

and transcription/antigenomic replication from bona fide genome replication in situ.

nels) and positive-strand (right two panels) for VSV-GP and VSV-GPUV. (C) Negative-

Lower magnifications (leftmost column) were used to assess organ-level distribution

on. (D) Positive-strand (mRNA and antigenomic RNA) ISH time course in spleen after

trand VSV-GP RNA (top two images) or IFN-b RNA (bottom two images) with CD169

strated by green areas (or teal surrounded by green and yellow in areas of high ISH

in mouse spleens over time. Entire slice images from n = 3 mice per time point were

in mouse liver (left) and spleen (right) over time. Tissue slice images from n = 3 mice

mple IFN-b RNA images). All ISH and IHC images shown are representative of three

; *p < 0.05; **p < 0.01; ***p < 0.001.
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thereafter were markedly different. The role of resident liver macro-
phages (Kupffer cells) in virus detection and antiviral response has
been described previously.79,80 In our study, we demonstrate their
efficiency in shutting down replication after a brief burst of positive-
strand amplification (which we presume to be largely mRNA tran-
scription). This brief amplificationmay result in someof the secondary
signal seen in the PK profile. Our findings in spleen and lymph node
tissues add credence to the “enforced viral replication” hypothesis
described by others—we demonstrate that VSV-GP replicates in
CD169+ MZ and subcapsular macrophages, corroborating findings
with VSV and LCMV and further quantifying their impact on OV
PK/BD.66 Furthermore, CD169+ macrophages are known to produce
high levels of IFN and interact with dendritic cells to drive adaptive
responses, essential mechanisms to control outcomes of viral infec-
tions.81–84 Asmacrophages are the primary cells driving BD, immuno-
modulation of these sentinels and their sensing pathwaysmay provide
means by which to drive desirable PK and BD properties (i.e., off-tar-
geting liver and spleen toward achieving higher tumor delivery).85,86

In summary, the methods used in this study (virus inactivation and
ISH-based strand differentiation) were successfully applied toward
classical PK and BD analysis of a replication-competent OV. Impor-
tantly, the UV-based inactivation approach requires neither addi-
tional genetic engineering of the virus (e.g., in the case of single-cycle
“DG” viruses) nor subsequent purification steps (e.g., to remove
chemical inactivators), which could alter important quality attributes
that may impact PK/BD or immunogenicity (e.g., aggregates and
purity), thus facilitating the use of these approaches on any given
drug substance batch and for other virus-based therapeutics. Future
directions of this work will focus on employing these techniques to
evaluate PK/BD determinants and elucidate PK-PD relationships of
replicating OVs and cancer vaccines in disease models.

MATERIALS AND METHODS
Virus propagation and characterization

Virus seed stocks were kindly provided by Dr. Patrik Erlmann
(ViraTherapeutics GmbH). Cloning and rescue of VSV-GP has
been described previously.87,88 VSV-GP and VSV-GP-GFP were
propagated in HEK293-F suspension cells (Invitrogen, Waltham,
MA) in BalanCD medium (FUJIFILM Irvine Scientific, Santa Ana,
CA) supplemented with 2% CTS-GlutaMax-I (Thermo Fisher). Cells
were infected with virus seed stocks at a low multiplicity of infection
(MOI 0.0005) and incubated in shaker flasks in serum-free conditions
for 28–32 h. The suspension was harvested, briefly centrifuged to re-
move cells and debris, and filtered through a 0.2 mm PES filter appa-
ratus. Viruses were then further purified, concentrated, and reformu-
lated using overnight centrifugation (�16–18 h) at 4,800 � g on a
20% w/v sucrose cushion and nominal temperature of 4�C. Superna-
tants were carefully decanted, and pelleted virus was resuspended in a
Tris-based formulation buffer and stored as single-use aliquots at
�80�C. Final virus stocks were characterized using standard viral
analytical assays: qRT-PCR to quantify genome copies, TCID50 assay
to measure infectious titer, and NTA tomeasure particle size and con-
centration (method details in subsequent sections).
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Virus inactivation

Viruses were inactivated with UV254 irradiation in a standard UV
crosslinker (Fisherbrand, Waltham, MA) with G8T5 UV-C bulbs
(Ushio, Cypress, CA). VSV-GP stocks in formulation buffer were
added at 100 mL per well in sterile low-binding polypropylene
96-well plates. To minimize intensity, three (of five) adjacent bulbs
were removed from the crosslinker and viruses were shielded by a
semi-transparent polypropylene plastic lid. UV intensity was
measured with a UV radiometer (Analytik Jena, Jena, Germany). Vi-
ruses were exposed for varying lengths of time. Sixty seconds of UV
exposure (�350–450 mJ/cm2) was selected for generating tool virus
for in vivo studies. For heat inactivation, VSV-GP was heated to
70�C for 10 min in a thermal block.

NTA

NTA measurements were performed using a NanoSight NS300 in-
strument with a 405 nm laser and sCMOS camera (Malvern Panalyt-
ical, UK). Virus samples were thawed at room temperature and
diluted into the linear range of the instrument (20–100 particles in
the viewing field, equivalent to�105–107 particles/mL). Dilution fac-
tors were determined empirically. Samples were then infused into the
flow cell using an automated syringe pump at set speed of 75 units for
laminar flow. Five 30 s videos were recorded during infusion. Between
each capture, the samples were briefly advanced at a set speed of 1,000
units. Additional settings were as follows: camera level 11, detect
threshold 6, and temperature 22�C. Fluidics were flushed twice with
formulation buffer between samples. Data were analyzed using the
manufacturer’s software, NanoSight NTA 3.4, and subsequently
graphed in GraphPad Prism 9.0 to generate size versus concentration
profiles. Final sample concentrations were back-calculated to account
for the initial sample dilution.

Cryoelectron microscopy

All samples were imaged undiluted. Each sample was prepared by
applying a 3 mL drop of sample suspension to clean 400-mesh copper
grids with holey carbon film support, blotting away with filter paper,
and immediately proceeding with vitrification in liquid ethane. Grids
were stored under liquid nitrogen until transferred to the electron mi-
croscope. Electron microscopy was performed using a Thermo Fisher
Scientific Glacios Cryo Transmission Electron Microscope operated
at 200 kV and equipped with a Falcon 3 direct electron detector. Im-
ages of each grid were acquired at multiple scales to assess the overall
distribution of the specimen. After identifying suitable target areas for
imaging at lower magnifications, high-magnification images were ac-
quired. Images were acquired at a nominal underfocus of �5.5
to �2.0 mm and electron doses of �25 e�/Å2.

In vitro cell binding

To assess impacts of UV exposure on cell binding, HEK293-F cells
were cooled briefly on ice and then co-incubated with either VSV-
GP or VSV-GPUV in sterile low-binding tubes on a rotator inside
an incubator at 37�C. At predetermined times post-infection, tubes
were removed and centrifuged briefly at 350 � g for 5 min to pellet
cells. Supernatant samples were carefully collected for RNA
2023
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extraction. Cell binding kinetics were approximated by measuring the
depletion of genomes in the supernatant throughout the 1 h incuba-
tion time.

In vitro viral kinetics—Cell infection and sample collection

Impacts of UV exposure on the VSV-GP life cycle were measured
in vitro. To measure replication kinetics, 5 � 105 HEK293-F cells
were plated in 12-well tissue culture plates in BalanCD growth me-
dium and incubated overnight in a humidified incubator set to
37�C and 5% CO2 to facilitate cell settling. The next day, cells were
pre-cooled on ice for 30 min and infected with viruses in biological
duplicates at a nominal MOI of 1 (MOI for UV-inactivated samples
was calculated based on their starting TCID50 titer prior to inactiva-
tion and not final titer). Cell plates were then placed on an orbital
shaker set to 200 rpm in a refrigerator set to 4�C for 1 h to facilitate
virus-cell attachment. After incubation, cells from all wells and plates
were collected in a sterile 96-deepwell plate and centrifuged at 300� g
for 5 min at 4�C. Supernatants were removed, and cells were washed
once with ice-cold phosphate-buffered saline (PBS) and centrifuged
again to pellet. PBS was removed and cells were resuspended in
1 mL growth medium per well. Each well containing cells was re-
plated into 12-well tissue culture plates and placed in an incubator
at 37�C (5% CO2) to synchronize viral entry. At predetermined
time points post-infection (0, 1, and 30 min, and 1, 2, and 6 h), cell
supernatants were collected into sterile polypropylene tubes and
centrifuged at 300 � g for 5 min to remove any contaminating cells.
Supernatants were then collected into new sterile tubes, flash frozen
on dry ice/ethanol, and stored at �80�C. Cells were washed once
with ice-cold PBS and then each well was lysed with 150 mL buffer
RLT (QIAGEN, Hilden, Germany) supplemented with b-mercaptoe-
thanol (Thermo Fisher). Cell lysates were collected, frozen on dry ice,
and then stored at �80�C.

In vitro viral kinetics—RNA extraction and qRT-PCR to quantify

progeny VSV-GP genomes released and intracellular VSV-GP

RNA

Supernatant samples were extracted using the QIAamp 96 Viral RNA
Kit on aQIAcubeHTextraction system (QIAGEN). Extracted superna-
tant RNAwas analyzed using a one-step qRT-PCR absolute quantifica-
tion assay for VSV-GP genomes, which is described below. Genome
copies were plotted as a function of time in GraphPad Prism 9.0.

Total RNA was extracted from cell lysates using the RNEasy 96
QIAcubeHT kit (QIAGEN) with on-column DNase digestion using
the RNase-Free DNase Set (QIAGEN). Total RNA was quantified
and qualified on a Big Lunatic spectrophotometer (Unchained Labs)
and normalized in all wells to 100 ng/mL with nuclease-free water.
One hundred nanograms of RNA per sample was reverse transcribed
with an oligo(dT) DNA primer to generate first-strand cDNA using
the Superscript IV First-strand Synthesis kit (Thermo Fisher) accord-
ing to manufacturer’s instructions. Reverse transcription was per-
formed at 55�C. Resulting cDNA was treated with E. coli RNaseH
(Thermo Fisher) to degrade residual RNA and then subjected to 40
cycles of real-time PCR on a QuantStudio Flex 7 instrument (Applied
Molecular
Biosystems, Waltham, MA) in fast mode with two reactions: one to
detect VSV-N RNA and the other to detect VSV-GP intergenic
(M-GP) genomic RNA (described in qRT-PCR for viral genome quan
tification). Both assays were performed in duplex with a VIC-labeled
GAPDH housekeeping gene assay (TaqMan assay ID no.
Mm99999915_g1, Thermo Fisher). Reactions were performed in
10 mL total volume in 384-well MicroAmp PCR plates (Applied Bio-
systems) using TaqMan Fast Advanced Master Mix (Applied Bio-
systems) in technical triplicates with the following thermocycler set-
tings: 10 min hold at 95�C followed by 40 cycles of denaturation at
95�C for 1 s and extension at 60�C for 20 s. Relative fold-change in
gene expression was calculated using the delta-delta-Ct method
(fold change = 2�DDCt).89 In brief, target gene Ct values were first
normalized to GAPDH and then deltaCt was calculated as the differ-
ence compared with time zero. The average of deltaCt values from un-
infected cells was then subtracted from the sample deltaCt. Fold-
change in VSV-N and VSV-(M-GP) gene expression was plotted as
a function of time in GraphPad Prism 9.0.

Sequences for VSV-N RNA assay primer/probes (Life Technologies,
Carlsbad, CA) were: forward primer, 50-TCAAACCATCCGAGC
CATTC-30; reverse primer, 50-AGTACCGGAGGATTGACGACTAA
T-30; and probe, 50-(6-FAM)-ACCGCCACAAGGCAGAGATGTGG
T-MGB/NFQ-30. Primers were added at a concentration of 900 nM
and probe was added at 250 nM. M-GP intergenic assay primers and
probe are described in detail below.

Target receptor and antibody binding assays

The impacts of UV irradiation on virus antigenicity and target bind-
ing were assessed using electro-chemiluminescent (ECL) binding im-
munoassays. In brief, VSV-GP before and after inactivation was
coated on Standard Bind plates overnight at 4�C, blocked with
Blocker A solution (Meso Scale Diagnostics (MSD), Rockville,
MD), and then probed with either aDG (R&D Systems cat. no.
6868-DG) or anti-LCMV-GP neutralizing antibody, Wen1.3 (inter-
nally sourced). For the antibody binding assay, a nonbinding irrele-
vant antibody (against an irrelevant drug candidate) was used as a
negative control. Target binding was detected using an anti-aDG rab-
bit polyclonal antibody (Sinobiologicals cat. no. 14421-T24) coupled
with ruthenium-labeled secondary anti-rabbit IgG (MSD). Antibody
binding was detected directly using a ruthenium-labeled anti-mouse
IgG (MSD). Washes (3�) were performed between each step using
PBS 0.05% Tween 20 (pH 7.4). Plates were read for electrochemilumi-
nescence after addition of read buffer on a MESO QuickPlex SQ 120
reader (MSD). Data were analyzed in the Discovery Workbench in-
strument software (MSD) and standard curves were curve-fitted us-
ing four-parameter logarithmic regression.

IFN release in primary mouse splenocytes

Spleens were harvested from naive 9- to 10-week-old BALB/c mice
post-euthanasia and collected into cold RPMI medium supple-
mented with 2 mM EDTA (Thermo Fisher). Spleens were cut
into pieces and gently mashed through a 70 mm nylon mesh and
collected in PBS supplemented with 1% fetal bovine serum (FBS)
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and 1� penicillin/streptomycin (Thermo Fisher). Cell suspensions
were centrifuged at 300 � g for 10 min at 4�C. Supernatant was
removed and red blood cells were then lysed with ACK buffer
(Thermo Fisher) with brief pulse vortexing for 3 min. Cells were
centrifuged, washed with supplemented PBS, and passed through
a 30 mm nylon mesh filter. Cell viability and counts were assessed
using a Guava ViaCount (Millipore Sigma, Burlington, MA). Cells
were exchanged into culture medium (RPMI, 10% FBS, 1� pen/
strep, 10 mM HEPES, 1� NEAA, 1� sodium pyruvate, 55 mM
b-ME) (Thermo Fisher) by centrifugation and resuspended to 107

viable cells/mL. Splenocytes were plated in 96-well tissue culture
plates at 106 viable cells/well and incubated overnight in a humidi-
fied incubator set to 37�C and 5% CO2. The next day, medium was
exchanged and splenocytes were challenged with virus stocks. At
pre-determined time points post-infection (12 and 24 h), 100 mL su-
pernatant samples were collected and frozen on dry ice. IFN-a and
IFN-b were measured using an MSD U-Plex kit (MesoScale Discov-
ery cat no. K15320K) according to the manufacturer’s instructions.

Mouse studies

All animal procedures carried out in this study were performed in
accordance with protocols approved by the Boehringer Ingelheim
Institutional Animal Care and Use Committee. Female BALB/c
mice were procured from Charles River Laboratories (Wilmington,
MA). They were 9–10 weeks old at the time of the experiments.
Mice were group-housed in individually ventilated cages in a BSL-2
biocontainment facility. Each animal was administered a single bolus
intravenous dose of 100 mLVSV-GP, VSV-GPUV, or vehicle via lateral
tail vein injection. Both virus-treated groups received 2 � 1010 total
viral genomes, equivalent to 109 TCID50 units for the live virus group
and %102 TCID50 units for the VSV-GP

UV group. After dosing, the
animals were monitored for clinical symptoms at least once daily.
Mice were arranged in cohorts by sacrifice time point (n = 3). Each
was subjected to one non-terminal bleed and then a terminal bleed
and tissue harvest at necropsy. Non-terminal blood sampling was per-
formed by submandibular puncture to collect approximately 100 mL
whole blood into K3EDTA tubes (Sarstedt) at pre-determined time
points (1, 15, or 30 min, and 1, 3, 9, or 12 h). Blood was stored on
ice for up to 1 h and then frozen at �80�C. At predetermined time
points (1, 6, 24, 48, 72, or 168 h), mice were humanely euthanized
by CO2 asphyxiation. Terminal blood samples (approximately 250–
500 mL) were collected via the vena cava vein in K3EDTA tubes. Tis-
sueswere then collected using aseptic necropsy techniques. Each tissue
was thoroughly washed with sterile/RNase-free PBS (Ambion). Pro-
section tools andwash buffers were changed betweenmice, and tissues
were harvested in order of increasing expected viral RNA levels (deter-
mined in pilot studies) to prevent cross-contamination. Each tissue
was halvedwith a fresh razor blade; one-half was placed in 10%neutral
buffered formalin (NBF) for IHC and ISH, and the other half was snap
frozen in liquid nitrogen for qRT-PCR and TCID50.

Viral nucleic acid extraction

Viral nucleic acid was manually extracted from purified virus stocks
using the QIAamp Viral RNA Mini kit (QIAGEN) according to the
202 Molecular Therapy: Methods & Clinical Development Vol. 28 March
manufacturer’s instructions. Viral nucleic acid was extracted from
whole-blood samples using either the manual spin-column-based In-
dispin Pathogen Kit (INDICAL Bioscience, Leipzig, Germany) or the
MagMAX Viral/Pathogen Nucleic Acid kit on the KingFisher Flex
automation instrument (Thermo Fisher). Finally, viral nucleic acid
was extracted from tissues using the QIAamp 96 Virus QIAcube
HT kit on the QIAcubeHT automation instrument (QIAGEN). In
the case of extracted nucleic acid from biological samples, such as
blood and tissues, nucleic acid was quantified and qualified immedi-
ately post-extraction using UV-vis spectrophotometry to measure
absorbance at 260 nm (A260, nucleic acid concentration), A260/A280,
and A260/A230 ratios (nucleic acid purity against protein and chemical
contaminants, respectively) on a Big Lunatic instrument (Unchained
Labs, Pleasanton, CA). Extracted RNA was then analyzed by qRT-
PCR immediately or stored at �80�C until analysis.

qRT-PCR for viral genome quantification

Extracted viral RNAsampleswere subjected to one-stepqRT-PCRusing
a master mix containing Moloney murine leukemia virus reverse tran-
scriptase: TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher). Re-
action volumes were either 20 mL (in the case of 96-well plate runs) or
10 mL (in the case of 384-well plate runs) with purified viral RNA
comprising one-fourth of the total reaction volume. Single-plex
TaqMan qRT-PCR was used to quantify viral genomes using a custom
primer/probe set to amplify an intergenic region of theVSV-GPgenome
(forward primer: 50-CCTCGAACATGGTCACGATCT-30; reverse
primer: 50-CCCGGGCTGCAGGAAT-30; and probe: 50-(6-FAM)-
TCGCCACCATGGGCC-MGB/NFQ-30). Custom qPCR oligos were
designed in Primer Express 3.0.1 (Thermo Fisher) and synthesized by
Life Technologies. A synthetic RNA standard was synthesized to
generate standard curves for absolutequantitation. First, aDNAplasmid
encoding the assay amplicon and flanking regions under T7 promoter
control was generated and then used to transcribe a 206-nucleotide syn-
thetic RNA in vitrousingT7 polymerase (Bio-Synthesis, Lewisville, TX).
Lyophilized RNA standard was resuspended in nuclease-free water and
quantified by reading A260 and utilizing Avogadro’s number, molecular
weight, and extinction coefficient to convert to copy number. The syn-
thetic RNA standard was stored at�80�C as single-use aliquots at 1011

copies/mL in water. Standard curves were generated by serial log-fold
dilution of the purified RNA standard in nuclease-free water. The assay
is linear over tenorders ofmagnitudebetween50and5� 1010 copiesper
reaction, and typical runs included either eight (10 to 108 copies/mL) or
ten (10 to 1010 copies/mL) standards in triplicate. Each plate contained at
least three no template controls (NTCs), as well as at least one positive
extraction control (PEC) and one negative extraction control (NEC),
each in triplicate. NTCs contained only nuclease-free water in addition
to master mix, primers, and probe. The PEC was prepared by spiking
purified virus into a matching biological matrix with each extraction
run. NECs were generated with vehicle-treated mice or with naive
species-matched tissue specimens (BioIVT, Hicksville, NY). Reverse
transcription was performed at 50�C followed by 40 cycles of qPCR in
fast cycling mode (95�C denaturation for 1 s and 60�C extension for
20 s) on a QuantStudio 7 Flex instrument (Applied Biosystems). Data
were processed and exported using QuantStudio Real-time PCR
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software (Applied Biosystems). A run was considered valid if it met the
following criteria: efficiency between 90% and 110%, R2 R 0.98, no
amplification in NTCs, no amplification in NECs (also acceptable if
one triplicate Ct > 39), amplification in all PEC wells, and for PEC of
known concentration, accuracy performance must meet: [log10(ex-
pected gc/mL)] – [log10(actual gc/mL)]% 1.
TCID50 assay

Viral titers were measured in stocks and unknown biological samples
(whole-blood and tissue homogenates) with a TCID50 assay in BHK-
21 cells. Virus stocks and blood were thawed at room temperature and
then placed on wet ice for preparing assay dilutions. For tissue
homogenates, tissues were cut into pieces using a sterile scalpel
and/or 2 mm biopsy punches while partially frozen, weighed, and ho-
mogenized in ice-cold sterile PBS with sterile stainless-steel beads on
a TissueLyser II homogenizer (QIAGEN). Tissue homogenates were
kept cold, diluted, and immediately used to infect cells (described
below). To characterize the assay performance with mouse samples,
purified virus was spiked into naive blood samples or into tissues in
PBS prior to homogenization and assessed for their recovery. During
sample analysis, three quality control (QC) spike samples at
three representative nominal concentrations (108, 106, and 104

TCID50/mL) were included for each biological matrix per run. Each
run also included a negative control (NC) comprised of naive mouse
matrix and a positive control comprised of a purified virus batch of
known infectious titer.

BHK-21 [C-13] cells were procured from American Type Culture
Collection (ATCC cat. no. CCL-10) and cultured in Glasgow’s mini-
mum essential medium (GMEM) supplemented with 4.3% tryptose
phosphate broth and 8.7% heat-inactivated FBS (Thermo Fisher).
Five thousand cells in 100 mL were added to each well of 96-well
tissue-culture-treated microtiter plates and incubated overnight in a
humidified incubator set to 37�C and 5% CO2. The next day
(�18–24 h post-plating), cells were infected with samples. In brief,
samples were diluted in ice-cold growth medium through eleven
0.5log10 (in the case of virus stocks) or log10 (in the case of biological
samples) serial dilutions. Cells were then infected with 100 mL inoc-
ulum per well with 8 technical replicates per dilution level. Thus,
each 96-well plate contained a single sample. Cells were incubated
with sample dilutions for 72 ± 4 h (37�C, 5% CO2) and then scored
for CPE by visual inspection in a light microscope and/or tested for
viability using PrestoBlue HS (Thermo Fisher). Titers were calculated
using the Spearman-Kärber formula.90
In situ hybridization

Tissues were fixed in 10% NBF for 18–24 h and then transferred to
70% ethanol for storage. Fixed samples were trimmed, processed us-
ing standard histologic procedures, and embedded in paraffin block.
Chilled tissue blocks were sectioned at 4 mmat full face onto positively
charged slides. Formalin-fixed paraffin-embedded (FFPE) sections
were then dried and stored at room temperature until use for IHC
or ISH methods.
Molecular
Single-plex ISH was performed on a Leica BOND RX autostainer.
FFPE sections were placed in an incubator at 60�C for 1 h, then added
to the BOND RX instrument where they were deparaffinized. Endog-
enous peroxidase activity was quenched, and target retrieval was per-
formed according to manufacturer protocols (ACD/Bio-Techne,
Newark, CA). A commercially available RNAscope LS V-VSV-N
probe (ACD no. 453008, 20ZZ) was used to detect positive-stand
genomic and N-mRNA. RNAscope LS V-VSV-sense was a custom-
designed probe to detect low levels of the negative-strand N-region
of VSV genomic RNA (ACD no. 858988, 40ZZ). See Figure S4 for
controls and target validation of the strand-specific ISH method.
Mouse IFN-b mRNA was detected using the custom-designed probe
RNAscope LS Mm-IFNb-No-XHs (ACD no. 1045159, 13ZZ). Probes
were detected using the RNAscope LSx Prefilled Brown detection kit
(ACD no. 322700). Following protocol completion, slides were then
transferred to an automated cover-slipper (Leica XL Stainer) for
mounting and allowed to dry prior to imaging.

Immunohistochemistry

All steps for single-plex staining of CD169+ or F4/80+ macrophages
were performed on the Leica BOND RX instrument. FFPE sections
described above were deparaffinized and run through heat-induced
target retrieval using Tris-EDTA (pH 9.0) (ER2, Leica no. AR9640)
for 20 min. Endogenous peroxidase activity was quenched with
H2O2* for 15min and non-specific binding was blocked using Protein
Block (Agilent X0909) with 10% normal donkey serum (Sigma no.
D9663) for 30 min. Either anti-CD169 rabbit polyclonal antibody
(Novus no. NBP2-30903) or anti-F4/80 rabbit monoclonal antibody
(Abcam no. ab111101, lot GR3299560-3) were diluted to 1 mg/mL
in diluent (Dako-Agilent no. S3022-82-2) and incubated for
30 min, followed by Dako EnVision Detection System with anti-rab-
bit horseradish peroxidase (HRP) secondary incubation for 30 min
(Agilent no. K411), color development with 3,30-diaminobenzidine
(DAB)* for 10 min, and hematoxylin* for 5 min (*components of
the BOND polymer Refine detection kit, Leica no. AR9640). Upon
run completion, slides were removed from the instrument and dehy-
drated through a series of increasing alcohol percentages, followed by
xylene clearing. Slides were then transferred to an automated cover-
slipper (Leica XL Stainer) for mounting and allowed to dry prior to
imaging. Specificity of the primary antibodies on mouse tissue was
verified by staining in expected cell types and lack of staining when
substituting a rabbit polyclonal isotype (Abcam no. ab37415) or rab-
bit monoclonal isotype (Abcam no. ab172730) (data not shown).

Duplex ISH-IHC was performed on a Roche Discovery Ultra instru-
ment (Roche Diagnostics, Basel, Switzerland). In brief, FFPE tissue
sections were incubated at 60�C for 1 h and then loaded on the Dis-
covery Ultra. Tissues were deparaffinized and then antigen retrieval
was performed using CC1 buffer for 24 min. The combined ISH-
IHC method followed ACD standard incubation and temperature
recommendations for RNAscope VS Universal HRP Reagent Kit
(ACD no. 32200) and RNAscope 2.5 VS probes V-VSV-sense probe
(ACD no. 858989, 40ZZ) or Mm-Ifnb1-No-XHs (ACD no. 1045159,
13ZZ). The ISH probes were detected using the mRNA Teal
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chromogen (Roche no. 760-256). Dual sequence was selected, and
goat Ig (Roche no. 76–6008) was used as block for 1 h, followed by
CD169 antibody (Novus no. NBP2-30903) in diluent (Dako-Agilent
no. S3022-82-2) at 1 mg/mL for 1 h. The secondary antibody
UMap-Rb-AP (Roche 760-4313) was applied for 20 min, followed
by the Discovery Yellow chromogen (Roche no. 760-239) for
48 min. Nuclei were detected using Hematoxylin II (Roche no. 790-
2208) for 4 min and Bluing (Roche no. 760-2037) for 4 min.
Following completion of the staining protocol, slides were washed
and then transferred to an automated cover-slipper (Leica XL Stainer)
for mounting and drying prior to imaging.

Stained tissue sections were scanned using a Leica AT2 scanner at
20� objective magnification with a doubler inserted to capture the
single-plex DAB IHC and ISH markers. Chromogenic duplex ISH-
IHC tissue sections were scanned on an Axioscan KMAT (Zeiss no.
494915-9880) with PApo 20�/0.8 M27 objective. See Figure S6 for
validation of the ISH/IHC duplex.

Image analysis for RNA quantification

Digital image analysis algorithms were developed in Visiopharm soft-
ware (Hørsholm, Denmark). The workflow involved separate mod-
ules (APPS) to first detect the tissue region of interest (ROI) from
background and then isolate the signal at a high resolution
(20� magnification). For single-plex ISH images, nuclei and signals
from the ISH probes were initially detected inside the ROI. Both nu-
cleus and probe signal detection used image processing filters to
enhance their features, such as local gradient and curvature. The nu-
cleus detection was based on a combination of the red, green, and he-
matoxylin color-deconvolution bands, whereas the detection of the
probe signal was based on the hematoxylin and DAB deconvolution
bands. The output variables were dark spot area, nuclei area, and tis-
sue area. The algorithm results for negative and positive total ISH area
were normalized for each tissue by dividing by total tissue area
analyzed for the specimen and graphed as percent tissue area. For
IFN-b, normalized percent area results were used to determine
fold-change induction of IFN-b compared with vehicle-treated
mice at each time point.

PK and statistical analysis

Concentration-time profiles were generated by plotting geometric
mean concentrations (± geometric standard deviation) versus time.
NCA via the linear-up-log-down trapezoidal method was used to
calculate PK parameters, such as total exposure (AUC), clearance
(CL), volume of distribution (Vd), maximum concentration (Cmax),
half-life (t1/2), and other standard parameters, in Phoenix 64
WinNonlin version 8.3 (Certara, Princeton, NJ). Additional calcula-
tions to compare PK1 and PK2 profiles, such as DAUC and AUCR,
were performed in Microsoft Excel. PK differences between test arti-
cles (VSV-GP versus VSV-GPUV) or between compartments were
evaluated for statistical significance via Student’s t test of the log-
transformed parameters (for two groups) or two-way ANOVA
(R three groups) at a significance level of a = 0.05. Differences in
the concentration-time profiles (or %ISH area versus time profiles)
204 Molecular Therapy: Methods & Clinical Development Vol. 28 March
between groups were compared using two-way ANOVA with a
mixed-effects model and Geisser-Greenhouse correction (a = 0.05)
after log-transformation of the data. Mixed-effects analysis was per-
formed in lieu of two-way ANOVA in cases of excluded data points
(one subject removed due to presumed partial dose, three instances
of image artifacts). Post-hoc tests were used to compare means at
each time point between groups, or to compare differences within
groups (in the case of comparing concentrations or ISH responses
at different time points). Multiple comparisons tests were performed
with Tukey’s correction for ANOVA analyses and with �Sidák-Dunn
correction for mixed-effect analyses. Statistical analyses were per-
formed in Prism version 9.3.1 (GraphPad Software, La Jolla, CA).
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